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AN EMPIRICALLY DERIVED BASIS FOR CALCULATING THE AREA, RATE, AND DISTRIBUTION
OF WATER-DROP IMPINGEMENT ON AIRFOILS!

By Noruan R. BerGruw

SUMMARY

An empirically derived basis for predieting the area, rate, and
distribution of water-drop impingement on airfoils of arbitrary
section i3 presented. The concepis involved represent an initial
step toward the derelopment of a caleulation technigue which is
generally applicable in the design of thermal ice-prevention
rquipment for airplane wing and tail surfaces. It is shown
that sufficiently accurate esitmates, for the purpose of heated-
wing design, can be obtained by a few numerical computations,
once the velocity distribution over the airfoil has beern determined.

The caleulation technigue presented is based on resulis of
ertengive water-drop trajectory computations for fire airfoil
cuases which consisted of 15-percent-thick airfoils encompassing
a moderate liftcoeflicient range. The differential equations
pertaining to the paths of the drops were solred by a differential

analyzer.
INTRODUCTION

The design of thermal ice-prevention equipment for sair-
plane wing and tail surfaces has progressed to the point where
the amount and distribution of heat flow cen be calculated
for specified flight and icing conditions (reference 1). This
design procedure requires information as to the ares, rate,
and distribution of water-drop impingement on the leading
edge of the airfoil section being analyzed. In the past,
area and rate of water-drop impingement have been esti-
mated by using a method involving the substitution of &
cireular eylinder for the airfoll leading edge, as suggested in
references 1 and 2. This substitution method is adequate
for design purposes for some combinations of cylinder diam-
eter and drop size, but it can produce sizable errors for other
combinations (references 1, 3, and 4).

A second means of estimating the area and rate of water-
drop impingement on airfoils is provided' by reference 3.
This method is more accurate than the cylinder substitution
method, but the caleulation procedure is somewhat laborious
and, as a result, its use is not too practicable in a complete
design study where a large number of water-drop frajec-
tories are usually required.

To establish a procedure which would eliminate the
laborious computations of water-drop trajectories in the
design of wing thermal ice-prevention equipment, it became
apparent that a large number of water-drop trajectories

| Summarizes meterial presented in NACA TN 2476 entltled “An Empirical Method Per-
mitting Raptd Determination of the Area, Rate, and Distribution of Water-Drop Impinge-
ment on an Afrfoll of Arbitrary Section at Subsonic Speeds,” by Norman R. Bergrun, 19051,

would be required for study. Experience with calculating
trajectories by the method of reference 3 had shown that the
pattern of water-drop impingement for drop sizes usurlly
encountered in flight can be related most directly to velocity
distribution over the surface of the airfoil. Airfoil shape
itself appeared to have an effect on the pattern of impinge-
ment, but to a lesser degree than velocity distribution. Five

airfoil cases were chosen as being the minimum which could

be expected to provide sufficient data to include the effects
of these two factors. VWater-drop trajectories were com-
puted for these five cases.

This report presents some of the results of the water-drop-
trajectory computations described in detail in reference 5
(NACA TN 2476, 1951}. In addition, the method derived
empirically in reference 5 for rapidly estimating area, rate,
and distribution of water-drop impingement is discussed.
The limitations of this method and the technique employed
in its use are also presented herein.

SYMBOLS
The following nomenclature is used throughout this report:
a eirfoil mean-line designation, fraction of chord from
leading edge over which design load is uniform
instantaneous drop-acceleration ratio, dimensionless

a4

A, area normsl to flow direction outlined by several
trajectories at free-stream conditions, square feet

A, area of impingement outlined on an airfoil surface
by trajectofies starting at free-stream conditions

. from an initial area of 4,, square feet

e chord length of airfoil, feet

c concentration factor (j—i), dimensionless

Cs drag coefficient of drop, dimensionless

e section lift coefficient, dimensionless

E collection efficiency of girfoil based on airfoil meaxi-
mum thickness, percent

G rate of change of velocity along the stagnation

streamline at the stagnation peint [tﬁ%x/—? ?-u:l’

~ dimensionless

frontal height of airfoil, fraction of chord

slope of airfoil contour at a particular chordwise posi-
tion, dimensionless

Iength of span, feet

liquid-water content of icing cloud, pounds of water
per cubic foot of air

Ll

Ll
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weight rate of water-drop impingement per unit of
surface area, pounds per hour, square foot .
weight rate of impingement of water drops on a body,
per unit span, pounds per hour, foot
ratio of the vector difference between the local air
and drop velocities . to free-stream velocity
Us—Us
vV
radius of drop, feet
Reynolds number for drop at relative velocity PV~

(ZP Vr)

Reynolds number for drop at fr ee-stream velocity V

()

distance along airfoil surface from leading edge,
positive on upper surface and negative on lower
surfece, feet

distance along water-drop tra,]ectory, fraction of
chord

time, seconds

equivalent ellipse thickness ratio for a low—dra,g air-

foil (t—— s fraction of chord

); dimensionless

maximum thickness of airfoil, fraction of chord

component of local velocity parallel to chord line,
feet, per second

local velocity of air or drop, feet per second

component of local velocity perpendicular to chord
line, feet per second

trec-stream air velocity, feet per second

rectangular coordinates for & system of axes having
the origin at the airfoil leading edge and the z
axis, positive toward the trailing edge, lying along
the airfoil chord, {fraction or percent of chord.

retangular coordinates for a system of axes having the
origin at the airfoil leading edge and the z’ axis,
positive in the free-stream direction, lying parallel
to free-stream direction, fraction or percent of
chord

total airfoil-ordinate intercept established by two
impinging trajectories starting from infinity at a
distance Ay, apart, fraction of chord

distance between two trajectories at infinity, fraction
of chord *

distance between two tra;ectoncs at infinity mees-
ured in #’,y’ coordinates, fraction of chord

distance between two trajectories which start at in-
finity and impinge tangentially on the airfoil, frac-
tion of chord

angle of attack, degrees

specific weight, pounds per cubic foot

angular displacement between local velocity and z
axis, degrees

kinematic viscosity of air, square fect per second

airfoil leading-edge radius, fraction of airfoil chord

Limelscalc (% » dimensionless

¥ scale modulus (9 :: i), dimensionless

¥ stream function, dimensionless
SUBSCRIPTS

a air

av average

er critical

d drop

¢ effective

{ lower surfuce

maz maximum

0 initial condition

8 condition at airfoil surfuce.

t tangential

u upper surface.

DERIVATION OF THE METHOD

The method derived in NACA TN 2476 for calculating
area, rate, and distribution of drop impingement assumes that
airfoil velocity distribution is the primary factor influencing
the paths of water drops which approach an airfoil. This as-
sumption is an outgrowth of experience in caleulating water-
drop trajectories by the method of reference 3, and it permits
the study of water-drop trajectory characteristics according
to the factors which influence airfoil pressure distribution.

DESCRIPTION OF PROCEDURE USED TO OBTAIN WATER-DROP
TRAJECTORIES

Five airfoil cases were selected as being the minimum
number whicl reasonably could be expected to provide
sufficient data for showing the effects on water-drop trijec-
tories of altering airfoil velocity distribution. These eases.
are listed in table A,

TABLE A.—AIRFOIL CASES CONSIDERED IN WATER-DROP-
TRAJECTORY STUDY OF NACA TN 2476

. Leading
. Angle of edge
Case Alrfoil attgcezj a eq radius, ‘l'
chord)
1 ln-peromt—thtck syminetrical Joukowski. .. ... 0 0 2.07
2 |.....do. - 2 .42 2.07
8 oo P 4 ) .07
4 ercent-thlck camberad Joukowski. ... ___.__ 1] LA 167
5 CA 85015 (symmetrical) . coeevnenoeaamanaas . 4 A4 1, 508

Table A shows the systematic changes in the variables which
affect velocity distribution. . Cases 1; 2, and 3 were intended
to reveal the effects of altering airfoil veloeity distribution by
changing angle of attack; case 4, compared to cases 1 and 3,
the effects of altering velocity distribution by the addition of &
basic load distribution obtained by cambering the mean line;
and cases 3 and 5, the effects of changing gencral airfoil shape
for & given angle of attack and lift coefficinet. The upper-
and lower-surface velocity distributions over the forward
region of each of the five eirfoils are shown in figure 1. Ve-
locity distributions for several Joukowski airfoils are used
because the required velocity components in the field of flow
are more readily caleculated than for other airfoils. It is
noted in figure 1 that the variables selected did not result in a
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FIGTRE 1.—Alrfoll velocity distributions for the five afrfoll cases comprising the differential analyzer study.

wide variety of velocity distributions, but it is believed that
these distributions are representative of cases in which there
are no marked nose-pressure peaks.

