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1. Scope. This volume is intended to substantiate the equations
specified in Volume Il of the Design Criteria and Specification
for U.S. Navy Hydrofoil Ships, Hydrodynamics and Performance
Prediction Criteria. The nature of that substantiation is a
display of the confidence level associated with each equation by
comparison of classic versions of the equations with each other
and with whatever appropriate experimental measurements are avail-
able. Those comparisons reveal qualitative differences between the
substantiation for aerodynamic (infinite depth) performance pre-
dictions and that for predicting the effect of the free surface
upon the aerodynamic performance. Promoting the hydrodynamic
predictive state of the art then becomes an important second
objective for this volume.
1.1 Purpose. Free surface lift, lift distribution, and drag
effects present enormous theoretical complexities for the general
case and Reynolds Number effects, model loads, cavitation, venti-
lation, and prototype depth control and environmental conditions
all obscure measurements of those effects, The hydrofoil craft
industry also lacks the test.and operational flight experience
with numbers of craft ofmanytypes and the laboratory resources
available to the aircraft industry. For all these reasons the
hydrofoil industry must maximize the benefit to be obtained from
every prototype and model test and this volume, in time, can serve
that purpose..

Hydrodynamic theory currently is well in advance of experiment
in the sense that it includes effects which cannot be measured

by experiment.
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In this volume such portions of the theory are explicitely neglected
to reduce the predictions to a level which is testable and signi-
ficant to the prototype. One result of this process is that the
predictions are comprehensible and convenient to the design hydro-
dynamicist who is generally limited to consideration of only the
most significant effects.

Hydrodynamic measurements are compared with each other and
with theory in order to select prediction equations and associated
confidence levels and to display areas of experimental difficulties.
Time contraints became significant at this point and, in certain
cases for important characteristics, continuing and severe experi-
mental difficulties are illustrated only by a single example. All
predictions subject to experimental verification are consideredin
sufficient detail to establish a significant format for the comparison
of prediction and measurement.

In summary, this volume provides a context into which future
theoretical developments and experimental measurements can be set
for direct comparison with the existing state of the art. Those
comparisons can guide resources to areas promising Yhe greatest
rate of return in terms of improved confidence level for significant
craft characteristics and they will guide modifications to the

equations and uncertainty ranges of Volume 1I.
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2. Applicable Docunents. The following conpanion Design Qiteria

and Specification for US. Navy Hydrofoil Ships form a part of this

speci fication:

Vol ure | Ceneral Information Manual

Volure 1A Cener al Information  Manual - Techni cal Substanti ation
Volunme | Hydrodynam ¢ and Performance Prediction CQiteria
Volunme 111 Hydr of oi | Ship Control and Dynamcs  Specifications

and Qiteria

Volume I1I11A Hydrofoil Ship Control and Dynamcs  Specifications

and Qiteria = Technical Subst antiation

Volume |V Structural Design Criteria

Volume |VA  Structural Design Criteria = Technical Substantiation

Volume V Propulsion System Design Qiteria

Volume VA Propul sion System Design Qiteria = Technical

Subst anti ation

The following documents are referred to frequently throughout
this vol une:

USAF Stability and Control DATOOM McDonnel Douglas Corporation,
Douglas Aircraft Division for Flight Control Dvision, Ar Force
Flight Dynamcs Laboratory, Wight-Patterson Ar Force Base, (hio
Jan. 1974.  revision. (Referred to as “DATCOM"™ throughout this
vol une) .

Engineering Sciences Data Unit, 251-259 Regent Street, London
WIR7AD, 4 Sept. 1974 revision. (Referred to as "ESDU" throughout
this volume).

Al other references are listed at the end of each sub-section.
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3. Requirements.

3.1 Hull

Hydrostatics.

3.2 Hull

Hydrodynamics.

To be supplied.

To

be

supplied.



3.3 Section Characteristics.

3.3.1 Section Lift.

3311 Reynolds Number and Mach Number Effects. Viscous effects reduce the thick airfoil potential

section lift curve slope by an increment which is still generally empirical. The DATCOM Method 1 for
section lift curve slope is a tabulation of the RN= 9 x 109 slopes of Reference 1. The DATCOM Method

2 is essentially the ESDU procedure which is of interest because it relates the practical lift curve slope to

its potential value in the form of a rational accountability for the viscous effect and because it indicates
that the section lift curve slope increases throughout the Reynolds Number range. However, the magnitude
of this slope increase for Reynolds Numbers of 9 x 108 0 25 x 108 is of the order of the precision of the

measurement and no significant validation of the DATCOM Method 2 is available.

References 2 and 3 provide a measure of similar 64-Series sections over the Reynolds Number range
from .7 x 108 to 25 x 106 and those results are compared with the DATCOM Method 2 on Figure 3.3.1.1-1.
This particular set of data clearly displays transition point movement in the drag data (see Section 3.3.9)
but there is no evidence of that movement in the lift curves.

Figure 3.3.1.1-2 compares all of the Reference 2 data with the DATCOM Method 2 with inconclusive
results and, in fact, current data precision precludes a test of this method for high Reynolds Numbers in
model or prototype scale for the 6-Series section. The 20" trailing edge angle prediction of Figure 3.3.1.1-2
represents a 9% 16-Series section which could provide a more significant test of the prediction.

Practically all of the smooth surface data of references 2 and 3 is included in a 5% band defined by

C
9
_—oRN - 874 + ,042RNX 1076 +.05 RN < 3x106

CQa
3.3.1.1-1

=14.05 RN 3x 100

Similarly, practically all of the standard leading edge roughness data of those references lies within
the band defined by:

c
_QQLB‘H=.79+,O7 RN x 1076+ .05 RN< 3 x 108
c
L
o 3.3.1.1-2

=1+.05 RN = 3x 105

Equations 3311 - 1 & 2 can be employed to summarize References 2 and 3 as on Figure 3.3.1.1-3.
Figure 3.3.1.1-3 indicates that the Ilift curve slope effect of leading edge roughness shown on Figure
3.3.1.1-1 is characteristic; i.e. when the roughness produces any effect at all, it is not the effect of a
natural movement of the transition point to the leading edge.
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Figure 3.3.1.1-3 indicates that Equation 3.3.1.1-1 will be valid for all hydrofoil model and prototype
applications with the possible exception of prototype sections of large trailing edge angle, e.g. 16-Series
sections, where the ESDU prediction would make Equation 3.3.1.1-1 low by some 10% + 5% at a
Reynolds Number of 100 x 108,

Mach Number effects are of interest to the hydrodynamicist only when making reference to aero-
dynamic data, and the 16-Series section characteristics of Reference 4 present a notable example. Lift

curve slopes measured at significant Mach Number can be corrected to zero Mach Number by means of
the classic parameten/l—M2 :

= / 2
cp =¢C 1-M
[ Qa QaM 3.3.1.1-3

This correction exceeds the 5% precision associated with lift curve slope measurements for Mach
Numbers greater than .3, It should be noted that the section characteristics of Reference 1 were measured

at Mach Numbers less than about .17.

There is no evidence in References 1 or 2 of a Reynolds Number effect upon the section zero lift
angle for Reynolds Numbers of 3 x 108 or more. Figure 18 of Reference 3 indicates that for Reynolds
Numbers less than 3 x 106 the zero lift angle effect is genrally negligible and of random character among
the sections. Isolated exceptions in Reference 3, notably the NACA 4415 section, present negative zero
lift angle shifts of 1/2 degree or more which are indicative of an abnormal laminar flow extent. Reference
5 presents a similar -8/10 ~d§gré‘é‘ zero lift angle shift for the 16-309 section at a Reynolds Number of
1.9 x 106. ‘

The DATCOM text notes in Section 4111 that the effect of compressibility on the zero lift angle
is negligible up to the critical Mach Number. Figure 3.3.1.1-4, which was compiled from Reference 4,
indicates that the zero lift angle for the 16-Series is practically independent of Mach Number to a critical
Mach Number.

Thus, for a nominal measurement precision of *1/3 degree, the section zero lift angle can be said
to be independent of Reynolds Number, Mach number, and fixed transition and that zero lift angle shifts

of -1/2 degree or more are indicative of an abnormal laminar flow extent.

Note: Because the transition strip employed for Reference 5 produced normal section lift and drag

characteristics while that of References I-3 did not, the descriptions of the two transition strips

are given in Section 6.1.1.1.
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3.3.1.2 Section Lift Curve Slope.

POTENTIAL LIFT CURVE SLOPE

Classic thin airfoil potential theory presents a section lift curve slope of 2x. Thick airfoil potential
theory (e.g. references 1 and 2) adds an incremental lift curve slope which is a function of the thickness and
of its distribution. The incremental lift curve slope cannot be expressed rationally in any useful analytic
expression but is approximated in the DATCOM by:

= o t
“pot = CQOIpOt/ZW =1+ .748-6 (1+.216 ¢E) 3.3.1.2-1

For the trailing edge angles of Table 6.1.2.2-11, Equation 3.3.1.2-1 becomes:

_ t ¢E t
Kpot = 1+ .748? (1 +.215—t—/'c— -C)
3.3.1.2-2
_ ¢ OF [\
=1+.748 =t 161 TE(-E)

For a 20% 16-series section the quadratic term contributes only 2.4% to the lift curve slope and
equation 3.3.1.2-2 is usually expressed as a linear function of the thickness ratio:

t

“pot =1+, o T 3.3.1.2-3

where: CK ¢ = 4/3 \/3_= 170 Abbott & von Doenhoff, Reference 2
po

= .822 Hoerner, Fig. H-21, Reference 3
= .75 - .8 ESDU, WINGS .01.01.05
The Abbott & von Doenhoff value is employed here as representative.

VISCOUS EFFECT — GENERAL SECTION

The viscous reduction in the potential lift curve slope is an empirical function of the section thickness
and thickness distribution and its analytical form is therefore dependent upon the experimental sample
considered. Abbott & von Doenhoff present the most satisfactory single source for such a data sample
and the DATCOM Method 1 presents, in DATCOM Table 4.1.1-A and -B, the 9 x 106 Reynolds  Number
lift curve slopes of Reference 2.

ESDU WINGS .01.01.05 employs the trailing edge angle as defined by the ordinates at the 90% and
99% chord stations as a thickness distribution parameter against which to correlate an unspecified sample
of measured lift curve slopes. The result is presented as a function of Reynolds Number and transition
point position. DATCOM Method 2 employs the ESDU result for the leading edge transition but with a

5% increase in the predicted lift curve slope.
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The ESDU and DATCOM predictions are compared with the measured lift curve slopes of DATCOM
Tables 4.1.1-A and 4.11-B on Figures 3312 1-5. The comparisons as a function of the ESDU trailing
edge angle definition are presented only for those sections for which that angle is evaluated in DATCOM
Table 4.1.12-A. Also shown on Figures 3.3.1.2 I-5 are the lift curve slope Fs thickness ratio trend lines
of Figure 57 of Reference 2 which are for a Reynolds Number of 6 x 108,

Because the ESDU trailing edge angle definition presents some difficulty with regard to the 99%
chord station, the experimental viscous effects are also plotted against the nominal aft 5% chord trailing
edge angle on Figures 3.3.12 1-5. The potential lift curve slopes employed for these plots were those of
Equation 3.3.1.2-3 with the ,77 slope of Abbott & von Doenhoff. All of the Abbott & von Doenhoff
R =9 x 106 slopes except those for interpolated sections are included on Figures 3.3.12 I-5 and in Table
3.3.12-1 for the 5% chord trailing edge angle. The table presents the 5% chord trailing edge angle’

c’zalcgapot ratios referencedto the potential lift curve slopes of Equations 3.3.1.2-1 and 3.3.1.2-3.

By any definition, the trailing edge angle only serves as a parameter against which to measure the
complex effects of the thickness distribution upon the viscous reduction of the potential lift. Table
3.3.12-11 presents a statistical comparison of the utility of the two trailing edge angle definitions for
this purpose and indicates that the 5% chord trailing edge angle and potential lift curve slope of Equation
3.3.1.2-3 correlates this particular data sample as effectively as the ESDU trailing edge angle with

Equation 3.3.1.2-1.

The quadratic correlations of Table 3.3.12-11 are unnecessarily complex for the precision offered
by the data and that for the 5% chord trailing edge angle is compared with two simpler correlations in
Table 3.3.1.2-111.

Table 3.3.1.2-II1 presents a statistical comparison of the 5% chord trailing edge angle quadratic
correlation of Table 33.1.2-11 with a linear correlation having unit value at zero thickness. For one
common slope for the entire data sample the linear correlation is as good as the quadratic correlation
except for the 4 and 5 digit sample which is in significant error. The individual slopes of the table are
means for the sub-classes of the sample by section series and indicate that the 4 and 5 digit and 63-
Series sections are similar and distinct from the remainder of the sample. Dividing the sample into two
sub-classes of distinct slope provides a correlation which is practically equivalent to the quadratic
correlation and to the best linear correlation, that for distinct slopes for each section, provided by the
data sample.
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The 2-Class correlation of Table 3.3.1.2-111 can be summarized in terms of a nominal standard

deviation  by:
¢y /c tle=1~.00715 ’ + 1.8% for (x/c < 35%
Qa/ Zapot ¢ ¢'5% 6 for (x/ )tlcmax ’
3.3.1.2-4
<Q

=1 ~.01059 ¢5q * 4.5% for (XIC)t/cmax > 35%
where there is no loss of significance if the standard deviation is interpreted as a ¢q /g ¢
a ~apo

increment rather than a percentage. Equation 3.3.1.2-4 is compared with the sample on Figures
3.3.1.2 1-5.

It will be recognized that the data sample provides poor viscous effect definition for those sections
of aft maximum thickness location. Those samples could be interpreted as presenting a viscous effect at
zero thickness and even as presenting a viscous effect of zero slope with trailing edge angle. The effect of
the elimination of the after body cusp is even more poorly defined and the interpretation of that effect
depends upon the trailing edge angle slope assigned to the cusped sections. Finally, the classification of
Equation 3.3.12-4 by maximum thickness location is only an observation, lacking rational foundation.

Table 8.3.1.2-IV compares the 2-Class correlation of Table 33.1.2-111 with the DATCOM Method 2
slope prediction, which is essentially the ESDU procedure, as the precision for that prediction is defined
in Table 4112-A of the DATCOM. The significance of the DATCOM mean error is diluted by the 1.05
empirical factor of DATCOM Equation 4.1.12-a but comparison of the standard deviations and their
relationship to the mean errors indicates that Equations 3.3.1.2-3 and 4 offer the DATCOM confidence
level with less complexity.

ESDU WINGS 01.01.05 specifies a nominal accuracy of +5% for the section lift curve slope
prediction which is the accuracy associated with Reynolds Number effect in Section 3.3.1.1 and which
might be compared with standard deviations of 58% to 10.4% obtained by comparing three individual

measurements of forty-three experimental, threedimensional, hydrodynamic lift curve slopes.

VISCOUS EFFECT = 16-SERIES SECTION

The 16-Series section presents a particular problem because the data of Reference 4 was measured
at Mach Numbers of .3 to .8 and Reynolds Numbers of .85 « 2 x 109 compared, for example, with
Reference 2 which presents no data for Mach Numbers higher than .17 or for Reynolds Numbers less
than 3 x 108, There is much distortion in the curves of Reference 4 and the distinction between the
Reynolds Number and Mach Number effects is not obvious. The lift curve slopes considered here were
measured on Figures 4-9 of Reference 4 and are interpretations of interpretations of the basic data;
they are therefore displayed in Table 3.3.12-V for reference.

3.3.1-10



Only the range of Reynolds Number is given in Reference 4 and the relationship between Reynolds
Number and Mach Number assumed here for that data is:

RN x 1076 = 2667 M 3.3.1.2-5

Then from Equations 3.3.1.1-1, 33113, and 33123 the lift curve slopes of Table 3.3.12-V

were expressed as c&/cgapot ratios for a Reynolds Number of 3 x 108 and zero Mach Number by the

Equation:

%%  _ Fomeas , % [20_ 3.3.1.2-6
= 57.3 ~pot

Cq e Cq Ce

apot ‘ aRN/ a aM

g

where: oRN _ 874+ .042 RN x10-8 from Eq. 3.3.1.1-1

=.874 + .042 x 2.667 M from Eq. 3.3.1.2-5

C
N Y from Eg. 3.3.1.1-3
cQaM
K pot :1+.77—2- from Eq. 3.3.1.2-3

Equation 3.3.1.2-6 may be written:

Y
2 M2
@ _gyg3 VI-M 3.3.1.2-7

t
“2apot (M+7.8)(1+.775)

and the results of this reduction of the data of Table 3.3.1.2-V are presented in Table 3.3.1.2-VI and on
Figure 3.3.1.2-6. No systematic dependencies other than trailing edge angle could be derived from the
tabulated data and for trailing edge angle it is only evident, on Figure 3.3.1.2-6, that the data is better
correlated by the JO715 coefficient of Equation 3.3.1.2-4 than by the .01059 coefficient. For the
.00715 coefficient, prediction errors for Table 3.3.12-W are tabulated in Table 3.3.1.2-VII. Taking the
.3 and .45 Mach Number results as representative of the section, that is discounting all data measured at
Mach Numbers of .6 or more, the 16-Series section lift curve slope becomes:
e 0

% — + 10=1-.00715 ¢gq * 7% 3.3.1.2-8

apot

&1 - .00715:;505(%)1r 07

which is compared with the data on Figure 3.3.1.2-6.
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The 16-Series section was developed to delay compressibility effect. Reference 5 has historical
interest with regard to the development of the section and contains an early observation of the favorable
drag effect of aft maximum thickness locations. Reference 4 only expands the thickness = camber
matrix of Reference 5. Roth test programs were intended to display the onset and effect of compressibility
for practical application, primarily to aircraft propellers. The test conditions produced significant
Reynolds Number and Mach Number effects uncharacteristic of hydrodynamic applications.

The tests of Reference 6 were conducted for hydrodynamic application. The test Mach Numbers
were .11 and .23 and certain of the tests were run with and without transition strip to aid interpretation
of these and other model tests in terms of prototype characteristics.

The unflapped lift measurements of Reference 6 are shown in Tables 3.3.1.2-VIII and -1X. with a
summary in Table 3.3.1.2-X. The distinct segments of the lift curves measured by DeHavilland define
scale effects to be anticipated in future model measurements; the increased lift curve slope for the lower
end of the lift curve for the smooth section for both Reynolds Numbers is indicative of an abnormal
laminar flow extent on the chord. The effectiveness of the DeHavilland transition strip should be noted.
The two measured slopes of Table 3.3.1.2-X which are appropriate as hydrodynamic prototype models
are shown on Figure 3.3.1.2-6 where they are in adequate agreement with Equation 3.3.1.2-8.

SUMMARY

Equations 33.124 & 8 may be summarized as:

c
Q o [+]
o _ .
o =1m m, $5% +1o 3.3.1.2-9
apot
where: m; =.00715 for 4 & 5 digit sections

for 16-Series sections
for 63-Series sections and

generally for sections of (x/c)t/cmax < 35%

.01059 for sections of (x/c)t/c > 35%
- - max
except 1&Series sections

Q
I

.018 for 4 & 5 digit sections and

generally for sections of (x/c) < 35%

t/Cmax

.045 for sections of (X/c)t/c > 35%
max

except 16-Series section

070 for 16-Series section

it
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From Equation 3.3.1.2-3, Equation 3.3.1.2-9 may be written:

t ° o ¢
k=(1+ c"pot —c-) (1—m¢ 4 —c-) 3.3.1.2-10

=1+{c -‘mo co LA c mo c° (1)2
Kpot ¢ ¢/ ¢ Kpot ¢ P\c
2
_ t t
=l*e o * f—'z,((z)

where the 77 C"pot of Reference 2 is employed here.

Values of s for the sections of Reference 2 are tabulated in Section 6.1.2. Values for the coefficients
of Equation 3.3.1.2-10 for the same sections are tabulated in Table 3.3.1.2-XI and the quadratics are

presented graphically on Figure 3.3.1.2-7. The same curves are presented as a function of trailing edge
angle on Figure 33.1.2-8.

The mominal precision associated with the prediction of the lift curve slope is that of the precision of
measurement of Section 3.3.1.1, *5%.

HANDE

The HANDE viscous section lift curve slope is:

Yt 1-35

k=1 -1563 — 3.3.1.2-11
Oc

which is virtually identical with the 65A Series curve of Figure 3.3.1.2-7.
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LIMITATIONS

Inadequate support for the following conclusions which are expressed or implied in Equation
3.3.1.2-10 should be noted:

1. 16-Series viscous effect generally,
2. Section classification by maximum thickness chord station for viscous effect,
3. ldentification of 6 x A — Series viscous effect with that of the parent section,
4. ldentification of potential lift curve slope only with the maximum thickness ratio.
REFERENCES
1. Pope, Alan: Basic Wing and Airfoil Theory. McGraw-Hill, 1951.
2. Abbott, I. H. and von Doenhoff, A. E.: Theory of Wing Sections. Dover, 1959.
3. Hoemer, S. F.. Fluid-Dynamic Lift. Published by the Author, 1970.

4. Lindsey, W. F.; Stevenson, D. B.; and Daley, B. N.. Aerodynamic Characteristics of 24 NACA 16-
Series Airfoils At Mach Numbers Between 0.3 and 0.8. NACA Technical Note 1546, Sept. 1948.

5. Stack, John: Tests Of Airfoils Designed To Delay The Compressibility Burble. NACA Report
763, 1943.

6.  Teeling, P.. Low Speed Wind Tunnel Tests Of A NACA 16-309 Airfoil With Trailing Edge Flap;
DeHavilland Aircraft of Canada Limited Report ECS 76-3, October 1976.
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TABLE 33121 EXPERIMENTAL ¢g IcQ RATIOS,R=9 X 106 {SHEET 10F 3}

o “apot
NOTES; ! 2 | 3 . 1 5 | 6
ESDU NOMINAL 5%
TE. ANGLE T.E. ANGLE
N‘I:EQAS ¢ % ) %, %,
a E c 5% ¢ c
SECTION /DEG DEG % 2pot DEG Zapot Zapot
4 & 5 DIGIT SECTIONS
0006 0.108 7.50 0.9415 7.74 0.9414 0.9414
0009 0.109 11.30 0.9289 11.61 0.9288 0.9296
1408 0.109 10.03 0.9359 10.32 0.9359 0.9364
1410 0.108 12.48 0.9134 12.90 0.9133 0.9145
1412 0.108 15.48 0.8995 0.9016
2412 0.105 16.06 0.8746 15.48 0.8745 0.8766
2415 0.106 18.55 0.8631 19.35 0.8268 0.8666
2418 0.103 22.25 08197 23.22 0.81940 | 0.8250
2421 0.103 27.09 0.7812 0.8086
2424 0.098 30.96 0.7432 0.7543
4412 0.105 15.13 0.8746 15.48 0.8745 0.8766
4415 0.105 18.80 0.8549 19.36 0.8547 0.8584
4418 0.105 23.22 0.8353 0.8410
4421 0.103 27.09 0.8007 |, 0.8086 |
4424 0.100 30.96 0.7697 0.7697
23012 0.107 15.06 08913 15.48 0.8912 0.8933
23015 0.107 18.68 0.8712 19.35 0.8710 0.8748
23018 0.107 23.22 0.8512 |, 0.8570
* 23021 0.103 28.18 0.8003 27.09 0.8007 0.8086
23024 0.097 30.96 0.7369 0.7466
63-SERIES SECTIONS
63-006 0.112 4.24 0.9769 2.94 0.9771 0.9763
63-009 0.111 5.98 0.9471 4.4 0.9474 0.9467
63-206 0.112 455 0.9768 2.94 09771 0.9763
63-209 0.110 .55 0.9384 4.41 0.9389 0.9381
63-210 0.113 7.30 0.9570 4.90 0.9576 0.9568
63,012 0.116 8.74 0.9681 5.88 0.9690 0.9684
63,-212 0.114 8.60 0.9515 5.88 09523 | 0.9517
63,-412 0.117 8.70 0.9765 5.88 09773 09767
63,016 | 0117 735 | 09567 | 09565
63,215 0.116 7.35 0.9485 0.9483
63,415 0.118 10.38 0.9638 7.35 0.9649 0.9647
63,615 0.117 7.35 0.9567 0.9565
63,018 0.118 12.19 0.9433 8.82 0.9347 0.9451
63,218 0.118 8.82 0.9447 0.9451
63,418 0.118 8.82 0.9447 0.9451
63,618 0.118 8.82 0.9447 0.9451
63,021 0.118 10.29 0.9252 0.9263
634-221 0.118 10.29 0.9252 0.9263
63,421 0.120 10.29 0.9409 0.9420

1892-006B(1)
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TABLE 3.3.1.2-1 EXPERIMENTAL ) /°Q ; RATIOS, R=9 X 106 (SHEET 2 OF 3)
a “apo

NOTES; 1 2 | 3 4 | 5 | 6
ESDU NOMINAL 5%
T.E. ANGLE T.E. ANGLE
MEAS ) % %
c, 6 4] o 2] o
o E ¢ 5% c, c
SECTION /DEG DEG % apot | oec 2apot Zapot

64-SERIES SECTIONS B
64-006 0.109 5.00 0.9506 3.42 0.9508 0.9501
64-009 0.110 7.26 0.9383 5.13 0.9387 0.9381
64-108 0.110 4.56 0.9456 0.9449
64-110 0.110 5.70 0.9320 0.9314
64-206 0.110 5.13 0.9593 3.42 0.9595 0.9589
64-208 0.113 6.62 0.9710 4.56 0.9714 0.9707
54-209 0.107 5.13 0.9131 0.9126
64.210 0.110 8.08 0.9314 5.70 0.9320 0.9314
84,-012 0.111 9.35 0.9262 6.84 0.9269 0.9267
64,-112 0.113 6.84 09436 0.9433
64,212 0.113 9.54 0.9429 6.84 0.9436 0.9433
64,412 0.112 9.52 0.9345 6.84 0.9353 0.9350
64,015 0.112 8.55 0.9154 0.9166
64,-215 0.112 855 0.9164 0.9156
64,-415 0.115 11.68 0.9388 8.55 0.9399 0.9402
64,:018 0.111 10.26 0.8881 0.8891
64,218 0.115 10.26 0.9201 0.9211
64,418 0.116 13.50 0.9268 10.26 0.9281 0.9291
64,618 0.116 10.26 0.9281 0.9291
64,021 0.110 11.97 0.8617 0.8635
64,221 0.117 11.97 09165 | 0.9185
64,421 0.120 11.97 0.9400 0.9420

65-SERIES SECTIONS
65-006 "~ 0.105 5.98 0.9155 ) 0.9158 0.9163
65-009 0.107 8.86 0.9123 6.3 0.9129 0.9126
65-206 0.105 6.11 0.9155 42 0.9158 0.9153
65-209 0.106 8.94 0.9038 6.3 0.9044 0.9040
65-210 0.108 9.78 0.9140 2.0 0.9147 0.9145
65-410 0.112 7.0 0.9486 0.9484
65,-012 0.110 11.39 0.9173 8.4 0.9181 0.9183
65,-212 0.108 11.44 0.9006 8.4 0.9014 0.9016
65,-212 0.108 11.38 0.9271 84 0.9014 0.9016
a=06
65,412 0.111 8.4 0.9265 0.9267
65,015 0.111 105 0.9065 0.9075
65,215 0.112 105 0.9147 | 0.9156
65,415 0.111 13.70 0.9056 10.5 0.9065 0.9075
65,415 KRR 05 09065 | 0.0075
a =20.5
65,018 0.100 12,6 0.7993 0.8009
65,218 0.100 12.6 0.7993 0.8009
65.418 0.110 5.82 0.8779 12.6 0.6792 0.8810

71892-006B(2)
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TABLE 3.3.1.2-1 EXPERIMENTAL o /cQ RATIOS, R = 9 X 1()6 [SHEET 3 OF 3)
o ~apot
NOTES; 1 2 | s a | s | 6
ESDU NOMINAL 5%
T.E. ANGLE T.E. ANGLE
MEAS S S L)
cQ ¢ [+3 ¢ o o
o E ¢ 5% c c
SECTION IDEG DEG 2 pot DEG 2 pot %apot
65,418 0.115 126 0.9191 0.9211
a=05
65,618 0.113 12.6 0.9032 0.9051
65,-618 0.104 12.6 0.8312 0.8330
8=05
65,-021 0.112 14.7 0.8762 0.8792
65,-221 0.115 14.7 0.8996 0.9028
65,421 0.116 18.19 0.9059 14.7 0.9075 0.9106
65,421 0.116 14.7 0.9076 0.9106
a=0.b5
66-SERIES SECTIONS
6-006 0.100 7.82 0.8717 5.70 0.8720 0.8717
66-009 0.103 11.43 0.8777 8.55 0.8783 0.8784
66-206 0.108 7.94 0.9414 5.70 0.9417 0.9414
£6-209 0.107 11.48 0.9118 8.55 0.9124 0.9126
66-210 0.110 12.72 0.9302 8.50 0.9310 0.9314
66,-012 0.106 11.40 0.8839 0.8849
56,212 0.102 11.40 0.8506 0.8515
66,-015 0.105 14.25 0.8563 0.8584
66,-215 0.106 14.25 0.8545 0.8666
66,415 0.106 17.86 0.8633 14.25 0.8645 0.8666
63A SERIES SECTIONS
63A010 0.105 11.42 0.8883 11.50 0.8882 0.8891
63A210 0.103 1156 0.8713 11.50 0.8713 0.8722
64A SERIES SECTIONS
. 64A010 0.110 11.82 0.9305 11.90 0.9304 0.9314
' .| _84a210 0.105 11.93 0.8881 11.90 0.8882 0.8891
- 64A410 0.100 11.89 0.8459 11.90 0.8459 0.8468
T T ean212 0.100 14.06 0.8332 14.28 0.8332 0.8348
f;’\ 64,A215 0.095 17.43 0.7739 17.85 0.7737 0.7767
NOTES:
1. THESE ARE THE MEASURED SLOPES OF REFERENCE 2 AS PRESENTED IN
DATCOM TABLE 4.1.1-A & B.
2. CALCULATED FROM 90% & 99% CHORD ORDINATES OF DATCOM TABLE
4.1.1.2-A, SEE SECTION 6.1.1.2.
3. MEASURED CQa+ POTENTIAL cQOL OF EQUATION 3.3.1.2-1.
4. CALCULATED FROM NOMINAL ¢°5%/t/c% RATIOS OF TABLE 6.1.1.2-}.
5. MEASURED cg_+ POTENTIAL ¢y OF EQUATION 3.3.1.2-1 FOR NOMINAL 5%
CHORD TRAILING EDGE ANGLE?
6. MEASURED cg, + POTENTIAL ¢p OF EQUATION 33.1.2-3 WITH 0.770
CONSTANT.
1892-0068(3)
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TABLE 3.3.1.211 TRAILING EDGE ANGLE DEFINITION -STATISTICAL COMPARISON

T.E. ANGLE ESDU 5% CHORD
0.9931 =
¢ /g 0.0081088 Eoz 0.98141 = 0.0076371 4;;% +3.2371 X 1070 ¢°2
0,
@ apg +2.5263 X 109 ¢ ¢ 6%
K pot 1 +0.748 t/e {1 +0.215 ¢) 1 +0.77 tle
SAMPLE MEAN STD MEAN STD SAMPLE MEAN STD MEAN STD
SIZE ERROR | DEVIATION ERROR | DEVIATION SIZE ERROR | DEVIATION ERROR | DEVIATION
SECTION N M, % g,% M, % g, % N M, % % M, % g, %
4- & 5-DIGIT 12 0.50 1.14 1.69 1.26 20 0.87 2.43 1.44 2.08
63-SERIES 10 2.24 2.07 1.96 1.65 19 2.36 1.30 2.35 1.33
63A SERIES 2 -3.39 1.33 -2.06 1.39 2 -2.06 1.39 -1.97 1.39
M-SERIES 10 1.07 1.62 0.72 1.29 22 0.40 2.02 0.43 2.05
64A SERIES 5 -5.07 5.49 -3.77 5.47 5 -3.77 5.47 -3.58 5.36
65-SERIES 11 -0.48 2.69 -1.51 2.09 24 -1.32 4.03 -1.19 4.05
66-SERIES 6 -1.19 3.81 -2.04 3.54 10 -2.39 2.89 -2.29 2.90
ALL 56 -0.10 3.22 -0.08 2.99 102 -0.07 3.30 0.09 3.27

I T.E. ANGLE DEFINITION EFFECT
EFFECT OF SAMPLE |

1 K pot PREDICTION EFFECT

PREDICTED cQa lc:szm PREDICTED ¢,
a

NOTES: 1E=1- POt .
MEASURED Cg /CQ
o [¢3

! ~EASURED o

pot a

2. c!2 /c)2 EQUATIONS ARE QUADRATIC REGRESSION ANALYSES ON 56 MEMBER SAMPLE
o [+4

1892-0078 pot
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TABLE 3.3.1.2.111 VISCOUS EFFECT STATISTICAL ANALYSIS, 5% CHORD T. E. ANGLE, Kpot =1+ 0.77 tlc

cQa/cQa 1—Cdgy
pot QUADRATIC FIT
CLASSIFICATION REF TABLE 3.3.1.2-Il COMMON SLOPE 2 CLASSES INDIVIDUAL C
SAMPLE MEAN STD MEAN STD MEAN STD MEAN STD
SIZE ERROR|DEVIATION|SLOPE | "M %™~ ‘g o' ""'|SLOPE | ERROR [DEVIATION|SLOPE |ERROR | DEVIATION
SECTION N , o, % c c M, % g, % c M, % g, %
4- & 5-DIGIT 20 1.44 2.08 288 198 -0.10 1.66 0.007080 | -0.27 1.69
63-SERIES 19 2.35 1.33 182 11.'9(? (0.007147 0.23 1.33 10.007216 0.28 1.33
63A SERIES 2 -1.97 1.39 -1.45 138 —+ -4.23 1.41 0.010380 0 1.36
30 ’ -0.15 1.74
64-SERIES 22 0.43 2.05 0.009269 0 2.32 1.08 2.54 0.009871 0.50 2.42
64A SERIES 5 -3.58 5.36 -2.41 4.68 -0.29 4.28 0.010408 | -0.58 4.33
65-SERIES 24 -1.19 4.05 -0.98 4.27 0.010589 0.53 4.43 0.010864 0.84 4.47
66-SERIES 10 -2.29 2.90 -2.03 3.16 -0.48 3.39 0.011623 0.73 3.61
61 0.49 3.61
ALL 102 0.09 3.27 0.76 3.79 0.23 3.01 0.35 2.96
NOTES: 1_SLOPES; €, ARE MEAN FOR EACH CLASS EXCEPT THAT 63A SERIES WAS OMITTED FROM 2-CLASS CLASSIFICATION; LE..