The water-drop-trajectory computations were made to
encompass & speed range of 100 of 350 miles per hour
(assuming incompressible flow), a drop-diameter range of 20
to 100 microns, and a variation in altitude from sea level to
20,000 feet. Airfoil chord length was varied from 3 inches
to 30 feet. These variables were combined into the dimen-
sionless parameters, ¢ and Ry, which then were used.as the
independent variables throughout the trajectory computa-

272483 54——89

tion. The range in values of ¢ and Ry resulting from a
combination of each minimum value and a combination of

each maximum value of the three constituent variables is

about 150 to 20,000 for ¢ and about 35 to 1,000 for Ry.
These ranges in ¢ and Ry encompass most possible combina-~
tions of values of speed, drop size, altitude, and chord length.

The problem of obtaining area, rate, and distribution of
water-drop impingement on an airfoil is one of determining
the solution to a set of simultaneous differentisl equations

yielding the trajectory or path which a water drop will follow. o
These equations, & derivation of which may be found in
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reference 6, are essentially those which result from imposing
conditions of dynamic equilibrium on a drop moving in an
air stream. In dimensionless form, the equations are

dui/V)_ ¢ CeR (s uq (1)
dr Ry 24 \V T

d(vtﬁl I_/:)_____ OdR a Ta (2)
dr Ry 24 \V T

() -(5-9)+(F) ®

Basically, equations (1} and (2) define the acceleration of
a drop al any instant in orthogonal (z and ¥) directions.
Consequently, a double integration of these equations, start-
ing from a selected initial point (z., %,), yields z and ¥
coordinate values of a drop trajectory. Equation (3) is a
simple identity used in the solutions of equations (1) and (2).
In performing the integrations, knowledge of the quantity
(';R/24 (the ratio of the actual drag coefficient to that given
by Stokes’ law of resistance) is required; also required are
magnitudes of the air-velocity components u,/V and v,/V as
a function of drop location relative to the body. (Sec refer-
ence 6.) Variation of the term C,R/24 with local Reynolds
pumber R was taken from reference 7, while the variation of
the air-velocity components u,/V and »,/V throughout the
flow field was obtained analytically for the Joukowski air-
foils. In the case of the NACA 65,015 airfoil, however,
the velocity distribution throughout the flow field was
-obtained by an electrolytic analogy technique.? :

In carrying out the differential analyzer computations for
the five airfoll cases, the general procedure was to assign
values to the terms ¢ and Ry in equations (1), (2}, and (3),
to establish initial conditions, and then to obtain the water-
drop-trajectory traces from the analyzer. For each com-
bination of ¢ and R, selected, several trajectories were
traced until the two trajectories were found, one for the
upper surface and one for the lower surface, which were
tangent to the airfoil surface at the point of drop impact
The importance of these two tangential trajectories lies in
the fact that all drops between the tangential trajectories
hit the airfoil and all drops outside will miss. In some cases,
after the tangential trajectories were established, the dis-
tance between them was divided into six approximately
equal spaces, and trajectories started at the boundary of
each space were traced. These intermediate trajectories
were used to obtain an indication of the distribution of
waler-drop impingement over the airfoil surface.

WATER-DROP TRAJECTORY DATA

In the water-drop-trajectory study, trajectories were
calculated for assigned values of the independent variables
¢ and R,. These trajectories provided values of trajectory
starting ordinates and surface positions of drop impingement

from which values of the dependent variables, area, rate, and

 The technique of elsctrolytio anslogy Is based on the faet that the stream lines in an
inviseld Inenmpressible inid and the equipotential lines in an electrical fleld are governed by
the same equations. By means of this analogy and sultably constructed apparatus, veloeities
st any pofnt In the flow fleld around a body can he megsured directly.
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distribution of impingement, could be tabulated. A typiral
set of trajectories is shown in figure 2, and the numerieal
results obtained for the five airfoil cases are presented in
tables I through V.

To obtain general trends from the water-drop-trajectory
data, consideration was given to the desirability of develop-
ing & method for rapidly estimating values of area, rate, and
distribution of impingement that would require only informa-
tion which readily is obtainable for any airfoil profile.
Airfoil contour and veloeity distribution were faken as the
information available for use in a design study. This report
develops fairly simple and direct linking of the dependent
variables, area, rate, and distribution of impingement, to
airfoil contour and velocity distribution. The sequenee in
which airfoil contour and velocity distribution most remdily
are related to the dependent variables is as-follows: (1) area,
(2) rate, and (3) distribution of impingement. Dev clop-
ment of the generalizations will be presented in this order.

TRENDS OBSERYED IN AREA OF WATER-DROP IMPINGEMENT DATA

In order to determine the area of water-drop impingement
on the leading edge of an airfoil for specified metcorologieal
and flight conditions, the values of s/c for the irajectorics
which impinge tangentially on the upper and lower surfaces

-must be obtained. In computational methods like those of

references 3, 6, and 7, the procedure essentially has been to
select values of ¢ and Ry and then to determine the trajec-
tory. Various trajectories are computed until the tangential
trajectory for the upper and lower surfaces is found. The
two tangentiil trajectories determine the farthest positions
of drop impingement on the airfoil surface for the selected
values of ¢ and Ry and permit calculating area of impinge-
ment from the equation

(.- ]

In the method derived in NACA TN 2476, the reverse
procedure is employed; that is, a point on the airfoil is
selected (s/e) and the corresponding ¢ and R values which
are associated with the tangential trajectories at that point
are determined. The nature of the relationship between s/fe
and the parameters ¢ and Ry is shown in figure 3. Data for
the figure are those of table 1V for the cambered airfoil at
zero angle of attack and a lift cocfficient of 0.44. From
figure 3, it can be seen that any specified value of sfe in the
figure can correspond to an infinite number of combinations
of the variables £, and ¢. Consequently, il becomes neces-
sary to sclect values of two variables and to solve for the
third. In the derivation of the procedure for estimating
arca of impingement, values of s/¢ and R, ure assumed and
corresponding values of ¢ are computed.

If, the data of figure 3 could be made available for all
airfoils of interest, the problem of determining s/e for various
values of ¢ and R would not exist beeause the information
obviously would be known. Because obtaining such data
for all airfoils is impractical, the, problem in the general
case arises in determining values of ¢ for given values of
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sfe and Ry. To dectermine an expression for ¥, equations
(1), (2), and (3) are utilized to give

a'dRV .

(a’R) ()
AT

- @)

where

Equation (4) expresses generally the relation between ¢

and By at all points in a trajectory, and, therefore, it is
applicable at the airfoil surface for an arbitrarily selected
value of sf¢ which corresponds to some particular tangential
trajectory. It remains to establish the values of C;R/24,
R/Ry, and a, for the selected value of sfc. Actually, since
C.R/24 is a known function of R, the problem reduces to
approximating R/Ry and a, at the airfoil surface.