1892-0088

THERE WERE 39 SAMPLES FOR MEAN SLOPE, 41 FOR ERROR.

2. E =

1 -PREDICTED/MEASURED.




TABLE 3.3.1.2-lV STATISTICAL COMPARISON WITH DATCOM METHOD 2

2.CLASS CORRELATION
OF TABLE 3.3.1.2-1l1

DATCOM METHOD 2
DATCOM TABLE 4.1.1.2-A

SAMPLE MEAN STD SAMPLE MEAN STD
SIZE ERROR DEVIATION SIZE ERROR DEVIATION
SECTION N M, % 0. % N M, % 0. %
4. & 5-DIGIT 20 -0.10 1.66 29 0.60 2.05
63-SERIES 19 0.23 1.33 18 0.44 2.62
63A SERIES 2 -4.23 1.41 4 -3.17 2.32
41 -0.15 1.74
64-SERIES 22 1.08 2.64 156 0.20 2.40
64A SERIES 5 -0.29 4.28 15 -1.96 4.59
65-SERIES 24 0.53 4.43 24 0.03 3.96
65A SERIES 0 - - 1 -0.90 -
66-SERIES 10 -0.48 3.39 15 -0.94 4.30
61 0.49 3.61
ALL 102 0.23 3.01 121 -0.22 3.38

NOTE: DATCOM SIGNS FOR ERRORS ARE REVERSED TO AGREE WITH

3.X1.2-111

1892- 0098

DEFINITION OF TABLE
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TABLE 3.3.1.2-V REFERENCE 4 LIFT CURVE SLOPES (SHEET 1 OF 2)

MACH NUMBER, 0.775 (EXCEPT AS
M 0.3 0.45 0.6 0.7 0.75 NOTED)
REF.4
FIG. LIN € LIN ¢, . LIN ¢ . LIN ey R LIN e R LIN e
° (1 ¢, e RANGE ¢ c RANGE ¢ [ RANGE [ ¢ RANGE ¢ [ RANGE
SECTION| NO. °, cQa-o JRANGE % [Ca=o0 T [ .p 2, [*aag 2y Q""O % [% -0
16-009 4 0.087 0.025 <-0.2 0.085 |0.030 [c-0.2 0.0855 |0.030 [-0.165 0.995 0.483 <0.17]0.114 |[0.045 |<-0.2 0.114 |0.045 [c-0.22
>3.6 06+ >0.65 >0.41 >0.48 >0.48
16-106 7 0.100 1.05 <-0.11 | 0.099 |0.115 [<-0.12 |0.111 [0.115 |<-0.13 ¢.126 |0.120[ <-0.17] 0.1385 [ 0.125 | £-0.18 |(M=0.8)|(M=0.8) | (M=0.8)
0.515 0.31 0.78 >0.73 >0.4 0.1625 [0.150 |<-0.2
4.05 >0.45
1 0.096 0.090 c-0.1 0.089 |0.095 [c-0.1 0.0946 [0.100 [<~010]123 0. 120 {0.02 0.150 [o0.130 |-0.05 0.129 | 0.140 |<-0.145
16-109 0.755 0.765 0.745 0.38 0.475 >0.38
7 0.095 0.090 [<-0.1 0.0935 [0.100 [<-0.1 0.100 [0.100 [c-0.1 ¢.126 p.120 }0.03 0.150 |0.125 [-0.09 |[[M=0.8) (M=0.8) | {M=0.8)
0.655 0.675 0.67 036 0.51 0.1265 [0.130 |<-0.16
>0.35
6 0.0905 [ 0.075 -0.145 ]0.0945 [0.075 [-0.125 |0.1005 (0060 |6.13 0j1075 b.0o75 }o.15
16-115 0.26 0.25 0.28 033
7 0.0925 | 0.060 -0.14.  |0.0935 {0.060 [-0.13 0.100 [0.065 |[-0.135[0.106|0.080| -0.16
0.255 0.25 0.28 031
16-130 7 0.065 | -0.030 (-0.015 [o0.0565 [-0.030[-0.15 |0.102 |0.025 |-0.175
(-0.035) |0.13 0.085 (0.045) (0.02
16-209 4 0.097 |0.150 0.045 0.092 ]0.160 [0.035 0.097 [0.175 |[<-0.025[0.1195| 0.200 [0.055 0.144 ]0.200 [0.12 0.131 |0.205 [<0.17
0.685 0.73 0.765 0.49 >0.74 >0.7
16-215 6 0.0875 | 0.125 -0.08 0.0925 [0.130 |0 0.1045 [0.135 [o0.07 01075 0.140 0
0.35 0.33 0325 0.39
16-306 6 0.112 |0.265 <-0.2 |o0.113 |0.275 [<-0.03 [0.130 |0.295 |<-0.2 0]1525[0.350 <-0.29 |0.161 |0.360 [-0.2
0.465 0.49 0.9 >0.925 >0.73
4 0.0975 [0.240 <-0.15 |o0.097 |0.240 (0.1 0.109 [0.265 |-0.155(0.1279 0.320 <-0.23 [0.155 |0.365 [-0.185 0.1135 | 0.305 [<0.08
16-309 0.56 0.61 0.6 0.39 >0.67 >0.52
a 0.100 [0.235 <-0,175]0.0995 |0.250 [0.15 0.110 [0.270 |<-0.2 01525 p.315 [0.25 0.160 [0.360 |-0.25
0.54 0.56 0.95 >09 >0.67
T N - » T
5 ol | 0.215 N 0088 lon <-0.1 0092 (0.265 |<=0.1 DISTORTED \
16312 v 076’ RER St I >0.95 |
8 0.091 |0.215 0.13 0.0975 [0.230 |0.22 0.110 [0.270 o.18 01115 Jo.260 [0.2
0.47 0.49 052 >0.7
6 0.0875 | 0.190 0 0.100 [0.200 [0.14 0.1075 [0.210 |0.14 DISTORTED
16-315 - ; 0753 T T
6 0.086 |0.190 Y002 |o.1005 [0.200 [o'12 0.108 [0.200 [0.155 DISTORTED
0.46 0.45 0.53
16-321 a 0.080 |0.115 6.07 0.080 |0.100 [-0.06 0.0825 (0.095 |-0.1
0.425 0.39 0.4
16409 4 0.100 |0.325 <-0.1 0.1045 [0.335 [<=~0.1 0.1125 [0.370 |<-0.110}1355]|0.439 <-0.13 [0.156 |o.450 [<-0.21 |0.120 0.05
0.595 0.62 0.7 0.76 (0.4901 [0.34 (0.350) [>0.33
16-506 9 0.107 |0.415 <-0.05 [0.1105 |0.445 |<-0.0B |0.130 |0.475 [<-0.08 D.159 [0.555 [CQ. 16 [0.175 [0.590 |[co.2
0.63 0.66 073 >0.83 0.68

1892-0108(1)




TABLE 3.3.1.2-V REFERENCE 4 LIFT CURVE SLOPES (SHEET 2 OF 2)

Ce1ee

MACH NUMBER, 0.775 (EXCEPT AS
M 0.3 0.45 0.6 0.7 0.75 NOTED)
REF. 4,
FIG. LIN € LIN € LIN ¢ LiN ¢ LINc LINc
SECTION | NO. e’ | e (1)|[RANGE cg" g RANGE cQ" g RANGE [ ¢f |[eg RANG e [eo RANG L RANG
o a=0 (i} U= (4 a=0 a am( o a=0 - a=0
4 0.100 |0.415 <-0.18 |[0.1025 | 0.440 [c-0.18 [0.113 |0.480 |-0.14 0.132[0.550 |0 0.1379 0.56( <-0.03 |0.1585 [0 .53 5| <0.2
16-509 0.6 1 0.645 0.745 >0.78 0.63 (0.560) | 0.53
9 0.100 [0.415 <-0.175[0.1045 | 0.445 [<0.175(0.1175] 0.485 |-0.14 0.129 [0.555 |-0.03 0.1335| 0.560 | <-0.26
0.61 0.645 0.71 >0.78 0.63
5 0.087 |0.365 <0 0.090 [0.385 |<0Q 0.0985[0.425 | <0 0.1083 0.440 | <-0.02
16-512 0.68 0.6 0.66 0.8
9 0.087 |[0.365 0.08 0.090 [0.390 |<0 0.098 [0.430 |0.125 0.108 [0.445 |c-0.02 DISTORTED
0.68 0.6 0.675 0.8
6 0.092 |0.310 0.225 0.099 |[0.330 [0.29 0.100 [0.330 [0.31 0.1075 0.315 [c0.035
16-515 0.64 0.58 0.7 >0.7
9 0.091 |0.305 0.245 0.095 |[0.325 [0.28 0.0985(0.325 |0.325 0.105 [0.315 J0.285 DISTORTHD
0.64 0.625 0.72 >0.72
16-521 9 0.0855 [0.200 0.025 0.088 |[0.180 0.1 0.091 [0.165 |0.135 DIISTORTHD
0.56 0.47 0.535
16-530 9 0.0665 [-0.095 <-0.11 [0.065 |-0.12 [6.07 DI$STORTHD
0.33 (-0.15) [0.28
16-709 4 0.1025 [0.550 <-0.06 |[0.108 |0.585 [<-0.055 [0.1225[0.645|0.13 0.156 |0.745 [0.14 0.107% 0.590 <0.126 |0.135 |0.455 [-0.03
0.785 0.75 0.755 0.745 (0.595) [0.58 {0.480) p.41
16-712 5 0.093 [0.495 0.025 0.1015 | 0.54 0.04 0.1125[0.600 |0.09 0.109 0.57| <0.13
0.80 0.8 >1.05 >0.76
16-715 6 0.0885 [0.445 0.05 0.1025 [0.46 [0.375 0.123 [0.470 |0.41 DISTORTED
0 82 0.675 0.89 |
16-(1.0)0.8( 4 0.1135 |0.775 <0.09 0.1235 | 0.800 [<0.086 |0.1425[0.910 |0.245 0.111 [0.770 |0.24
0.795 0.72 0.91 0.84
16-(1.0012 | 5 0.100 [0.715 0.2 0.108 |[0.755 [0.21 0.120(0.815 1.3
1.0 1.04 >1.1

NOTE: WHERE THE LIFT CURVE IS NOT LINEAR AT « = 0, THE CQ IS SHOWN WITHOUT PARENTHESIS AND THE LINEAR EXTENSION OF THE LIFT CURVE TO
O =

@ = 0 IS INDICATED WITH PARENTHESIS. =
1892-010B(2)




TABLE 33.1.2-W REFERENCE 4 ¢p IcQ RATIOS
a« “apot

MACH NUMBER, M

REF. 4
SECTION ¢°5% FIG. NO. 03 0.45 a.6 0.7 0.75 0.775 0.8
16 - 009 22.26 4 0.7803 ] 0.7007 ] 0.6201 ] 0.6366 ] 0.6716 | 0.6398
16 - 106 14.84 7 0.9167 |0.8341 |0.8228 | 0.8240 | 0.8340 0.8824
.8610 73 0.6854 | 0.7870 .883 0.7240
16 - 109 22.26 4 0.86 0.7336 787 0 7
7 0.8520 |0.7707 | 0.7253 | 0.8062 | 0.8837 0.6827
6 . .74 . 0.
16-115 37.09 0.7780 |0.7467 | 0.6987 6593
7 0.7952 10.7388 | 0.6952 | 0.6624
16 - 130 74.19 7 0.5064 | 0.4046 | 0.6426
16 - 209 22.26 4 0.8699 |0.7584 |0.7035 | 0.7646 | 0.8483 | 0.7352
16 - 215 37.09 6 0.7522 |0.7309 | 0.7265 | 0.6593
16 -~ 306 14.84 8 1.0267 |0.9520 | 0.9637 | 0.9973 | 0.9694
4 . . . R .91
16 - 309 2226 0.8744 |0.7996 |0.7905 | 0.8158 | 0.9131
8 0.8969 |0.8202 | 0.7978 }0.9757 | 0.9426
R .6 .6531
16 - 312 20.68 5 0.7023 ] 0.6859 | 0.653
8 0.7989 |0.7867 | 0.7809 } 0.6983
. . 7474
16 - 315 37.09 6 0.7522 |0.7902 | 0.747
8 0.7565 |0.7941 | 0.7508
16 - 321 51.93 8 0.6604 {0.6070 | 0.5508
16 - 409 -22.26 4 0.8969 | 0.8614 | 0.8159 | 0.8669 | 0.2190 ] 0.6735
16 - 506 14.84 9 0.9808 |0.9310 | 0.9637 | 1.0398 | 1.0537
4 . 0.8 . k . .
16 - 509 2296 0.8969 449 | 0.8195 | 0.8445 | 0.8100 | 0.8896
9 0.8969 |0.8614 |0.8522 [ 0.8254 | 0.7865
5 0.76. 0.7262 .6993 | 0.678:
16 -512 20.68 7638 0.699 6783
9 0.7638 | 0.7262 | 0.6957 | 0.6764
16-518 37.09 6 0.7909 | 0.7823 | 0.6952 | 0.6593
9 0.7823 | 0.7507 | 0.6848 | 0.6440
16 - 521 51.93 9 0.7058 | 0.6677 | 0.6075
16 - 530 74.19 9 0.5181 | 0.4654
16 - 709 22.26 4 0.9193 | 0.8903 | 0.8884 | 0.9981 | 0.6333 | 0.7577
16-712 29.68 5 0.8164 | 0.8190 | 0.7987 | 0.6576
16 - 715 37.09 6 0.7608 | 0.8099 | 0.8551
16 - (1.0009 | 22.26 4 1.0179 | 1.0180 | 1.0335 | 0.7102
16-{1.0)12 | 29.68 5 0.8779 | 0.8714 | 0.8519

NOTE: CORRECTED TOM=0 ANDRN=3X 106 AND NORMALIZED BY 2# (1 + 0.77 t/c)

1892- 0118
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TABLE 3.3.1.2-VIl REFERENCE 4 LIFT CURVE SLOPE PREDICTION ERROR

| 18920128

REF 4 MACH NUMBER, M
SECTION FIG. NO. 0.3 046 | 0.6 | 0.7 0.75 | 0.776 0.6
16 - 009 4 -13.32 | -15.99 |-15.31 0.91 13.32 1352
16-106 7 « 255 | -358 7.62 | 18.61 25.96 36.90
4 270 |-1078 | 4.33 | 1985 | 34.27 | 2387
16 -109
7 378 | -5.44 141 | 21.75 | 34.27 24186
16115 6 69 490 | 1057 | 16.40
B 7 284 | 388 | 1013 | 16.78
16 - 130 7 250 |-12.17 | 37.86
16 - 209 4 -164 | -7.16 | -1.64 | 17.50 | 3153 | 24.74
16-215 6 -2.71 284 | 14.00 | 16.40
16 - 306 8 8.44 925 | 21.12 | 32.76 | 36.31
16.-.300 4 -1.12 | -164 9.55 | 2267 | 36.39
- 8 1.41 091 | 1037 | 356.35 | 38.38
5 -17.96 |-11.02 | -2.57
16 - 312
8 -3.70 321 | 1421 | 1537
6 271 | 1043 | 16.40
16 - 315
8 213 | 1057 | 16.78
16-409 | 8 | am | ems | 1238 | 27.24 | 36.80 | 17.84
16-506 I Q | 416 | 720 | 2112 | 3551 | 41.40
4 1.41 3.81 1275 | 25.31 | 2830 | 37.80
16 - 509
9 1.41 5.66 | 16.09 | 23.567 | 26.15
5 847 | -4.85 420 | 12.87
16 -512
9 -8.47 | -4.85 371 | 12.62
6 2.31 9.22 | 1013 | 16.40
16-515
9 1.24 | 5.40 8.76 | 14.41
16-521 9 6.34 9.00 | 12.00
16-530 9 4.69 2.50
16 - 709 4 3.81 8.71 1952 | 36.80 8.29 | 2697
6717, 5 -1.47 7.03 | 1612 [10.13 |
16 - 715 6 -1.55 1232 | 26.93
16 -{1.0) 09 4 13.14 20.17 30.81 11.18
16 -{1.0) 12 5 5.63 12.62 21.36
NOTES:
CQQ
1. PREDICTION IS =1-0.00715 ¢° 4. MACH NUMBER EFFECT IS
C
2 apot M = -0.40% AT M = 0.3 TO
= 0, =
PRED M =30.53% AT M = 0.8
> ERROR. % = 100 (1 o 5. MEAN ERROR FOR 0.3 AND 0.45
: . % = MEAS < _ MACH NUMBER:
a N = 64
3. MEAN ERROR FOR TABLE, N = 139 M = 1.01%
M = 10.70% ¢ = 1.31%
o = 13.44%
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TABLE 3.3.1.2-VHll REFERENCE 6 MEASURED LIFT CURVES
WITHOUT TRANSITION STRIP. UNFLAPPED

CURVE
RN a FIT ERROR H
X108 | ¢ DEG g Ac LIFT CURVE :
1.9 |-0.114 | 4.06 |-0.114 0 g = 0.2885 + 0.09853 o B
-0.012 | -3.04 -0.013 | -0.001 agL=-291°
0.087 | -2.02 0.088 0.001 rZ = 0.9999, M=0, § = 0.001
0.167 | -0.98 0167 | © cg = 0.2650 + 0.10000 o° PR
0.266 | 0.1 0266 | 0 ag| = -2.65° e TR
0.369 | 1.04 0.369 0 r2 = 1.0000, M=0, 5 =0
0.414 1.55
0.439 2.06 TRANSITION REGION
0.466 | 2.57
0.500 | 3.06 0.498 | -0.002
cp = 0.2049 +(.09587 «° @k
0.593 | 4.07 0.595 0.002 0140 LS
o] ==L,
0691 | 508 | o092 | ooo1 | Ot
2 =0.9998 M=0, &0.002
0.792 | 6.11 0.791 | -0.001
405 |-0.144 | -4.06 -0.144 0 cg = 0.2798 + 0.10441 o° e
—  y/[-039 | -308 -0.039 0 agL = -2.68° u
< |"o69, |-202 | S069) | o r2 = 1,0000, M=0,5 = 0
f 0.171 | -1.01 e
0.259 | 001
TRANSITION REGION
0.346 | 1.02
0.381 | 154
0417 | 2.07 0.414 | -0.003
0.463 2.58 0.464 0.001 o
0511 | 3.08 0513 | o000z | 270209 + 009869 )
agL = -2.12° !
0612 | 4.09 0.613 | 0.001 )
0713 | 509 0712 | -0.001 | ¢ =0-9998, M=0,5=0.002
0814 | 6.12 0.814 0
r2 = COEFFICIENT OF DETERMINATION
M = MEANERROR
g = STANDARD DEVIATION FOR ERROR
Ll 892-0138
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TABLE 3.3.1.24X REFERENCE 6 MEASURED LIFT CURVES
WITH TRANSITION STRIP, UNFLAPPED

CURVE
RN a FIT ERROR
X106| ¢ DEG ¢ Ac LIFT CURVE
R 2 2
1.9 -0.186 | -4.06 -1.88 -0.002
-0.089 |-3.03 -0.088 0.001
0.006 |-2.01 0.010 0.004
0.106 |-0.98 0.110 0.004
0.205 0 0.205 (1] o
¢, = 0.2051 +0.09682 o
0.306 | 1.03 0.305 -0.001 2
an, = -2.12°
0.354 | 153 0.353 -0.001 g'-
0.407 2.06 0.404 0.002 r° =0.8999
0.455 ) 255 0.452 -0.003 M =0, 0=0.004
0.509 | 3.09 0.504 -0.005
0.603 4.07 0.599 -0.004
0.696 5.10 0.699 0.003
0.791 6.12 0.798 0.007
4.05 | -0.196 |-4.08 -0.198 -0.002
-0.094 |-3.03 -0.093 0.001
0.005 |-2.02 0.007 0.002
0.106 |-1.01 *0.108 0.003
0.209 0.01 0.210 0.001 cQ = 0.2666 + 0.09963 o
0.311 1.03 0.311 [§) agy = -2.09°
0362 | 152 [ 0.360 -0.002 2
r< = 1.0000
0.418 2.08 0.416 -0.002
M =0, o0 =0.002
0.465 2.55 0.463 ~0.002
0517 | 3.07 0.514 -0.003
0614 | 4.08 0.615 0.001
0.716 | 5.09 0.716 4}
0.816 6.13 0.819 0.003

2
r

M = MEAN ERROR
& = STANDARD DEVIATION FOR ERROR
1892-014B

COEFFICIENT OF DETERMINATION
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TABLE 3.3.1.2-X REFERENCE 6 MEASURED LIFT CURVE SLOPES

Q

o
5 FOR 5 ¢, FOR MEASURED | SECT 3.3.1.1
¢ RANGE Y P 1M I_ZBOR o X < c
TrRansITionl RN X 106 = RN X 109 = RN X 106 = _EEqLL Tgal@.. 2,4.06
STRIP FRoM TO 1.9 4.06 1.9 4.05 19 4.05 4.05 24.05 2m (L + 0.77 t/c) | Eq. 3.3.1.2-h
-0.114 0.087 0.09853 0.09793 0.9638 0 8666
OFF 0.10441 0.10161 .
0.167 | 0.369 [0.10000 0.09939 0.9782 0.9538 0.8409
0.9939(0.9732
> 0.500 0.09587 | 0.09869 0.09529 009605 0.9921 0.8192
oN ALL 0.09682 | 0.09963 0.09621 | 0.09696 0.9923 0.9230 0.8270
1892-0158




SLOPE

TABLE 3.3.1.2-XI QUADRATIC COEFFICIENTS -SECTION LIFT CURVE
SECTION | m; c; m;c; c:1K u:‘2K
4- 8 5-DIGIT 0.00715 129 0.922 -0.152 -0.710
63-SERIES 0.00715 49 0.350 0.420 -0.270
63A SERIES 0.00715 115 0.822 -0,052 -0.633
64.SERIES 0.01059 57 0.604 0.166 -0.465
64A SERIES 0.01059 119 1.260 -0.490 -0.970
65-SERIES 0.01059 70 0.741 0.029 -0.571
65A SERIES 0.01059 133 1,408 -0.638 -1.084
66-SERIES 0.01059 95 1.006 -0.236 -0.775
16-SERIES 0.00715 247 1.766 -0.996 -1.360

m> IS FROM EQUATION 3.3.1.2-g
c; IS FROM TABLE 6.1.1.2-1
=077 —m’c°®

“, 0“9

=-0. °.c’

czn _773\ c¢
1892-0168

A
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3313 Section Zero Lift Angle. Thin airfoil potential theory presents the design lift coefficient, cp , at
i

the ideal angle of attack, «;, producing a zero lift angle defined by:

@000y =%~ cgi/zﬂ 33.1.31

No general expression for the potential effect of section thickness is available. Experiment:i ection
cha) acteristics indicate that, while not the thin airfoil theory value, the zero lift angle is practically in-
variant with thickness, Reynolds Number, and (below some critical value) Mach Number. The zero lift
angle therefore provides a convenient intercept for the definition of the linear portion of the section lift
curve.

A critical Reynolds Number, characteristic of the section and associated with zero lift angle shifts
of -1/2 degree or more has been noted in Section 3.3.11 It is illustrated by comparison of Tables
3.3.1.2-VIII and -1X and by the 4415 section of Figure 18 (a) of Reference 4.

The DATCOM applies the emperical factors of Reference 1 to the thin airfoil potential zero lift angles
for the 4 & 5 Digit and 6-Series sections and those factors are compared with the 9 x 106 Reynolds Number
data of DATCOM Table 41.1-A and -B and with the 6 x 108 Reynolds Number trend lines of Figure 56
of Reference 1 on Figures 3313-1 to -6. The distinctive « ¢ factors employed on the figures for the 6A
Series sections and for the @ < 1 .0 mean line were arbitrarily selected to reduce the mean errors and

standard deviations for these sections to magnitudes comparable with those of the parent section.

The 16-Series section zero lift angles of Figure 3.3.1.1-4 are plotted against their potential value on
Figure 3.3.1.3-7. The measured zero lift angles of Reference 2 correlate well with the 4 Digit section
factor but Reference 3 seems to present convincing evidence that the Reference 2 angles are subject to
Reynolds Number effect throughout. The measured angles of Figure 3.3.1.3-7 for high . might indicate
emergence from that Reynolds Number effect but are more likely to indicate the onset of compressibility
effect. On the basis of the Reference 3 evidence the 16-Series section is here classified with the 6-Series
sections.

The measured and predicted zero lift angles for the data or Reference ‘1 are compared statistically in
Table 33.13-I. The 6A and a < 10 samples are scarcely of significant size but their accuracies and
precisions were both generally improved by employing the .93 and 1.15 factors rather than the .74
factor of the parent section. The predictive improvement is particularly significant to the effective design
lift coefficient, considered in the next sub-section.

3.3.1-37



SUMMARY

The statistical analysis of Table 3.3.1.3-1 may be summarized by:

xgg =Ko aOQpOt o 3.3.1.3-2

= KO(“i'cS&i/2") g

=-KkpCp. 2n xgfora=1.0mean line
0 12”

where: g = .74 for 16- and 6-Series sections on a = 1.0 mean line

.93 for 4 Digit sections and 6A Series sections on a = 1.0 mean line
1.08 for 5 Digit sections

= 1.15 for 6-Series sections on a < 1.0 mean line
o =1/3deg.

LIMITATIONS

1. The multiplicity of coefficients for Equation 3.3.1.3-2 is indicative of the lack of a rational relation-
ship between the zero lift angle and the thickness and camber distributions.

2. Some generality not substantiated by the data samples is inferred by Equation 3.3.1.3-2. Character-
istics of one intermediate example each, 64 and 230, of the 4 and 5 Digit families of mean lines have
been extended over the families. The “@” family of mean lines is ill-defined.

3. Reference 1 includes only one example of the a =.8 mean line which is sometimes employed
physically or effectively for the a = 1.0 mean line. For the 65, 3-418, a =.8 section « ¢ is.989.
Note, however, that this mean line does not have a zero ideal angle of attack.

HANDE

The HANDE zero lift angle equation is an empirical curve fit, quadratic in ch, to an unspecified
data sample. The form of the equation does not permit comparison with Equation 3.3.1.3-2 in general
form. The HANDE equation may be written:

Cg. Cy.

aOQH =a; - 1.007 '2-77—1+ 1.151 (—2—;—) 3.3.1.3-3

For small cambers the result is a larger negative angle than that of Equation 3.3.1.3-2 by the factor
1/k , typically 1/2 degree more negative. The HANDE equation, then, tends to predict the effect of an
abnormal extent of laminar flow on the chord which may have existed in the data sample employed.

Typical comparisons of Equations 3.3.1.3-2 and -3 are shown on Figure 3.3.1.3-7 and the HANDE
equation is compared with the data sample of Table 3.3.1.3-1 in Table 3.3.13-R.
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TABLE 3.3.1.31 ZERO LIFT ANGLE STATISTICAL ANALYSIS

NUMBER {1 Aayp
MEAN COEFF IN MEAN STD
SECTIONI LINE * SAMPLE Aa_. - | DEVIATION
N DEY o, DEG

16-SERIES NOTE 2

63-SERIES 16 -0.01 0.35
64-SERIES a= 1.0 0.74 16 0.02 0.26
65-SERIES 16 0.06 0.20
66-SERIES 6 -0.01 0.31
4DIGIT 64 0.93 13 0.07 0.54
5 DIGIT 230 1.06 5 0.08 0.23
STANDARD SECTIONS 74 0.03 0.33

6XA SERIES
63A SERIES a=10 1 0.20 -
0.93
64A SERIES 4 0 0.35
6XA SERIES 5 0.04 0.32
6-SERIES, a < 1.0
63 SERIES a=03 1 0.03 -
65 SERIES a = 0.5(5), 0.6, 0.8 1.15 7 0.08 0.22
66 SERIES a=0.6 [ ! 0.90 -
6X-SERIES, a #1.0 9 0.17 0.33
TOTAL EXPERIENCE
ALL SECTIONS 88 0.04 0.33

NOTES: 1. &a,o = MEASURED aOQ - PREDICTED OIOQ

2. INFERRED FROM REFERENCE 2 WITH GUIDANCE FROM REFERENCE 3.
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TABLE 3.3.1.3-l HANDE ZERO LIFT ANGLE STATISTICAL ANALYSIS

NUMBER {1 Acgg
IN MEAN STD
MEAN SAMPLE Aogg DEVIATION
SECTION LINE N DEG o, DEG
16-SERIES NOTE 2
63-SERIES 16 0.60 0.45
64-SERIES a=1.0 16 0.50 0.32
65-SERIES 16 0.63 0.29
66-SERIES 8 -0.48 0.36
4-DIGIT 64 13 0.06 0.56
5DIGIT 230 5 -0.19 0.256
STANDARD SECTIONS' | 74 0.43 0.46
6XA SERIES
63A SERIES 1 0.27
64A SERIES a= 1.0 4 0.06 0.33
6XA SERIES 5 0.10 0.30
6-SERIES, a< 1.0
63 SERIES a=03 1 -0.53
65 SERIES a= 0.5(5), 06 0.8 7 -0.56 0.34
66 SERIES a=06 ! 0.06
6X-SERIES, a #1.0 9 0.49 0.36
TOTAL EXPERIENCE
ALL SECTIONS 88 031 052

NOTES: 1. Aagg = MEASURED Qop = PREDICTED a9

2. SEE FIGURE 3.3.1.3-7 FOR TYPICAL COMPARISONS

AND -3.
1892-0268

OF EQUATIONS 3.3.1.3-2
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3.3.14 Effective Design Lift Coefficient. The intercept for the slope-intercept form of the section lift

curve could be defined at the zero lift angle or at the ideal angle of attack. The zero lift angle provides
the more convenient reference because it is virtually invariant with Reynolds Number and because it is an
axis intercept. The empirical definition for the effective design lift coefficient then suffers, however,
because it becomes a derived characteristic. The predictive accuracy and precision for the lift curve slope
and zero lift angle therefore influence the interpretation of experimental cavitation characteristics
because the effective design Ilift coefficient establishes the proportion of basic and additional type lift on

the section.

The effective design lift coefficient is defined by the viscous section lift curve slope and zero lift

angle:

y ‘e, (“i - “02) 3.3.1.4-1

eff

27 K (“i - O‘OQ)

Then from Equation 3.3.1.3-2:

CQ.
CQ; = 27 K [ai—Ko ((!i— "\ ] 3.3.1.4-2
‘eff 2n
C’Qi
= 27”"[(1"‘0D “i+E;"0],
c
Q.
loff \ _ !
(____.O)— [21!’ —c-Q— +K0 K
CQF i
= KK for a = 1.0 mean line

where: « is from Equation 3.3.1.2-10

k0 is from Equation 3.3.1.3-2

The data sample employed to test Equation 3.3.14-2 was the same as that employed in Sections
33.1.2 and .3, DATCOM Tables 4.1.1-A and -B which contain zero lift angles and lift curve slopes reported
in Reference 3. The effective design lift coefficients were calculated from those angles and slopes for com-

parison with Equation 3.3.14-2 on Figures 3.3.14-1 through -5

The 16-Series comparison of Figure 3.3.14-6 presents a special problem. The effective design lift
coefficients are taken from Table 3.3.1.2-V but Section 3.3.1.3 concludes that the zero lift angle for this
data has been displaced throughout by an abnormal extent of laminar flow. The measured and predicted

effective design lift coefficients are therefore similarly displaced on Figure 3.3.14-6. It should be noted
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that the discrepancy between Equation 3.3.14-2 and the correlation of Reference 1 for the data of Figure
3.3.1.46 reflects application rather than interpretation. The data as measured :is generally applicable for
aircraft propellers but all Reynolds Number and Mach Number effects must be removed for marine appli-
cation. For the present there is only the DeHavilland data available to guide the marine application.