Evaluation of R/R, at airfoil surface.—To determine
R/Rv the method of this report is based on a graphical solu-
tion utilizing the hodograph plane. A typical plot in the
hodograph plane of the data from the differential analyzer
is shown in figure 4 for the cambered Joukowski airfoil.
To show the general relation of drop velocities to air velocities
the hodograph of air at the airfoil surface is also shown in
figure 4. Hodographs for the five airfoil cases, of which
ligure 4 is an example, revealed that the velocity com-
ponents for all drops, regardless of the combination of ¥ and
Ry, can be represented by one faired curve. In addition, it
became apparent that the hodograph for the drops, for both
upper and lower airfoil surfaces, always passes through the
pomt, %4/ V=cos ¢, va/V=sin a. In the simplest case of an
airfoil at zero angle of attack, the hodograph of the drops
always passes through an abscissa value of unity since the
point corresponds physically to the point of maximum air-
foil thickness where the tangential trajectories are straight
lines and impinge upon the airfoil with free-stream air
velocity., The coordinates at the origin of the air and drop
hodographs correspond, of course, to the airfoil stagnation
point. :
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To show the connection between the physical and hodo-
graph planes, figure § is presented. Figure 5 (a) depicts
several water-drop trajectories in the physical plane im-
pinging tangentially at the same point gfe on an airfoil which.
is at an angle of attack . For constant sfe (fig. 3) there arc
an infinite number of particular combinations of ¢ and R,
which are affine to any particular position of tangential drop
impingement (s/c);. In figure 5 (a), a single veeclor repre-’
senting the drop velocity for all the trajectories is drawn
tangentially to the airfoil at the point of drop impingentent.
Only one vector is shown because the tangential trajeclory
hodographs, such as that presented in figure 4, indicate that
all drops impinging tangentially at a common poini. may be
considered to have the same velocity. Also shown in figure
5 (a) is & vector representing the air velocity at the point of
tangency for the trajectories. The angle between the
drop- and sair-velocity vectors and the « axis is designated
by the angle 6. In figure 5 (b), a typical air and drop
hodograph is shown and the same vectors as shown in the
physical plane are indicated. The difference in length of
air and drop veetors at a particular s/¢ position is numerically
equal to the value of R/R; given by equation (3). This
equality provides a basis for predicting R/Ry, and forms the
starting point for the empirical method.

Because an examination of the drop and air hodographs
for the five airfoil cases showed that a single value of R/Ry
can be considered to be associated with any particular sfe
position, the assumption is made that other airfoils will dis-
play this same characteristic. In order to calculate' values
of R/Ry for an arbitrary airfoil, however, both hodographs
of the air and of the tangential trajectories are required.
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The hodograph of the air velocity at the airfoil surface is
easily obtained from the veloeity distribution over the air-
foil, so the problem is to determine the shape of the hodo-
graph for the tangential trajectories. From physical con-
siderations, it is known that the tangent.ial—tra.jectory hodo-
graph always will pass through the point u,/l =0, rg/ V=
and the point us/V'=cos e, v V=sin .

With two points on the trajectory hodograph always
known, it was postuleted that, if one more point eould be
established, preferably where the vertical-veloecity com-
ponent reaches the meximum value,'the general shape of
the trajectory hodogreph might be reasonably estimated.
It was noted from the nodographs for the five airfoil cases
that peak values of r/V and r 1" were at nearly the same
location on the airfoil surface; that is, values of 1z, /V"
and 2, /V seem to fall on 2 straight line through the origin.
A comparison was made, for the five airfoil cases, of values
of the vertical component of relative velocity between
drop and air attained at the position of maximum vertical
air velocity. For this comparison, values of (r.,,/V)—
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(Od o,/ V) 80d 14, [V were obteined from the five airfoil cases
and these are plotted in figure 6. An inspection of the data
in figure 6 shows that the four Joukowski airfoil cases provide
& simple relation between (zs,, /1) — (s, /V) and v /1"
By use of figure 6, a third point on a trajectory hodograph
can be ascertained which in turn permits the general shape
of the hodograph to be estimated.

The point plotted in figure 6 for the NACA 65,-015
airfoil upper surface does not lie on the curve established by
the Joukowski airfoil data, and & question?® arises as to_
whether this difference is real. While this question cannot
be resolved until further data are available, qualitatively, it
would seem that the tangential-drop velocities should tend
to approach more nearly the surface-air velocities in the
case of low-drag airfoils because these shapes are not so
conducive to altering the paths or speed of water drops.

As an aid in discussing the construction of the drop
hodograph using only three points, figure 7 is presented.
In figure 7 the air hodograph is first drawn, and the point
Payq,/ v 15 established. Then, of the three methods con-
sidered, one procedure to obtain a drop hodograph uses the
maximum vertical velocity of the tangential-trajectory hodo-
graph v. /V. This value is determined as being less than
"-.:u/V by the amount (g, u/V)—(v,M‘/V) in sccordance _
with the curve in figure 6. The value of r4,,, /¥ 50 determined
is assumed to lie on & straight line connecting the origin
and r._ /V. The position of rs, /1" along the radial line
determines the value of (R/R, ve,, 8t that particular
position. Values of R/R; for other s/c positions might be
taken, as a first approximation, as being in the same ratio to
the air velocity at the particuler gfc position as the value of
R[Ry at te,, JV is to UV at &, /V (curve A in fig. 7).
Thus, an expression for R/R at en gfc¢ position would be:

r v, BB,
BV TV,

Values of R/Ry calculated by equation (5) ususlly are too
large near point X (fig. 7) where it is known that u,/V=cos e,
vs/ V=sin a,so that a drop hodograph so constructed probably
would not pass through this point, and it should. To over-
come this discrepancy in the drop hodograph as computed,
RIR,
UV
of the air hodograph, a curve without reflex is faired tan-
gentially into this drop hodograph from the point %4/ V=cos <,
tsfV=sin«. The combination of the proportional curve and
the faired curve comprises the drop hodograph, which is
labeled curve B in figure 7. For the five airfoil cases
maximum deviations between the drop hodographs obtained
by the foregoing method and actual drop hodographs wers
of the order of 15 percent in the value of U7 /V.

Two other methods were considered for establishing drop
hodographs. One of these methods assumed R/R; to main-

 Some varfation In the value (#,/V) mer— (#e/ 7)) maa can be obtained by the cholce of curve
need for the drop hodograph. In the case of the NACA 65015 alrfofl, the latitude of choice
for a hodograph was falrly great becanse of some discrepancies n the velocity-component
data corresponding to sorall values-of sfe. The hodograph finally chosen, and which gives
rise to the questioned point [n Bgure 8, Is bhosed only on the most reliable velocity-component
valnes from the data.

assuming a constant value of based on the peak point

5 .
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FIGURE 6.—Variation of velocity difference between drop and alr with maximum y-veloclty component of air for the five airfoll casra Investizated.

10 . ,

SIB (-i- == J_V".max 1 : l

'::"; 8 Ay Yo max, /‘ il - 4 Yamae Vo,

b EI; Jmex| “~ - L ~f-—" v v

- e v /A il

$ g 6 e ~=C “)1 — ===drop hodographs —
£ = 4 - =

< -

§ 5 4 4 / ﬁd/ \‘ D\\‘\/c ---1-alr hodograph
LA e N

2 2l A Ug A 1YBE

g . P T/_va ) 1! I

L. 0 max / X / a

I27 L4 IG
and of drop, V

2 4 6 =8 10 8 20

x ~veloclty component of air, V .

(UfV)

Curve A based on - "(Rr) W

Curve B faired ntially to cm-ve A from polnt. X.
Curve O based on (R/R v y=constant,

Curve D based on %%—mtmt.

Fiaune 7,.—lustration of three pussible technlques for the construetion of & drop hodograph
from s specified air hodograph,

tain a constant value equal to the value prevailing at the
point us/V=cos a, v4/V=sin a. The other method assumed

. D[Ry
the ratio U7 TV

to maintain & constant value determined by

the value of R/Ry and U /17 at the point wz/V=cos «,
ve/V=sin a. The drop hodographs given by cacl of these
two methods also are shown for the example in figure 7. The
curves are labeled C and D, respectively. These two
methods have the advantage of not requiring the use of the
hodograph and figure 6; however, they are considerably
more inaccurate (maximum deviations from the drop hodo-
graphs for the five airfoil cases being in the order of 30
percent), due to the neglect of factors of apparent influence on
the drop trajectories. Either one of these latter two methods
might be useful for particular airfoil cases which happen to
fall considerably beyond the scope of the data used to obtain
figure 6.

 After the tangential-trajectory hodograph has been estab-

lished in relation to the hodograph for air, values of R/R are

available for various chordwise positions on the airfoil.
These values are used in equation (4) for arbitrarily selected
values of Ry, and sfe. Once values of R, are sclected,
values of R are ascertzinable. Furthermore, the term
C,;R/24-is the function of R tabulated in table VI. Thus,
to solve equation (4), the only additional term fo be
evaluated is a..