Approximating the variance of ¢ Co; by:

*eff
()
Var( eff) = a( eff/Q) 2 + a( eff{ ) 3.3.1.4-3
CQ. aKO
1
that variance becomes:
CQ 2 2
i o 2 a; Q
Var.(cgeff) = [2«(:_; (1*0)”0] 9, +(1—21rc—21-‘> xzaK() 3.3.1.4-4
i i i

where the standard deviation for k 0 is related to the nominal 1/3 degree zero lift angle standard
deviation, o, o by:

2 Tagp
o, =-=L 3.3.1.4-5
ko Cg o
| 21!(-:—' -1
%
and Equation 3.3.14-3 may be written:
cq. 2 2
loff _ o 2 2n 2 2 )
Var.(cg. = [21r _c; (l-no) +K0] o, * o, K 001052 3.3.1.4-6
1 i 1
2 2 0 2

]

U
onr 9 2 o 2(‘!02)
[573 <, (1 "0) +"0] % 7 (_c,z_) “ \57.3
1

° 2
- 2 2 aOQ for a = 1.0 mean line
(" 0”«) 57.3 “ Tcq.
i

The second term of Equation 3.3.14-6 is an order of magnitude larger than the first for the sections
appropriate to marine application and the appearance of the section thickness ratio, in « , and design lift
coefficient divides the available sample into so many subclasses that statistical analysis is meaningless.
The influence of the design lift coefficient in Equation 3.3.1.4-6 is evidenced by the increased scatter
for small c9 ’s on Figures 3.3.14-1 through -5. For that reason the figures are repeated in absolute terms
on Figures 33147 through -11.

3.3.1-50



A statistical prediction error analysis based upon the same sub-classes employed in Section 3.3.1.3 is
presented in Table 3.3.14-. As indicated by Equation 3.3.1.4-6, any such analysis is very much a function
of the data sample and two successively more restricted sub-sets of the total sample centered on the most

used hydrofoil section are added to Table 3.3.1.4-l.

SUMMARY

The statistical analysis of Table 3.3.14-1 may be summarized by:

.
C - 1
Qieff - [2" Cp.. (1"‘ 0) +"0] K e to 3.3.1.4-7
7l

=KQK c,zf +g for a = 1.0 mean line

where: « is from Equation 3.3.1.2-10
k 0 is from Equation 3.3.1.3-2
g = 0.03

LIMITATIONS

The limitations upon the prediction of the effective design lift coefficient are those associated with

the prediction of the lift curve slope and zero lift angle, Sections 3.3.1.2 and .3.
HANDE

The HANDE lift curve slope and zero lift angle both differ in form from those of Equations 3.3.1.2-10
and 33132 with HANDE generally presenting a more negative zero lift angle and a lower lift curve slope.
The two effects tend to cancel at the ideal angle of attack so that the two effective design lift coefficients
cannot be compared, even qualitatively, except for particular cases. Two such particular case comparisons

are shown on Figure 3.3.1.4-12.

It should be noted that HANDE does not make the cavitation application of the design lift co-

efficient which therefore becomes only one point on the section lift curve.
REFERENCES

1. Lindsey, W. F.; Stevenson, D. B.; and Daley, B. N.. Aerodynamic Characteristics Of 24 NACA 16-
Series Airfoils At Mach Numbers Between 0.3 and 0.8. NACA Technical Note 1546, September 1948.

2. Teeling, P.. Low Speed Wind Tunnel Tests Of A NACA 16-309 Airfoil With Trailing-Edge Flap,
DeHavilland Aircraft of Canada Limited Report No. ECS 76-3, October 1976.

3. Abbott, I. H. and von Doenhoff, A. E.. Theory Of Wing Sections, Dover, 1959.
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TABLE 3.3.1.4-1 EFFECTIVE DESIGN LIFT COEFFICIENT — STATISTICAL ANALYSIS

NUMBER (1) Ac,
IN MEAN iaff
: MEAN SAMPLE acy STD
SECTION LINE N ioff DEVIATION
16-SERIES SEE NOTE 2
63-SERIES 16 -0.003 0.042
64-SERIES a=1.0 16 0.003 0.030
65-SERIES 16 -0.002 0.022
66-SERIES 8 0.004 0.039
4-DIGIT 64 13 0.004 0.020
5 DIGIT 230 5 -0.004 0.028
STANDARD SECTIONS 74 0.002 0.030
6XA SERIES
63A SERIES 1 -0.028 —
64A SERIES a=1.0 4 -0.005 0.036
6XA SERIES 5 -0.010 0.033
6-SERIES,a< 1.0
65 SERIES a=0.5(8), 0.6,0.8 7 4.002 0.027
66 SERIES a =06 ! -0.037 —
SX-ERIES a<10 a=03 9 -8.093 0.027
TOTAL EXPERIENCE
ALL SECTIONS 88 0 0.030
t/c = 0.060.1, =02-0.6 29 0.001 0.030
tic = 0080.1g, =0.2:0.4 13 -0.011 0.023
I

NOTES: 1. A ¢ = MEASURED ¢, -PREDICTED ¢,

eff eff i

2. NO APPROPRIATE DATA SAMPLE AVAILABLE.
1892-034B
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3.3.1.5 Flap Effectiveness.

3.3.1.5.1 Trailing Edge Flap.

POTENTIAL FLAP EFFECTIVENESS

The flapped thin airfoil is classically considered, e.g. Reference 1, to be a cambered foil but the
execution is quite laborious and Allen's expression for the results, Reference 2, is employed here to

summarize those results.

Noting that Allen’s 8 and 8 are:
6= cos™1 (1—2 5—)
c

- cos-1 _h)
0 =cos (12c

3.3.1.5.1-1

deflection of the flap produces “additional” and “basi¢’ increments of lift coefficient where the additional

lift coefficient is given by Allen's Equation (A-15);

dc
c Ly (11 - eo) 3.3.1.5.1-2
9a5 dé

=2 cos—1 (2%—1)

The basic lift coefficient is given by Allen's Equation (A-16):

dCQl
= D _ 9 3.3.1.5.1-3
ch6 3 2sinfg
4 /B (1 _E)
¢ ¢
The total incremental lift due to the flap is:
i = C + c 3.3.1.5.1-4
— 9 cos! (2B h_h
= 2 cos (23-1) +4 S ( c)
and the flap effectiveness is:
do _ 5 - % 3.3.1.5.1-5
— ==t ==
as CQa 1t
= .:!_(:os"1 (2_}_1.- ) +E.. .ll.( -.}_1.)
m it C
- Tio
m
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where the identification with Theodorsen's coefficient is made by substituting 2h/c-1 for Theodorsen's
C in the definition for Tqgin Reference 3. Equation 3315.1-5 is presented in Table 33151-1 and on
Figure 3.3.1.5.1-1.

DATCOM Figure 6.1.1.1-7a presents the potential thick airfoil flap effectiveness:

(gig-) = _/c,2 o 3.3.15.1-6
thick airfoil 8 thick airfoil/ ~“thick airfoil

The DATCOM theoretical °§25 for zero thickness is the flap effectiveness of Equation 3.3.15.1-5. It
is not known whether the finite thickness theoretical cQa’s of DATCOM Figure 6.1.1.1-7a are potential
theory or emperical interpretations. When the 15% t/ic theoretical o s of the figure is compared with
Equation 3.3.1.2-3 the result compares with Equation 3.3.151-5 as shown on Figure 3.3.151-1; ie.
DATCOM Figure 6.1.1.1-7a indicates that the potential flap effectiveness is essentially independent of

thickness.

VISCOUS FLAP EFFECTIVENESS

The classic viscous flap effectiveness is that of Reference 4, more readily available as Figure 18 of

Reference 5 which is presented here in Table 331511 and on Figure 3.3.15.1-3.

DATCOM Figure 6.1.1.1-7b gives the experimental flap -effectiveness:

C C
25/ Qa theory _ CQS/CQ(! - da/ds
C (da/d& )theory

pFY— A 3.3.1.5.1-7

£ L ¢

0‘/ & theory ‘Stheory/ @ theory

where only particular cases can be compared with Toll. The most extreme flap effectiveness presented in

the DATCOM, ¢y /¢y = .7, is compared with that of Toll and with thin airfoil theory on Figure
¢4

or
331511 The DATCOM e%reme flap chord ratios are compared with Toll and with thin airfoil theory
on Figure 33.151-2. It must be noted that the ratio presentation of Figure 3.3.15.1-2 exaggerates the
small flap chord case where an incremental flap effectiveness might be more suitable.

Note that Tolls Figure 19 also provides a viscous co dependency for flap effectiveness in the form
2]

of a trailing edge angle dependency.
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EXPERIENCE

Measurement of flap effectiveness requires one to two orders of magnitude more effort than the
measurement of pitch characteristics and model experience is limited. Toll, DATCOM, and ESDU (which
is identical with DATCOM for this characteristic) present aerodynamic “practice” based upon relatively
ill-defined experience and heavily dependent upon model tests for new prototypes. Such model tests are
not dependable for hydrodynamic applications until Reynolds Number effects are better established and
section flap effectiveness measurements are still of important significance to hydrodynamics. Three recent
definitive measurements of flap effectiveness are particularly significant though one, a GALCIT 16-309

section experiment, is not yet available for review.

Figure 3.3.1.5-4 presents a summary of the GALCIT lift measurements on a flapped 64A309 section.
The predicted and measured lift curve for this section were:

Predicted: ¢ =.2584 +.1016 («° +.535 67) 3.3.1.5.1-8

Measured: ¢, =.2368 +.1057 («° +.5515 5°)

RN

The measured lift curve slope is 4% high and the measured zero lift angle is .3° less negative than
predicted; both variances are just within the nominal ranges, 5% and 1/3 degree. The measured flap

effectiveness is 3% higher than predicted.

Figure 3.3.1.5-5 presents a transformation of the figure of Page 13, Section 4 of Reference 6. This
figure summarizes DeHavilland’s measure of the flap effectiveness for a 16-309 section but without appli-

cation of the guidance Reference 6 provides for Reynolds Number effect.
The predicted and measured lift curves of Figure 3.3.1.55 are:

Predicted: ¢y =.1996 + .09862 (a” + .535 8°) 3.3.1.5.1-9

Measured: ¢y =.2470 + .09049 («° + .5912 6)

This result is less conclusive. The measured lift curve slope is 8.25% low and the measured zero lift
angle is .7 degree more negative than predicted. Both variances are more than nominal. The zero lift angle
variance is characteristic of excessive laminar flow. The reduced lift curve slope might be explained by a
reduction in the extent of that laminar flow with increasing pitch angle and would tend to increase the
apparent flap effectiveness. The measured flap effectiveness is 10.5% higher than predicted.

A possible distinction between flap effectiveness and section stall should be noted on Figures 3.3.1.5-4
and, particularly, 5. The 16-309 section flap was fully effective at the 15 degree deflection at a ¢y of .68
but the 6 degree deflection may be weakened at a cg of 1.05. Extending the pitch range of future tests
should clarify this point.
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ESDU Controls 01.01.02 estimates the accuracy for flap effectiveness to be 1+10%.

SUMMARY

For hydrodynamic application the experience of this section can be summarized by Toll's flap

effectivenesses of Figure 3.3.1.5-3 and Table 3.3.151 with a nominal accuracy of +10%.

HANDE

HANDE does not consider flap effectiveness. CLB/CLa is emperically derived directly from an un-
specified three dimensional data sample and da/d$ cannot be distinguished in the result of HANDE
Section 8.2.2.8.
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TABLE 3.3.1.5-1 FLAP EFFECTIVENESS, da/d§

THIN AIRFOIL | 5=-10°TO10° | 6 =0T020° | 5 =-10° TO 10°
FLAP CHORD POTENTIAL SEALED SEALED OPEN
RATIO, c /e THEORY GAP GAP GAP
0 0 0 0 0
0.05 0.2823 0.175 0.130 0.115
0.10 0.3958 0.300 | 0245 | 0.225
0.15 0.4805 0.395 | 0345 | 0.325
0.20 0.5498 0.470 0.430 0.405
0.25 0.6090 0.535 0.500 0.470
0.30 0.6607 0.590 0.570 0.5625
0.40 0.7478
0.50 0.8183
0.60 | 0.8760
0.70 L 0.9227
0.75 | 0.9423
0.80 | 0.9595
0.85 | 0.9741
0.90 | 0.9861
0.95 | 0.9952
1,00 | 1
1892-0478B
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3316 Section Lift Curve. It is convenient to express the section lift curve in the form:

_ da
CQ = CQO + CQa (CIZ + -a-a- 6) 3.3.1.6-1

where: cp . =Cp. for a = 1.0 mean line
0 loff

o +% & is a parametric angle of attack convenient to the study of experimental data.
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3.3.2 Section Lift Distribution.

3.3.2.1 Additional Lift Distribution.

GENE&AL

The chordwise lift distribution for the thin flat plate airfoil is classic as given for example by Pope in
Equation (7.48) and as the theoretical Pay of Table 7.4 of Reference 1. That distribution is defined by:

(&
QX

c

1-% 3.3.2.1-1
C

x/c

2
Ny

which is shown on Figure 3.3.2.1-1.

Thick airfoil lift distribution is also classic, e.g. References 1 and 2, but not explicitly expressible and
therefore not related to the thin airfoil lift distribution in any useful analytic manner. For the sections of
Appendix | of Reference 2 the thick airfoil potential additional lift distribution is available as:

CQ S 1 "’.
X o 4 Y = AV A 3.3.2.1-2
CQ A" \Y/

— and the distributions for-three very thick examples are compared with the thin airfoil distribution on

Figure 3321-1. The Ilift distribution in the vicinity of the flap has particular hydrodynamic interest. For
typical hydrofoil thickness ratios the thickness effect on the potential additional lift distribution is small,
as illustrated on Figure 3.3.2.1-2.

The viscous effect upon the additional lift distribution is largely accounted for simply by employing
the viscous, rather than the potential, lift coefficient; what is not accounted for is a redistribution of lift

which produces a shift in the section aerodynamic center.

AERODYNAMIC CENTER
The thick airfoil potential aerodynamic center is given by:

1x e ! v Avy
a.c. =f._ X dX~ 4f_x - d = 3.3.2.13
0 c ¢ c 0c vV V c

where the terms are numerically available in Reference 2 for the sections of that reference.

The potential moment distributions and aerodynamic centers for the 16-series section are shown on
Figure 33.2.1-3 and the aerodynamic center variation with thickness ratio for the 4- and 5-digit, 16-series,

and 66-series sections are shown on Figure 3.3.2.1-4.

3.3.2-1



The experimental aerodynamic centers of Reference 2 are presented here on Figures 3.3.2.1-5
thru -9. Figures 3.3.2.1-5 and -6 are taken directly from Figure 94 of Reference 2. Figures 3.3.2.1-7, -8,
and -9 were taken from Appendix IV of that reference to provide more detail on Reynolds Number. The
faired curves of Figures 3.3.2.1-5 thru -8 are compared on -9. No aerodynamic center measurements at
Reynolds Numbers higher than those of Reference 2 can be offered here. The moment curves of
Reference 2 display no drag bucket effect on the moment and no obvious systematic Reynolds Number
effect is displayed in the moments of Reference 3.

Figure 3.3.2.1-10 presents the aerodynamic centers of Reference 4, derived from the slope of the
Cm /4vs. cp curves of that reference and the relationship:

(o
dc
mc/4

ac. = 4 — —— 3.3.2.14
4 de
L
The test conditions for Reference 4 were inappropriate for hydrodynamic application and the only
independent measurement of the 16-series section that can be offered here is that of Page 4 of Section
724 of Reference 5 which is shown on Figure 3.3.2.1-10. It should be noted that that data, without
transition strip, displays a substantial transition movement effect on the moment.

It is the difference between the potential aerodynamic centers of Figure 8.3.2.1-4 and the viscous
aerodynamic centers of Figure 3.3.2.1-10, a chordwise lift redistribution, which is not accounted for by

simply reducing the potential additional lift by the viscous effect on the lift curve slope.

It will be noted that Figures 3.3.2.1-4 and 3.3.21-10 do not define the viscous aerodynamic center
shift for 63-, 64-, 65-, or 6 XA sections or for any section on an a < 1.0 mean line though some of that
information is available in Reference 2.
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3.3.2.2 Viscous Effect.
PINKERTON’S FUNCTION

The classic accountability for viscous effect on the section characteristics is Pinkerton’s function,
discussed in References 1 and 2 for example. The source references for Pinkerton’s function appear to be
References 3 and/or 4, neither of which is immediately available for review. Numerous displays of the
effect of the application of Pinkerton’s function are available, noteably in Reference 5, but none found
isolates and displays the function itself. Particular data correlations found in the literature are good but no

systematic evaluation of the confidence level has been found.

Pinkerton adds a camber of specified, hypothesized shape to the section and recalculates the lift
distribution by thick airfoil potential theory. As an application of thick airfoil theory the procedure is
amenable only to numerical analysis and no analytic systemizations have been found in the literature
with the possible exception of Pope.

The amount of camber added is proportional to angle of attack and Pinkerton’s function therefore
has the effect of reducing the lift curve slope and shifting the aerodynamic center. If Pinkerton’s camber
line is set at its zero lift angle of attack, the potential thin airfoil lift distribution on that camber line is
that portion of Pinkerton’s function which produces the aerodynamic center shift but neither the total
nor the basic component of the Pinkerton lift distribution has been found in the literature. Pinkerton’s
function, then, consists of an additional component of the type of Section 3.3.2.1 and a basic component
of the type of Section 3.3.2.3. The additional component is readily accounted for by employing the
viscous lift curve slope of Section 3.3.1.2; i.e., no accountability is required for this component. It is the

accountability for the basic component which is the subject of this section.

It should be noted that Pinkerton’s function makes the viscous aerodynamic center shift from its
thick airfoil position proportional to the wviscous lift curve slope reduction from its thick airfoil value.
Both effects are available in Reference 1 for a comprehensive test of Pinkerton’s function but no such
test has been found in the literature.

POPE'S P,, FUNCTION

Pope presents a basic lift distribution for viscous effect in Table 7.4 of Fleference 2. The derivation

for that function is not specified and it may be the basic component of Pinkerton’s function.

Pope’s tabulated values are shown on Figure 3.3.2.2-1. An analytic representation for this function
is essential to application. The function is linear from 10% to 90% chord and Pope’s first six points have
been fit by a fifth order polynomial in x/c. The result presents a derivative discontinuity at 10% and 90%
chord but elimination of that discontinuity produces a badly behaved function on the first and last 10%
of the chord.
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One requirement on this function is a zero integral over the chord and this requirement is met by
making the function symmetric on the two semi-chords; thus the function need. be described only for the
leading semi-chordy second, the function must present a unit integral over the chord for the moment
about the mid-chord station. Pope’s tabulated values violate this requirement by 3%4% which is not
particuhuly significant to the section but which can have profound significance to a trailing edge flap;

therefore the curve fit to Pope's tabulated values was reduced to satisfy this requirement.

The analytic form of Pope’s function employed here is:

2 o 3
Poe = 366.717 %‘_ -12,079.49 (_:;‘_) + 217,528 o% 3.3.2.2-1
X 4 X 5 X
-1,933,922 0% + 6,546,669 0 = 0<I<u
Pac = 6.84921 - 13.6984 -’3‘— 1< -Z‘- <9
— X
Py, = PacL.E. 9< =<1

Equation 3.3.22-1 is compared with Popes tabulated values on Figure 33221 and in Table 3.3.2.2-l.
The moment distribution for Equation 3.3.2.2-1 is shown on Figure 33222 and is included in
Table 3.3.2.2-1.

The integral of the P, function aft of the flap hinge is required for flap analysis. This integral may
be written:

1 ]- = cs/C

X _ c S f x

f Pac d relnke P d—c'~ = "J- Pac d - 3.3.2.2-2

h 0

ff\ 2 |t 2 3
e | ct cg et

= 183.3585 1219597 —~ + 296.5884 |— ~2,109.443 [ —

c

Q ° c
+5,950.7 cf forf_ <1

6.84921 [.09 - —2 +@ 1 - .468556 for .1 < lc]' <.9

1
X h
fh Pac d? for-6-<.1

-

which is shown on Figure 3.322-3 and in Table 3.3.2.2-l.
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The integral of the P,, moment aft of the flap hinge line is:

C
h
) 1 1;2— . cg/c cglc
x x _ x x_ = {x x
J‘ (E'c_) Ppe dX = S('i’ %) Py a2 2$Pac d = S TPy d 33223
h/e 0 0 0

2 c 2 c 3
= 9167925 (%f-) b-23.293 -L + 329.5279 (-ci) - 2,583.984 (Tf)

4 ]
94664 (L) - 10201.2(%%) ] for “f< .1

= 13.6984 [063— i1h ., 1 h > 1 (L)3]+.20777 for .1<%<.9
4 3 c

c 2 0c
1
1 X X h
=1-j‘ (3 - %) Paca 2 for --< .1
h
1&
which is shown on Figure 3.3.22-3 and in Table 3.3.1.2-l.
The P, characteristic of direct interest to the flap is the integral
1 ‘ 1
c\* (((h_x x o (o) (oL l_z) x
(c—f) f(-c- - 2) Py 2 - (Ef‘) J‘(? -5ty 2) Py d3 3.3.2.2-4
h/c » h/c
2rh 1 1 ! 1 X
_ C X 2
- (q) [_(E' E)[ Pac d'c—+[ ('2—_ c) Ppe d T 1]
/c h/ec

which can be evaluated from integrals already evaluated.

Equation 3.3.2.2-4 is presented in large scale in Figure 3.3.22-4 for the last 10% of the chord. In
this region where the inverse of the flap chord ratio goes to infinity it is not easy to define P,, in a manner
which produces a well-behaved result for Equation 3.3.2.2-4. For example, a sixth-order polynomial
definition for P,. produces a poorly behaved integral and a very badly behaved product of (c/cf)2 and
integral. However, even a well behaved integral will produce a substantial step in the product which
affects that product to flap chord ratios of 20%-25%. The significance is that an invalid representation
for the boundary layer effect in this area, where boundary layer effect is most, pronounced, can have a

substantial effect upon the flap moment characteristics.
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The product curve of Figure 3.3.22-4 is badly behaved aft of the 98% chord station but that is only
because the 4-place accuracy of Table 3.3.22-1 is not adequate for the last 2% of the chord. The first
10% of the chord is presented on an expanded scale on Figure 3.3.2.2-5 though there is no analytic
difficulty in this region.

The flap moment parameter for the full chord is presented in Table 3.3.22-1 and on Figure 3.3.2.2-6.

APPLICATION OF POPE'S FUNCTION

Pope’'s function provides an incremental lift distribution defined by:

A chb

= Pac A a.c. 3.3.2.2-5

Co

where: A a.c. = a'c'pot - a.c.

Employing a frequently used approximation, e.g., Reference 1, the corresponding incremental
velocity distribution is;

i
Ll

Avp 3.3.2.2-6
\

Of the standard sections, the effect of this function is most significant to the 16-Series section where
the viscous aerodynamic center shift is 4-5 times that of the 66-series section and 15 times that of the
4 and 5 digit sections for typical hydrofoil thickness ratios. It is instructive, therefore, to consider this
effect for a 16-009 section.

The potential additional lift distribution for the 16-009 section is included in Reference 1 in the
form of Equation 3.3.2.1-2. Associating that lift distribution with the viscous lift coefficient of Equation
33.12-10 increments that lift distribution by the factor my ¢g5q of Equation 33129 which has the
value .1589. The potential aerodynamic center for this section is at 26.4% on Figure 3.3.2.1-4 and the

measured aerodynamic center of Page 4 of Section 7.24 of Reference 6 is 23.25%. Thus the lift
distribution for this section may be written:
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- 3.3.2.2-7

c

2 v Av

where: (—-’5) = 4 8 from Reference 1
¢ /pot v v

A
T (-C—Q-’f-) = 1589 (f&‘-)
g M ?5% ¢ /pot e / pot
ACQ
xb
Ce = Pye Aac. = P, (.264 -.2325) = .0315 P,

Equation 3.3.2.2-7 is shown on Figure 3.32.2-7 in cumulative fashion. The effect of Pope’s function
is highly variable over the chord length, particularly in relative terms. The significance to the trailing edge

flap region should be noted. The effect throughout is quite exaggerated relative to the other standard
thickness  distributions.

SUMMARY

Pinkerton’s function, being non-analytic, is difficult to apply. No systematic characterizations of
the effects of Pinkerton’s function have been found and, in particular, no test of Pinkerton’s lift curve

slope-aerodynamic center relationship has been found. .

For all conventional sections except the Is-series, most of the viscous effect on the list distribution
is accounted for simply by distributing the viscous, instead of the potential, additional lift coefficient;
Pope’s function is represented as accounting for the remaining viscous effect. Pope’s function is analytic
and easily incorporated into a design practice. It is distinct from the lift curve slope and therefore

provides consistency for the lift distribution, section lift, and section moment.

As for Pinkerton’s function, no tests of Pope’s function can be offered. Reference 6 appears to
offer an excellent source for such a test though the tabulated data, Volume IIl, would be required and
the task would require a significant effort. A substantial additional effort would be required to
incorporate  Pinkerton’s function into that study.

The necessity for the incorporation of Pope’s function into a design procedure depends upon the
section and characteristic in question. Unless the effect of the function exceeds the theoretical and
experimental precision for the characteristic, the function should be neglected.
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TABLE 3.3.2.21 POPE'S Pag FUNCTION

3 2 1 3 3 4 a 4 1
1 1 1 1

xle (1/2 - x/e) f 5' (1/2 - x/c) 5‘ (h/c - x/e) 2 5‘ th/c - x/e)

OR POPE’S X Pacd x/c | } XPaedx/c | } X Pacdxic —) X Pyed x/c

hic Pac Pac* Pac h/c h/c h/c h/c cflc
0 0 0,557 o 0 1 1 1 1
0.0125 3.2 3.0762 1.4996 -0.0220 0.9892 0.9999 1.0254 0.9875
0.025 45 4.3256 2.0547 -0.0694 0.9664 0.9994 1.0513 0.975
0.0375 4.8974 2.2650 -0.1274 0.9392 0.9981 1.0774 0.9625
0.05 55 5.2869 2.3791 0.1912 0.9101 0.9961 1.1038 0.95
0.0625 5.5758 2.4394 ~0.2592 0.8799 0.9933 1.1302 0.9375
0.075 59 56713 2.4103 -0.3207 0.8495 0.9896 1.1566 0.925
0.0875 5.5464 2.2879 -0.4000 0.8201 0.9851 1.1831 0.9125
01 57 5.4794 2.1917 ~0.4686 0.7922 0.9796 1.2004 09
0.15 5.0 4.7945 1.6781 -0.7254 0.6958 0.9497 1.3144 0.85
0.2 43 4.1095 1.2329 -0.9480 0.6233 0.9077 1.4183 0.8
03 29 2.7397 05479 -1.2905 0.5366 0.7946 16216 07
0.4 14 1.3699 0.1370 1.4950 0.5046 0.6542 1.8172 0.6
05 0 0 0 ~1.5664 0.5000 05 2 05
0.6 14 -1.3699 0.1370 -1.4959 0.4954 0.3458 2.1613 0.4
0.7 29 -2.7397 0.5479 -1.2905 0.4635 0.2054 22822 03
08 43 -4.1095 1.2329 -0.9480 0.3767 0.0923 2.3075 0.2
0.85 5.0 -4,7945 1.6781 0.7254 0.3042 0.0503 2.2360 0.15
09 57 -5.4794 21917 -0.4686 0.2078 0.0204 2.0360 0.1
0.9125 -5.5464 2.2879 -0.4000 0.1799 0.0149 1.9461 0.0875
0.925 59 -5.6713 2.4103 -0.3297 0.1505 0.0104 1.8449 0.075
0.9375 5.5758 2.4394 -0.2592 0.1201 0.0067 1.7152 0.0625
0.95 55 -5.2869 2.3791 ~0.1912 0.0899 0.0039 1.5440 0.05
0.9626 -4.8974 2.2650 0.1274 0.0608 0.0019 1.3351 0.0375
0.975 45 -4.3256 2.0547 ~0.0694 0.0336 0.0006 1.0160 0.026
0.9875 32 -3.0762 1.4996 -0.0220 0.0108 0.0001 0.4800 0.0125
1 0 0 0 0 0 0 0 0
1892-0718 *EQUATION 3.3.2.2-1
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3.3.2.3 Basic Lift Distribution.

POTENTIAL LIFT DISTRIBUTION

The potential thin airfoil lift distribution for camber is classic, e.g., Pope’s Chapter 7 of Reference 1.
It is amenable but not convenient to analytic systemization. The PR coefficients of Appendix II of
Reference 2 are the thin airfoil local lift coefficient, ¢y b’ distribution for the design angle of attack.
X

For the “a” mean lines they are also the relative local lift coefficients, cg Xb/cg,l-

Thick airfoil potential theory possesses a generality which encompasses camber but only by
numerical analysis. Superposition of the wvelocity distributions of Appendices | and Il of Reference 2
produces the thick airfoil basic lift distribution for the sections included in that reference in the form:

Av Av

7

— 3.3.2.3-1
Y, V

\Y
c =4 —
Qxb \Y;

The integral of Equation 33231 over the chord produces the thick airfoil co pot and in particular
for the “a” family of mean lines:

1 1
Co.
Spot_ VoA X L\ Ppd — 3.3.2.32
2 S v VvV ¢ v C
0
1
=‘$‘_v_d_1_(__ for a = 1.0 mean line
vV ¢
0

That is, the thickness effect for the a = 1.0 mean line can be calculated directly from the tabulated

thickness velocity distributions of Appendix | of Reference 2. The result is subject to the stations
employed and an approximate result is shown on Figure 3.3.2.3-1. No reference to this rather significant
effect has been found in the literature.

The table on Figure 3.3.2.3-1 indicates the sensitivity of the potential Cq., 10 thickness ratio; the
curves illustrate the sensitivity to the camber distribution by displaying that sensitivity over the “a”
family of mean lines for certain thickness distributions.

Analytic accountability for viscous basic lift distribution must relate that distribution to the thick
airfoil potential basic distribution. No such accountability can be offered here and Figure 3.3.2.3-1 is
included only for reference.
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VISCOUS LIFT DISTRIBUTION

The 664021 cgi pot'/cp'i ratios of Figure 3.3.2.3-1 should be compared with the 21% tic
cQ_l of I/CQ1 ratios of Figure 3.3.1.4-4; the difference is the gross effect of viscosity upon the basic lift
distribution. The ch off might, with benefit, be related to the cgi oot as is traditional for lift curve slope
but no such approach has been found in the literature. The comparison of Figures 3.3.14-4 and 33.2.3-
does indicate a substantial distinction between the viscous effect for the a = 1.0 mean line and that for

the other members of the “a” family of mean lines.

Only one measurement of the basic chordwise lift distribution can be offered here. The measure-
ments of Figure 3.3.2.3-2 are from Sections 756 and 7514 of Reference 3; the tabulated pressures
were not available. The case with transition strip is one point on a lift curve considered free of scale effect
in Section 3.3.1.2; the g without transition strip is indicative of an abnormal extent of laminar flow for
a prototype model.

The measured distribution of Figure 3.3.2.3-2 is compared with the thin and thick airfoil potential

H

a = 10 lift distributions and with the thin airfoil potential a = .8 and 65 mean line distributions. The

i

a = .8 potential distribution, associated with a zero ideal angle of attack, is sometimes employed as an
approximation for the viscous a = 10 distribution and seems to serve the purpose well, particularly in

the region which produces trailing edge flap hinge moment.

Figure 3.3.23-2 is repeated in terms of upper and lower surface velocity distribution on Figure
3.3.2.3-3 which emphasizes the significance of this lift distribution to the cavitation characteristics.
Figure 3.3.2.3-3 seems to indicate that the 65 mean line provides the best velocity distribution
approximation. Such a judgement is heavily influenced by the lower surface leading edge measurements
and, in fact, the three theoretical velocity distributions are scarcely distinguishable in the data precision.
A deficient thickness velocity distribution appears to be evident on Figure 3.3.2.3-3.

A single lift distribution measurement cannot substantiate an emperical modification to the potential
theory and recourse was made to examination of the basic lift center of pressure, c.p. = a.c. = ¢y . /cq,
a
which is a gross measure of the basic lift distribution but which is implicitely available, for all the

sections of Appendix IV of Reference 2.

The experimental camber lift centers of pressure displayed here are derived from:

C

cp. =a.c.- .c.ﬁ& 33.2.3-3
Q-

‘off
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where: ac. and ¢, are from Appendix IV of Reference 2 and are practically invariant with
ac
the Reynolds Numbers of that reference. The effective co ’s are the experimental values
Tl
reviewed in Section 3.3.1.4.

The measured 66-series centers of pressure are compared with the thin airfoil value on Figure

3.3.2.3-4. The thick airfoil center of pressure is available from Appendix | of Reference 2 as

c.p. = P d— 3.3.2.34

which has been evaluated here only for the 66-series section for comparison on Figure 3.3.2.3-4. Viscous
effect, of course, acts upon the thick airfoil value rather than the thin airfoil value. The a = .8 thin
airfoil center of pressure is also shown on Figure 3.3.2.3-4.

Figures 3.3.23-4 and -5 present all of the measurements of the camber lift center of pressure
available in Reference 2. Coverage of the 6 x A sections and of the a < 1.0 mean lines is inadequate;
the “A” sections must be assumed identical with the basic sections and the a < 1.0 camber lift
distributions must be assumed to be nominal. Examination of the 16-series section is limited to Figure

3.3.23-2; no attempt is made here to derive this characteristic from Reference 4.

Section 3.3.3.1 presents an analysis of the data of Figures 3.3.2.3-4 and -5 which indicates that the

measured a = 1.0 camber lift centers of pressure correspond to the theoretical center of pressure for the

a = .94 mean line.
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3.3.2.4 Flap Lift Distribution.

33241 Flap Basic/Total Lift Ratio. Equations 3.3.15.1-3 and -4 provide the thin airfoil potential
theory flap Ilift distribution parameter, ¢:

¢ = E:;’)Z = /-:l (1 - -E‘-) / [-;— cos'! (2 %- 1) + /-il( - -ch—)] 3.3.2.4-1

which is presented on Figure 3.3.2.4-l.

No viscous effect can be offered for this parameter. Allen offers an analytic procedure for deriving
t from measured lift and moment data in Reference 1 but if such measurements are made in model scale

no basis exists for their interpretation for full scale hydrofoil Reynolds Numbers.

REFERENCES
1.  Allen, H. Julian: Calculation of the Chordwise Load Distribution Over Airfoil Sections With Plain,

Split, or Serially Hinged Trailing-Edge Flaps, NACA Report No. 634, 1933.

33242 Flap Basic Lift Distribution. The thin airfoil potential flap basic lift distribution is given by
Equation (A-19) of Reference 1 which may be written:

2

3.3.2.4-2

Gy o (e h-27)
(ch)B ﬂm In ’_ |9-‘ _;[

o

which is presented numerically in Table 3.3.24-1 and graphically on Figure 3.3.2.4-2 for flap chord
ratios of 10, 20, and 30% as illustrations. No potential theory thickness effect, can be offered for this
distribution.

Viscous effect redistributes the flap basic lift. In Reference 1 Allen performs this redistribution in

terms of the emperically determined g function:

chb chb
g = 3.3.2.4-3
c
ch exp 2

thin airfoil theory

Allen does not explicitely define the § function but it has been numerically evaluated from Table Il
of Reference 1 with the result for flap angles of hydrodynamic interest shown on Figure 3.3.2.4-3.

Allen hypothesizes the limitation of the viscous effect to the flap chord. The g function is a closed
curve, that is its value vanishes at the flap leading and trailing edges, end encloses zero area when plotted
in absolute terms. The similarity between the g function and the Pinkerton and Pope Pa, functions will

3.3.2-36
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be noted and, in fact, Allen proposes employing the § function as for a full chord flap to perform the
viscous redistribution of the section basic lift; thus the necessity for no viscous effect on the forebody of
Figure 3.3.2.4-3.

For flap angles greater than 15° Allen makes the 8 function dependent on. flap angle as shown on
Figure 3.3.24-4. Only the 15" and 20" flap angles of Figure 3.3.24-4 have any possible hydrodynamic
significance.

Allen's basic flap lift distributions are found in Table Il of Reference 1 where the nomenclature is

related to that of this note by:
/cha 3.3.2.4-4

P
b5 _ [ g - 4 l(_A_"_)
C Vip
8
Reference 1 is no longer readily available and Allen's chord stations differ from those of

N\

Reference 2. The distribution of Reference 1 is adequately described, however, by referencing the 8
function of Figure 3.3.24-3 to the thin airfoil theory distribution. For reference purposes the f§ function
is tabulated in Table 3.3.24-11 which also includes Allen’s hinge line local lift coefficients. Allen’s
distribution is illustrated on Figure 3.3.24-5 which also displays his hinge line local Ilift coefficient

variation with flap chord ratio.
EXPERIENCE

Analysis of flap lift pressure distribution data is particularly time-consuming and the experience
which can be offered here is quite limited. Reference 3 includes pressure measurements for the test
conditions of Figure 3.3.2.3-2 with a 6" flap angle with transition strip and with 10" and 15" flap angles
without transition strip. By subtracting the unflapped local velocities from the flapped local velocities
the flap lift wvelocity and lift distributions can be displayed.

The lift distribution was derived from the incremental velocity distributions from the relationship:

= (X2 AAN _
@ = (%) - () 5 3.3.2.45
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It must be noted that Volume IlI of Reference 3, which contains the tabulated data, was not
-available to this study which was taken from the plotted data of Volume I. The plotted data presents
unfortunate difficulties, particularly in the vicinity of the hinge.

The measured lift distributions of Figure 3.3.24-6 are significant to section pitching moment and
flap hinge moment. The velocity distributions of Figures 3.3.2.4-7 through -9 examine the theoretical
equivalence of the upper and lower surface incremental velocities and are significant to the cavitation
boundaries. These measurements are encouraging for the forebody but indicate substantially lower flap
lift flap hinge moment than potential theory would indicate. It is quite evident that Allen’s redistribution
of the flap lift cannot be tested. The data provides no foundation for a modification to the thin airfoil
potential  theory.

The primary hydrodynamic value of Figures 3.3.24-6 through -9 is in their measure of the
incremental velocity at the upper surface flap hinge line and the plotted data of Volume | of Reference 3
becomes most uncertain at this point. The data indicates that Allen is optimistic at this point but

provides no alternative.
SUMMARY

No alternative can be offered here to the representation of the flap lift distribution by thin airfoil
potential theory with Allen’s local lift coefficient at the flap hinge line.

LIMITATIONS

Allen’s data sample is unspecified. Reference 1 predates the original publication of Reference 2 and
Allen’s data sample may not include any of the’laminar flow sections of Reference 2. Allen describes
the flap hinge gaps as “small”. The Reference 3 data indicates that the upper surface hinge velocity
increment is 50% larger than Allen’s value but that could be a 16-series section peculiarity, a peculiarity
of the local model geometry, or a misinterpretation of the plotted data among the other possibilities
associated with a limited view of the model test results.

REFERENCES

1.  Allen, H. Julian: Calculation of the Chordwise Load Distribution Over Airfoil Sections With Plain,
Split, or Serially Hinged Trailing-Edge Flaps. NACA Report No. 634, 1938.

2. Abbott, Ira H. and von Doenhoff, Albert E:. Theory of Wing Sections, Dover, 1959.

3.  Teeling, P.. Low Speed Wind Tunnel Tests of A NACA 16-309 Airfoil With Trailing Edge Flap.
DeHavilland Aircraft of Canada Limited Report No. ECS 76-3, October, 1976.

3.3.2-33



TABLE 3.3.2.4-1

FLAP BASIC LIFT DISTRIBUTION, THIN AIRFOIL THEORY

LI Eos L
c [ C
x Ly x % " b
—_ " —_ <, —_— -
[ b c Qb c Qb
0 0 0 (] 0 0
0.025 0.1134 0.025 0.1277 0.025 0.1462
0.05 0.1626 0.05 0.1834 0.05 0.2102
0.075 0.2020 0.076 0.2281 0.075 0.2620
0.1 0.2368 0.1 0.2678 0.1 0.3081
0.15 0.2991 0.15 0.3393 0.15 0.3921
0.2 0.3570 0.2 0.4065 0.2 0.4721
0.25 0.4135 0.25 0.4729 0.25 0.5525
0.3 0.4706 0.3 0.5409 0.3 0.6365
0.35 0.5298 0.35 0.6125 0.35 0.7272
0.4 0.5925 0.4 0.6899 0.4 0.6286
0.45 0.6603 0.45 0.7760 0.45 0.9460
0.5 0.7365 0.5 0.8742 0.5 1.0883
0.55 0.8206 0.55 0.9905 0.55 1.2718
0.6 0.9199 0.6 1.1343 0.6 1.5331
0.65 1.0399 0.65 1.3237 0.625 17212
0.7 1.1918 0.7 1.5998 0.65 1.9898
0.75 1.3973 0.725 1.8023 0.675 2.4570
0.8 1.7077 0.75 2.0960 0.7
0.825 1.9427 0.775 2.6157 0.725 2.4238
0.85 2.2935 0.8 o 0.75 1.9231
0.875 2.9376 0.825 2.56408 0.775 1.6201
0.9 o 0.85 1.9445 0.8 1.3964
0.925 2.6985 0.876 1.6703 0.85 1.0573
0.95 1.7923 0.9 1.2807 09 0.7802
0975 1.1109 0.95 0.7891 0.95 0.5084
1 0 1 0 1 0
1892-084B
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TABLE 3.3.2.4-l1 ALLEN'S FLAP BASIC LIFT DISTRIBUTION

ot Len °9x1
o | TR || G | O
STATION xb b pot RATIO L
% 6 < 15° 5 =20° cefc 5 < 15° 5= 20°
0.1 1.23 0.96 0.05 8.75 5.83
0.2 1.20 1.03 0.10 6.04 4,05
0.3 1.11 1.06 0.15 4.89 3.38
0.4 1.04 1.12 | o020 4.40 3.02
0.5 0.96 1.17 0.25 4.01 2.83
0.6 0.88 1.24 0.30 3.71 2.70
0.7 0.80 1.31 0.35 3.50 2.63
0.8 0.66 1.39 0.40 3.35 2.58
0.9 A o511 147 0.45 323 || 256
0.95 | o0.40 1.56 0.50 3.16 286 |
0.55 3.11 2.58
0.60 3.06 2.62
0.65 3.04
0.70 3.02
NOTES: 1. ALLEN'S (cg /c% 8) ISTHIN AIRFOIL POTENTIALTHEORY,
EQUATION 3.2.2.4-2, ON FOREBODY.
2. xlc =mt =t o]
1892-0858 ¢ oo
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3.3.3 Section Pitching Moment.

3.3.3.1 Section Pitching Moment. Section pitching moment has a notorious confidence level. Aircraft

practice depends heavily upon model tests for this characteristic but can conduct such tests at -effectively
full scale Reynolds Number. Hydrodynamic full scale Reynolds Numbers are not available in the laboratory,
where much model testing is deep in the critical Reynolds Number range. No hydrodynamic theory/model/
prototype agreement is yet available for this characteristic.

Section pitching moment precision is not important to the flap lift control where the center of
pressure location precision is referenced to the foil base. It is of vital importance to incidence lift control
systems where the center of pressure is referenced to the foil chord for control system design. Incidence
lift control loads and power requirements are heavily penalized, typically nearly doubled, by hinging the
foil at one extreme of the confidence level to avoid cross-over and designing to the other extreme to
insure  structural integrity.

By definition the section aerodynamic center, ac., is that chord station for which the pitching
moment coefficient is constant. It follows from that definition that there is another chord station, the

center of pressure (c.p.), for which the pitching moment vanishes:

C
Mae

c.p. = a.c. —EQ——- 3.3.3.1-1

Equation 3.3.3.1-1 defines two distinct views of the section pitching moment:

c
S0 Q

—p———= — ID—

a.c. c.p.

1892-096B

Of these two views the ac. = form is basic, being defined in terms of section characteristics, the
ac
center of pressure is a derived function of the operating conditions. The center of pressure is useful to

certain particular analyses , as in Section 3323, but is subject to misinterpretation. The ac. - ¢, format
ac

has more convenience generally and is the format employed here to describe the section pitching moment.

The aerodynamic centers for the sections of Reference 1 are summarized on Figure 3.3.2.1-10 which

is included in this section of the specification volume to define the aerodynamic center for those sections.

Figures 3.3.21-5 through -9 display the confidence level for the curves employed, and that confidence
level is presented statistically in Table 3.3.3.1-1. Initial estimates for the aerodynamic centers for sections
not included in Reference 1 could be taken from a section of similar thickness distribution in Figure
33.2.1-10 or from a numerical analysis which produces the results of that figure. Wind tunnel

3.3.3-1



confirmation of such estimates at an early design phase is essential to costly incidence lift control system
projects until the confidence level is improved, more for the moment about the aerodynamic center than

for the aerodynamic center.
The moment coefficient about the aerodynamic center is given by:

em == (cpg-ac) 3.33.1-2
ac ‘eff

The measured camber lift centers of pressure, e.p.., for the sections of Reference 1 are shown on

m

Figures 3.3.2.3-4 and -5 where the data scatter introduces about a 20% uncertainty into the moment arm
of Equation 3.3.3.1-2. To minimize and define this uncertainty for the a = 1.0 mean line the centers of

pressure of Figures 3.3.2.3-4 were rederived for themeasured ¢ ‘s and the predicted cp ~ ’s and aero-

m 4
ac :
dynamic centers of Equation 3.3.1.4-7 and Figure 3.3.2.1-10 respectively. The result, sho %;g on Figure
333.1-1 shows those centers of pressures which must be employed with the previously established Cy.

eff

and a.c. predictions, which are presumably smoothed observations, to produce the observed ¢ .
ac

Section 3.3.2.3 notes that the thin airfoil a = 1.0 camber lift distribution is highly idealized and is
frequently approximated by the a = .8 camber lift distribution. Figure 3.3.3.11-1 indicates that the a = .8
mean line center of pressure lies more than one standard deviation forward of the mean value for the
measurements and would introduce a bias of about 15% into thecmac prediction. Therefore, on Figure
33311 the a = .94 mean line lift distribution was selected to represent the a. = 1.0 mean line as specified

in Section 3.3.2.3 of the Specification Volume.

In fact it is probable that the a = .8 mean line is more representative of the trailing edge lift
distribution than is the a = .94 mean line but that there is also a significant reduction of lift at the leading
edge (see Figure 3.3.2.3-2). Such refinements exceed the scope of this volume which is limited to

attempting to provide consistent a.c., ¢.p., ¢g. ,and c,, predictions.
‘eff ac
For the predicted ¢p, and ac. and for the thin airfoil ora = .94 mean line center of pressure, as

appropriate, the measured a‘iﬁ predicted ¢ ‘s are compared on Figures 3.33.1-2 and -3 and in Table

m

ac
33.3.1-11. The 4- and b5-digit correlations indicate a lift center of pressure forward of thin airfoil theory
just as for the a = 1.0 mean line but are left unadjusted because only one mean line of each series is

represented and because no measured pressure distributions can be offered.

3.3.3-2



Table 33.3.1-11 and Figures 33.3.1-2 and -3 may be summarized by:

c SaC cp..=-ac)+ o 3.3.3.1-2
Mye Qieff( Pe )
where: cg  is from Equation 3.3.1.4-7
leff
ac. is from Figure 3.3.2.1-10

c.p. is the thin airfoil potential theory value except for a 2 .94 mean lines for which it is .485
o = 0 to .012 for 4 digit sections
=006 to.020 for 5 digit sections

= + 006 for all other sections

LIMITATIONS

The standard deviation of Equation 3.3.3.1-2 is only 10% of the typical hydrofoil moment
coefficient, but the sample is scarcely adequate for any of the mean line families represented. The heavy
empirical content of the equation is a measure of the inability to define adequately the distribution of the
camber lift, particularly at the trailing edge. A consequence in the prediction of the residual flap hinge
moment is to be expected.

The 230 mean line result of Figure 3.3.3.1-2 is of particular interest. In theory this mean line would
substantially reduce incidence lift control moments and the figure indicates that the actual reduction might

be significantly better than theory. The mechanism by which the 24% section produces lift without moment
about the ac. could have practical significance.

REFERENCES

1. Abbott, Ira H. and vonDoenhoff, Albert E.. Theory of Wing Sections, Dover, 1959.
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TABLE 3.3.3.1-l1 ‘m STATISTICAL  ANALYSIS
a

c
NUMBER MEAN ey,
N ac a,
MEAN SAMPLE 8¢ STD
SECTION LINE N (1} DEVIATION

16-SERIES SEE NOTE 2

63-SERIES ‘ 13 -0.0003 0.0031

64-SERIES a=1.0 16 -0.0003 0.0052

65-SERIES 13 -0.0002 0.0044

66-SERIES 06 -0.0003 0.0046

4 DIGIT 64 13 0.0069 0.0059

5 DIGIT 230 05 0.0129 0.0068

a=10 48 -0.0003 0.0042

4 &5 DIGIT 18 0.0078 0.0068

STANDARD SECTIONS 66 0.0019 0.0062

6 X A SERIES

63A SERIES a=10 01 0.0038 -

64A SERIES 04 -0.0010 0.0022

6 x A SERIES 05 0 | 0.0028

\ a<1.0 1
65-SERIES i a=05(4), 0.6 I 05 -0.0029 | 0.0019
TOTAL EXPERIENCE

ALL EXCEPT 5 DIGIT SECTIONS 71 0.0007 0.0050

ALL SECTIONS 76 0.0015 0.0059

NOTES: 1. A c'“a = MEASURED cma — PREDICTED c"‘a

c [4 c
2. NO APPROPRIATE DATA SAMPLE AVAILABLE

1892-0988
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3332 Flap Lift Pitching Moment Slope. All of the flap lift pitching moment about the section aero-

dynamic center is produced by the basic component of the flap lift. The center of pressure for the basic
flap lift is given by the integral of Equation 3.3.2.4-2 over the section chord. No direct evaluation of the
integral can be offered here but an indirect evaluation through the pitching moment characteristics of
Theodorsen in Reference 1 locates the center of pressure at:

1.1 nh
e 3.3.3.2-1
c.p.§ 4+2 p

Allen gives full scale (aircraft) viscous locations for this center of pressure in Table IV of
Reference 2 where Allen’s “G” is the negative of the distance between the quarter-chord station and the
flap basic lift center of pressure. Allen's viscous values for the center of pressure are compared with thin
airfoil theory on Figure 3.3.3.2-1 which reflects the slight, untestable modification which Allen makes to
the flap basic lift distribution, shown on Figure 3.3.2.4-6.

Equation 3.3.3.2-1 defines the flap contribution to the section pitching moment:

Ac =«{(cp.g=a.c)(c

Moy § (cp-5=ac) (e 3.3.3.2:2

and the flap lift and flap angle pitching moment slopes:

’ dop fd(cp)y==§ (ep.g-ac) 3.3.3.2-3

' d cmac/d 0==§(cpg-ac) cQa 3.3.3.2-4

LIMITATIONS

Except for Allen, no experimental tests of Equation 3.3.3.2-1 can be offered here and no confidence
level can be assigned. Examination of the DeHavilland data of Reference 3 would be particularly interesting
but would require analysis of the scale effect in that data. Reference to typical aircraft flap data at large

flap angles, 20° or more, should be avoided for hydrodynamic applications.

REFERENCES

1. Theodorsen, ‘I'.. General Theory of Aerodynamic Instability and the Mechanism of Flutter. NACA
Report 496, 1935. Currently available in AIAA Selected Reprints, “Aerodynamic Flutter”, I.E.
Garrick, Editor, March 1969.

2. Allen, H. Julian: Calculation of the Chordwise Load Distribution Over Airfoil Sections with Plain,
Split, or Serially Hinged Trailing-Edge Flaps. NACA Report No. 634, 1938.

3. Teeling, P.. Low Speed Wind Tunnel Tests of a NACA 16-309 Airfoil with Trailing-Edge Flap,
DeHavilland Aircraft of Canada, Limited Report No. ECS 76-3, October 1976.
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3333 Section Moment Curve. It is convenient to design and to the analysis of measured data to express

the section moment curve in the form:

= Cmg, + (cp)gdoy [dicg), 3.3.3.3-1 ]

c
mac. total

which is the slope-intercept form of the section moment equation.

3.3.3-11/12
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3.3.4 Section Flap Hinge Moment.

3341 Residual Flap Hinge Moment. The residual, & = & = 0, flap hinge moment is neglected in the

literature. No reference to the subject was found in DATCOM and the ESDU controls section presents a
zero residual moment.

In thick airfoil potential theory the residual flap hinge moment is given by:
1

2
c x h X -
choz'(?:'f') [h/c (F’F)c’zcxd_c_ 3.3.4.1-1
1
‘hg - (c)zf (x h)(v) 0 PR
c “\ep c c/\V, co. T cC
Qiff f h/e xfc “L

e loff

The thickness velocity ratio, (v/V)x/c, is a refinement of some 5% significance typically and in-

significant to the viscious problem presented.

Figure 3.3.2.3-2 illustrates the viscous problem associated with the prediction of this coefficient.
That problem extends to the measurement of the coefficient because model scale effects not evident in the
lift and pitching moment curves might persist in the flap region and because the significance of model

measurements to the prototype Reynolds number have not been established for this characteristic.

In the absence of guidance, Equation 3.3.4.1-1 is specified for this coefficient but without the

thickness refinement;

1
Ch 2 CQ
0 __{(c , (_’i - l‘-)—x—- d= 3.3.4.1-2
cy. Cs ¢ cjcy c
leff' h/C 1t'-Bf.f

where: ch0 = ho/q cfz bf

cg. is from Equation 3.3.1.4-1
‘eff

cp /ep, is the thin airfoil potential theory camber lift distribution except for a > .94 mean
X 1

®fT Jines for which the a = .94 Iift distribution is employed.

¢ Jeg, is the center of pressure for that portion of the camber lift carried on the flap, referenced
O leff
to the flap hinge and expressed as a fraction of the flap chord. The values of ¢ /eg,  for six particular
0 eff
configurations of interest are presented in Table 3.3.4.1-l.

LIMITATIONS

No experience can be offered for the residual flap hinge moment. No procedure exists for insuring

that model measurements represent the prototype.

3.3.4-1
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3.3.4.2 Flap Hinge Moment Due to Angle of Attack.

THIN AIRFOIL THEORY

The flap hinge moment coefficient due to pitch lift is given by:

2 X h X
=_(_c_ x_ 12 x i
(en), cf) /h/c (c c)(c;zx)mdc 3.3.4.2-1

2 1 c
= . c ’ x_ B QX X
Chcga - (Ch)a/(CQ)a o7 (-E;) _/];/c (‘(-: C )( CQ )a d F

This coefficient is the centroid for that portion of the lift due to angle of attack which is carried on
the flap, normalized by the product of the flap chord and the total lift due to angle of attack and expressed

as a fraction of the flap chord. It is subject to all the uncertainties associated with the lift distribution in
the vicinity of the trailing edge.

This hinge moment coefficient is traditionally presented in terms of a derived quantity:

¢, =Edep/da=(c,) /fa=c c 3.3.4.2-2
h,, h h’, hcga SZa
The traditional practice is unfortunate because it includes the uncertainties associated with lift curve

slope with those associated with the distribution of the pitch [ift. In particular, Equation 3.3.4.2-2 intro-

duces the lift curve slope trailing edge angle dependency into the flap hinge moment coefficient, making it
difficult to distinguish the lift slope and lift distribution contributions to the flap moment trailing edge
angle dependency.

In thin airfoil potential theory the lift distribution of Equation 3.34.2-1 is given by Equation
33211 and the equation may be written:

1 X
g e\ x_h) /l1-¢ . x 3.3.4.2-3
Chcga_"?r' (E}') c c x/c c PO Ter
h/c
1 nh-x
2 f¢c 2 h 1 c /_15_3_2 ax
=-1F(.c-f') r) xjc VY \c c
h/c

3.3.4-3
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Toll's correlation of Figure 13 of Reference 3 may be written:

op, == -006 -.02 cglc + .0005 ¢° 3.3.4.2-6

which is compared with the data on Figure 3.34.2-3. The standard deviation for that correlation is twice
the nominal accuracy of ESDU and DATCOM. The slope of Toll's correlation on Figure 3.34.2-3 is
entirely determined by the beveled trailing edge angle data which Toll identifies with the true contour
trailing edge angle. It should be noted that Hoerner places an entirely different interpretation on almost
the same data sample of Figure 14 (D) of Chapter 9 of Reference 4.

Equation 3.3.4.2-6 defines a viscous incremental ch  which may be written:
o

co
hy
Aoy == -g 3.3.4.2-7

where : ch is Toll's ch of Equation 3.3.4.2-6
o a

= -.006 - .02 cg/c + .0005 ¢°
¢ = c¢° t/c
c¢° is from Table 6.1.1.2-1
° - 1 v t/c)2
cQa 10965 [1 + °, Uctca (t/c)®]
¢y and Co are from Table 3.3.1.2-X1
K K

¢ is from Equation 3.3.4.2-4
C
Lapot
Equation 3.34.2-7 has been evaluated for a 20% flap chord ratio for three sections with the result

shown on Figure 3.3.4.2.4. Since the form of ch makes it independent of the viscous additional lift
C

effect, the increment of Equation 3.3.4.2-7 and Figg% 3.34.2-4 is entirely due to the viscous basic

lift effect of Section 3.3.2.2.

ESDU AND DATCOM

The pitch lift flap hinge moment derivative is identically given in gpa form on ESDU controls

04.01.01, which is the source, and DATCOM Figure 6.1.3.1-11. The thick airfoil potential Choc is that
pot
of Equation 3.3.4.2-5 which must then be corrected for viscosity by the ratio ch fey which is
%std  Ypot
graphically presented. The result is said to be valid only for a “standard” section which is symmetric and

over the last 10% of the chord has straight upper and lower surfaces including the angle ¢ = 2 tan~1 tlc.
An analytic increment is then provided for general sections so that the final result may be written:

3.3.4-5
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APPLYING POPE'S FUNCTION

For the basic lift distribution viscous effect of Equation 3.3.2.2-5, Equation 3.3.4.2-1 becomes:
2 1 Acy
‘ b
Acy =_(_c£) (é_%) — d= 3.3.4.2-9
0 £, h/c 2

2
=-Aa.c. (—E-) f (E - }l) Pocd X
Cf c C C
h/c

where: Aa.c. = a.c.pot ~a.c

which is the integral of Equation 3.3.2.2-4, Table 33.22-1, and Figure 3.3.2.2-6.

For the ESDU/DATCOM thick airfoil potential ch of Equation 3.3.4.2-5, Equation 3.3.4.2-9
Ca
produces for Cy

C
Qo 1

c h x X
¢, =c¢ +.183tc+ A a.c.(—-) f (— ——)P d= 3.3.4.2-10
o thaO ce hje ‘¢ ¢ ac ¢

Equation 3.3.4.2-10 is compared with the ESDU/DATCOM prediction for some particular cases on
Figure 3.3.4.2-6. The ESDU/DATCOM nominal accuracy is + .001l/deg so the two predictions are practically
the same in the geometry range where the ESDU data sample would be expected to be found. Presumably
the ESDU cha/cho‘pot is smoothed across ay variety'of sections and would therefore compare differently
with an analytic procedure for particular sections.

Equation 3.34.2-10 is compared with Toll's data on Figure 3.34.2-7 in the form of prediction
error vs the difference between Toll's nominal trailing edge angle and the true contour b5, The form of
this presentation helps to distinguish the true contour cases from those which lhave been beveled or
wedged. The figure emphasizes the small size of the sample for true contour cases. The ESDU nominal
ch accuracy corresponds to about +.008 for ch and the true contour cases of Figure 3.3.4.2-7,

A¢ =~ 0, span this range with one point lying well %utmde the range.

Figures 3.34.2-3 and -5 indicate that neither Toll nor ESDU/DATCOM predicts the Toll beveled
flap data impressively and, in fact, the “@’ symbols of Figure 3.3.4.2-5 indicate that Cha is quite
sensitive to the flap geometry though ESDU notes particularly that cQa is not sensitive to trailing edge
angle. There being no analytic explanation for the chasensitivity to flap trailing edge angle, it can be
empirically fitted to measured ch ‘s as well as to measured ch ‘s and Figure 3.3.4.2-7 suggests such an

empirical fit to Toll's data, dlsplaygng the accuracy to be expected

3.3.4-7
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Theodorsen, T.: General Theory of Aerodynamic Instability and the Mechanism of Flutter. NACA

Report 496, 1935, Currently available in AIAA Sdected Reprints, “Aerodynamic Flutter”, I.E.
Garrick, Editor, March 1969.

Toll. Thomas A.. Summary of Lateral Control Research. NACA Report No. 868, 1947.

Hoerner, §,F. and Borst, H.V.: FHuid-Dynamic Lift. Published by Mrs. Liselotte A. Hoerner, 1975.
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TABLE 3.3.4.2-11

TOLL'S ¢, DATA, 4- AND 5-DIGIT SECTIONS

hy
TOLL T.E. .
TRUE ANGLE °,
PRIMARY RN CONTOUR ®° ° o
SYMBOL REFERENCE SECTION cfc x 10-8 ¢°. DEG DEG a +0.02¢c/c
/DEG + 0.00%
o 1 0009 0.15 1.43 119 115 10.00350 0.00550
A 2 0.2 30 | -000450 0.00550
A 0 0.01000
40 00 0% 10 1
0O ! 0.3 | 18 I -0.00400 | 0.00800
ES -0.00200 0.01000
[ 29 0.00150 1|  0.01350
| 30 [ oo00s50 | 0.01750
[ 43 [ 0.00300 | 0.01500
] > ] -l 20 115 ] -000208 | o wm
O ) ] i
i 30 | 0.00140 | 0.01340
40 | 000500 | 001700
6 0.4 115 | -0.00950 |  0.00450
O 20 -0.00400 0.01000
30 " 0.00100 0.01500
40 0.00475 0.01875
1 0015 0.3 19.8 17 -0.00235 0.00965
‘ 19 | -0.00200 0.01000
@ 3 23012 0.2 2.19 15.8 16 6.00400 0.00600
8 0009 0.3 3 119 119 -0.00882 0.00318
0O 4] -0.00808 0.00392
-0.00300 () 0.00900
1892-1068 -0.00099 {3) 0.01101
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TABLE 3.3.4.2-ll1

TOLL'S cha DATA, 66-SERIES SECTIONS
TOLL T.E. .
TRUE ANGLE A
PRIMARY RN CONTOUR ) c .
SYMBOL REFERENCE SECTION e x 10-6 ¢°, DEG DEG h, +0.02 cgfe
/DEG + 0.006
[ ] 1 66-009 0.3 143 5.6 7 ~0.0070 0.0050
A 5 66(215)-216 | 0 . 2 2.8 10 9 -0.0058 0.0042
@) 6 66(216)-216 | 6.15 3.8 6 |  6.0061 0.0029
a=06 9.5 8 -0.0051 0.0039
-0.0054 0.0036
13  ]6.0023 0.0067
21 0.0006 0.0096
0.0018 0.0108
Al 0.2 6 -0.0072 0.0028
3 -0.0056 0.0044
-0.0066 0.0034
17 -0.0005 0.0095
-0.0024 0.0076
22 0.0013 0.0087
23 0.0031 0.0131
0.0038 0.0138
26 0.0051 0.0151
31 0.0049 0.0149
0.0059 0.0159
7 66(215)-014 | .03 1.43 a.75 8 -0.0072 0.0048
1892-1078

NOTE: SEE TABLE 3.3.4.2-l FOR PRIMARY R ‘ERENCES.

3.3.4-13
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3.3.4.3 Flap Hinge Moment Due to Flap Deflection.
THIN AIRFOIL THEORY

N is the centroid for that portion of the lift due to flap deflection which is carried on the flap,
Ces
normalized by the product of the flap chord and the total lift due to flap deflection and expressed as a

fraction of the flap chord. Because a portion of the lift due to flap deflection is of additional lift

distribution type, the flap lift flap hinge moment contains a pitch lift flap hinge moment component.

The flap hinge moment coefficient due to flap deflection is given by:

2 1
_ c x h X -
oy f) [ () eyt
h/c

From Section 3.3.24 this equation may be written:

1
2 cq 2 rl cg
_ C h x X X c h x X X
ch%-(l-f)(;f-> /h (F-c_)(csz )a d5+§(§) /h (c C)(CQ )b8 I3

fc [c

and from Equation 3.3.4.2-I:
1

2
ry = -Den +1(E) /
hCQ& hCQO( cf h/c

=(1-%) chCQ +60h
(s

ce
(E _.{) (_X) ax 3.3.4.3-3
C C CQ ’ bB [+

Cebs

3.3.24-2. No direct solution for the

The basic flap lift distribution, (cg /eglyg, is given by Equation
X
integral of Equation 3.34.3-3 can be offered here. However Theodorsen offers an evaluation for the total

h in Reference 1:

Ceé
3.3.4.3-4

Equations 33241, 3342-4, and 33433 and -4 provide the evaluation for ChCQb«S given in Table

3.3.4.3-1 and on Figure 3.3.4.3-1.

3.3.4-21
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ESDU/DATCOM

The ESDU/DATCOM procedure is numerical and contained in ESDU controls 01.01.03, 04.01.01,

and 04.01.02. The ESDU procedure is modified here to the extent that the cQa/cQ of Equation
‘ ot
33.1.2-9 and the ¢gg of Table 6.1.1.2-1 were employed. The ESDU/DATCOM hinge moment derivative

is compared with Equation 3.3.4.3-7 on Figure 3.3.4.3-3. The comparison is poor; the two procedures

differ by twice the ESDU nominal ch_ accuracy.

)
TOLL

As for G, , Toll's Reference 2 offers the only experimental Ch6 data which can be offered here.
o
Toll’s data is presented here in Tables 3.3.4.3-R and -III which are from Figure 13 and Table Il of

Reference 3. Toll's correlation of Figure 13 of Reference 3 may be written:
C
ey’ = - 0105 - .02 =L +.0004 ¢° 33438

which is compared with the data on Figure 3.3.4.3-4. The standard deviation for that correlation is twice
the nominal accuracy of ESDU and DATCOM. It will be noted that Toll's correlation is amost entirely
determined by beveled trailing edge data

The form of Equation 3.3.4.3-8 and Figure 3.3.4.3-4 is convenient to the comparison of predictions
of different form which can only be compared for particular cases. Figure 3.3.4.3-5 relates the ESDU/
DATCOM prediction to Equation 3.3.4.3-7 and to Toll's data by reference to Toll's correlation. Equation
3.3.4.3-7 is better suited to Toll's data than is the ESDU/DATCOM procedure.

ALLEN

Equation (15) of Reference 3 includes Equation 3.3.4.3-7 in a different nomenclature. Allen's 7 ag

of his Table X and n,, . of his Table VIII are the viscous ch and ¢ , respectively, of this note. It is
8 R c0bd
of interest then to compare them individualy with the values of Equation 3.3.4.3-7.