Evaluation of the drop-acceleration term a,. —»—Thc remain-
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ing term to be evaluated in equation (4) is the acceleration Equation (4) may be written

of the drop at the airfoil surface a,. To determine the. '

variation of this term with chordwise position, values of a4 ( )( 7 ) X (6)
. -

were calculated from the trajectory data by equation (4) for

each [of the airfoil cases presented in tables I through V. Howerver, since the term (R/Ry); is taken to be constant for

The procedure used'in making the calculations was to com- | given position on the surface, equation (6) may be written,
pute the value of B/Ry by utilizing values of the orthogonal | ¢,- any given chordwise position, -

drop-velocity components from tables I through V for

corresponding values of ¢ and R;. The term was calculable a,=(const) ¥, D)

through knowledge of R/Ry and R;. The terms R/Rjy, . . .

C:R/24, Ry, and ¢ were then substituted into equation (4) Thus., gccording to equation (7), if the product of ¥ and C,

andfsolved for a;. ‘The results for o typical case (15-percent- | FeInains %?Mtiﬁt fotrhvar:l)us vfalueslgf g‘ﬁlat & given cl;orti-__
s covekd airfal : wise position, then the value of a, lso remain constant.

thick cambered Joukowski airfoil) are presented in figure 8. Comparisons were made, for the five airfoil cases, of ¢ C,

40 : i . . products for given sfe positions over a wide range in ¢ and

o Trajectory data R, values. These comparisons showed that, for a given

u d/ Y% 8f/c position, the product of ¢ and Cy generally is of similar

o Calculated from gy = % X s magnitude. A sample of such a comparison for the 15-per-

dﬂ-‘/ cent-thick cambered Joukowski airfoil at 0° angle of attack

30! w d _l‘;_rr) is shown in table B in which values of ¢, for chosen values

a Calculated from ay --7" X~ of By and sfe, were taken from curves faired from the data

d(?} tabulated in table IV. On the basis of comparisons of ¥,

- : products for the five airfoil cases, the assumption that ag

is constant for a particular chordwise position seems fairly
well justified.

TABLE B—COLIPARISON OF PRODUCTS OF SCALE
MODULUS AND DROP DRAG COEFFICIENT FOR A 15-
] i PERCENT-THICK CAMBERED JOUROWSKI AIRFOIL

Upper surface i [eeam0°; cyme(.44; @=1.0 mean Hne]
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o
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}q 1 R -
r 18 84 256 1
‘f\a\'\-&i— . &fc —

Orop acceleration, gy

:
1
|

nS

3
dceeea
_§§§£§g

o Lower surface ) —zlg:g zﬁ“ ,ﬁ
) - —10.0 58T 510

- —50 | 1m0 | 160
\: ! —25 | @0 | 50 20

BEssy

| After inferring that the value of a; can be considered as
- . being unique at any particular chordwise position, regardless
o 6 o 35 ‘of the values of ¥ and Ry, the problem of evaluating drop
40 . . - .
Chordwise posifion, X, percent acceleration becomes one of determining the appropriate
i . /
FIGURE 8.—Typleal chordwise distribution of instantaneons drop-acceleration values, for value of a, to assign to each value of s/e.

tangential trajectories at instant of Impact; 15-percent-thick cambered Jookowski roximati 1 int w
Langentlal trajectories st fnst irop [mpact; 16-per In spproximating the drop acceleration at a point where

Figure 8 exemplifies that drop acceleration at the surface | procedures were tested, as was the case with the term RfR;.
of the airfoil, like the hodograph of drop velocities for tan- | Of the various procedures investigated, the one which will
gentially impinging trajectories, can be considered & single | be presented herein is considered most acceptable because

the drop frajectory is tangent to the airfoil surface, several .

relation regardless of the combinations of ¢ and B;. How | the resultant accuracy is commensurate with that produced ~—

the singular nature of the acceleration values arises can be | by the most accurate procedure presented for obtaining
shown as follows: _ R/Ry. 1In addition, the procedure is simple in application.
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For this procedure, the approximation is made that the
tangential aceeleration of a drop at a given point on the sur-
face is the same as the acceleration of the air along the airfoil
surface at the same point‘ The eq‘uat,ion used to express
the drop acceleration in terms of air velocity at the airfoil

surface is:
D AU/ V ) e
x b e (8)

The velocity-gradient term in equation (8) can be evaluated
simply by plotting U,/V against s/¢, and obtaining the slope
of the curve at the desired ¢/c positions.

Results typical of those obtained by using equation (8)
to approximate values of a, are shown in figure 8 for the
cambered Joukowski airfoil. The calculated points are
denoted by square symbols. Figure 8 Hustrates the general
finding that equation (8) provides over most of the airfoil
lower surface values of a; which are in good agreement with
the data. On the airfoil upper surface, equation (8) pro-
vides drop-acceleration values which are in fair agreement
with the data near the airfoil leading edge: but farther aft,
the ability of equation (8) to predict appropriate values
diminishes appreciably. This decresse in accuracy was
most pronounced for the Joukowski and NACA 65015
airfoils at 4° angle of attack. For the two 4° angle-of-
attack cases, the inability of equation (8) to represent actual
drop acceleration valucs-fairly far aft on the airfoil surface
apparently is because the drops impinging in this region
have. sufficiently large inertia so as not to respond to the
very rapid changes in surface-air velocities prevailing near
the position of maximum air velocity. Execept quite near
the leading edge, the trajectories are fairly straight, indi-
cating that the impinging drops do not respond appreciably
to the vertical components of air velocity. Thus, another
approximsation of drop acceleration can be obtained by
using the # components of air velocity. In equation (8)
I7/V would be replaced by u,/V so that

dudV) o _
XU A6l (9)

Results obtained by using equation (9) are presented in
figure 8 using the cambered Joukowski airfoil as a representa-
tive illustration. The values calculated by equation (9) are
shown in the figure by triangular symbols. For the airfoil
upper surface, the agreement between calculated values and
trajectory date i8 good fairly far aft on the airfoil: on the
lower surface, the agreement also appesirs to be reasonably
good. Apparently then, equation (9) can be helpful when
estimaling a, values for airfoils at angle of attack.

The question arises as to whether it would be possible in
the general case, when the differential analyzer date points
shown in figure 8 werc not present, to detect the inadequacy
of equations (8) or (9) to represent the correet values of a,.
In this regard, it should be noted that s/c values for a,=0

4 Only the tangential componant of drop aceeleratfon needs to be approximated since the

normal component of drop acceleration s equal to xerc at the point of tangeney. That the
normal aceelaration of the drop fs zere at this point can be shown by writing the equations

expressing dynamic equilibrium of a drop. The terms Invelving the drop and air velocitles’

are resolved normally and tangentlally. A substitution of the boundary conditions at this
point shows that the normal acceleratlon mast equal zero.
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always can be selected because these values correspond Lo
chordwise positions of tangentially impinging straight-line
trajectories having maximum gfe intercept. These particular
trajectories always can be established by constructing lines
tangent to the upper and lower surfaces of the sirfoil parallel
to the free-stream direction. With s/e values for a;=0
established, there would be some indiecation of when these
equations could not truly represent the correct curve.  Be-
cause, for an arbitrary airfoil case, there is no absolute
assurance that either equation (8) or equation (9) will
provide values of ¢, which will represent the correet curve,
it is suggested that both equations be employed in esti-
mating vaelues. If, in using equations (8) and (9), the value
of gfe for which a,=0 is found to differ materially from the
value given by straight-line trajectories impinging {angen-
tially on the airfoil, then the calculated values should be
regarded with some skepticism. In such an event, reliance
should be placed mostly on the values of a4 calculated by
equation (8) for small sfe values, and a curve faired from
these values to a value of zcro acceleration at the known
extreme position of drop impingement.

Calculation of scale modulus i for s/c at the stagnation
point.—The two preceding subsections have presented
approximate methods by means of which equation (4) can
be evaluated to obtain values of ¢ for selected Ry values at
chosen positions on the airfuil surface. However, a special
procedure for evaluating ¢ at the stagnation point is neces-
sary, since equation (4) cannot be used to cvaluate the
scale modulus at or very near the stagnation point. This
procedure is more suitably discussed in connection with the
gection on rate of impingement which follows:

TRENDS OBSERYED IN RATE-OF-IMPINGEMENT DATA
Another quantity of interest to the designer of an aireraft
thermal-ice-prevention system is weight rate of drop impinge-
ment on an airfoil. An expression for weight rate of drop
impingement per unit length of span, according to reference

8, is given by
(10}

In order to evaluate the rate of impingement Af, in ac-

M,=3600 Vmdy,’,

- cordance with equation (10), the term Ay,’, must be known.

When methods like those of references 3, 6, and 7 are em-
ployed, Ay,’, can be determined directly from the caleulated
trajectories which impinge tangentially upon the airfoil.
For a procedure in which trajectories themselves are not
determined, however, evaluation of Ay,’, must be based
upon quantities which are known.

Evaluation of Ay,’, using airfoil ordinates as an inter-
mediate parameter.—Preceding sections have shown that
(s/e)u, and (s/e);, can be established as a function of ¢ for
various velues of Ry; hence, the airfoil ordinates correspond-

-ing to the farthest position of drop impingement on the upper

and lower surfaces y,, and y,, also can be ascertained as a
function of ¥ for various values of By. Because values of
Yu, and ¥;, can be obtained readily for a wide range of ¥ and
RV values, the data were examined for a relationship involv-
ing Ay, (for small angles of attack, Ay, is approximately
equal to ¥,,) and the quantity ¥, ,—¥1, which will be called
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Ay, In this regard, Ay, was compared with Ay, for the
values of ¢ and R+ values presented in tables I through V
for the five airfoil cases. Results typical of the comparisons
fur the five airfoil cases are shown in figure 9 for the 15-
percent-thick cambered Joukowski airfoil at 0° angle of
attack:
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An inspection of data for the five cases showed that the
ratio of Ay,, to Ay, can be considered linear with respect to
the log of the scale modulus ¥ for various Ry values. The
linearity was found to exist for values of (Ay,/Ay).<0.8 for
the Joukowski airfoils, and for values of (Ay,./Ay).<0.9 for
the NACA 65,-015 airfoil; but this linearity appears to be
characteristic only of airfoils since cylinder data from refer-
ence 7, when plotted in the same manner do not show this
property. Of special interest in figure 9, however, is the
fact that the ratio (Ay./Ay): must become zero at some
particular value of ¢ for a given value of Ry. This “‘critical”
value of ¢ can be caleulated from an aerodymamic property
of the airfoil. According to references 7 and 9, for sym-
metrical bodies at 0° angle of attack, the critical value of ¢
(i. e., the maximum value for & given value of R for which
drops just impinge on the body) is giveu by

b=t Ry Xl V) (1)

FT=0

For symmetrical bodies at an attitude other than 0°, or for
unsymmetrical bodies at an arbitrary sattitude, the same
form of equation (11) applies, but with the notation slightly

altered; thus,
_ap. AUJY)
Kbcr—- ‘:!:RV aS

This change is made because the small drop which impinges
only at the stagnation point of .the airfoil follows the stag-
nation streamline which, in the general case, is not a line
parallel to the airfoil chord line.- For simplicity, equation
(12) shall be written

(12)

¥m0

\ll,_-,- = 4:R ;’G

In order to use equation (13), the problem of assigning a
value of ¢ presents itself for the case of an arbitrary airfoil.
Since the quantities gf¢ and E are affected only in a minor
way by variations in @2 it was believed that for determining

(13)

¥ Caleulations have shown thag negligible changes in sfe and E occur for a change In Gas”

Large as 10 parcent.
77483 —~54 ——T70
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G the airfoil could be replaced by a shape more amenable to -

calculation. The assumption was made that a symmetrical
Joukowski airfoil would be representative of that type section
having maximum thickness fairly well forward (conventional
airfoils), and an ellipse representative of that type section
having meximum thickness well aft (low-drag airfoils).
Since the major factors influencing the velue of @ are thick-

ness and angle of attack, calculations of G were made for

symmetrical Joukowski airfoils and ellipses of different thick-
ness-chord ratios at various lift coefficients.

Joukowski airfoils and may be used directly. The data in
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Fi6URE 10.—Velocity gradlent along the & tion streamline at the s tion polnt, as a
function of lift coefficlent thickness ratio for two profiles.

The results of .
these calculations are presented in figure 10. The data in
figure 10 (a) sre intended for use with airfoils resembling

¢ No account fs taken of the effect of & cambered profile on the velocity gradient ¢. The
reason for neglecting this effect is that tests using an electrolytic analogy have shown that the
effects of camber are very small In comparizon with the effects of thickness, and caleulations
have shown that only large varfations in @ are important in affecting the values of g/cand &
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figure 10 (b) are intended for use with low-drag profiles;
however, it is first necessary to establish an ‘“equivalent
ellipse” thickness ratio for the low-drag section being used.
An equivalent ellipse is defined for the purposes of figure
10 (b} as an ellipse having its leading-edge radius equal to
the leading-edge radius of the airfoil, and a thickness equal
to the airfoil maximum thickness., The major axis of the
ellipse is thus established and the ellipse thickness ratio can
be computed. An equation expressing the thickness ratio
of the equivalent ellipse in terms of the airfoil leading-edge
radius and thickness ratio is:

t, =20

tmax

~(14)

With the aid of figure 10, the value of ¥, for airfoils can
be estimated for any By value in accordance with equation
(13). Not only does this value correspond to the condition
of zero rate of impingement, but it also corresponds to the
condition of zero area of impingement. Henece, the critical
value of ¥ can be used for obteining an additional point for
area-of-impingement computations, and this value will cor-
respond to the 8/¢ value at the stagnation point.

While the condition of no drops impinging on the airfoil
surface yields one point on the curves, (Ay,/Ay), versus log ¢,
at least one more point is required for cach value of By in
order to establish the linear relationships as observed in
figure 9. To locate a second point on an isopleth of Ry, it,
is desirable to determine a value of ¥ corresponding to a
chosen value of (Ay,/Ay), somewhat less than unity. The
reason for this specification is to procure a spread in the
values of (Ay,/Ay)}, used to ‘establish the linear relationships,
between (Ay./Ay); and log ¢, for isopleths of Ry.

In developing a procedure for determining what value of
is associated with & specified value of (Ay./Ay); on an isopleth
of Ry, the data from the five airfoil cases were examined for
values of some parameter, related to (s/¢)., and (s/e};,, which
could be used to fix the value of . The parameter used to
supply the necessary values was the efficiency of drop im-
pingement E. The relationship between E and (Ay,/Ay), is

given by
Ay, Ay,
LAY /i \lner

Equation (15) can be derived by starting from the definition
of Ein terms of the initial drop-trajectory ordinates

(15)

gl

fee - Ee

ol_ o’ A a’
yu y l)l z]ITL_ “'(16)

h

At the small angles of attack associated with most flight
conditions, Ay, in equation (16) can be replaced by Ay,,
so that
Ay, =Eh amn
Then, in equation (17), if the reference dimension  is replaced
by fne: and both sides of equation (17) are divided by Ay,,
and the terms rearranged, equation (15) is obtained.
The trajectory data for the five airfoil cases provided, for
different values of Ry, relatively constant values of E corre-
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sponding to a value 7 of (Ay,/Ay),=0.8. Thesc efliciency
values were used to obtain an average efficiency value for
each airfoil case. Then, by using equation (15), an averagoe
value of Ay,ftn., could be computed for cach airfoil case Ly
using the average efficiency values and a value of (Ay./Ay) .=
0.8. The results are presented in table C.