Allen's ch  is compared with that of Equation 3.3.4.2-11 on Figure 3.3.4.3-6 where it will be
Cua
noted that Allen has no provision for thickness ratio, neglecting this variable in whatever data sample he

had. The very distinctive nature of the |&series chc , caused by the extreme viscous aerodynamic center
Lo
shift for this section, should be noted. Unfortunately, no flap hinge moment test of this characteristic can

be offered.
Figure 3.3.4.3-7 compares Allen’s ch with that of Equation 3.3.4.3-6. The comparison indicates

%4 Y]
that, as assumed by Equation 3.3.4.3-7, Allen finds no significant viscous effect on this derivative for

6 < 15",

3.34-23



G€'€¢

g9860-2681
379VTIVAY 31dNVS viva 31ViHdOdddY ON ‘2

% ae 3e

Y5 gaioigaud = “oazunsvaw= Yov ‘| 'SILON

6500°0 S100°0 oL SNOILD3S 1TV
08000 L0000 I SNOILD3S 11910 9 1d30X3 17V
3ON31IH3dX3 TVL10L
6100°C 1 62000- | 90 | 90 (rg0 =8 [ S31435-99
oL>e
8200°0 1 o | s0 | S3IMAS ¥ X9
zz00'0 | o000~ | PO i__ S31Y3S V9
- 8000 | 10 OL=e $3143S VE9
SAIYIS V x 9
2900'0 61000 99 SNOILD3S QHVANV.LS
89000 8L00'0 8L uolas®wy
2000 £000'0- 8y oL=¢
8900-0 62100 90 OEZ 1191a¢
6500°0 6900-0 £l ¥9 11910 ¢
9%00°0 £000°0- 90 831435-99
v¥00'0 20000~ £l $3143S-99
Z500°0 £000°0- 91 0=t $31935-+9
1£00°0 £000°0- EL © 83143s-€9
Z 310N 338 S3I1435-91
NOILVIA3Q (L N ani NOILO3S
ais S I1dAVS NvaIw
°Rw Wy o Ni
> v NVIW YIEWNN
%

SISATTYNY TVOLLSILVLS

Y wreee 37avL



In summary, the! flap lift flap hinge moment can be defined by:

Chogy =15 e, +Eop, + Ao 3.3.4.3-10

2bé 2

Lo
where: ¢ is from Equation 3.3.2.4-1

h is from Equation 3.3.4.2-11
Ca t/c
Ch =Ch +.1557 E—/E
CRbd CPbé0 f
Ch is from Table 3.3.4.2-1 or Figure 3.3.4.3-1
Cb80
A chc 5 =.,0055 A¢°
R
A¢ = trailing edge bevel angle = ¢gq,

Nominal accuracy is + .02 for the true contour flap and £ .04 for the beveled trailing edge flap.

LIMITATIONS

As for ¢ » neglect of the thickness distribution in the derivation of ¢ is questionable,
hCQa hcga
particularly for the 16-series section. The thick airfoil potential aerodynamic center is available only for

" the 66-series section of the 6-series family. No data for any typical hydrofoil section can‘be offered.
REFERENCES
1 Theodorsen, T.: General Theory of Aerodynamic Instability and the Mechanism of Flutter. NACA
Report 496, 1935. Currently available in AIAA Selected Reprints, “Aerodynamic Flutter”, ILE.,
Garrick, Editor, March 1969.
2. Toll, Thomas, A.: Summary of Lateral-Control Research. NACA Report No. 868, 1947.
3. Allen, H. Julian: Calculation of the Chordwise Load Distribution Over Airfoil Sections with Plain,
Split, or Serially Hinged Trailing-Edge Flaps. NACA Report No. 634, 1938.
——
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TABLE 3.3.4,3-1l TOLL'S ¢

DATA, 4- AND 5-DIGIT SECTIONS

hs
TOLL TE. R
TRUE ANGLE °,
PRIMARY RN CONTOUR ¢_° < 8
SYMBOL REFERENCE SECTION e e X 10-6 ¢’ DEG ] +0.02¢/c

DEG /DEG + 0.0105

® ! 0009 0.15 1.43 11.9 115 -0.0101 0.0034
A 2 0.2 15 00112 0.0033
ay 20 -0.0077 0.0068
30 -0.0003 0.0142

40 -0.0043 0.0102

O ! 03 18 -0.0097 0.0068
25 -0.0068 0.0097

29 -0.0049 0.0116

30 -0.0041 0.0124

43 [ 00020 | 0.0136

] 2 11.5 -0.0127 0.0038
) 20 -0.0098 0.0067
30 -0.0021 0.0144

40 | 00026 | 0.0139

¢ 0.4 115 -0.0140 0.0045
O 20 -0.0106 0.0079
30 -0.0046 0.0139

40 | -0.0026 0.0159

1 0015 0.3 19.8 17 | -00085 | 0.0080

° 19 I -0.0078 | 0.0087

® 3 23012 0.2 2.19 15.8 16 | 0.0088 0.0057
) 4 0009 0.3 3 11.9 119 | 001353 ] 0.00297
0O {n | -0.01163 | 0.00482
2) | -0.00600 | 0.01050
13) -0.003034 0.01347

NOTES: 1. THICKENED FLAP SECTION
2. ELLIPSOIDAL FLAP SECTION
3. BEVELED T.E.
4. SEE TABLE 3.3.4.2-i1 FOR PRIMARY REFERENCES.

1892-1168
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TABLE 3.34.3-Mll TOLL'S %5 DATA, 66SERIES SECTIONS

TOLL T.E. .
TRUE ANGLE °,
PRIMARY RN CONTOUR ¢ <, b y
SYMBOL REFERENCE SECTION Je | x 108 ¢° DEG s +0.02 cf/c
DEG /DEG + 0.0105
[ ! 66-009 )3 1.43 5.6 00117 0.0048
A 5 66(215)-216 | 3 . 2.8 10 -0.0101 0.0044
g 6 66(215)-216 | .15 3.8 6 -0.0090 0.0045
a=06 &
9.5 g W0 w0
13 a.0074 | 0.0061
21 -0.0056 0.0079
-0.0062 0.0073
Pl 0.2 6 -0.0110 0.0035
8 -0.0097 0.0048
-0.0099 0.0046
17 -0.0071 0.0074
-0.0079 0.0066
2
23 A e 00
-0.0053 0.0092
25 -0.0033 0.0112
31 -0.0005 0.0140
-0.0037 0.0108
[ § 7 66 {215)-014 | 0.3 1.43 8.75 8 -0.0129 0.0036
NOTE: SEE TABLE 3.3.4.2-l FOR PRIMARY REFERENCES
1892-117B
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Fig. 3.3.4.3-1 Flap Hinge Moment Derivative, Sy - Thih Airfoil Potential Theory
')
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ESDU/DATCOM
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Fig. 3.3.4.3-2 Flap Hinge Moment Parameter, h
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0.020

0.018

0.016

0.014

0.012

0.010

0.008

+0.02 cf/c +0.0105 ~ /DEG

c o
h6

0.006

0.004

0.002

1892-121B

¥ 1
b .

23012, ‘cf/‘c“= 02

= -0.0105 -0.02 cgfc + 0.0004 ¢

= (D 0009, c /e = 0.3, VARIOUS FLAP SECTIONS -

—h UNFLAGGED SYMBOLS ARE 4-DIGIT SECTIONS ;.|
777 FLAGGED SYMBOLS ARE 66-SERIES SECTIONS *:
©iT SHADED SYMBOLS ARE TRUE CONTOUR
- OPENSYMBOLSAREBEVELEDORWEDGED

SECTION
4- & 5-DIGIT 22 -0.0005 0.0019 |....
66-SERIES | 20 0.0007 0.0010
ALL 42 0.0001 0.0016
i RN :
Lo e
! i v I -
1 I | I A : ) N
4 8 12 16 20 24 28 32 36 40 44

TOLL'S TRAILING EDGE ANGLE,¢T ~ DEG

Fig. 3.3.4.3-4 Toll's ch6 Correlation
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3.3.4.4 Section Flap Hinge Moment. The total section flap hinge moment is given by:

c, =¢C., *cC (cp) + ¢© co) 3.3.4.4-|
h=Chg " hg, Dy h%(25
where:  ch is from Equation 3.3.4.1-2
0

c is from Equation 3.3.4.2-11
h
o
¢, is from Equation 3.3.4.3-10
CLd

For the purpose of analyzing flap hinge moment data it is convenient to consider this eguation in

. . . -
h
€96 do 5) 3.3.4.4-2
= + a + ———me— . - .
b %hg " “he, CQa( °n ds

CRa
where: CQ(XiS from Equation 3.3.1.2-10

—?1-% is from Table 3.3.1.5-1 or Figure 3.3.1.5-3

Equation 3.3.4.4-2 presents the flap hinge moment coefficient as a linear function of the
parenthetical parametric angle.
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3.3.5 Linear Lift Range.

3.35.1 Section Linear Lift Range. Figure 3.3.5-1, taken from Reference 1, presents the only measured

section hydrodynamic lift curve which can be offered for review here. Reference 2 would be of more
immediate significance but is not yet available for review. The hydrodynamic section lift curve is, there-
fore, best known as hypothesized from model and prototype measurements on three dimensional foils of

16-Series section,

At relatively low cavitation number and lift coefficient, cavitation produces an abrupt and substantial
reduction in lift coefficient. At relatively high cavitation number and lift coefficient cavitation was ex-
pected to produce a more gradual increase in lift coefficient, perhaps indicated by a single point at 4° angle
of attack on Figure 3.3.5-1, leading to a well rounded maximum lift coefficient. Figure 3.35-1 is not in-

consistent with this characterization though it does not provide a conclusive confirmation.

The initial effect of cavitation upon the lift curve slope does not, in general, correspond with the
incipient cavitation boundary and is not predictable. Therefore Section 3.8 defines the lift effect cavita-
tion boundary as an experimentally determined boundary. It is assumed that any cavitation induced lift
increases are of negligible practical significance and the effective lift boundary definition is limited to

reductions in the lift curve slope.

3352 Flap Linear Lift Range. Figure 3.3.5-2 presents the zero pitch flap lift curve provided by

Reference 1. A pure curve fit to this data provides a flap effectiveness which lies just within the nominal
accuracy of Section 3.3.1.5.1. At the same time the nominal flap effectiveness of Section 3.3.15.1 fits
the -6°, 0, and 2’ data with half the standard deviation and displays an expected high cavitation number
effect. More experience is required for a proper judgement and analysis of Reference 2 would be
particularly significant.

As for the section lift curve, the significant effect of cavitation on the flap lift curve is the abrupt and
substantial reduction of Ilift coefficient which occurs on an unpredictable boundary which is emperically
defined in Section 3.8. Between the upper and lower surface lift effect boundaries the flap lift curve is

assumed to be linear.
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3.3.6 Section Maximum Lift, For typical hydrofoil sections, and particularly for the 16-Series section,

it is possible in hydrodynamic model scale for the separation, or stall, lift coefficient to fall within the
incipient cavitation bucket. The ten and twelve degree angle of attack points of Figure 3.3.5- are likely
examples. For such cases the significance of the hydrodynamic model data to the prototype is not yet
known. It is not likely that this model test condition can always be avoided but its existence should be

identified as an aid to data interpretation by reference to ESDU Wings 01.01.06, DATCOM 4.1.14 (which
is identical), or equivalent.

The aerodynamic maximum lift coefficient for the flapped section is equally significant to the
interpretation of hydrodynamic model test data but no estimate for this characteristic can be offered here.
ESDU does not include this characteristicc. DATCOM Section 6.1.1.3 presents a AcQ for flaps but it is

max

not clear that this is to be identified in any way with the maximum lift coefficient for the flapped section,
it has no Reynolds number dependency, and it is derived out of a data sample including few potential
hydrofoil sections.
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3.3.7 Free Surface Effect.

3.3.7.1 Lift Curve Slope.

CLASSIC POTENTIAL SOLUTIONS

Hough and Moran, Reference 1, present a relatively well systematized and advanced example of the
results of a potential attack upon the section lift curve slope beneath a free surface. All such results,
particularly if left general in Froude number and section geometry, can be evaluated numerically for
particular cases but with a difficulty which discourages illustration. Such attacks are frequently limited
to the infinite Froude number case but as craft grow larger this practice becomes increasingly questionable.
Zero lift angle and pressure distribution are implicit in these results but are rarely systematized or
illustrated. Hough and Moran are particularly notable for their systemization of the general Froude num-
ber case for angle of attack, camber, and flap angle, all being illustrated in Reference 1.

Plotkin employs Hough and Moran as a standard forcomparison with the Keldysh and Lavrentiev
results for angle of attack and camber in Reference 2.

That lift curve slope comparison is repeated here on Figure 33.7.1-1 and a camber comparison is
included in Reference 2. Most of these potential theory results are expressed. in chord Froude number
but the depth Froude number presents a better systemization of the results with a minimum lift curve
slope in the vicinity of fz_ for all foil depths.

Pattison, Reference 3, employed the Giesing and Smith modification of the Douglas Neumann pro-
gram, Reference 4, for the theoretical lift curve slope for comparison with theoretical results. Those
theoretical and experimental results are compared with Hough and Moran on Figure 3.3.7.1-2 where
Pattison’s measured results have been adjusted to a Reynolds number of three million by Equation
3.3.1.1-1. Only the measured slopes at the deepest and shallowest depths are shown on Figure 3.3.7.1-2

because the data does not provide a test for the theory. This is the only section data which can be
offered.

References 2 and 3 present the best systematized presentation of the general case for the section
which has been reviewed. Panchenkov’s Reference 5 is very detailed, but contains no illustrative results.

Reference 6 contains a digest of the Reference 5 infinite Froude number results, though written earlier.
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THE INFINITE FROUDE NUMBER CASE

Infinite Froude number presents a degenerate special case of the general problem which provides a
practical approximation for cruise for many craft designs; it is the take off of relatively large craft still in
the conceptual stage which has generated interest in the general case.

Panchenkov has reduced the infinite Froude number case to a desk top calculation by the use of two

hypergeometric series. One of the series is required only for three-dimensional foils but both are defined
here for convenience.

Panchenkov's hypergeometric series have the form:

1
Fl = F(—— s -3— , l;x) 3.3.7.1-1
4 4
3 b5
F2=F(—-,—,2;x)
4 4

ab @+ 1) (b+1)
+-X
¢ (1+1)(c+1)

ab
where: F(a,b,c;x)=I+
C

ab @+ (b+1 @+2)b+2
+ e A+ D+l A+ (cr2 T+

ab g (@+n)(b+n)
=1+'CX + nz=1nn_1 (l+n) (C+n)

Each of these series can be evaluated explicitly for an argument of 1/2:

Fy (—;—)=\ﬁr—m——= 1.13391

I‘(S)[“(Z) 3.3.7.1-2

and:

F _(i)=_4\/,7p @) | '—51—9 - *—7—1—-—5' =1.3597 3.3.7.1-3
&t ")) ()
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Each of these results can be obtained with a twenty term series which is therefore adequate for any
larger argument. The two functions have thus been evaluated over the range of interest with the results
shown in Table 3.3.7.1-1 where the identification of Panchenkov's x with hic is:

x = _—h—2—— 3.3.7.1-4

o

For the flat plate section, neglecting non-linearities, Panchenkov's infinite Froude number lift curve
slope is:

C
W 1, __he  p 3.3.7.1-5
cq 2 hy2 1

o ATSEIE

c 2

which is shown on Figure 3.3.7.1-3 where it is compared with Hough and Moran and with two approxima-
tions considered later. Figure 3 of Reference 5 compares this curve with an experimental result which
differs from it by no more than 0.03 and with a Keldysh and Lavrentiev curve which is substantially below
any of those shown on Figure 3.3.7.1-3.

For the thin cambered section, again neglecting non-linearities, Panchenkov's section lift curve slope

cq 1 1— 2h/c F
X =1 3.3.7.1-6
co_ 1 2 cos 2aOQ [ /4 (_1'1_)2 +% 1

C

The cosine term introduces about a one-half percent effect and makes the angle of attack and camber
effects practically identical, inferring zero Ilift angle independence of depth. This contrasts with Hough and
Moran's results which present distinct angle of attack and camber effects and, therefore, a zero lift angle
depth dependency. The Hough and Moran camber effect is also shown on Figure 3.3.7.1-3 where it cor-
responds precisely with Panchenkov's flat plate curve. It will be noted in Section 3.3.72 that Panchenkov

does have a three dimensional zero lift angle depth effect, not present in his section equation.

For the thick cambered section, and again neglecting his sin (@ = Qg) term which introduces a lift

curve non-linearity, Panchenkov adds an additional term and an additional factor to Equation 3.3.7.1-6:

2
_Zszl_ 1+ w _ _2bjc F, 3.3.7.1-7
Lo 2 cos 20 h 1
»/4(3) 2
Yo 4
—_— +
+ c (1w Fo

N hy 2 3/2
4\/2— [8(-(:—) + 1] Qgg €OS 3 A
3.3.7-3




where: yc = camber = .05515 cg, for a = 1.0 mean line
1

o 11 tc
1l -.6tlc

zero lift angle

%oQ

—cp. /27 for a = 1.0 mean line.
1

For the a = 1.0 camber line this equation reduces to:

@ _, Q+w’ L. _2hjc B
1
Q. 2 cos (cg. /) L
LV e
055157 (1 + wy? Fy
2
2/5[8(—:-) +1] 312 cos (8 cq, /2 7)

This thickness effect is significant as illustrated on Figure 3.3.7.1-3 for an extreme and for a

3.3.7.1-8

practical  case.
THE GIBBS AND COX HANDBOOK

The Gibbs and Cox hydrodynamic section lift curve slope of Reference 7 lacks the rigor of the
analyses previously considered but presents the general case with desk top analytic simplicity and with a

result remarkably similar to Hough and Moran numerically.

Equation (8.19.24) of Reference 8 gives the lift for a vortex line moving beneath the free surface as:

2 2
L. ,vr-2L [ — 4eh  -2gn/v Ei (28 3.3.7.1-9
b dth | y2 V2

The bracketed term is the Gibbs and Cox §2 function which may be written:

2 2 2
Q=1- 2xF: e~2FhE i ( F}? ) 3.3.7.1-10

2
=1-8f(Fh)Ei(_F_}%—)

2
where: f (Fy,) = e 'Z/Fh /Z Fﬁ
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The exponential integral is now readily available in tabular form, e.g. Reference 9, or on desk or
pocket computers. The first form of Equation 3.3.7.1-10 is better suited to some tabulations. The
variation of this function with Froude number is shown on Figure 3.3.7.1-4 and tabulated values are given
in Table 337.1-11

In terms of the £ function Equation 3.3.7.19 may be written:

2
_§= oVT ___P:;hﬂ 3.3.7.1-11
_ _ LS_L)
Ve (1 47hV

presenting the effect of an image vortex line located 2h above the lift line. Such an image introduces a non-
linearity in the lift curve slope which can be displayed as:

( RYs) )

cg = cano a\l— W 3.3.7.1-12
- _x Q.
= 2nQ 2 h/c oz2

Some towing tank data, eg. Appendix D of Reference 10, may display this slope reduction with
increasing, relatively high, lift coefficient though the effect would be difficult to distinguish from early
cavitation or even aerodynamic stall in model scale. This non-linearity is incorporated into the Gibbs and

Cox lift and drag equations but is not significant to the prototype and is not considered further here.

\l /2 |

1892-1308
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The image vortex produces a flow through the finite chord which the Gibbs and Cox handbook
minimizes by modifying the angle of attack by the induced downwash angle, o, at the 3/4 chord station.

That downwash is given by:

w= 8L — x _92&_2_ 3.3.7.1-13
27 Jahd+c4/4  Jah2 + 2 /4
QCQV

= o1 [(4h/0)2 +1]
The corresponding incremental angle, which is a “curvature correction” rather than an induced angle
(ie. it does not tilt the lift vector), is given by:

Q 3.3.7.1-14
om [(4h/c)2 + 1]

O(c / Cp = W/VCQ =

Equation (319.24) of Reference 8 also gives the (wave) drag for a vortex line moving beneath the

free surface as:

—_—

V2

2 2
D _ pgl e‘z/Fh 3.3.7.1-15

2

2

C

=g.13- — ——Q- e"z/Fh
2

¢
v2 h
which Gibbs & Cox identifies with the induced angle:

2 _ £(Fp)
o /CQ=CdW/CQ = h/ec 3.3.7.1-16

From Equations 3.3.7.1-14 and -16, then, the total inverse lift curve slope ‘becomes:

04
aCQ = C—Q- = 0, /C,Q + o, /CQ + oy /C,Q 3.3.7.1-17

1, Q , 1(Fh)
= 2T ar [(4h/c)? + 1] hfe

2 2
where: f (Fp,)= e~2/Fy [ 2 Fy
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The influence of the individual components on the lift curve slope is illustrated on Figure 3.3.7.1-5
for a one chord depth. The lift curve slope variation with Froude number is compared with Hough and
Moran and with the Pattison data on Figure 3.3.7.1-6. The agreement with Hough and Moran is quite
remarkable for such a simple expression. The persistence of Equation 3.3.7.1-17 with depth, particularly

at Froude numbers in the vicinity of 1.5, is to be noted and is further illustrated on Figure 3.3.7.1-7.

At infinite Froude number Equation 3.3.7.1-17 reduces to:

2
= gy (40/0)% +1

3.3.7.1-18
S (4h/c)2 + 2

Shdn/e)? + 1

U, (4h/c)2+2

for flat plate

This is the result given by Wadlin, et. al., in Reference 11 where the curvature incremental angle was
derived from a biplane image, £ = 1, of the lift line. Equation 3.3.7.1-18 is compared with Panchenkov

and with Hough and Moran on Figure 3.3.7.1-3 where there are substantial differences at shallow depth.
SUMMARY

The Gibbs and Cox hydrodynamic lift curve slope accounts for depth and Froude number in an
explicit, convenient equation and is therefore a desirable standard for this characteristic. In the absence of
a data base the Gibbs and Cox equation was compared with those classical potential theory results which
were immediately available with conflicting results which could only be resolved by definitive data. Pending

the acquisition of such data the Gibbs and Cox equation is to be preferred for its convenience.

The hydrodynamic lift curve slope is therefore defined by:

Q f (\FL"\
gy, / [1 * 2 e
b T (4h/c) + 1

where: cQa is the aerodynamic section lift curve slope of Equation 3.3.1.2-10
(o e]

3.3.7.1-19

Q=1-8f(F,)Ei (2/Fh2)

2 2
£ (Fpye~2Fn /2R,

Fp, = VA/gh

No accuracy can be assigned to this equation which produces an infinite Froude number lift curve
slope 20% less than that of Panchenkov at quarter-chord depth and 10% less than Panchenkov and 2%
less than Hough and Moran at half-chord depth.
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HANDE

The HANDE fail lift curve dope is a curve fit to three dimensional data, of a form which precludes

identification of the section lift curve dope.

10.

11.
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TABLE 3.3.7.114 PANCHENKOV'S HYPERGEOMETRIC FUNCTIONS

hic X Fq F,
0.22754 1/2 1.1339 1.3597
0.25 0.44444 1.1131 1.3006
0.30 0.33802 1.0788 1.2058
0.35 0.25508 1.0560 1.1444
0.40 0.19237 1.0405 1.1035
0.45 0.14568 1.0297 1.0756
0.50 0.11111 1.0222 1.0562
0.60 0.066426 1.0129 1.0326
0.70 0.041311 1.0079 1.0199
0.80 0.026699 1.0051 1.0127
0.90 0.017873 1.0034 1.0085
1 .00 0.012346 1.0023 1.0068
1.50 2,7701E-3 1.0005 1.0013
2.00 9.1827e4 1.0002 1.0004
2.50 3.8447E4 1.0001 1.0002
3.00 1.8765E-4 ! 1.0001
3.50 1.0203E-4 1 1
4.00 6.0090€-5 1 1

1892.1318
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TABLE 3.3.7.1-ll THE £ FUNCTION

2 2
Fr Fh2 Q th Fu 2
0 -1 0 -1
0.1 200 -1.0101 200 0.1 -1.0101
0.2 50 -1.0570 50 0.2 -1.0570
0.4 12.5 -1.1955 22.222 0.3 -1.0995
0.5 .8 -1.3637 12.5 0.4 -1.1955
0.6 5.5556 -1.6201 10 0.4472 1 -1.2629
0.7 4.0816 -1.8632 8 0.5 -1.3637
0.75 3.5556 -1.9377 5.5 0.60302 -1.6283
0.8 3.125 -1.9677 0.70711 -1.8764
0.85 2.7782 -1.9523 3.5 0.75593 -1.9436
0.9 2.46910 -1.8949 3 0.81650 -1.9675
1 2 -1.6819 2.5 0.89443 -1.9032
1.2 1.3889 -1.0607 2 1 -1.6819
14 1.0204 -0.4349 1.4 1.1953 -1.0764
1.57 0.81139 0.0059 1 1.4142 -0.3944
1.6 0.78125 0.0735 0.81 1.5713 0.0089
1.8 0.61728 0.4526 0.8 1.5811 0.0313
2 0.5 0.7245 0.6 1.8257 0.4930
2.28 0.39506 0.9541 0.5 2 0.7245
2.5 0.32 1.0998 0.4 2.2361 0.9438
2.75 0.26446 1.1908 0.32 2.5 1.0998
3 0.22222 1.2462 0.26 2.7735 1.1972
4 0.125 1.3030 0.22 3.0151 1.2487
5 0.08 1.2757 0.12 4.0825 1.3021
6 0.055556 1.2372 0.08 5 1.2757
7 0.040816 1.2022 0.05 6.3246 1.2252
8 0.03125 1.1731 0.04 7.0711 1.1999
9 0.024691 1.1493 0.03 8.1650 1.1688
10 0.02 1.1300 0.02 10 1.1300

0 1 0.01 14.1421 1.0796
0 1
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3.3.7.2 Zero Lift Angle.

HOUGH & MORAN

Restricting discussion to sections of zero ideal angle of attack, eg. the a = 10 mean line, the zero lift
angle may be written in the Hough and Moran notation of Reference 1 where the ideal lift coefficient is
called the camber lift coefficient:

g, U, (e /%)
%00~ "o © WL 3.3.7.2-
e an°( %/ ano)
(CQ /eq,

" 0% [og /]y,

*0g ic_’z/cgw) c

OLOQ (CQ /CQCDO) o

Of the classical potential theory results examined in Section 3.3.7.1 only Hough and Moran drew the

distinction between camber and angle of attack free surface effects. The resultant zero lift angle effect is
shown on Figure 3.3.7.2-I.

o0

PANCHENKOV

In Reference 2, which is limited to the infinite Froude number case, Panchenkov implies in some

rather obscure angular nomenclature a zero lift angle shift for the three dimensional foil which is not present
for the section. That zero lift angle shift is defined by:

y
R, 3 @+ 04T

Aopp = - 3.3.7.2-2
00~ ¢ h\ 2
£ J o 3/2
o 4 2[8(0) +1] cos 3 aOQoo
and for the a =1.0 mean line:
cg, 05515 cq (1+ % £,
Aopp - - ! 3.3.7.2-3
0f ~ ¢

o - 4\/2— [8(%)2 + 1] 3/2 cos (3 ch/21r)

For any mean line presenting a zero ideal angle of attack this shift can be expressed as a ratio:
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o

CQ'
“i
o ap, + A %e -5 tAag
00 et .21 3.3.7.2-4
%00,  %0%. - °q
or
Ye/© 4
=1]- 1
CQa 9
3/2
2 \/E— EEQ_; [8 (h/C) + 1] / cos 3 aOQoo
and for the a=1.0 mean line
%og 4
oq - 00818 d+w "Fo 3.3.7.2-5
%02, cg
2 ‘/'2_'_‘!_ [8 (h/c)2 + 1] 3/2 cos (3 cq. /21r)
CQam 1

This variation witb depth is compared with Hough and Moran on Figure 3.3.7.2-2.
EXPERIMENTAL DATA

No section measurements and only one set of three dimensional measurements, Wadlin of Reference
3, of the hydrodynamic zero lift angle can be offered. Wadlin's measurements would have had increased
significance if the aerodynamic lift curve had also been measured of if the section employed had been one

of those included in Appendix IV of Reference 4.

For the plain, untwisted foil of constant section the section and three-dimensional zero lift angles
should be identical Wadlin's aspect ratio 4 data considered here was measured with the foil sting mounted
and should approach this ideal. The aspect ratio 10 data has the foil mounted on a 664 - 012 strut of equal
chord and without fillets and some zero lift angle three dimensional effect can be expected; more so than

for the typical hydrofoil case which houses such an intersection with a prismatic pod.

The theoretical zero lift angles of Figures 337.2-2 and -3 are expressed in terms of the 64,A412

section zero lift angle of Equation 3.3.1.3-2 for comparison with the Wadlin data.

The deepest depth, highest Froude number measured zero lift angle was 1/2 degree less negative than
expected for the aspect ratio 4 foil which was expected to represent the aerodynamic case. The difference
exceeds the nominal zero lift angle accuracy and in the opposite direction from the shift associated with
Reynold’s number effects. The aspect ratio 10 measured zero lift angle differs from that expected by only

1/10 degree and in a direction, relative to the aspect ratio 4 measurement, expected to result from the strut
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influence. It is assumed here that the aspect ratio 4 foil presents the zero lift angle for the test section

and that the aspect ratio 10 foil presents the strut influence.

Figure 3.3.7.2-2 indicates that at high Froude number, greater than 4 or 5 no depth effect on zero

lift angle was measured and none was expected for any practical depth.

Figure 3.3.7.2-3 is quite inconclusive only because of the shallow depth aspect ratio 10 result. It is
to be noted that the lowest practical Froude number currently in the conceptual stage is \/—2 Partly
because of the Hough & Moran prediction but also largely for convenience it is assumed here that the
shallow aspect ratio 10 result of Figure 3.3.7.2-3 is a three dimensional result and that the figure indicates
that no Froude number effect on section zero lift angle was measured or expected for any practical Froude

number.
SUMMARY

No significant free surface effect upon the zero lift angle of thin trailing edge sections has been con-
clusively demonstrated by theory or measurement for practical depths or depth Froude numbers, i. e. for
depths greater than 1/2 chord or depth Froude numbers greater than /2.

HANDE

HANDE employs the following hydrodynamic incremental zero lift angle:

o 2 f !
A agg = 1.9912/(-2— + %) + 5.2480 exp ["/% (.6555/%_+ 8645 Fh)] 3.3.7.2-5

The equation is said to be developed by utilizing potential theory and model test data. The data base
is unspecified except for the inclusion of PCH, PGH-2, and PHM data. The increment is referred to as being

for the section but there appears to be no distinct increment for the three dimensional foil.

Comparison of Equation 3.3.7.2-5 with the measurements of Figures 3.3.7.2-2 and -3 indicates that
it does not present a two dimensional section increment.
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3.3.7.3 Free Surface Effect.

Section 3.3.7.2 has concluded that the free surface effect upon the basic lift component is of the
same or lower order than current experimental precision. Since lift distribution presents still more dif-
ficulty for which no theoretical or experimental evidence can be offered here, it is here assumed pending
evidence to the contrary that the hydrodynamic and aerodynamic lift distributions are identical and that

the only effect of the free surface is a reduction of the lift curve slope.

The aerodynamic lift curve of Equation 3.3.16-1 may be written:

do
o™ (a + 3= B—aog) 3.3.7.3-1
from which it follows that;
Ce
o= % ¢ 3.3.7.3-2
L cq 20
Qoo

where: R is the aerodynamic lift coefficient of Equation 3.3.1.6-1

C c is from Equation 3.3.7.1-19
Ry /%% q
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3.3.8 Section Cavitation Characteristics.

3.3.8.1 Significance of the Section Velocity Distribution.

LIFT, MOMENT, AND THE CAVITATION BUCKET

Sections 3.3.2, 3.3.3, and 3.3.4 of this volume employed the section velocity distribution to insure
that the section moments were consistent with the lift characteristics of Section 3.3.1. This section con-

siders the cavitation implications of the section wvelocity distribution.

Of the hydrodynamic section characteristics, experience is most limited for cavitation. It is a difficult
and expensive characteristic to measure and it is distinctively hydrodynamic, receiving no benefit from
aerodynamic resources, It is therefore important to note the intimate relationship between the section
force and cavitation characteristics because the force characteristics are more firmly established and do
provide the benefit of aerodynamic resources. Lift and moment characteristics can make a substantial
contribution to interpretation of uncertain cavitation data and, conversely, interpretation of such data

must not do violence to established lift and moment theory.
BASIC ASSUMPTIONS
Two basic assumptions in the cavitation theory of this volume must be noted.

The superposition of velocities, particularly in the manner of Abbott and von Doenhoff, is assumed.
Abbott and von Doenhoff note in Section 4.5 of Reference 1 that neglect of the effect of thickness upon
the thin airfoil basic and additional wvelocity distributions produced certain limitations upon the super-
position of those distributions. Because velocity distribution has added significance and fewer resources
in hydrodynamics, accountability for that thickness effect has been provided to the fullest possible extent
in the preceeding sections and, indeed, that accountability constitutes much o:f the material in those

sections.