TABLE C.—AYERAGE VALUES OF Ayffm.: OBTAINED

FROM EFFICIENCY DATA FOR THE FIVE AIRFOIL CASES
AT A VALUE OF (Ay./Ay),=0.8

] . Il

Efficlency of Impingement, =
(percent)

Cas —e : Aj:
nnme Imes
ber . Ry | Ave A
. o value for
16 | 32 | 64 | 128 | 256 | s12 | 1024 | 2048 | CACH Case
i
1 | |ms| . e mss] o] mo | ase
2 1500 | oo (7B | ooon | FEB | o | TEE | o | 758 | o8
8 (7of T moel| Il (ol (s || 7Le | De0
4 ol Tllemo| Il sae |l fe2a| T &7 | fm
5 |80t |mmet s8] smo| Il e | n

The values of AYftms: tabulated in teble C exhibit some
variation between airfoil cases, and figure 11 is presented to
show this variation when Ay ff..: is assumed to be a function
only of angle of attack. In figure 11, the point for the
NACA 65,—015 airfoil does not lie on theeurve presented for
the Joukowski airfoils. If the variation of Ay ffye: with
angle of attack shown in figure 11 is used, it is possible to

onless

o Joukowskl girfolls
o NACA 65,-0i5alrfoil

F ‘WHN\T“?_ L1 ~L

D__}S

Raotlo of airfoll ordinate
intercept to airfoil maximum
thickness, Ay,y;”m ,dimensi

00 l 2 3 4 5 6
Angle of aitack, a, degrees

FIGURE 11.—Ratlo of Ayifmes 28 & function of angle of attack for (Ay /Ay =0.8.

determine, for a given value of R}, an approximate value of
¢ at which (Ay,/Ay),=0.8. The procedure which may be
used for determining this value of ¢ is shown by a hypothet-
ical example in figure 12. From curves of (s/c)., and (s/c);,
as a function of log ¢ for a specified value of R, (fig. 12 (a)),
curves of y,, and y;, as a function of log ¢ are established for

the same value of Ry (fig. 12 (b)). For the relation shown
in figure 12 (b), there is & value of Ay ffn.: which is the same
as would be chosen from the relation in figure 11 corresponed-
ing to the airfoil angle of attack. . This particular value of
AYftnqx corresponds to the ¢ value at which (Ay,/Ay),=0.8
for the particular Ry value chosen (fig. 12 (c)), and the

7 The procedure utilized was to detarmine from curves of (Ay./ag): asa funetion of log ¥
(fig. 9) the value of ¢ at which (AyJ/Ay)(=0.8 for different velues of Ry, Then, data from
tables I through V were used to estublish curves of E ua a function of log ¢ for the sume
values of Rr. On the afficlency curves, the value of E corresponding to (AyJ/Ay)=0.8 for &

partleular value of Ry could be determined by locating, for the same Ry value, the value of ¢
which was established from carves, simllar to that in figure 9, to correspond to (AyJ/Ap =0.8,
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The previous discussion has shown how values of Ay,
may be obtained for various ¢ and Ry values. However, in
the design of a thermal ice-protection system, by the method
discussed in reference 1, it is sometimes more convenient to
determine the rate of water-drop impingement by using the
airfoil collection efficiency E rather than by using the term
dy,/. In such circumstances, equation (10) becomes

M,=3600VmEl y,,

wherein E would be given by equation (15). When equation
(15) is used and the angle of attack is other than zero, the

limit efficiency value corresponding to straightline trajee-

tories will be greater than unity because A usually is some-
what greater than ...
TRENDS OBSERVED IN DISTRIBUTION OF IMPINGEMENT DATA
Of secondary importance in the design of heated wings is
distribution of water-drop impingement over the length of
interception along the airfoil surface. Despite its lack in
prime importance, information concerning distribution of
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water drops over an airfoil sometimes is desired and, there-
fore, brief mention shall be made of observations drawn
from the differential analyzer results.

An examination of the trajectory data did not reveal any
direct empirical way to obtain a functional relation between

impingement distribution, scale modulus, and free-stream-

drop Reymolds number. It was found, however, that a
graphical construction can be used to approximate the dis-
tribution of drop impingement over an airfoil surface. The
basis for the graphical procedure was found by examining
the variation of the concentration factor * C as a function of
8fc for various combinations of ¥ and R;. Two such vari-
ations, which are typical of the five airfoil cases investi-
gated, are presented in figure 13 for a 1i5-percent-thick
cambered Joukowski airfoil at 0° angle of attack. The

1O——r———— -
— Trajectory data’
— First approximation

O e et
el

: =0
m ) ALAF arbitrary

N g
(VRN
AR
2 ,
7§ =512
/| N &-64 A
L1 1 [y ™
=30 -20 -10 0 10 20 30 40
Distance along airfoil surfoce from leading edge, s/¢, percent

Y
=
hh‘\xw

Cencentration factor, C,dimensionless

Ficuex 13.—8urface distribution of water-drop Impingement for a lﬁ-petcmbthlet cambered
Joukowsk{ airfoil; cy=0.44; «=0°; a=1.0 mean lin

curves depicting these variations in figure 13 are shown by

solid lines. One curve is typical for combinations of ¥

and By corresponding to curved trajectories, and the other
curve is typical for the combination of ¢ and Ry correspond-

ing to straight-line trajectories (=0, value of Ry arbitrary).

The curve for ¥=0 is obtained by drawing & number of -
straight-line trajectories to the airfoil to obtain values of
the concentration factor-

dA.
and represents the locus of maximum possible values of C.
This curve, which will be referred to as a limit curve, always
can be obtained for a given airfoil because straight-line
trajectories always can be reproduced, but the curve for
values of (' less than maximum cannot be obtained because
the shape of the curved trajectories cannot be determined.
Because of the shape of the C distribution curves noted for
the five airfoil cases, and of which figure 13 is an example, a
triengular distribution is considered useful in establishing a
first approximation to an actual distribution. For a tri-

§ The use of the concentration factor CIn the computation of heat requirement due to drop
impingement Is discussed in reference 1.
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angular distribution, the maximum value of € can be caleu-
lated from the equation

Eh

(}maz_‘m (19)
which is developed in NACA TN 2478, The value of Cpge
given by equation (19) is considered to lic on g line connecting
the points C=1.0, sfe=0, and C=0, and sfe for the stag-
nution point. The values of (s/e)u, and (s/c); , &re used to:
define the extremities of the triangular distribution for &
value of C=0. An example triangular distribution is
shown in figure 13 for the 15-pereent=thick cambered
Joukowski airfoil at 0° angle of attack. The distribution is
constructed corresponding to values of ¥=512 and R,=64
and is compared in the figure to the distribution given by
the trajectory data for the same values of ¢ and R,.

The value of C,e. obtained from equation (19) always will
be low. However, if the triangular approximation is altered
to correspond more nearly to the shape of the limit curve
for the C values, while keeping the cnclosed area the same
as the triangular area, more accurate concentration-factor
values can be obtained. The altering of the triangular
distribution is an ettempt to establish the locus of conecen-
tration-factor values whick would be given by data for
calculated trajectories.

A PROCEDURE FOR CALCULATING AREA, RATE, AND
DISTRIBUTION OF WATER-DROP IMPINGEMENT ON AN
ARBITRARY AIRFOIL

Previous sections have shown how trends derived from the
water-drop trajectory data may be applied to determine
area, rate, and distribution of impingement for an arbitrary
airfoil in incompressible flow. The general procedure will
now be summarized by using, as an example, the case of
an NACA 23015 airfoil at ¢;=0.5.

AREA OF IMPINGEMENT

The procedure for calculating area of impingement consists
primarily in defermining values of (s/c), and (8/€);. The
following steps explain how the empirical relations derived
from the trajectory data could be used to determine these
values, and figure 14 incorporates Decessary accompanying
graphical relationships:

Step 1.—Construct the following curves for use during the
computation procedure: .

(a) A large-scale plot of the airfoil (fg. 14 (a))

(b} A plot of s/e versus z for both upper and lower surfaces
(fig. 14 (b))

(¢) A plot of k for various z positions (fig. 14 (c))

(d) Chordwise distribution of incompressible-low air
velocities over the airfoil surface (fig. 14 (d)).

Step 2.—Construct an air hodograph (fig. 14 (e)) from the
information in figures 14 (c) and 14 (d).

Step 3.—Construct a drop hodograph (fig. 14 (f}) using as
aids the air hodograph of step (2), fig. 6, and equation (5).

Step 4.—Estimate values of drop acceleration at the airfoil
surface (fig. 14 (g)) with the aid of equations (8) and (9), and
the known condition of zero drop acceleration at the extreme
position of tangential drop inpingement.

Step 5—Compute values of the scale modulus, correspond-
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ing to seleeted values of 8fe, by using cquation (4). Values
of R/Ry, a4, and C;R/24 employed in equation (4) are ob-
tained from figures 14 (f), (g), and (h), respectively.

Step 6.—Plot curves of s/c versus ¥ for isopleths of 12,
(fig. 14 (1)) using the calculated points from step (5).  Values
of ¢ for sfe=0 arc obtained for this plot by using equation
(13) in conjunction with figure 10.

- .
s
Q
k= R N I L I | 1
3 10 20" 30 a0 50 0
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=10

. (a) Alrfoll contour.
FIGURE 14.—Craphlcal relauonshl& used in evaluating Iu:thgsgeposltlon of [mpingement for

an NA 23015 alrfoll; cym0.5; ocm
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RATE OF IMPINGEMENT

The procedure for determining total rate of impingement,
as has been explained in reference 1, consists of summing the
rate of water-drop impingement for each of the drop sizes
in an assumed drop-size distribution. A summation is pos-
sible for each size of drop by use of the equation:

.]Ig=3600 EYV MYmaz

The values of V', m, and y.,, are obtainable directly from a
knowledge of the nature of the icing conditions and the
airfoil shape. The procedure for czleulating efficiency of
impingement consists essentially of evaluating equation (15).
The following steps, with the aid of figure 15, are intended
to explain how the evaluation of equation (15) is performed:

Step 1.—Establish the following relationships for use
during the computation procedure: &fc as a function of y/e
for both upper and lower surfaces (fig. 15 (a)), and %; as a
function of ¢ for the desired values of R (fig. 15 (b)). Figure
15 (b) is obtained from figure 14 (i} by employing the con-
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version relation between sfe and y/ec .15 (a)). In re
¥

15 (b), use is made of figure 11 to establish the value of ¢
which corresponds to the value of (Ay./Ay).=0.8.

Step 2.—Construct (Ay,/Ay), &s & linear function of ¢ on -

semilogarithmic coordinate paper for the desired values of
Ry (fig. 15 (¢)). Two points are required to establish the
function for each value of By. One point is obtained from
equation (13} already discussed in step (6) under area of
impingement ; the other pomt is obtained through the axd of
figure 15 (b).

Step 3.—Calculate values of memgement eﬁimency using
equation (15). Values of (Ay,/Ay); and Ay, used are obtained
from figures 15 (b) and 15 (c), respectively. Results of calcn-

lations for the NACA 23015 airfoil ere shown in figure 15 (d).

DISTRIBUTION OF IMPINGEMENT

Distribution of impingement is considered defined, as
explained in reference 1, when values of the concentration
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fadtor € are determined over the region of drop impingement,.
Asummary of the procedure to establish these values is as
follows:

Step 1.—Determine a limit distribution curve of € versus
sfc by equation (18). To evaluate cquation (18), a plot of
' versus s/e is required (fig. 16 (a)) for straight-line trajecto-
riecs. Figure 16 (a) can be established with the aid of a
graphical construction of straight-line trajectories impinging
on the airfoil being considered (fig. 16 (b)). A limit distribu-
tion is shown in figure 16 (¢) for the NACA 23015 airfoil.

Step 2.—Construct a triangular distribution of impinge-
ment of C versus 8fe. To establish this distribution, three
values of € are located on the plot. One of these values is
given by equation (19) and is located on a line connecting the
points (/=1.0, sfe=0, and (=0, and s/c for the stagnation
point. The other two points are located at a value of =0
at values of s/e for farthest positions of impingement. Fig-
ure 16 (c) shows a triangular distribution for the NACA
23015 airfoil,
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Step 8.—Modify the triangular distribution established in
step 2 Lo conform with the general shape of the limit distribu-
tion found in step 1. In performing the modifieation, the
grea contained within the new distribution curve is made
equal to that contained within the triangular distribution.
This condition usually results in a larger value of Cuar. A
modified distribution curve is shown in figure 16 (c) for a
particular combination of ¥ and R;..

EVALUATION OF THE PROCEDURE DESCRIBED IN THIS
REPORT

* The degree to which the final values of furthest position and
efficiency of drop impingement, as estimated herein, depend
upon the accuracy of determination of the intermediate
quantities (B/Ry), ag, and G was investigated by determining
the effect of arbitrarily altering these three quantities & given
percentage. By this means, the effect on farthest position
and efficiency of impingement ean be appraised for the se-
Iected changes in the three variables; also, some measure is
obtained of the error introduced by the approximations used
in the caleulation procedure.

When computations were made for the 15-pereeni-thick
symmetrical Joukowski airfoil at a=4°, and the values of
(B/Rv),, a,, and @ were altered by 4-10 percent in all possible
combinations, it was found that in no case was changing ¢
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significant for farthest position of impingement. The com- o
bination of positive and negative changes providing the

largest change in ¢ resulted in a change in s/ of about 2-per-
cent chord over most of the range In values of ¢. The

"approximations contributed an additional change of only

about ¥-percent chord.

For efficiency of impingement, the effect of a change in
the term G alone was to mske a change in efficiency of
about 0.5 percent; the combination of positive and negative
changes in (R®/Rr). and ¢; providing maximum change in
¢ made a change in efficiency of about 3 percent over most
of the range in ¢ values. As compared with these changes,
the approximations led to efficiency of impingement values
which differed from the differential analyzer values by about
—15 percent.

While the foregoing values will not necessarily be repre-
sentative for all other airfoils, they probably indicate the
order of magnitude of error in area and efficiency of impinge-
ment to be expected when the error in the terms (R/Ry),,
@z, and @ can be kept within 410 percent. Whether this
sort of accuracy always can be realized by using the pro-
cedures suggested in this report can be ascertained only
as more water-drop-trajectory deta become available.

CONCLUDING REMARKS

Results of water-drop-trajectory date obtained from a
differentiel analyzer have indicated trends which were used
as & basis for devising a procedure for caleulating area,
rate, and distribution of water-drop impingement on airfoil
sections of arbitrary profile. These trends are more firmly
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established for airfoils resembling the Joukowski airfoils
investigated than for low-drag airfoils, since the basic data
were obtained for four Joukowski airfoil cases and only one
low-drag section. Further water-drop-trajectory data are
needed, perticularly for thin airfoils (order of 5 perecent thick)
at high speeds, and airfoils at high angle of attack (in the
neighborhood of 12°). Whether these new data would
make it hecessary to revise the concepts presented herein,
replace, or substantiate them remains to be seen. Until
such data are available, however, the method derived from
these trajectory data should permit more complete and
accurate calculations of the area, rate, and distribution of
water-drop impingement on an arbitrary airfoil than other
semiempirical methods.

AMES AERONAUTICAL LABORATORY
NaTioNAL ApviSORY COMMITTEE FOR AERONAUTICS
MorrerT FiELD, CaLir., May 8, 1951
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TABLE I—RESULTS FROM DIFFERENTIAL ANALYZER
STUDIES OF WATER-DROP IMPINGEMENT ON A 15-PER-
CENT-THICK SYMMETRICAL JOUKOWSKI AIRFOIL

[cr=0; am=07] )
— po - - i N

¥ Ry I'f Surface sfe w1V iV

2 IR 0.074 Upper?®, oo 0. 265 1.0 1]

2 128 —. 074 Lower!_. —. 285 L0 1]
8 §12 074 Upperi_. .273 .087 004
3 512 — (74 Lower L —.273 o7 —. 004
32 A48 .072 | Oppert. . 262 .907 018
32 2048 —.072 Lower!. —. 202 007 —. 013
4 32 0n Uppor L. 278 1.0 012
4 32 — 7 Lower1_ —. 373 1.0 —. 012
16 128 .o70 Upper!t. . 244 1. 008 . 023
18 128 N1 - R - do__.__ .068 R, .13
1 128 020 [ do. 021 . 982 .00%
18 128 -—. 020 Lower... —. 021 . 982 -~ 009
16 128 —. 045  |._.do__ —. 068 . —. 018
16 128 ~. 070 Lower!.. C— U4 1.005 —. 023
64 512 .0888 | Upper? .235 1,004 . M3
84 512 —. 0685 | Lowert_ —. 235 1. 004 —. (M8
258 2048 058 Upper! . 188 L.007 .082
285 2048 .040 | Opper 058 049 L0038
286 2048 200 ... do_... .02 .81 029
256 248 —. 020 Lower.. —. 023 . 931 —. 029
256 2048 — 040 ... do..... -—. 058 949 —. 089
258 2048 —. 058 Lower 1 —. 188 1007 —. 002
8 8 .058 Uppeor! . ... .. 197 . 994 .078
- 8 8 ~. 059 Lower!_ — 197 .904 —. 078
32 32 . 056 Upper 1. . 185 .902 .089
32 32 — 0668 Lower ! ~—. 185 . 992 —. 089
128 128 .0485 | Upper!? 150 L0859 . 149
128 128 —. 0485 | Lower! ~, 150 .089 —. 149
512 512 . 038 Upper L. 108 941 .22
512 5§12 ~—- (038 Lowerl — 108 <1 —. 225
248 025 L858 . 349
048 R . .858 —. 348
64 8 .870 . 821
(i} 8 .008 . 102
G4 8 . 608 . 061
64 8 . (08 —. 081
84 8 .63 —. 102
i) ] .870 —. 321
258 32 838 350
256 32 .838 —. 380
1024 128 T4L .48
1024 128 573 .108
1024 128 . 053 - 19
1024 128 . 563 —, 108
1024 128 572 —. 108
1024 128 T4l —. 451
4096 512 . 564 - 452
4096 512 . 5884 —. 452
16384 .3 .4C0
16384 2048 .339 —, 409
512 8 . 348 .5l4
512 8 . 385 —. 514
8192 128 . 251 .401
8192 128 . 251 —. 401