Prandtl’s hypothesis, that each section of the wing acts as though it is an isolated section, is assumed.
Pope’s assumption of this hypothesis is found in Section 9.2 of Reference 2. Pope’s reservations with regard
to highly loaded wings, particularly if highly swept, concerns conditions for which the hydrofoil is partially
cavitated and not yet amenable to theoretical analysis; ie. those conditions are equally difficult for the
hydrodynamicist but for different reasons. Prandtl’s hypothesis identifies the foil upper surface incipient
cavitation boundary with that for the most highly loaded section on the span and the foil lower surface
boundary with that for the most lightly loaded section on the span; ie. it makes the foil cavitation bucket
a trivial application of the section bucket. The application of Prandtl's hypothesis and limitations on that

application are considered further in Sections 34 and 38
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Note that the effects of cavitation are not the same in two and three dimensions. The appearance

of cavitation on the foil produces uncertain section and spanwise loading effects. This section considers
two-dimensional cavitation effects and Section 3.8 considers three-dimensional cavitation effects.

DISCRETE AND CONTINUOUS CAVITATION BUCKET DEFINITIONS

From the superposition of velocities as systematized in Reference 1, Equation 3.3.8.3-3 gives the
total velocity at any particular chord station on the upper or lower surface of the section as a linear
function of the section Ilift coefficient:

\/§ = local velocity/free stream velocity 3.3.8.1-1
=c * mcy

The potential velocity distributions of Appendices | and Il of Reference 1 therefore define the
cavitation bucket for any thickness/camber combination included there in the form of an included
envelope of straight lines:

R80-0941-0018B

The systemization of Abbott and von Doenhoff was essential to practical section studies at the time
of original publication :in Reference 3. Increased availability of the computer has brought computer
programs to serve the purpose of the systemization of Reference 1, that of Brockett's Reference 4 being
of particular interest to the cavitation bucket. Such programs do not obsolete tlhe methods of Reference 1
and it is important to note the distinctive and complimentary characteristics of the two procedures.
Unfortunately, introduction of the computer has brought neglect of the methods of Reference 1 and no
direct comparison of the results of the two procedures can be offered.

Not being limited to a discrete set of chord stations, the numerical program produces a non-linear
cavitation bucket although the difference should be of practical significance only when the station for
maximum local velocity moves forward of the most forward discrete station considered. The stations
provided in Reference 1 afford good definition for the upper surface bucket boundary and significant
discrepancies between the two procedures in this region are indicative of a procedural or numerical error
which should be resolved.

3.3.8-2



CONTINUOUS

DISCRETE STATION

‘l
|
|
!

/

R80-0941-0028

For high lift coefficients for which the chord station for maximum velocity moves within 1% of the
leading edge, numerical analysis will produce a substantially more restricted cavitation boundary than that
for, say, the 1.25% chord station. This is the case of the leading edge pressure coefficient “spike” for
which the aerodynamic and hydrodynamic significance is considered further in! Sections 3.3.8.3 and
3.3.8.5. Those sections also consider the lower surface cavitation boundary for which Reference 1 and

aerodynamic and hydrodynamic experience are al in apparent disagreement.

Numerical programs offer a capacity for higher-order effects which are not available using the
method of Abbott and von Doenhoff except in highly systematized form as, e.g., Pope's systemization of
Pinkerton's function. That capacity should be employed to evaluate the method of Reference 1, and of
this volume, and to develop it further as required. Note, however, that neither procedure has any more

significance than the experimental measurement.

The most significant advantage of the numerical anaysis is that it is not limited by geometry. The
specification volume anticipates utilization of this advantage to expand the data base of Appendices | and Il
of Reference 1 by requiring the inviscid velocity distributions for any thickness and/or camber distributions
employed which are not aready included in that reference. That data will aso provide a check on the
numerically-predicted viscous characteristics for the section.

Numerical analyses, however, present solutions for particular cases and require inductive approaches
to optimization. The simplicity of Equation 3.3.8.1-1 lends itself to deductive and explicit identification
of optimums. That simplicity also reduces the derivation of the section cavitation bucket to a trivial
effort, requiring only a pocket computer.

It must be emphasized that neither the methods of numerical analysis nor of Reference 1 have yet
been adequately related to the hydrodynamic section characteristics and that rudimentary analyses and
rudimentary configurations will be most productive of understanding at this rudimentary level of the
state of the art.

FORMS OF THE CAVITATION BUCKET

Angle of attack is an initid condition for the numerically-derived cavitation bucket and numerica
analysts therefore generally present the cavitation bucket as a function of angle of attack. It is this
propensity of the numerical anayst for angle of attack variation which has delayed comparisons of the
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numerical results with those provided by the methods of Reference 1. In fact the numerical analysis is not
defined until the lift and moment curves, produced by the same analysis, are displayed for examination.
Presumably, these would be the lift and moment curves of Sections 3.3.1 through 3.3.4 although the
specification volume specifically requires only that the cavitation bucket be presented as a function of
lift coefficient.

The requirement that the unflapped section cavitation bucket be presented as a function of lift
coefficient is an accomodation to the design process. The hydrofoil must be designed to produce a
cavitation-free lift coefficient range. The design of the control system to suit the lift curve, ie. reference
to the angle of attack, is a distinct design problem which follows the design of the hydrofoil.

The added freedom provided by the flapped section presents an awkward graphical problem for
which no wholly satisfactory solution has yet appeared. The formats of Sections 3.3.8.4 and 3.3.85
are suited to specific questions but can be expected to undergo some evolutionary development with
added  experience.

“Cavitation”, or “incipient” or “theoretical” cavitation, usually refers to the equality:
S=1+ oc= 1-Cp 3.3.8.1-2
where : S is the pressure coefficient of Reference 1 and of Equation 3.3.8.1-1

oc is the cavitation number for incipient cavitation

CP is the traditional pressure coefficient, (PQ - Pgl/a.

Several authors, e.g. Brockett in Reference 4, have challenged Equation 3.3.8.1-2 on theoretical
grounds but there are equally important practical limitations upon its significance. Nothing has been found
in the literature on the extent of cavitation necessary for observation, and the question is important to the
significance of the leading edge pressure coefficient spikes. More important, cavitation tests must be
extended until the cavitation is sufficiently well advanced to insure that cavities behind surface imperfections
have not been identified as a cavitation boundary.

Cavitation has no significance unless it acts upon the section forces or produces erosion. Thus,
prototype experience has indicated that there are distinct upper surface leading edge cavitation boundaries
for incipient cavitation, force effects (possibly distinct for lift, drag, and moment) and erosion. Very
little is yet known about the relationship between these boundaries for the three-dimensional foil or,
especially, for the section. This volume must provide a context for that experience as it is obtained. The
reference for that context is the incipient boundary of Equation 3.3.8.1-2.
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Further, the specification volume must anticipate the indications of the experience to be obtained;
that is, a “working” hypothetical effective cavitation bucket must be adopted for the present. Because
lower surface cavities close in a high pressure region and because propeller experience confirms that the
lower surface erosion boundary is closely associated with the incipient boundary, the two boundaries are
assumed to be identical here. Because upper surface mid-chord cavitation is associated with a relatively
flat pressure distribution and because propeller experience also associates this boundary with destructive
potential, the upper surface mid-chord incipient, force effective, and erosion boundaries are al assumed
identical here. Two- and three-dimensional measures of the upper surface leading edge force-effective
cavitation boundary so far obtained are difficult to reconcile. For the present, the force effect boundary
is assumed to require experimental definition and the erosion boundary is assumed to lie outside the force
effect boundary. That is, the effective section cavitation bucket is assumed to consist of the lower surface
leading edge and upper surface mid-chord incipient cavitation boundaries and an experimentally-defined
upper surface leading edge force effect cavitation boundary. The specification consequences of this
assumption are considered in Section 3.3.8.7 and 3.8 but its validation and comprehension are sought
in Sections 3.3.8.5 and 3.3.8.6.

CAVITY CLOSURE

Because cavitation effectively alters the section geometry, generally producing a thicker section of
modified camber, the “incipient” cavitation boundary can be expected to be more restrictive of cavitation
number and/or lift coefficient approached from the cavitated case than from the wetted case; i.e., vapor
pressure cavitation is associated with a hysteresis band. It must be noted that this volume is limited to
consideration of vapor pressure cavities on foils and, therefore, does not consider the cavitation/Froude
number source for cavitation hysteresis for foils, which is predominate in the characteristics of ventilated

foils and struts.

Vapor pressure cavitation hysteresis is noted in References 4, 5 (where cavity closure is
“suppression”), and 6 (where cavity closure is “desinence”) among other references. The significance of
the hysteresis, however, is generally neglected in the literature. In fact if significant force or erosion
effects are found in the hysteresis region, and none can be identified here, the foil cavitation bucket
would require a new definition and the prediction of incipient cavitation would become an academic

exercise.
STRUCTURE OF THE CAVITATION PROBLEM
Consideration of the foil cavitation characteristics presents two objectives:

® Provision of a prediction for the effective cavitation bucket, presumably employing the incipient
cavitation bucket as a frame of reference
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® Provision of an effective model test procedure for the validation of the predicted effective
cavitation bucket by means of appropriate test and/or interpretive procedures.

These objectives are framed for the three dimensional foil, of course, but their satisfaction requires

first a mastery of the degenerate case provided by the section.
Considerations of the two objectives fall into two distinct classes;
@ Aerodynamic Considerations

1. Validity of the estimates for thickness, camber, angle of attack, and flap wvelocity distributions

and of their superposition

2. Significance of spiked velocity distributions; i.e. existence and effect of leading edge and

hingeline vortices

3. ldentification of model conditions not representative of the prototype, and interpretation of

their significance to the prototype

4. Model test techniques for reproduction of prototype aerodynamic characteristics.

@ Hydrodynamic! Considerations

1. Significance of the aerodynamic “cavitation” bucket to the observed incipient cavitation

bucket, particularly with regard to spiked wvelocity distributions

2. Relationship between the theoretical (aerodynamic), observed incipient, and effective

cavitation buckets

3. Interpretation of model cavitation characteristics in terms of the prototype, and test

techniques for the elimination of such interpretive requirements
4. Significance of the cavitation hysteresis.

The following subsections approach these considerations by proceeding from the most degenerate
to the most general aerodynamic case, and then to the hydrodynamic experience:

Section 3.3.8.2 Symmetric Section
3.3.8.3 Cambered Section
3.3.8.4 Flapped Section
3.3.8.5 16-309 Hydrodynamic Experience
3.3.8.6 64A309 Hydrodynamic Experience

Section 3.3.8.7 summarizes the experience of Sections 3.3.8.5 and 3.3.8.6.
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3.3.8.2 Symmetric Section.

Appendix | of Reference 1 provides thickness and additional velocity distributions for a wide range

of thickness distributions. Ratios of v/V for the more significant chord stations for certain of those thick-

ness distributions are presented graphically on Figures 3.3.8.2-1 through 3.3.8.2-S as a convenience for

interpolation. Linear and parabolic regressions for v/V and Av,/V for leading edge and mid-chord stations

for the 16-Series section are presented in Tables 3.38.1- and -11. The velocity distribution viscous

accountability as defined by Pope is given by Equation 3.3.2.2-6.

The total velocity at any chord station on the symmetric section is the sum of the velocity due to

thickness and the velocity increments due to lift and viscos?ity:

V'S = total local v/free stream V
Av, Av

_y_

VIV 9ty Y
Av P_.Aa.c.

_y a,  ac

~Vi( vV TTavN )CQ
Ay, '

= a__

*=VIiITVv o«

where the primed incremental velocity is simply a convenience parameter.

Equation 3.3.8.2-1 presents a potential confusion in terminology which exists also in Sections 3.3.2.1

3.3.8.2-1

and 3322 The tabulated Av,/V of Reference 1 is for a unit lift coefficient and must be multiplied by
the actual lift coefficient for application, as in Equation 3.3.8.2-l. The left side of Equation 3.3.2.2-6,

similarly, omits a lift coefficient denominator to put Avp/V in the same form as Av,/V.

No experimental tests of Equation 3.3.8.2- can be offered.

REFERENCES

1. Abbott, Ira H. and von Doenhoff, Albert, E., Theory of Wing Sections. Dover Publications, 1959.
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TABLE 3.3.8.2- THICKNESS VELOCITY DISTRIBUTION, v/V, 16-SERIES
SECTION, 6% < t/c < 21%

CHORD
STATION
xft, % PARABOLIC REGRESSION LINEAR REGRESSION
1,25 1.0278 +0.2592 t/c - 3.9087 (t/c)2 $0.002 -
25 10101 + 07211 tic — 29563 (t/c)? & 0.002 -
5 0.9929 + 1.0440 tfc ~ 2.4206 {t/c}* * 0.001 -
10 1.0007 +0.9096 t/c = 0.7341 {t/e}2 £ 0.001 | 1.0121 +0.7114 t/c + 0.003
15 1.0038 + 0.8701 tic « 0.1786 {t/c)2 0001 | 1.0066+ 0.8219 t/c & 0.001
20 1.0000 + 0.9674 t/c — 0.2778 (t/c)2 £ 0.000 | 1.0044 + 0.6924 tf¢c + 0.001
50 1.0007 + 1.0755 tfe+ 0.2778 (t/c)2 £ 0.000 | 0.9964 + 1 1508 t/ic + 0.001
50 0.9982 + 1.1948 t/c = 0.2381 {t/e}2 £0.002 | 1.0019 + 1.1306 tfe  0.002
.
b
R o
[R® R80-0941-003B T+ (1 10nfc — 005 (B (t/c)2 2 00 O | W5 106+ 06 LS 3t/e tfe ke 000 00

TABLE 3.3.8.2:11 ADDITIONAL VELOCITY DISTRIBUTION, A "aN' 16-SERIES SECTION,

6% <tle<21%

CHORD
STATION

xlc, % PARABOLIC REGRESSION LINEAR REGRESSION CONSTANT

1.2% 1.4629 — 12413 tlc — 3.0357 (¢/c)2 t 0.003 - -

25 —

5 - -

10 B: 6849 ¢ B.84% Ys = L4447 (ye)? 2 D4R |0-4823 ~0.0838 /¢ 0,002 -

15 0.3783 + 0.0177 tfc = 0.1786 (t/cl2 + 0.000 10.3811 = 0.0305 tfc t 0.001 | -

20 0.3186+ 0.0135 t/¢ =~0.0992 (/)2 £ 0.000 |0.3201 ~0.0133 t/c t 0.000 .318 + 0.001
50 0.1589 +0.0152 tfc +0.000 |0.1589 +0.0152 tf/¢ £ 0.000 161 £ 0.001
60 0.1286 +0.0315 t/c = 0.0992 (t/c)2 £ 0.000 |0.1302 + 0.0048 t/e £0.000 131 2 0.001
70 0.1070 - 0.0606 t/c + 0.1786 (t/c)2 ] 29‘(),5),\' 0.1042 - 0.0124 t/c % 10.001 103 £ 0.001
80 0.0790 = 0.0333 t/c tU.UUU 0.0790 = 0.0333 t/¢ t 0.000 _
R80-0941-004B
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3.3.8.3 Cambered Section.

Appendix Il of Reference 1 gives the velocity distributions for a wide range of mean lines. It is
noted in Section 3331 that the a = 1.0 velocity distribution of Reference 1 is impractically idealized and
is better represented by the velocity distribution for the a = .94 mean line which is uniform over 94% of the

chord with a velocity given by:
Av/V=1/2(a+ 1) 3.3.8.3-I
= .258 for a = .94 mean line.

It is to be noted that the camber velocity distributions of Reference 1 are given for the inviscid ideal
lift coefficient which is identified as c’Q, in the heading of each table, as ¢g in other references, and as
1

i Tabl
co. here. For application, the tabulated velocity ratios must be multiplied by the ratio of the section

lyef

effective cg /reference cg .
‘l i

In adding the camber incremental velocity to the symmetric section velocity of Equation 3.3.8.2-1,
the lift coefficient of that equation must be identified as that for the *“additional” lift component,
cQa,Where:

cQa:cQ-—cQ: 3.3.8.3-2
‘eff

Thus the velocity distribution for the cambered section is given by:

V=t gg—cp (AU ¢ 3.3.8.3-3
vov leff cgi_r ¢ Yoff
e
= 4 Av/V Ava' c +Ava' c
A O V] e VO
lref
Av,'
=yt ‘7 g
' Av,’
where: Y =%:i/AvIV Va \ )
Co. Toff
lref } ¢

Derivation of the slope and intercept of Equation 3.3.8.3-3 from the tabulated velocity distributions
of Reference 1 is illustrated in Table 3.3.8.3-1 for the 16-309 section, with the result presented graphically
on Figure 3.3.8.3-l.
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The cavitation bucket of Figure 3.3.8.3-1 is easily constructed with a straightedge by calculating one
point, in addition to the intercept, for each chord station. It is only necessary to examine enough stations
to insure the identification of the most restrictive stations.

The significance of the effective design lift coefficient to the aerodynamic measurement of section
velocity distribution has been noted in Section 3.3.14. An abnormal extent of laminar flow, relative to the
prototype, will increase the effective cQ_l to something approaching the inviscid value. Typically, the model
effective cQ‘_lis a function of the lift coefficient, with the scale effect being most persistent at the lift
coefficients of greatest interest to the cavitation bucket. The effect on the cavitation bucket is shown on
Figure 3.3.8.3-2 where the 0.21 cgieff bucket would be expected to represent the prototype while the
model might be expected to range from the 028 co,  bucket at low lift coefficient to the prototype
bucket at high lift coefficient. eff

The illustration of the effect of Pope’s function, also included on Figure 3.3.8.3-2, is of particular
significance. It indicates first that the effect represented, the lift redistribution which shifts the aero-
dynamic center, is not likely to be measured by the precision of current experimental equipment, even for
the 16-Series section where that effect is extraordinarily large. More significantly, it indicates that viscous
effect is practically limited to lift curve slope; i.e. numerically derived cavitation buckets presented as a
function of lift coefficient with and without Pinkerton’s function should be very nearly the same.
Conversely, if such buckets differ Pinkerton’s function and/or Pope’s function do not adequately present

the viscous effect upon the aerodynamic center. This line of investigation deserves pursuit.

Reference 2 presents a wealth of velocity distribution data significant to hydrofoil theory,
experiment and design, which can only be sampled in the time available. An examination of the 16-309

camber velocity distribution measured in Reference 2 is shown in Figure 3.3.2.3-3.

Figures 338.3-3 and 33834 compare measured and predicted velocity distributions for two
chord stations and graphically illustrate the difficulty in testing the theory and in insuring a valid test of
prototype characteristics. The value of Reference 2 would be substantially enhanced if similar data were
available for the 16-009 section. Without that basic data, a substantial amount of quantitative significance
could still be derived from the pressure measurements of Reference 2 by means of three identities:

&S5 V2= 3.3.8.3-4

(\/SE~\/§E)/4 + (Su—SQ)ISVV’-'—A%;‘ 3.3.8.3-5
v Av, Av,
(Su‘—SQ)/S—\','—(\/S;—\/EQ)/AL =5 cg:ﬁ+_\7 co 3.3.8.3-6
e
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Av
where:-—vg' = slope

cg. = intercept/slope
leff

and S=1-—CP.

Figures 3.3.8.3-3 and 3.3.8.3-4 are concerned with the confidence level associated with the prediction
of the velocity distribution on the chord. Figure 3.3.8.3-5 addresses the additional question of the
identification of that chord station which presents the peak pressure coefficient. The wind tunnel
cavitation buckets of this figure are taken from Jones, Reference 3, which presents valuable insight into
the hydrodynamic significance of Reference 2. Figure 3.3.8.3-5 illustrates the cavitation bucket con-
straints produced by the pressure peaks which occur forward of the 1.25% chord station. The significance
of these peaks is considered in Sections 3.385 and 3.3.8.6. The significance at the lower surface comer
of the bucket should be noted.

No conclusions are to be drawn from this brief review, which can serve only as an introduction to
an adequate study of the significance of Reference 2.

REFERENCES
1. Abbott, Ira H. and von Doenhoff, Albert E.. Theory of Wing Sections. Dover Publications, 1959.

2. Teeling, P.. Low Speed Wind Tunnel Tests of a NACA 16-309 Airfoil with Trailing Edge Flap.
DeHavilland Aircraft of Canada Report ECS 76-3, October 1976.

3. Jones, E. A. Model Scale Effects on a 16-Series Flapped Hydrofoil Section. Defense Research
Establishment Atlantic, Dartmouth, N.S. February 1978 informal communication.
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TABLE 3.3.8.31 VELOCITY DISTRIBUTION, 16-308 SECTION, ¢ =021A4ac-= 0.0315

ff

STATION,% | 1.25 | 25 5 10 20 | 30 | 40 | 48% | 50 60 70 75+ 80
iV 1021 |1.053 |1067 | 1076 |[1.085 |1001 |1.096 |1.098 [1100 | 1106 | 1.088 | 1.087 | 1.075
(AvN)/cg 0.258

‘ref
av v |1330/ 0964 o6sh 0als ospo 046 0]z ofi7s g1mast | o103 | oo | oo |
P 3.0762 [4.3256 |5.2869| 5.4794 [4.1095|2.7397| 1.3699 | 0.6500 0 -1.3699 [-2.7397 |-3.4500 |-4.1095
Avp/V 0.024 [0.032 [0.039 [0.040 [0.030 [0.020 [0.010 [0.005 [0 -0.010 [-0.020 |-0.025 |-0.030
av,' IV 1354 [0.996 [0.723 |0.515 |0.349 [0.265 |0207 [0.183 [0.160 | 0.121 | 0.083 | 0.065 | 0.046
Yy 0791 |0.898 [0.967 |1.022 |L066 |1000 | 1107 |1.114 |1.121 | 1.436 | 1.136 | 1.128 | 1.120
vy 12.511 1201 1.16'7 11%0 .11?4.10‘92. 1?85 1|0182 01977 ] 1.062 |1.o46 l1.030 ]
‘INTERPOLATED

AVP/V = 0.0315 Pac/‘ v/V = 0.007875 PaC/V/V

Av, [V=A va/V + AvplV

Av'
aviv
veuve (Y 2\
c v 2
' iref eff

R80-0941-0138
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3.3.8.4 Flapped Section.

VELOCITY DISTRIBUTION

Equations 3.3.2.4-2 and 3.3.2.4-4 identify the incremental velocity distribution due to the basic
component of the flap lift as:

A °q
(_\‘;) F/cflba =% (_cg_b) . 3.3.8.4-1
MRS
—t .
= o =) -

where it is concluded in Section 3324 that Allen’s viscous redistribution of the wvelocity over the flap is
not testable.

Equation 3.3.8.4-1 does not provide the hinge line velocity which is therefore taken from Table IlI
of Reference 1. To avoid the necessity of referring to a table for these velocities, they are approximated
by the equation:

1 ~-3/4
M—) cp. ==+ 0.175 (cg/e) for § <15° 3.3.8.4-2
v F, b 2

= 0.415 + 0.1034 (cgfc) 3/4 for §= 20°

The incremental velocity distribution of Equation 3.3.84-1 is illustrated. in Table 3.3.84-1 and in
Figure 3.384-1 for flap chord ratios of 20% and 25%. The table and figure also present comparisons of
Equation 3.3.8.4-2 with Allen’s values.

The total incremental wvelocity for the flap lift is given by:

é!_) =_41_) +(él’-) 3.3.8.4-3
(V ) (V ad \V/bd

Av

= + — ¢
V /s Sy b

Av, ' (A‘\L)
=<v 2 )(1—;)(c,2)6+ VF § (s

s
Av ‘ '
Av, ' — Av
a a

s
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The parameter § is defined for convenience:

Av
(Ve ave

a=—L- " 3.3.8.4-4
)

to reduce Equation 3.3.84-3 to:

A !
(é%) 5 ( ‘i}a +§ Q)(Csz)a 3.3.8.4-5

Reference 2 contains many tests of Equation 3.3.84-5 of which time permitted only those on
Figures 3.3.2.4-7, 3.3.2.4-8, and 3.3.2.4-9.

For the flapped section, the incremental velocity of Equation 3.3.84-5 is added to the summation
of Equation 3.3.8.3-3:

Av,' Av,'
\/g =!V_ + AV/V eq. + __{? (cg)a + (_V_a + s‘ ﬂ) (CQ)ﬁ 3.3.8.4-6
Qi‘tef ‘eff

[<d

Equation 3.3.8.4-6 presents the most general form of the flapped section cavitation bucket, The
added variable presented by the flap adds very substantially to the analytic, experimental, and intuitive
complexity of the cavitation characteristics.

FORMS OF THE FLAPPED SECTION CAVITATION BUCKET

Traditionally, the flapped section cavitation characteristics are presented graphically as a family of
pitch lift cavitation buckets for a range of fixed flap angles. Analytically, that presentation replaces the
pitch lift of Equation 3.3.84-6 by its equivalent in terms of total, flap, and camber lift from the
relationship:

° = (et (C)s * <y, ¢ ' 3.3.8.4-7
e
to obtain:
A
v  Avy’ —\—‘; Av,’
V=gt (o= (edg—ep |t oy  xH— +E 9 (ep)s 3.38.4-8
‘offa % leff
ref
Av
v Av,' . Av.'
=% c - Va CQi ifﬂ(cQ)ai \? cg
B et eff
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For any given flap lift coefficient or flap angle, and section chord station, Equation 3.3.8.4-8 still
presents the incipient cavitation boundary as a linear function of the section lift coefficient and the
cavitation bucket as an included envelope of such boundaries. The derivation of the pitch lift cavitation
bucket for a particular flap lift is illustrated in Table 3.3.8.4-11 and on Figure 3.3.8.4-2. A family of such
cavitation buckets is shown on Figure 3.3.84-3. Such cavitation buckets are traditionally identified by

flap angle but identification by incremental flap lift coefficient distinguishes lift and lift distribution
uncertainties.

The format of Figure 3.3.84-3 is ill-suited to study of the flap lift control system, being subject
to misinterpretation. The format is an incidence lift control format, presenting the cavitation advantage
obtained when such a system is fitted with a flap which can be scheduled with speed. The optimum
cavitation bucket for such a system has the envelope of the upper surface bucket corners of Figure 3.3.8.4-3
for a boundary. That is, the flap can be employed to produce equal pressures at the leading edge and flap
hinge throughout the speed range, thus tending to maintain a uniform chordwise lift distribution
throughout that speed range.

The locus of the upper surface bucket comers of Figure 3.3.8.4-3 is the simultaneous solution

of Equation 3.3.84-S written for the leadina edoe and hingeline stations:

Q AVa’ Ava'
Vg Qe VYh + h UV LE ~ e Y /a
V5= ﬂ T 3.3.8.4-9
0p - h—SILE

The required flap schedule with speed is obtained by solving Equation 3.3.84-9 for cg and sub-

stituting the result into the boundary equation for the leading edge or hinge station:

) (A:?I ) LE (AI?, )h JS_

3.3.8.4-10

where: S=1+g¢

The same flap schedule reduces the incidence hinge moment although it is not the optimum
schedule for that purpose.
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The appropriate analytical form of Equation 3.3.84-6 for flap lift control is obtained by -eliminating
the flap lift term by reference to Equation 3.3.84-7.

Av

\/§= vEsQ cg. ¥ $Q (cSZ)oz i( Va + S’Q) cq 3.3.8.4-11
‘eff

The derivation of the flap lift cavitation bucket is illustrated in Table 3.3.8.4-III and on
Figure 3.3.8.4-4 for zero pitch lift, i.e. for straight and level flight in smooth water. Again, it must be
emphasized that the Ilift control system design problem is one of providing effectively cavitation-free lift
coefficient ranges and is therefore most conveniently considered in speed /S) = lift coefficient form.
The corresponding flap angles are a mechanical design problem, of interest only for the final configuration
and available from Equation 3.3.8.4-7.

The flap lift control cavitation characteristics are the product of the distinctive chordwise lift
distributions for pitch lift, Section 3.32.1, and flap lift, Section 3.3.24. These two distributions are
compared on Figure 3.3.84-5 for the section of Figure 3.3.8.4-4 Because flap lift does not load the
leading edge as heavily as pitch lift, flap lift control effectively expands the smooth water (zero pitch

lift) pitch lift cavitation bucket as shown on Figure 3.3.8.4-4.

The flap lift control system works at a disadvantage when the foil is not at the design pitch angle.
The incidence lift control system cancels such induced angles; the flap lift control system cancels the
induced lifts by applying opposite lift of another chord distribution. Thus, the flap lift cannot fully
relieve the leading edge load produced by a positive pitch angle and exposes the hingeline to cavitation to
restore the lift lost at a negative pitch angle. The effect is accounted for by the (¢g), term of
Equation 3.3.8.4-11.

Coordinated turns produce such steady state induced angles which might range to two degrees,
negative on forward foils and positive on aft foils. The corresponding section angle of attack is subject
to many influences but 152 degrees, (cg), = .15, is assumed here for illustration. The pitched flap lift
cavitation bucket is derived in Table 3.3.8.4-IV and compared with the zero pitch flap lift bucket and
with the pitch lift bucket on Figure 3.3.8.4-6.

The /S— cq section cavitation bucket format is well suited to analysis but is intuitively obscure.
The boundaries of Figure 3.3.84-6 can be transformed to the V — L/S format by the definition of
Equation 3.38.1-2 in the form:
1/2
V= [(Ps-—Pv)/*g (S~ 1ﬂ 3.3.8.4-12
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where: Ps = static pressure at section depth
Pv =vapor pressure

L/S=qc,2____12’_\/~2c’2

The V — L/S format is valid only for a particular depth, and angular relationships for the section are
a complex function of the foil planform. Therefore the format is not suited to analysis although well
suited to the intuition. Figure 3.38.4-6 is therefore repeated in the V — L/S format on Figure 3.3.8.4-7
only to provide a qualitative appreciation for its significance.

Every flapped section has some chord station for which the incipient cavitation boundary is
independent of the lift mode, ie. it is identical for pitch and flap lift. That chord station is marked by
the intersection of the two lift distributions of Figure 3.3.84-5. Its location is a weak function of the
flap chord ratio and a wvery weak function of camber and thickness for characteristic hydrofoil sections.

It is therefore characteristically found in the vicinity of the 45% chord station for such sections. The mid-
chord position for this station means that it provides a close measure of the section speed capability under

all lift requirements and therefore becomes a significant station for preliminary optimization studies.

The significance of the 45% station is illustrated in Figure 3.3.8.4-7 which shows the insensitivity
of this station to pitch. The station has a similar insensitivity to flap angle; for optimization applications
it is the pitch lift boundary of the unflapped section which would be employed. The significance of the
45% station boundary lies in its relationship to the top of the cavitation bucket and particularly, to the
upper surface comer of that bucket.

Orbital velocity presents a pitch lift case where the induced angle is inversely proportional to speed.
The case is well-defined only for the three-dimensional foil, but is illustrated here to show its relationship
to the fixed pitch case. For the orbital velocity case, Equation 3.3.8.4-11 may be written:

- - Yw Ava'
\/§=¢+§Qc2ieff+§ﬂc%{ _V—i(V +§Q cg 3.3.8.4-13

+/Sis not a linear function of cg for this case and studies of the orbital velocity effect on the section
are not productive for the current state of the art, so the case is presented here only in the V — L/S format
where Equation 3.3.8.4-13 may be written:

Lo+ /87y +tQe +tQco X fﬂwn 3.3.8.4-14
S ay- Qieff 'QaV v

where: q ranges over the speed range of interest.
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The 243 ft/sec orbital velocity for a 9 ft mean depth in a 6 ft x 120 ft wave might be considered a
typical value, but 185 ft/sec is employed here for the section to account for the finite span induced angle.
This orbital velocity produces the 1.52 pitch angle of Figure 3.3.8.4-7 at 41.3 knots, The orbital velocity

cavitation buckets, shown on Figure 3.3.8.4-8, differ quantitatively but not qualitatively from the fixed
pitch angle buckets of Figure 3.3.8.4-7.

The pressure coefficient, S, can be written as a function of the section lift coefficient;

P, - P pg-P P P
_ 5~y Sv LS _ sy ;
s=142F 1R =1t o 3.3.8.4-15
P PV P P P P
=1 775 % L/S (clg * LS (cgds

lett

With this identification for S, the general form of the flapped section cavitation boundary of
Equation 3.3.8.4-6 may be written:

Av,' 2 2 LV Av AvjV Ava ! Ava'
( v +§'\Q\) (cds 2ty o0 Cgieff+T (cg)y v tEe— 3.3.8.4-16
'ref
2
P - P, v, AV Avy' P, - P, P - P,
(clg tlEyt cg. +t—g (| It~ 8 %% *1is < (cg)

which is forbidding algebraically but not numerically. For example, for the 16-309 section, for a
(Pg ~ Pv)/(L/S) of 1.7627, Equation 3.3.8.4-16 becomes:

Av,' 2 2 Av,' (Ava'
( v + fﬂ) (cg)s + 32 [V +0.054 + v (CQ)O(] v +¢ Q) — 1.7627} (CQ)G +
+| ¥4 0.054 +ﬂil-(°5z) 2--13702—17627 (cp)y =0 3.3.8.4-17

where the station parameters required are presented in Table 3.3.8.4-V.

Equations 3.3.8.4-16 and 3.3.8.4-17 present the incipient cavitation flap lift coefficient for any
chord station, for a particular (Pg— P)/(L/S)as a quadratic function of the pitch lift coefficient. The
angular relationships are obtained simply by substituting the product of the Ilift curve slopes and angles for
the two lift coefficients. This form of the cavitation bucket is illustrated in Figure 3.3.8.4-9, where the
cavitation-free area is the included “corridor” between the leading edge and hingeline boundaries. The
bottom of the corridor is marked by mid-chord cavitation, where the relationship with the 45% station
boundary should be noted, and the top of the corridor is marked by theoretical uncertainties associated
with the flap effectiveness at large flap angles. The alternative hingeline boundary is discussed later in
this subsection.
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For a particular foil loading, the lift curve may be written:

L/S
6 = -—-[— _— -_ < -
( a T Y “)/ % 3.3.8.4-18

which provides the speed grid within the corridor of Figure 3.3.8.4-9. At some effective leading edge and
hingeline boundary, these speed lines take a different form where form and effective boundary are still

uncertain.

The restriction of the a«— § corridor to a particular foil loading and depth limits its usefulness but
it is ideally suited to prototype testsconducted under this restriction. Only elementary measurements are
required, and the angular measurements display the effect of cavitation; in fact such cavitated angular
measurements should define the cavitated form of the lift equation, Equation 3.3.8.4-18.

Note that Figure 3.3.8.4-9 could be viewed from the § scale or plotted as a flap angle corridor on a
speed scale or, alternatively, it could be viewed from the ¢ scale or plotted as a pitch corridor on a speed
scale. Neither practice can be recommended because al three dimensions, flap angle, pitch, and speed, are
required to identify a cavitation-affected point. Prototype observations on such forms of the « ~ §
corridor can be particularly misleading because the lift effect of the cavitation makes flap angle observations
optimistic and pitch angle observations pessimistic.

Again, it must be emphasized that all of the prevalent forms of the flapped section cavitation bucket
have been shown here for the purpose of comparison. Some of these forms are not suited to section study,
particularly in angular dimensions, but are employed effectively in Section 3.8. Experience with the
flapped section cavitation characteristics is till so limited that no preferred format for their display is
yet evident.

AERODYNAMIC TESTS OF THE FLAPPED SECTION CAVITATION BUCKET

Aerodynamic pressure distribution data for the flapped section is quite limited and time permits
only an indication of the precautions which must be observed in interpreting that data

Jones offers a cavitation bucket interpretation of the 4.05 x 106 Reynolds Number zero- and
six-degree flap angle pressure distribution data of Reference 2 on Figure 15 of Reference 3. The zero-flap
bucket has aready been examined in Figure 3.3.8.3-5. The six-degree flap angle bucket is examined here.

The lift curves for this case are shown in Section 7.2.1, Page 5 of Reference 2, which is repeated
as Figure 3.3.8.4-10. The flap lift coefficients, with and without the transition strip, are obtained by
comparing the measurements, using the appropriate unflapped lift curves of Tables 3.3.1.2-VIII and
3.3.1.2-1X, with the results shown on Figure 3.3.8.4-10.
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The moment curves for zero- and six-degree flap are found on Pages 4 and 5 of Section 7.2.4 of
Reference 2 and are combined here for reference in Figure 3.3.8.4-11. These curves are more difficult
to correlate than the lift curves, but more significant to the cavitation bucket because they are sensitive
to the distribution of the Iift.

The intercept for the moment curves of Figure 3.384-11 is the ¢y cWhiCh, for the unflapped
a

section, is given by Equation 3.3.3.1-2 as:

Cmac ==cp  (c.p., = ac) 3.3.8.4-19
1
eff

where: cp = 02086 from Table 33.12-1X for this particular case with fixed transition
leff

c.p.c = 0.485 from Equation 3.3.3.1-2
ac. = 02325 from Figure 3.32.1-10 for this particular case with fixed transition
The fixed-transition, zero-flap intercept of Figure 3.3.84-11, then, is given by:

¢ ==—0.2086 (0.485 = 0.2325) = -0.0527 3.3.8.4-20
ac

Since the lift is defined as acting through the aerodynamic center, the moment about the quarter
chord point is given by:

=c -~ ¢p (ac. = 025 3.3.8.4-21
cmc/4 mac Q ( )

=-0.0527 = ¢y (0.2325 — 0.25)
=-0.0527 + 0.0175 ¢q
which is the equation for the fixed transition, zero flap line of Figure 3.3.8.4-11.

The c,, increment due to flap is given by Equation 3.3.3.2-3 as:
ac

Ac -¢ (c.p.5 —a.c) (cq)s 3.3.8.4-22

Maes
where:  § = 0.4527 from Figure 3.3.2.4-1

C.p.§ = %4+ —;—X 0.75 = 0.626 from Equation 3.3.3.2-1

(CQ)ﬁ = 0.2936 for this particular case from Figure 3.3.8.4-10.
For this particular case, then, the flap incremental c¢m ac is:
Ac,,  =-0.4527 (0.625 = 0.2325) X 0.2936 3.3.8.4-23
acg
=-0.0522
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and, with Equation 3.3.8.4-21, the quarter-chord moment for the fixed transition, 6 degree flap case
becomes:

=-0.0527 — 0.0522 + 0.0175 ¢ 3.3.8.4-24
cmc/4 £

=-0.1049 + 0.0175 ¢g
as shown in Figure 3.3.84-11.

For low lift coefficients without fixed transition, Table 3.3.1.2-VIII gives the ch as 0.2798, nearly
the inviscid value, for this particular case. The inviscid center of pressure for the a = 1.0 camber line is 0.5
and the inviscid aerodynamic center for the 9% 16-Series thickness distribution is 0.2639 from
Figure 3.3.2.1-4. If the case without fixed transition approximates the inviscid case, then Equation
3.3.8.4-19 becomes:

C =-0.2798 (0.5 — 0.2639) = -0.0661 3.3.8.4-25
Mae

and Equation 3.3.8.4-21 becomes:

cmc/4 =-0.0661 — cg (0.2639 — 0.25) 3.3.8.4-26

=-0.0661 — 0.0139 ¢y
This is shown in Figure 3.3.84-11 for the unflapped case without fixed transition.

The ¢ and c.p.g of Equation 3.3.84-22 are the inviscid values and, with the inviscid aerodynamic

center and the flap lift of Figure 3.3.8.4-10, that equation becomes:

Ac = -0.4527 (0.625 — 0.2639) X 0.3406 3.3.8.4-27
Maed

=-0.0557
This, with Equation 3.3.8.4-26, provides:

=-0.0661 = 0.0557 — 0.0139 3.3.8.4-28
Cmc/4 CQ

=-.1218—0.0139 cp
which is shown on Figure 3.3.8.4-11 for the 6degree flap case without fixed transition.

The fixed-transition correlations of Figure 3.3.8.4-11 are quite good, though subject to systematic
error at the high lift coefficients where the lift begins to fall off on Figure 3.3.8.4-10. The fixed-transition
case is the case of interest to the prototype. The case without fixed transition, of interest to model tests,
promises difficulty in the interpretation of model tests. Note that the zero-moment slope of Figure
3.3.8.4-11 without fixed transition might be indicative of a quarter-chord aerodynamic center position,
the inviscid flat plate value. It is more likely, however, that the zero slope is apparent only, and results from
qualitative boundary layer changes at low lift coefficients.
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The six-degree flap lift and moment curves of Figures 3.3.84-10 and 3.3.8.4-11 describe two cases.

With fixed transition: Without fiied transition: 3.3.8.4-29
€Q. =0.2086 ~ 0.21 €¢.  =0.2798 = 0.28
‘eff ‘eff
Aac. = 0.2639 — 0.2325 =0.0314 Aa.c. =0
~ 0.0315
(cQ)5 = 0.2936 (cQ)S = 0.3406

The case with fixed transition, the prototype case, is well defined. It must be emphasized, however, that
transition strip effects are subject to the configuration of the transition strip. It is shown in Section 3.3.9
that the transition strip of Reference 2 produced prototype drag characteristics while that of Reference 4
did not, The two transition strip configurations are compared in Section 6.1.1.1. The case without fixed
transition is ill-defined, with an abrupt pressure distribution transition between the 05 and 0.7 lift
coefficients and with some indication of a smaller transition throughout the lower lift coefficient range. It
is unfortunate that this data was not continued to the stable negative lift coefficient range in order to aid
understanding of the transition range. It is still more unfortunate that comparable data is not available for

the symmetric section.

The cavitation buckets for the two cases of Equation 3.3.8.4-29 are shown in Figure 3.3.8.4-12; the
boundary derivations are similar to those of Table 3.3.84-U and are not shown. A companion wind

tunnel test for zero flap is shown in Figure 3.3.8.3-5.

Figure 3.3.84-12 shows a surprising similarity between the measured results with and without the
transition  strip. The high lift coefficient measurement/theory comparison shows the effect of pressure
peaks forward of the 1-1/4% station and/or separation and is not very significant since this area of the
bucket does not guide design. The lower surface, similarly, does not guide current design practice but
could become significant to larger craft of large fueliweight ratios. The lower surface measurement/theory
comparison needs further investigation. The discrepancy is probably, though not certainly, due to
pressure peaks forward of the 1-1/4% station. That possibility could be evaluated easily if the 16-Series
thickness distribution velocity distributions of Reference 4 were extended further forward. Note that

measurement density and precision complicate interpretations of this type of data.

The most significant indication of Figure 3.3.8.4-12 is the hingeline theoretical optimism, which is
given added intuitive significance by the dimensional comparison of Figure 3.3.84-1.3. Note that the
bucket of Figure 3.3.8.4-13 is only one of the continuum of buckets which define the flap lift control
system, each dominated by the hingeline boundary and, together, constraining the operational flap/pitch
range as shown in Figure 3.3.8.4-9. That hingeline pressure is not available to theory, presenting an
analytic singularity and practical local configuration problems.
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The only general definition for hingeline pressure which can be offered here is Allen’s empirical
definition of Reference 1, shown in Table 33.84-1 and on Figure 3.3.84-l. Allen’s hingeline pressure
coefficient was derived from aerodynamic section data obtained at a Reynold’s number of 1 x 10%. From
comparison of this data with unspecified data obtained at a Reynolds number of 3.7 x 106, Allen concludes

that the scale effect is unimportant (to aerodynamic application) although a delay in separation is noted.

Sections 7.5.8 and 7515 of Reference 2 provide measurements of the hingeline pressure coefficients
for the two cases of Figure 3.3.84-13. Assuming that every other coefficient of Equation 3.3.8.438 is

correct, the (Av/V)FI cha can be derived from those measurements as o
(&v/V)p Av,' _ Ay’
CQ__ =/S—V¥y + (sl v - <q, gcg)gg 3.3.8.4-30
bd

where: S=1-CP.

The result is shown in Figure 3.3.84-14. Figure 3.3.84-14, then, displays those values of (AV/V)F/CSZb5
which would provide perfect experimental correlation for the bottoms of the buckets of Figure 3.3.8.4-12.
The effect of the transition strip on the correlations of Figure 3.3.8.4-14 could, therefore, be of substantial
significance because a contradiction to Allen’s scale effect conclusion is indicated. The effect of the fixed-
transition 1.5 coefficient is shown in Figure 3.3.84-9 where it profoundly affects the a == § corridor. The
effect of Figure 3.3.84-9, however, differs rather significantly from the unknown prototype effect of
Section 3.8 although both constrain the theoretical corridor.

It will be recognized that no single test result can redefine the hingeline pressure. The characteristics
of Figure 3.3.84-14 may be functions of thickness, thickness distribution, camber, flap chord ratio and/or

flap angle. A great deal more experience is required for a confident general definition for (Av/V)F/cha.
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TABLE 3.3.8.4-

FLAP BASIC LIFT VELOCITY DISTRIBUTION

R80-0941-019B

(A VIVIgle, =

AT FLAP HINGE: (A w‘V)F/csz
b6

|

h/c = 80% h/c = 75% HINGE LINE {A v/V)FIc,Zm
x/c | (A v/V)F x/c | A vN)F S <15 5 =200
% <, % ¢ cflc

bs bé | % [eauaTion | ALLEN | EQUATION | ALLEN
o lo o lo | 2.155 2.185 1.393 1.458
2.5 | 0.032 25 | 0.034 N T 1.484 1510 0.996 1.013
5.0 | 0.046 5.0 | 0.049 T 1.226 1223 0.844 0.845
7.5 | 0,057 75 | 0.061 | 20 1.086 1.100 0.761 0.755
10 | 0.067 10 | 0.072 1| 25 0.995 1.003 0.707 0.708
15 | 0.085 15 | 0.091 ‘[ 30 0.932 0.928 0.670 0.675
20 0.102 20 0.109 # 35 0.885 0.875 0.642 0.658
25 |0.118 25 |0.127 I a0 0.848 0.838 0.621 0.645
30 |0.135 30 | 0.146 as 0.819 0.808 0.603 0.640
35 | 0.153 35 | 0.166 50 0.794 0.788 0.589 0.640
40 |0.472 40 |o0.188 55 0.774 0.778 0577 0.645
45 | 0.194 45 |0.213 60 0.757 0.765 0.567 0.655
50 0.219 50 0.242 65 0.742 0.760
55 0.248 55 0.278 70 0.729 0.755
60 | 0.284 60 |0.324
65 | 0331 | |65 |0391
70 | o400 | | 6750439
725 | 0.451 70.0 | 0.509
75.0 | 0.524 725 | 0.631
775 | 0.654 75.0 | 0.995
800 | 1.085 775 | 0.619
825 | 0.635 80.0 | 0.484
85.0 | 0.486 825 | 0.401
875 | 0.393 85 |0.339
90 0.320 Q0 0.242
g5 | 0.197 95 0.155
100 |0 100 |0

(WhTe /T = xJc + /T = hlc v/xlc)>
n

b5 4qhlcil-hic)

=1

I hic = xfe |

12+ 0.176 (cf/c)

-3/4

FOR &« 15°

- 0.415 + 01034 (cf/c)'3/4 FOR 6 = 20°
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TABLE 3.3.8.4-11 FLAPPED SECTION CAVITATION BUCKET, (CQ)S = 0.5276

NOTE: 16-309 SECTION cf/C = 0.25
Aac.=00315 G, 02
eff .

ROW l I | | l
NO. STATION, % 1.25 25 5 10 20 30 40 a5 60 60 70 75 80
Ava' v 1354| 0996 | 0.723]| 0515 | 0.349| 0.265| 0.207 | 0.183 |0.160{0.121]0.083,0.065|0.046
1 wu 0791 0898 0967 | 1.022]| 1066{ 1.090| 1.107 | 1.114 |1.121|1.135/1.136]1.128|1.120
¥, 1251} 1208 | 1.167| 1.120| 1.104] 1.092| 1.085 | 1.082 |1.079}1.077]1.062{1.046] 1.030
2 |la v/V)F/chB 0024 0034 0049| 0072] 0.109| 0.146| 0.188 | 0.213 |0.242{0.324|0.509 (;'925 0.484
3 |Q 71.330 |-0962 |-0.674 | -0.443 [-0.240] -0.119 | -0.019 | 0.030 |0.082]0.203] 0.426 ?330 0.438
4 ¢ -0.602 [-0.435 |-0.305 |-0.201 [-0.109 | -0.054 | -0.009 | 0.01410.037)0.0920.193 U.4';l U.gg
5 |y o+ §0le, 0.473| 0.668 | 0.806 | 0916 | 1.008 | 1.062 | 1.102' | 1-121}1.141]1.184[1.238 1.3;0 1.224
Yo —-§ 9 ey 1569 | 1 A38 | 1.328 | 1.236 | 1.162 | 1.120 | 1.090 | 1.075]1.069| 1.0280.960|0.824|0.926

ROW NO. 1. FROM TABLE 3.3.8.3
2. FROM TABLE 3.3.8.4
3. {4 V/V)F/c“ba -av, IV

4. ¢ =0.4527 FROM FIGURE 3.3.2.4-|

5. CQ= 0 INTERCEPT FOR INCIPIENT CAVITATION BOUNDARY. SLOPE I§ + A Val/V.
| R80-0941-020B
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TABLE 3.3.8.4-Il FLAP LIFT CAVITATION BUCKET, (cgl, = 0

NOTE: 16-309 SECTION ¢ =021
Leff
Aa..=0.0315 cf/c =025
ROW
NO. | STATION, % 128 25 5 | 1o 20 30 40 4 |50 |60 ! 70| 75 | 80
av,'Iv 1354 0996 |0.723 [ 0.515| 0349 |G265 | 0.207 | .183 |0.160]0.121|0.083}0.065)|0.046
1 v, 0.791 | 0898 [o0.967 10221 1.066 |1.090 | 1.107 ] 1.114]1.121|1.135 1.136]1.128]1.120
¥ 1.251 1208 1.167 1.130| 1.104 | 1092 | 1.085 | 1082 |1.079]1.077{1.062|1.046|1.030
1
¢ -0.602 |-0.435 1-0.305 |-0.201 |-0.109 HO.054 |-0.009 | D014 |0.037]0.092|0.193 0!?‘2;_ 0.198
2 {a va'/v +¢n | 0752 | 0561|0418 | 0314 | 0240 | 6211 | 0.198 | n.197 [0.197]0.213|0.276|0.487)0.244
3 wu—i’ﬂcﬁ 091710989 1.031] 1064 | 1089 |1.101 | 1.109 | 1.111 {1.1131.116]1.095]1.040{1.078
lotf
Y+t Qe 1.125 |1.117 }1.103 | 1.088 | 1.081 | 1,081 | 1.083| 1.085] 1,087 1.094 1.103} 1.134} 1.072
| leff

2. SLOPE FOR

R80-0941-0218

ROW NO. 1. FROM TABLE 3384

INCIPIENTCAVITATION BOUNDARY

3. ¢ = 0 INTERCEPTS FOR INCIPIENT CAVITATION BOUNDARY
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TABLE 3.3.84-W PITCHED FLAP LIFT CAVITATION BUCKETS

NOTE: 16-309 SECTION S =0.21
‘eff
A a.c. = 0.0315 cf/c = 0.25
ROW
NO. STATION, % 125 25 5 | 10 20 30 40 a5 50 60 70 75 80
A Va’ N+t 0.752 [0.561 [0.418 | 0.314 | 0.240 | 0.211 | 0.188 | 0.197 (0,197 |0.2130.276|0.487 [0.244
1 Wu—l‘ﬂcq 0917 [ 0989 | 1031 [ 106411089 ] 1,101 ] 1,109} 1111 11.1131.116]1.09511.04011,078
Ieff
\PQ+ S'ﬂcQ‘ 1.125 1.117 | 1.103 10838 1081} 1.081| 1.083 | 1.085 [{1.087]1.096(1.103j1.134[1.072
‘eff
t -0602 (-0435 |-.0.305 |-0.201 |-0.109 }-0.054 |-0.009 } 0.014 10.037]0.0920.193]0.421 |0.198
~ 015 ¢ Q2 1-0.090 |~0.065 |-0.046 |-0.030 |-0.016 |-0.008 [ -0.001 | 0.002 |0.005{0.014{0.029|0.063]0.030
{cy) = 0.16
2 [y 1007 | 1054 | 1077|1094 | 11051 1.109 | 1.110 | 1.109 [1.107]1.102[1.066 [0.977 |1.048
IQ 1.035 1105211057 ) 1058 1.065] 1.073 ] 1.082 | 1.087 }11.093}1.110]1.132]1.197 }]1.102
(cQ)a=-0.15
3 'u 0827]10924]0985) 1034} 1073 1093] 1.108] 1.113}1.119]1.130}1.124|1.103]1.108
'Q 1215} 1182|1149 | 11181 1097 | 1089} 1.084 | 1.083 |1.0681]1.0821.074 |1.071 [1.042
ROW NO. 1. FROM TABLE 3.3844H
2&3. | =c,=0INTERCEPT=y F¢ Q) IfQ (cg)a. SLOPE IS Ava'/V + ¢ 8
i
R80-0941-022R eff
TABLE 3.3.8.4-V FLAPPED SECTION & = § PARAMETERS
NOTE: 16-309 SECTION ¢ o2
‘eff
A a.c. = 0.0315 UPPER SURFACE cglc = 0.25
ROW
NO. | STATION.% 125 25 5 10 20 30 40 45 50 160 | 70 | 75 80
1 viV 1.021 | 1053 [1.067| 1076 |1.085 | 1091 | 1,096 | 1.0981.100[1.106{1.099]1.087{1.075
2 Ava'/V 1.354 1 0996 | 0.723 | 0515 | 0.349 | 0.265 ] 0.207 | 0.183]0,1600.121]0.083]0.065]0.046
A v, ‘IV+rQ 0752 | 0561 10418 ) 0.314 | 0.240 | 0.211 | 0.198 | 0.197] 0.197]0.213]0.276 07.4?_ 0.244
7
ROWNO. 1. FROM TABLE 3.38.3-i
2. FROM TABLE 3.38441l
R80-0941-023B
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3.3.8.5 16-309 Hydrodynamic Experience.

LIFT CURVES

The data most significant to current hydrofoil state of the art is that of Reference 1 which is known
here only as summarized in Reference 2. The measured lift curves shown in Reference 2 are presented here
as Figure 3.3.8.5-1. The expected lift curve slope for this data is:

cQ
_ *RN _ .
cg =2m——— K = 27 X 0.9786 X 0.8993 3.3.8.5-1
o Co
= 5.530 = 0.09650/deg
where: ¢g N/CQ is from Equation 3.3.1.1-1
oR o
K is from Table 3.3.1.2-XI
The expected zero lift angle is:
CQ_
dpg = - Ko 5 = 014X g 3.3.8.5-2
=-0.03533 = -2.024°
where: K g is from Equation 3.3.1.3-2
The expected effective design lift coefficient for leading edge transition is:

cg, ="Cp Ogp= 0.0965 X 2.024 = 0.1953 3.3.8.5-3
leff @
but Table 3.3.1.2-VIII, for example, indicates that this effective design lift coefficient can approach its 0.3

potential value in model scale.
The expected flap lift curve slope is:
~do =
CQS =35 cQa 0.535 X 0.0965 = 0.05163 3.3.8.54
where: do/dd is from Table 3.3.1.5-1
The expected values for the data of Figure 3.3.8.5-1 are therefore bounded by:

co = +cp 8+cp a 3.3.8.5-5
) Cszieff s 2,
= 0.1953 + 0.05163 8°+ 0.0965 o’

to 0.3 + 0.05163 5° + 0.0965 o’

These boundaries are compared with the data in Figure 8.3.8.5-1. Within the limits imposed by the
effective design lift coefficient uncertainty, the data really provides no measure of the lift curve slope or
flap effectiveness. It is of interest to note that the O-degree flap data has a slope 1% higher than expected

e,

and a zero lift angle 0.13 degrees lower than expected, neither discrepancy being significant.
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P

Figure 3.3.8.5-1 examines the data in the manner of Figure 5 of Reference 2, but a more compact
correlation is obtained by plotting the data in the parametric angle form of Equation 3.3.1.6-1 as done in
Figure 3.3.8.5-2. Here the data is seen to be consistent with the expected values, with an allowance for
an abnormal laminar flow extent, except for some apparent separation at about 0.7 cq for the large flap

angle.

Figure 3.3.1.5-5 presents the aerodynamic version of Figure 3.3.8.5-2, except that the aerodynamic
data was interpreted in terms of an emperical lift curve and flap effectiveness derived from a three-term
linear regression analysis of the data. The aerodynamic data is repeated in Figure 3.3.8.5-3 in terms of the
expected characteristics for the test Reynolds Number, with a result almost identical to the hydrodynamic

case although the extent of the laminar flow appears to have been greater in the wind tunnel.

MOMENT CURVES
(CQ)a+ {t—¢) (t:,z)5
b
eff
\ ¢ (02)5

A

oo & &
|

1/4

-

ac.

c.p.
R80-0941-038B ¢

C.P.5
It is not yet clear what the most convenient format for the consideration of hydrodynamic moments
will be. The formats, however, can be varied more easily if the lift components are located on the chord,
as shown in the sketch above. For the quarter chord reference, the usual experimental reference, the

moment components can be assembled as:

= —{ac. — Hitegy * 1 = )] = epe—3)cn, —(eps— L ¢eps 33856
e

= —-(c.p.c - }1) cp. — (a.c. —-}I)(CQ)a — {(a.c. —-1—)(1 —¢)+ (c.p.5 — %4') g] (cpls

i
eff
There are, of course, an infinite number of ways to compare this expression with measurements. The

c
Me/4

moment equivalent of Figure 3.3.8.5-1 is obtained by substituting for the pitch lift coefficient its

equivalent in terms of the camber and flap lift to obtain:

c =—(c.p.o—ac)cp (c.p.g —ac.) ¢ co dg 5 — a.c. —-1—\,} cp 3.3.8.5-7
1 o d5 4/

m
c/4 eff
The result expected from this equation for the moment data of Figure 7 of Reference 2 is:

Cm 4 = —(0.485 — 0.2325) X 0.1953 3.3.8.5-8
c
—(0.625 — 0.2325) X 0.4527 X 0.0965 X 0.535 §° — (0.2325 — 0.25) cg

=—0.04931 — 0.009173 8° + 0.0175 ¢g
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The potential result for that data is:

Cm 14 =—(0.5—0.2639) X 0.3 3.3.8.5-9
c
—(0.625 — 0.2639) X 0.4527 X 0.0965 X 0.535 8° —(0.2639 — 0.25) ¢y
=—0.07083 — 0.008440 §° — 0.0139 cg

Equations 3.3.8.5-8 and 3.3.8.5-9 are compared with the data in Figure 3.3.8.5-4. The lift coefficient
abscissa is preferred here, as in Section 7.2.4 of Reference 3, to the angular abscissa of Figure 7 of
Reference 2. This is because the intercept here is the moment coefficient about the aerodynamic center

and the slope locates the aerodynamic center.

The sensitivity of the moment to flow conditions gives it value as an indicator for those conditions
but also complicates interpretation. The 0-degree flap case of Figure 3.3.8.5-4 presents excellent
correlation, as does the lift correlation of Figure 3.3.8.5-2. On the other hand, the ten-degree flap lift
correlation is excellent to 0.7 lift coefficient but the moment correlation indicates either an abnormal
laminar flow extent or a deficient theoretical accountability for the flap moment. The ten-degree flap case

does provide a characteristic moment effect for separation.

A parametric form of the moment correlation, the equivalent of Figure 3.3.8.5-2, is obtained simply
by expressing the lift coefficients of Equation 3.3.8.5-6 as angles:

Cmesa” (cpe— 71) Uy (a-c.— %) cp 3.3.8.5-10

1 _1 do
— [(a.c. —Z)(l -+ (c.p.5 71-) §] cQa a5 )
The expected results for the Reference 2 moments is:

- _1 — -1 o
Cmeja (0.495 —1) x 0.1953 — (02355 3) X 0.0965 o 3.3.8.5-11

- [(0.2325 —-}{) X 0.5473 + (0.625 - i‘) X 0.4527] X 0.0965 X 0.535 &°
=—0.0459 — 0.00827 (8° — 0.2042 o)

The potential result is:

- {1_1). _ _1
mgya ™ (2 3) X0.3 (0.2639 4) X 0.0965 o 3.3.8.5-12

- [(0.2639 — %) X 05473 + (0.625 — %) X 0.4527] X 0.0965 X 0.535 &°
— —0.075 — 0.009157 (8° + 0.1464 o)

The form at once loses the convenience it has for lift because the expected and potential parametric

angles are not the same for moment. Equation 3.3.8.5-12, however, can be written as:

Cm /4 = —0.075 — 0.01572 5° + 0.006565 (§° — 0.2042 o) 3.3.8.5-13
c
for comparison with the data as shown in Figure 3.3.8.5-5. The result has no obvious advantage over
Figure 3.3.8.5-4.
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DRAG

Drag provides a still more sensitive measure of the section flow conditions but the model drag has
such a complex pattern that extremely dense, extremely precise data is required for interpretation. The
drag data of Figure 6 of Reference 2 is presented here as Figure 3.3.8.5-6. The expected drag curves of
Figure 3.3.8.5-6 anticipate the conclusions of Section 3.3.9 and reflect the aerodynamic drag data of

Reference 3 for the same section.

The zero flap data of Figure 3.3.8.5-6 seems to present a drag bucket although there is no evidence
of an abnormal extent of laminar flow in the lift and moment curves of Figures 3.3.8.5-2 and 3.3.8.54
and the minimum drag coefficient is very high for a drag bucket. There is no indication in this data of a
flap incremental minimum drag coefficient; on the contrary, the zero- and 10-degree flap drag curves are

remarkably similar.

Figure 3.3.8.5-6 is repeated in an analytic form as Figure 3.3.8.5-7, where the slope for the data is
the wake factor, Ky ye- The slope of this data is practically identical with that of Reference 4 and is
five to ten times the normal, prototype Reynolds Number, wake factor; such wake factors are considered
here to be characteristic of a moving transition point. Such an interpretation would be credible for the
ten-degree data of Figure 3.3.8.5-6 but carries the zero flap data to an incredible turbulent friction drag
coefficient. In short, as noted by Jones, the drag data of Reference 2 must be discounted.

CAVITATION HYSTERESIS

For convenience, water tunnel cavitation tests are conducted by reducing tunnel pressure and
cavitation number for a fixed geometry. Traditionally the pressure and cavitation number are then increased,
without force measurements, to record the cavitation number at which the cavitation disappears —

“closure”. Several analytical difficulties result.

Effective cavitation is defined by the lift, drag, and moment curves. It requires several points on
each of those curves for the wetted performance, and for each of the cavitated modes, for good definition.
Where those curves are of cross-plot construction, the test program must be very dense in cavitation number.
The Reference 2 performance characteristics are limited to wetted performance, although hinge cavitation
is within the flap lift contfol operating envelope and leading edge cavitation is within the operating

envelope for flap and incidence lift control systems.

In Reference 2 Jones presents hydrodynamic pitch cavitation buckets which are a mean of the
observed incipient and closure cavitation numbers. This is the type of data required to give significance
to the theoretical boundaries except that, where there is a distinction, that data must be for incipient
cavitation and/or closure. If there are no force effects in the hysteresis region, closure is inconsequential.
If there are force effects in the hysteresis region, incipient cavitation and the theoretical boundaries are

inconsequential.
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Jones presents a few individual incipient and closure cavitation numbers which indicate that the
difference is small for mid-chord cavitation, where the precision requirement is greatest. All of his
cavitation boundaries are therefore employed here as comparable with theory; i.e., indicative of

incipient cavitation.

The mid-chord observations are shown in Figures 3.3.8.5-8 and 3.3.8.5-9, where they are compared
with the theoretical boundaries of Section 3.3.8.4. The leading edge cavitation observations are shown in
Figures 3.3.8.5-10 and 3.3.8.5-11, of which the 3.3.8.5-10 figure is particularly significant. Jones attributes
the scatter at 2.49 X 108 Reynolds Number to scale effect. Note that there is a lift disturbance for this
case on Figure 3.3.8.5-2. For this particular case Jones’ mean was based upon the shaded points of
Figure 3.3.8.5-10.

The 2.49 X 108 Reynolds Number observations of Figures 3.3.8.5-8 through 3.3.8.5-11 are carried

throughout the following analyses, where significant, as an indication of the analytical precision.
HINGELINE BOUNDARY

Figures 3.3.8.5-12 and 3.3.8.5-13 compare two of Jones’ cavitation buckets with the theoretical
buckets of Section 3.3.8.4. These figures should be compared with the lift and moment characteristics of
Figures 3.3.8.5-2 and 3.3.8.5-4, and with the wind tunnel buckets of Figures 3.3.8.3-5 and 3.3.8.4-12.

Figures 3.3.8.5-12 and 3.3.8.5-13 are repeated in V vs L/S form in Figures 3.3.8.5-14 and 3.3.8.5-15.
The zero-degree flap case is strikingly similar to three-dimensional model experience, while the five-degree
flap case lacks the leading edge theoretical conservatism in the vicinity of the bucket corner. The hingeline
and leading edge boundaries will be considered separately in systemizations which allow simultaneous
consideration of the seven buckets provided by Jones. Figure 3.3.8.5-14 presents the only mid-chord test

provided by Jones, and indicates correlation within the limits of the experimental precision.

Figure 3.3.8.5-15 is typical of theoretical hingeline optimism throughout the data. The hydrodynamic
hingeline boundaries were therefore treated by deriving the (Av/V)F/ch 5 coefficient indicated by the
measured boundary if every other term of the boundary equation were correct. The result, presented in
Figure 3.3.8.5-16, provides a direct comparison with the aerodynamic data by way of Figure 3.3.8.4-14
and confirms the aerodynémic data within the limits of the experimental data precision. Figures 3.3.8.4-14
and 3.3.8.5-16 thus lend added confidence to the theory of Section 3.3.8.4 while indicating, with
Figures 3.3.8.5-2 and 3.3.8.5-4, that the water tunnel provided near-prototype characteristics. Of course,
Figure 3.3.8.5-16 would have substantially more significance presenting incipient and closure observations,

rather than smoothed means.

Figure 3.3.8.5-17 compares the measured hingeline boundaries with theory in a parametric form
where the 1.5 (Av/V)p (:Qb 5 has been incorporated into the theory and Figure 3.3.8.5-18 makes the same

comparison in the V vs L/S format.
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UPPER SURFACE LEADING EDGE BOUNDARY

Equation 3.3.8.4-6 may be written:

Av,' (Av/V)p/cR
\/-§=yvtcAv{V cp. * Va cq o+ 1+§(——-———,E——b—5' - ) gcg?i 3.3.8.5-14
er ¢ 19ff o AVa /V
(]
, Av/V
_v AV iAva . i §( v/ )F/CQba_ 5
Viey bigg vV a "3 Avy' IV
rel

The flap basic component of this velocity, (Av/V)F/cha, vanishes at the leading edge so that in the
vicinity of the leading edge, this equation may be approximated by:

AT\ A A"a
cg. i v
ref eff

For the model of References 1 and 2 and Figure 3.3.8.5-2:

VE=yt g, [a +%% 1= 8] . 3.3.8.5-15

0.4527) 6°] 3.3.8.5-16

Av.'
£0258¢c) ~Lt0.0965—2—(° +0.2928 8°)
Vit Vv v

The five upper surface leading edge boundaries of Figure 15 of Reference 2 are presented in terms
of this parametric angle in Figure 3.3.8.5-19, where the correlation is remarkably good for the type of
data presented. Figures 13 and 14 of Reference 2, for example, illustrate the judgements Jones had to

make in drawing the cavitation buckets of his Figure 15. Figure 3.3.8.5-19 should, however, be revised

to display the characteristics of the incipient and closure boundaries separately, as time permits.

By reference to Equation 3.3.8.5-16, the slope and intercept of the correlation line of Figure
3.3.8.5-19 identify the characteristics of the leading edge cavitation station as:

(Av/V)gfeg , ~ O - 3.3.8.5-17

v/V = 0.569

vy v =2914
It would be of great interest to extend the 16-Series velocity distributions of Reference 5 forward for
comparison with this result. Comparison with the other sections indicates that this station must be in the
vicinity of 1/2% chord. Figure 3.3.8.5-19, then, indicates that pressure spikes produce visible cavitation;

their force significance remains to be examined.
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The lower results of Figure 3.3.8.5-19 are of substantial interest to the understanding of previous
three-dimensional experience reviewed in Section 3.8. Note that the parametric angle of Figure 3.3.8.5-19
transforms the flapped cavitation bucket in a manner which provides a common leading edge boundary for
all flap angles. The boundaries for any other chord station then become a function of flap angle. For

example, for the hingeline, Equation 3.3.8.5-16 becomes:

/S—0.258¢cy. = 1.087+0.0965 X 0.065 lo® +0.535 [0.5473 +0.4527 X ————3"365] 6°{
loff l .

= 1.087 + 0.006273 (¢° + 5.8819 §°) 3.3.8.5-18
= 1.087 + 0.03506 &° + 0.006273 (o + 0.2928 8%)

Several stations of interest have been added to Figure 3.3.8.5-19 in this manner. The expected
bucket for the ten-degree flap angle consists of the 75% station and leading edge boundaries. The expected
bucket for the zero flap consists of the 60% and 1.25% stations and the leading edge; a short 2.5% station
segment has been omitted for clarity.

For the zero flap case, cavitation-free operation was observed well outside the bucket — to about the
20% station boundary. This is the case shown in Figure 3.3.8.5-14, which closely resembles three-
dimensional effective boundary experience where it was presumed to be an incipient-effective distinction
or a three-dimensional effect. A substantial region of pressures less than vapor pressure, certainly not
a spike, is indicated, with no visible cavitation and no explanation can be offered here. The effect is
evident to a lesser extent on Figures 3.3.8.5-15 and 3.3.8.5-19 for 2.5-degree flap, but the flap hinge
boundary limits the extent to which the flapped cases can penetrate the leading edge boundaries;
cavitation at any point on the section effectively changes the section geometry and invalidates the

theoretical boundaries.

Precisely what path the observed incipient boundary takes outside the theoretical bucket is not clear.
For the zero- 7-1/2-degree, and 10-degree flap cases, this “effective incipient” cavitation bucket seems to
consist only of the hinge and the unidentified leading edge boundaries; intermediate stations seem to play
a part for the 2-1/2-degree and 5-degree observations. The question deserves a more detailed

examination of the data. '

Figure 3.3.8.5-20 and 3.3.8.5-21 compare the aerodynamic upper surface leading edge “cavitation”
boundaries of Figures 3.3.8.5-5 and 3.3.8.4-12 with the hydrodynamic boundary of Figure 3.3.8.5-19. The
figures add little to the definition, largely because of the shifting boundary layer conditions in the aero-
dynamic data. The aerodynamic pressure measurements were at 0, 1/3, 1, and 2 percent at the leading
edge, and the shifts from mid-chord to 1% and from 1% to 1/3% occurred as indicated by the theoretical
boundaries. Peak —Cp occurred at the zero station only, for lift coefficients well into separation, which
are not shown. Note the hydrodynamic penetration of the aerodynamic boundary on Figure 3.3.8.5-20,

obscured by the hinge boundary and effective lift coefficient uncertainty in Figure 3.3.8.5-21.
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LOWER SURFACE LEADING EDGE BOUNDARY
For the lower surface, Equation 3.3.8.5-16 can be written:

r
Ava

\Y

\[S-"' 0.258 cq. =~ "\L,‘ + 0.0965 [— (Oto +0.2928 §°)] 3.3.8.5-19
lof

f
1f, then, the characteristics of Equation 3.3.8.5-17 are the characteristics for a real chord station and
not just emperical coefficients describing a pressure spike movement in the vicinity of the leading edge, the
observed lower surface leading edge boundary should plot on top of the upper surface boundary of
Figure 3.3.8.5-19 and aid the definition of that boundary.

In fact, the lower surface boundaries of Reference 2 are in substantial contradiction to the upper
surface characteristics of Figure 3.3.8.5-19, as shown in Figure 3.3.8.5-22. The aerodynamic data for the
lower surface leading edge boundary introduces further analytic difficulty, shown in Figure 3.3.8.5-23,
which requires the tabulated data volume of Reference 3 for study.

The lower surface leading edge cavitation boundary cannot, then, be defined in general at this time.
This boundary is not significant to the flap lift control system and is significant to the incidence lift
control system only for extreme designs currently in the conceptual stage. Nevertheless, the inability to
reconcile theory and experiment on the lower surface leading edge boundary reflects upon the confidence

with which the upper surface leading edge boundary is predicted.
SUMMARY

References 2 and 3 provide a remarkably definitive view of the theory/model/prototype relationship
for the flapped 16-Series section. With fixed transition, Reference 3 provides what are expected to be
nominal lift, drag, and pitching ‘moment for the prototype. Without fixed transition, Reference 3

provides scale effect symptoms for all three characteristics.

Reference 1, as summarized by Jones in Reference 2, produced nominal lift and pitching moment at
high lift coefficients but with questionable drag. The drag appears to be subject to some difficulty other
than the classic drag bucket associated with low Reynolds Numbers. The lift and moment shift toward
the potential characteristics at the lower lift coefficients, although not to the extent displayed by the

wind tunnel data.

All of the cavitation conclusions drawn from Reference 2 are somewhat tentative for the following

reasons:

® As the first definitive study of cavitation boundaries, References 2 and 3 present a relatively

unfamiliar data analysis problem
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® Abnormal laminar boundary layer extent, for the prototype, produced rather uncertain char-

acteristics for the hydrodynamic model at the lower lift coefficients

® The analysis employed the hydrodynamic cavitation puckets provided by Jones in Reference 2

and these are judgemental means between the incipient cavitation and closure boundaries.

Reference 3 provides a rather conclusive demonstration that the hingeline pressure coefficient is
sensitive to Reynolds Number, in contradiction of Allen, and that Allen’s values are typical of the model
rather than the prototype (Section 3.3.8. 4). The hydrodynamic hingeline cavitation boundary agrees with
the aerodynamic fixed transition boundary, the prototype case, within the limits of the data precision.

The hydrodynamic model provides reasonably good definition for the thickness and additional
velocity ratios for some station in the vicinity of the leading edge. This characterizes the upper surface
leading edge boundary. That station could not be identified because the velocity ratios of Reference b
do not proceed forward of the 1-1/4% station for the 16-Series section. Without that identification, this
result cannot safely be generalized over sections even within the 16-Series family but should be considered

an emperical characteristic of the flapped 16-309 section.

The aerodynamic peak pressure coefficient agrees with the upper surface leading edge cavitation
boundary within the limits of data precision, clearly indicating a hydrodynamic significance for the

aerodynamic pressure spikes.

The zero-degree flap hydrodynamic data indicates equally clearly, for the mean incipient/closure
boundary, that the stations between the leading edge and, say, 10% are not significant to the cavitation
boundary; i.e. the hydrodynamic upper surface bucket corner was at the intersection of the leading edge
and 60% stations. Thus, the cavitation bucket penetrated the theoretlcal bucket deeply in the vicinity of
the upper surface corner, just as has been noted previously for the effective bucket for three-dimensional

foils. The significance of Pope’s function to this observation was not adequately explored in this analysis.

Aerodynamic and hydrodynamic measurement and theory were all found in substantial con-
tradiction for the lower surface cavitation boundary and could not be reconciled in the time available.
Reynolds Number effects are most troublesome in this region of the bucket, and it is assumed for the
present that the leading edge station characteristics provided by the model for the upper surface will apply
also to the lower surface for the prototype.

This analysis should be revised to distinguish incipient and closure boundaries as time permits. The
more important question of the significance of the hysteresis region to the foil forces does not appear to

be addressed by the test program of Reference 1.

~ The effect of References 2 and 3, considered together, upon the cavitation boundaries of Section
3.3.8.4, is illustrated in three formats on Figures 3.3.8.5-24, 3.3.8.5-25, and 3.3.8.5-26. Figure 3.3.8.5-26
is particularly significant to PCH-1 forward foil observations. ‘
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MODEL & CORRELATIONS OF FIGURE 3.3.8.5-6

QOs=0

D 6 =10° .
SHADED SYMBOLS HAVE SOME OBSERVED CAVITATION
FLAGGED SYMBOLS HAVE c, < 0.1963

0.035

=0.1953

Co.
Yot

0,030 |:: | === === HYPOTHETICAL CORRELATION:
: DRAG BUCKET WITH 0.05 K . .
OUTSIDE BUCKET

aalinidn

1
et
4 '
[ S S SDONE RN D
T t
i
. |

0026} -

P

e s

{

+
'
!
1
'
H
i
1
i

0.020

-
|

- D N :

R i

0.015

.

SECTION DRAG COEFFICIENT, Cq

0.010

0.005

N SR B S A R

0.16 0.24 0.32

(c, —c )2=(cg—-0.1953)2

? Q.
‘etf
RB80-0941-0458

Fig. 3.3.8.5-7 Drag Data Correlation

3.3.8-72



O INCIPIENT CAVITATION
A CLOSURE

o

REYNOLDS NUMBER x 107

Fig. 3.3.8.5-8 Cavitation Hysteresis, Hinge and Mid-Chord,!a=6=0

O INCIPIENT CAVITATION
[\ CLOSURE

N AR PN — T
A fimmee s i

1.0 L

-6

REYNOLDS NUMBER x 10

R80-0941-0468B
Fig. 3.3.8.5-9 Cavitation Hysteresis, =0, 5=5°

3.3.8-73



O INCIPIENT CAVITATION
A CLOSURE

SHADED SYMBOLS ARE FROM FORCE TEST SERIES

T/ LEADING EDGE (1.26%C)'." |- -

o !rl ,L%Jiwl'r*l;-lf', Hi», s
iy ‘:‘:ffg ES ERES
Js
REYNOLDS NUMBER x 108
Fig. 3.3.8.5-10 Cavitation Hysteresis, o = 2°,6=0
O INCIPIENT CAVITATION
)\ CLOSURE
16 ¢ 1T T T
- 1T LEADING EDGE (1.26%C) ! |’
R P LRl NER i sk as S8R L
e - .
= ,:
-1 rovas auauy aant Eees CERVRR:
R IEER IR B
i R
1.4 ‘ 4o
1. SRR IR
36
REYNOLDS NUMBER x 10~°
Fig. 3.3.8.5-11 Cavitation Hysteresis, a =2°,8 = 5°
R80-0941-0478 '

3.3.8-74



—

16-309 SECTION 5=0
RN = 2.49 X 106
MODELc, =0.1963
i
off O INCIPIENT CAVITATION

/\ CLOSURE
SHADED SYMBOLS ARE FROM REYNOLDS NUMBER SERIES

;
1
IS
+
i

R
S

% RORSE LS USRI B

......

10 ' L i S0
02 -01 0 0.1 0.2 03

SECTION LIFT COEFFICIENT, ¢y

04 05 0.6 0.7 08

R80-0941-0488 '
Fig. 3.3.8.5-12 Hydrodynamic Cavitation Bucket

3.3.8-75



20

1.9

18

1.7

1.2

14

L DR TUREES RN S B :
L ; : : [ R SR A S SR o
16-3093ECT|0%| UL R ] : .
: : s o P

RN =249 X 10
MODELc, = 0.1953

lotf SUEIS SR NNER LIS S

(O INCIPIENT CAVITATION: =~ | IS N 0%1'95_35,
[ CLOSURE S R o
o e eff

.;‘-ﬁ.,.f«< R el R E o (RS O t.{, LS e
. : A ; ) ; / .
: i i i Y 2
. L e ; . . '

|

; C : i ; ' : :
L SIS s AL O e [
: i i I T :
o .

r ! !
; ; i )

- . - i
- T
|2 RSN
t IR
! pooiid
‘- D
i 5

| l i {

1.0

R80-0941-049B

0.1 0.2 Q3 04 0.5
SECTION LIFT COEFFICIENT, ¢y

Fig. 3.3.8.5-13 Hydrodynamic Cavitation Bucket, 5 = 5°

3.38.76 - -



—

SPEED, V., KNOTS

0

I

ememe= EXPECTED INCIPIENT BOUNDARIES, ¢, = 0.1953

]
eff
e OBSERVED INCIPIENT BOUNDARIES, AFTER JONES

O INCIPIENT CAVITATION

)\ CLOSURE
SHADED SYMBOLS ARE FROM RN SURVEY .o
T AN S ’ ' i R |

0

R80-0941-0508

400 800 1200 1600 2400
SECTION LOADING, L/S, PSF
Fig. 3.3.8.5-14 Hydrodynamic V — L/S Cavitation Bucket, § =0

3.3.8-77



O INCIPIENT CAVITATION

O CLOSURE

== == == EXPECTED INCIPIENT BOUNDARIES, cheff =0.1953
e OBSERVED INCIPIENT BOUNDARIES, AFTER JONES
i ‘

1
new

gy

3 769 H

+

2.5%

0

80

1
t

T
1

1

TITTST
i1

1.25% 1

-1 1+

S1ONY 1A ‘a33ds

SECTION LOADING, L/S, psf

Fig. 3.3.8.5-15 Hydrodynamic Vi — L/S Bucket, § =5°

e DERIVED FROM JONES’ MEAN BOUNDARY

16-309

Cflc =0.256

(-]
w
]
Nao
o
T1
L%
52
]
>~
2
Wy
3
Q<
[72)
22
T8
ox
2s
S5k
i &%
w o0
00

O INCIPIENT

of

RN =249 X 1

) CLOSURE

FURRERE S eadieia
Ho ro o
Hs oz T2z
o o T o
- 2 = T2 =
ilyywlm Er LrWU =
Rausss n i+ 1+ o -
o r 82k JOHDN‘
Sorw s X el TweXg
EHEHeZ - H<BEF
dm\ T -+ )t »\~I 4+ )| M
+4 \* [
: :
1
)
1 1 J
_i 1 TT
o : +
Esanayuasen W
Syt !
TR T
B e aa:
B a e a !
EERRanaEnL A
e
MBS ENS 0 i
Easgus: EGs Lt an
mussassEsannss ingpane g
I - T p
e En et aanar B O s
SaaRmRl Ranal | < e
E e el st
TN R
Bmas v R iR
e ! -
g -
11 SRGS S BaN
o -
o ¥ LR
ST
mags  4aa1" 4o mgguse:
januan: us -
) -4
ot Bie ¥ i+
sanuE. g WA PRSEs
Jp ,.{%\f
. 1 —
G
T ,«& JEREA
] SEasamanacubas:
111% jna
gansy | 1!
hh ne el
aas e i
ISR [ B
yRes P W
L "
© N
- -
eq, -
3,3
9/~ (A/AV)

SECTION LIFT COEFFICIENT, ¢,

R80-0941-0518

Fig. 3.3.8.5-16 Hydrodynamic Hingeline Velocity Measurements

3.3.8-78



6
JONES’ OBSERVED CAVITATION

JONES’ OBSERVED CLOSURE

MODEL:
16-309
cf/c =0.25
RN =249 X 10
e JONES' OBSERVED BOUNDARY

@)
VAN

)

{POTENTIAL CASE

av 'V =0.090

(AV/V Mg qf = 0-258
= =03
0.1953 OR cg; .,

F/cﬂba =15
/V = 0,065

CORRELATION:
¢ = 04527

e, = 0.0965
da/ds = 0.535
viv=1087
(Av/V)

Cigtt

Av

T TE T T T T T CR I T ST SR S b | e <~
TR TS T T R finassashifaasas]ionnspet
B B GRS FOE B e 8 Ak ] SR GRS SpuaBuE ++ HﬂH.W BRSNS -+
B aaGha b b + t H,a bt -t g +31v,111vf+4,1 b fotrt t < ++L||T hllr 8
ant 11t t 1T H e T T A T TS ’
Tt e e R e Jemzasadfesusnas gsssal :
REguSEEN H BESRRRN RRE . T SSENARS 8t H Allﬂwu# .
T ; 1 - 00.1 N NSNS ERENE S “ ﬂ_ S EER Y N
= + O 1T T T Hr T nESY!
T [ BT o~ IR T NEEEEANEEAS! Seusuni MILSESSReE H
) . i HH t e T 1 - i BESSESSSESEEANS
P H 4 L4 + i iy
IH AN A T i Einesscasiganxsasusyss xnﬂﬁ Sons Seasi
Tl s 1 Ty SESAREPEE BT L RN B [ e I S
! L } - LR ey { 4o 4 I.ﬁ#lﬂ. R SABAE S 4.\.1 +14- R 1?Tu:7ru. jES pERES
I H T ; Hj f : ! Ax 7 )
T T+ T ' 1 AR BesRe bt snnel
. ans s I ; ! gas R 0 EREn spuid 68
- ; + T 4 4 13 REE 1 ; {edd
} T T TH SusAnE! ‘ ‘U‘ﬁr
I a8 .
1
! - 1 panE
' i
. b +
in : N NseRsteuss bauuds
; i ~ 0 PG DR GRS
: 2 q # " e ,‘,rl.frﬁp, T
i H t 1 SmaseseEERETY
1 4 ‘ it T 1 w 1 ] 1 auy Hw\llv BESSESGSRaSEa
1 : — 5 SBR S B! IL.T.L Sy
T W paas o 1 1 T 1“4,744"17 e
3 ABY BRSS! 1 RSN g T s
] £ 4o S amaamE Tio S S=ggR fecus saas
B we 1
g 3 £ 8 it Bt
. b
1O 1 he SSSa NE
o n T o T j§ SiDhus A ERl
[=] -+ A RUBRRSS -
> - v
" sesits s ] iganannass
> u ¥ sessustanssasnseuEnRN ) B S Sna u:
>~ 1 L T > t4t iy
2 - ! < ]
. e S HEGEIENARNSEBREES S BRSNS
4 3 1 2535 S b 8 punnhegh
. g + s :
@ T } HHH oo T -]
' o H 0w 2 ! 10
] e 4 1 s N "o pus i S
3 0 =+ i 1 mv @ + } |NOE DY (]
o e a ; ngiiisndl T asngeyes Lo
3 , i 1s: t = ¥p jssusanand suonsaens
t o1 e O 10 SONDS
o H-H Hr of T BEpw
s s o T 1] ! T O " [ BN RN NS
T Illlll ¥ ¢ + + 4y
w bt " .|
3 T s s
- T ] ;
= } SRS P
. - 3 aen 3 H
+ 4 I
3 apas
me 4 RS b
- “ -
1 1 1 RIL 5 O 6 +
= 1 ' iusdNes ysana He :
E isses i SR e fes
4+H aal H [ an T o~ 1 + s
- sas _ ; S I [Juae ! =i puseyEdns
OSSR T Sl BESNs 1 H H 8! ] A 1 H
mus : ] T H RSN w T jgetusanns o jsEnss:
+ angmas T D LR B Sadassanns SaRRsSanet
1 AT P TS W SRS R RS & G bt
Bases : ESaasssuenan + nas tﬁﬁ, !
ot i 1 SgNENS REENE! T T+ BEUSs IREes!
puassauayl ! 3 THT b ITI t ges: 4+ YWTTITT.‘#
peasy . i R B
R e ! I H L,x.ﬁ,r s T : LINL
- 441 I T T3 +- 44+ i+ .yt
St T SSRNE N ‘,I.Tl+q+w et r@ ! b
Z i aay ! I ORESN - -t 3 - i
jiate - e S 1t A e aanics yu o nS tte s did : Tk
e + T + + ++ T T S
[ESESNTE GRS BIRES RS ST T TR Sepes Mg+ ey
T e e e e HTTSINGH I o =Ty
P e ad vaP]tIT L e jSaunseam AR Se e ah Son Inaad SR O R ety
ivlvv i R e e s e e et Jvia BRSNS snouss NG P 0%,+T i e
Tt B pusne RESOEpEuSS QS0 RS SEBS= UA 358 HETRS logas aaesg sppus
Tt - ; sl wTTT R Ape s Set K
T+ . IR0E Bas ph nDSE SN
. - i - “Q § B s cadis e
: TR S PO SR
SODS Sad
i DSRGe Sl ‘deo

3.3.8-79

<o +05168°
Fig. 3.3.8.5-17 Hingeline Cavitation Correlation

R80-0941-052B



60

0
%4
o]
2
¥
x 30
>
o
w
w
o,
7
20

1o}--

MODEL:

16-309
cf/c =0.256

6
RN = 2.49 X 10
JONES’ OBSERVED BOUNDARY
O  JONES' OBSERVED CAVITATION
/\  JONES OBSERVED CLOSURE

CORRELATION:

¢ =0.4527
cp,, = 0.0965
da/ds = 0535
v/V = 1,087

(Av/VHeg o = 0.258
(av/V) legs = 185

. ca:
TYPICAL leff

Qe ™ 0.3, v, /V =0.090

B A

i ; i | :

PR

R80-0941-0538

200 400 600 800 1000 1200

Fig. 3.3.8.56-18 Hingeline Cavitation Correlation — Dimensional Interpretation

3.3.8-80

SECTION LOADING, L/S, psf

1400 1600 1800

2000



leff

V§-0285¢,

20

1.9

18

1.7

16

15

1.1

1.0

| 16-309

cf/c =0,25
- " RN = 2.49 X 10°
= 0.0965

)
[+3

=0.2 EXCEPT 0.24 FOR § =§°

| G
Tt
SHADED“SYMBOLS ARE BUCKET CORNERS ! - - _‘3‘ . : .
° i T SR P ‘ o
: i L e __l, SEADEES EE SRS SR SR SO
.Oo o e 71 I R e ; R i
. c : i : S DU
:O 25 - - RS U T & ;
AS : 'r R '
: v T - T H T
O 15 ! ! : : |
: ’ ) L _1 i i ..
Q- 3 ! Al 4 é i
‘ : el L VAT -
i i ) | —; S (.)o
IS R e Rl
. : R

O S o oL
| | 75%, 6 = 7.6°1 |

|

SIS S
et fo
‘

|
. !

5%

“ZJ-.H.J,.,._. -

R80-0941-054B

—

+ —
H . i
' . T R ST IR
o n B N I P
; . R
o \ | RS SR

ot 0.2928 5, DEG

Fig. 3.3.8.5-19 Observed Leading Edge Cavitation Boundary

3.3.8-81



16-309 SECTION
FIXED TRANSITION

O w~o

‘ YES AERODYNAMIC PEAK — Cp MEASUREMENT

—Cy =0.2, 4 a.c.=0.0315
‘eff

=0.3,Aac.=0

R SRt Sk S "T";'"‘.“'E' ol
ra| - 129% STATION

1.3}

12} — -

'60% STATION |- -1

11 F “"4"‘7"1‘“‘ el e e l‘,‘_,ﬁ.;‘.

: : !
. { ] | b o i &
{ ¢ [ . I : i i M i »
,| i : % 41 Sl b bt : | ?
¢ 4 - S 4 L. | i § i
! i P | z AR v [ .
] . H l e i i b :

0 0.1 0.2 ‘0.3 0.4 0.5 0.6 0.7 0.8 0.9

SECTION LIFT COEFFICIENT, ¢,
R80-0941-0558

Fig. 3.3.8.5-20 Pressure Spike Significance, 5 = 0’

3.3.8-82



16-309 SECTION

cf/c =0.26

FIXED TRANSITION

O wo
@ &

———

Q.
‘etf

=0.2, A a.c. =0.0315

=03,A28c.=0

AERODYNAMIC PEAK — CP MEASUREMENT

1 1.25% STAT SRS B s
v i (RS ETER N b
R = R SN : ‘ S SR
L i IERE RN FEERE SIS D SREEEERS SRR A
e Eti Rt STNEE S }"“4 e SRR “{‘* R

1.0
0

RB80-0941-0568

0.1

0.2 03

0.4 0.5

0.7

SECTION LIFT COEFFICIENT, M

0.8

Fig. 3.3.8.5-21 Pressure Spike Significance, § = 6°

3.3.8-83



2.1

20

19F -+

18 b i

1.7

left

16

V8+0.258 ¢y

15¢

14

1.3

1.2

1.1

1.0

16-309 c = 0.0965

cilc=0.25 a

eff

O -10 0.24
YV 5 0.24

( 0 0.2
{ 25 0.2
5 0.24

RN =249x106  SHADED SYMBOLS ARE BUCKET CORNERS O 75 02

T

IR S
 Mamtand

]
1

5 M NS
= -75%8 75°-*»;
-~§;-",L75% 8=—10°4 .

|

Y SU—

-1 75%, 5 =8°1] .

.+

+
\
.-
+
]

i
—_y—'h_*ff'— ) ‘l v
..—1 o T O

175% 6= 25%
I:ZS?G 5=-5"I*~*
rA___L___.L 1

[160%,5=0""

b {

. .;_‘ -J -«-;“
- - T -
?
S T ot

s 1 25% STATION
Jf6=-10° T
5§=175 :

-4

R80-0941-0578B

0

« +0.2928 5, DEG

Fig. 3.3.8.5-22 Lower Surface Leading Edge Boundary

3.3.8-84



RN = 4.05 x 108

9

] L3
w W

SHADED SYMBOLS ARE WITH FIXED TRANSITION

1
P

-~ HYDRODYNAMIC

B2gaz'0+8

« +0.2928 5, DEG

R80-0941-058B

Fig. 3.3.8.5-23 Lower Surface Leading Edge Boundary — Wind Tunnel

——

3.3.8-85



= 4 E SEiEsts H
T 11 1 I] :
| )| 1
aa
T T
w
T (U]
[ r4
+ = I
! w a3 =
Ly v < .
-+ Q o u
s 2 -
1 m H i M
T+ E
£ &3
1 - 1 ) 1
4» " w ._w s m:r . # M
T T I 2 0
! _m N E o
"
EEt B N L
1+ H I ! <IN T !
s W 1H . i
I - H H Nt
e f 8
T g s
- o 1
T o 1 ST
T o I
=X 73 I
+ w7 I T EERgRESARN
xt Q 8 s 20 hus
e N t
T T ‘.n...Q i 1] Lw_
F - ~ 1 1 11
ey < 0 T pe [ B T
* o 8 HH resanatsee iy i
+ . h T ;
x - ] { +
T2 < '
£ FrE:
Tk ~ .
B ¢ 8 H |
Yy I 18N S E e
oy )# c ; AR
3 2 N It I [
1d 3 @ s H
T 4 gasiss Sasissasiatt
-+ bt £t b
enst o 1 . 1 1
-t + HRH— + + HH
o PSS se e Ao0T: =5 Iy ;
st giitsssnct siant Sisisest st e
b + C1ts an ! § SRR ERARY : !
I R s Dl S e
T jiacasan . TR T
™~ 9. 10 <
o~ - - -

1.0

0.9

0.8

0.7

SECTION LIFT COEFFICIENT, ¢,

R80-0941-0598

Fig. 3.3.8.5-24 Revised Flap Lift Cavitation Bucket,a =0

3.3.8-86



OSSN EEE) il + [ P 1 } - - - 4 S
ST auusl BERHE Enuna annad WEs L.T;,#, auud SEGENASES REBEN PESRE RuuT ,iL
B SEBaRABRES) T o ; Eennpus SRERPESEESNESES JARpissnaypae!
TS eaSSsEan InaEEn: 5% FEMsS unmayEgEs AaunausERE LY m8gman: e Eaass sadta
+ + H i + i +
+ A He ISENREAGS ESRESEARES TI,IIN H e + + TR R e juaas
pacs T a8a: S maEanild SbREancustRERES L, fun FA1 b e e T S
: an =y sgegainuigBastannaas < sENSNESSyESEgEs BEREE rﬁ..m
0 1T T - 1T e t T i SRRNE SR
1k ; st 1 B SERENERENERASEL. Quunual T Ins puwas Sphes b
H ! 8 b8 [pa [ - R0 HEH B! BN H I BES B4
e v - T | Gt = HES Ly brd e
t t 1 T ) 1D0E | T [ BN IS REREE
— -+ + + -t i 1 ¥ H + tE e e
,4 . t 1 e 2° T IaEns anues inbag peves .3
r . : Sagasssangs: i DRSS 9! 188 il S
= inge ans ; ; - > s+ ®
' ¥ i1 t T ¥ e .
S _ i SEEil s
! T
v ' = -
¥ 1 T 1O T T t
t 1 : i i : Tt
: ; t t w +H 3T
T T + e + o H T - m
T 11 : 1 i i : u
! * 1 s T o ! ! T o
ATt mant? 48 Rsnananus b W HEH  BgRan nube -
' ! B SR RSN ! 1 I e ¥ ++
1THEH e - : InEu: TR
’ 1O ™ . BRSSO M D% B [ SSRAS ERNEE RRL N BERRE AP
" — - S .- PP SR + o . N i RSN DS
bl e 4..,4. Sy W i M O B Bl B0 bty IR BWASE
T I 4 Tt 0 I\ e e = SO m
1 ¢ Y JaRSDE! 1 T IRERauN! TTH <
T + T t T N T i 1 i -
' T t 1 Y und i !
! 1 e
M ¥ J HBl H H M
- I e e e
M T ) L ; . ] H
+ +F -t " ; ;
+ A1 T T I I M m
} + ! Tt 1 + i HN R A 117
Reaa: ! T 0, SHYENASE SRERE Eua: ISPSENSRRNRESRS B o N
i : [RCEE Sy . - sndetsposs smant REROH SuEnd ARS8 -
T i1 1 OS99 EORREE SENYA e SRS SUARRIELRLLESS 1 ‘
T 1 T - Iw T 1T W e - o w I
T Ly 4 SESSN BN NTO T - I8 A8 s &
, R ainaseuanauL | i - : m
5 NNy SRS SRNRARNEL T 17 snpa s < T
e i ROSNE RRNES SRSSE ! NI praas SSSES SpRnE I
M Fo- TIIT H } I NS Y P
+ B o 44 h PROEE SEHEE S5 o
— e DD RE S SRR B PP RIEOR 04
: Bl BRFs aptus BSSes sant SRSSS sunes S8d m
i S O G M < MO B ‘.
— - 0
. i T v
+ e 14w -
hefus wu T ro  +
s sanma ; > 3
T BN GRS Hz 5
BN 110 TF :
¥ IROBE S S S P
aas. =i gToe
e B . [T
s ' — . - e &€ o
B 177 Ty B
Eness . nenesde 4 o
—— 444 SN B At H B - -
o RS IuSRSRE SESSRESEES |- ] 2
H SHHGR HEOME RS BES ‘To +
pases Froye R R Rt aoahe b 0 m m ©
14 NSRS SEREMSREBE § v - ~
panE e atils snusnmusct | S I ) I & @
T |35 Siruna nag: seugasugns vl o = NS
mpsaneusqsasasanane 7} © s s = O
e A n e e SR As w —+1 L] ] a” > "
n Shueh RSN DEEe ++ - 5 M < :
- b
. — s s anes b1 5 & o | Av_ (]
RO L RGSD SRaw: e o s % @
ot SRS REESESERRY SESOR RS RS ol q & o - 7
pansany Supsseniyy gy sss et N T U IR ST EE NS AR R S B
By Bivu sSsa! IE S SERUES ARONY SSBRY NSE N SEENS EEGEESnNd HDRg:
BEa pantd SAGSS Sana SEDES NSRS BRREE EERRY P
pUSHSERES DRSS SUTSE SOREE SRSSY SIS SREUE FERET e
e RN It e s ; MR U I

SLON> 'A‘a33ds

SECTION LOADING, L/S, psf
3.3.8-87

Fig. 3.3.8.5-25 Revised Flap Lift V-L/S Bucket, x=0

RB80-0941-060B

—



16-309 SECTION
g = o2

Toff

¢, =0.09862

?

a
da/ds = 0.536
L/S=1378 ps.f.

Aac.=0.0315
cglc=0.26

P, - P, = 2429 psf
AviV =1.

L.E. BOUNDARY 1S EMPIRICAL

R R TR EEE N O

FLAP ANGLE, 5, DEG

' ‘e “T‘:VI,V!‘ D ¢ ot
D 1.25%<¢;: SEH ERNS:

| Pt
:.5,, N B o ot e
[ : :
; : i |
- T e
[ Lo

I SSS0N . 2
[ ,
1' [EBSE SRS

-2

4

-2

R80-0941-0618

SECTION ANGLE OF ATTACK, «, DEG

Fig. 3.3,8.5-26 Revisgd Flapped Section, a-5 Plane

3.3.8-88