323768 512 . 187 .
32768 512 . 187 —. 459

t Denotes tangential trajectorles.
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TABLE II.—RESULTS FROM DIFFEREN TIAL ANALYZER TABLE IIL.—RESULTS FROM DIFFEREN TIAL ANALYZER
STUDIES OF WATER-DROP IMPINGEMENT ON A 15- STUDIES OF WATER-DROP IMPINGEMENT ON A 15-PER-
PERCENT-THICK SYMMETRICAL J OUEOWSKI AIRFOIL CENT-THICK SYMMETRICAL JOUEOW SKI AIRFOIL

[er=0.22; ax=2°] [erm=0. t4; @=4°]
¥ Rr ¥e Suarface afe wf v 1704 ¥ Ry ¥ Surface e ud Vv v
4 256 1.001 0 (41 4 258 0. 9906 0.0°85
4 253 .08 .035 4 258 .98 0705
16 1024 L0032 044 18 1024 1. 0086 . 1005
16 1024 .008 .030 16 1024 9978 L0708
2 16 1009 053 2 18 L0034 .0%02
3 16 L7 07 2 1e . 9891 - 0658
8 o4 Lo . 062 8 -5 1. 0055 .1082
8 64 8§ 983 .054 8 64 . 9802 L0728
8 G4 . .S84 044 8 84 9782 089
8 [ —. 028 LUTe .038 8 [ . 9663 .1120
8 64 —. 082 972 .038 8 64 L0783 .0540
8 64 —. 308 .007 022 8 84 0854 L1011
32 155 .108 1015 .0E3 8 64 . 0638
32 56 041 . 980 . Q66 a2 258 L 017 . 1381
32 255 003 960 .052 32 256 784
32 2856 —. 026 970 . 038 32 256 L9653 1050
32 256 —. 08 Bt 024 32 256 ———— o
32 258 — N5 .05 013 31 258 | — 2832 |..do_ | —OE | ----o. ———

128 1024 168 LO02L .128 32 258 . 9652 .0628

128 1024 034 .95 . 100 32 256 L9831 . 0818

128 1024 .002 .941 .083 128 1024 1.0204 . 2081

128 1024 —_ -9 032 128 1024 062 . 9804 . 0831

128 1024 —. 07 -955 004 128 1024 .028 8514 . 1670

128 1024 —_ 002 — 008 1 128 1024 . 004 .9304 - 1410

L3 18 149 1010 - 160 ‘. 128 1024 — 041 9253 . 0869
16 16 . 964 — 023 128 1024 —. 125 . 9433 . 0519
a“ 84 L0132 8174 128 1024 —. 350 L0200 . 0468
84 64 .908 140 16 16 11 L0116 L2413
64 84 .881 .083 18 18 —.336 . 5628 . 0415
&4 23 .881 .033 64 64 100 1.0133 . 2481
64 64 .21 — 013 (.3 84 — 113 .8940 0448
64 64 . 963 —. 052 ] 64 _ 8712 L0731

256 255 909 .283 84 64 - 8694 L1147

258 256 .852 - 189 64 [} —. 004 8638 1675

256 256 827 .18 .23 64 .08 .8000 .

256 58 .815 L0158 [ 64 . 9538 . 0135

286 258 .863 —. 050 256 255 L. QE21 .

255 254 .63 —. 105 258 255 8138 L2746
1024 1024 .914 424 258 2% -7827 . 1843
1024 1024 902 —. 195 258 2568 . 884 1092

i3 16 881 472 256 256 .3231 0149

128 18 840 235 256 258 . 5660 .0142

128 16 .837 -113 156 258 . 9558 —. 0313

128 6 842 —. (06 1024 1024 8768 .BBIT

128 168 .685 —_ 1024 1024 -8780 —. 1212

128 18 .854 — 148 IR 16 8255 . 5550

512 64 .87 528 128 16 .T143 - 0384

512 64 . 560 S 128 18 N . 0228

512 64 542 . 132 128 18 - 8048 1031

512 64 535 —. 011 138 18 .613 L2444

512 64 .61t — 15 128 18 - 85682 3437

512 84 813 —.300 1B’ 16 .86832 —_
208 256 52 R4 512 84 -6392 .7017
2048 05 -304 -265 511 64 - 5021 . 3024
204 58 .30 .118 512 64 E'n] . 1513
2048 255 377 —. 050 512 84 I\ .
2048 255 . 500 — 15 512 64 . 5506 —. Q82
2048 258 .888 —. 356 513 84 . —. 1383
8192 1024 .ao0 514 512 64 .8133 —. 2045
8192 1024 .270 130 2048 258 4210 . 7513
8192 1024 . 260 .085 2048 258 ~3300 -4553
a102 1024 273 —. 110 2048 256 . 2858 2442
8192 1024 520 —.3%0 2048 256 3548 . 0060
1024 16 N -510 2048 2456 .4137 —. 1191
1024 16 - 100 —.243 248 256 - 4956 —, 1923
£006 64 - 2043 256 — 012
1008 64 246 — 235 8102 1024 . 0018 .52t

16384 256 - .002 . 108 . 508 8192 1024 .1918 4371
16354 256 — 1275 | Lowes . ..o —. 014 175 .205 §192 1024 1787 . 1520
8192 1024 T . 0889
8102 1024 T —. 2011
1 Denotes tangential trafectories. 8192 1024 L4188 | — 3832
1024 16 14T . 6545
1024 16 - 3498 —. 2808

96 64 . 002 . 1047 .
4036 84 - 3530 —. 026 L2118 —. 2157
16384 258 —. 3504 ! .002 - 1807 5594
16384 25 —3%5 | Lowert_._ ] —025 LIT6 —. 2256

1 Denates tangential trajectories.
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TABLE IV.—RESULTS FROM DIFFERENTIAL ANALYZER
STUDIES OF WATER-DROP IMPINGEMENT ON A 15-PER-
CENT-THICK CAMBERED JOUKOWSKI AIRFOIL

[a=1.0 MEAN LINE; ¢;=0.44; cc=(7]
- - C 7 - LA

¥ Ry Ve Surface e uif V' af 17
4 238 L0038 0.007
4 256 .9o8 —
16 1024 1,008 .013
16 1024 . 098 —. 008
2 16 1008 022
3 16 964 —. 001
8 64 1L.012 031
8 64 992 022
8 64 .988 .00
8 84 . 985 .01
8 64 .984 003
3 64 . 008 —. 008
32 256 1.022 .05
32 258 . 978 . 030
33 258 73 017}
32 256 973 002
32 258 .50 —.016
128 1024 1.088 .0%0
128 1024 . 978 075
128 1024 954 034
128 1024 43 024
128 1024 .8 —. 008
12 1024 084 —. 036
16 18 L028 L1238
16 8 078 —, 042
64 84 1:038 .168
64 64 938 .181
64 04 .88 .08
&4 84 .88 .
64 -3 L891 -, 007
64 84 .97l —-.073
256 256 1038 .38 -
258 253 . 893 .188
266 258 .830 137
256 256 .820 054
256 260 .838 —. 017
256 256 .940 —. 129
1024 1024 1.000 357
1024 1024 883 -, 10
128 16 858 . 105
z |k o | e
128 18 648 .0
128 18 Nt ~. 046
128 16 . 838 —.204
512 64 .81l 487
§12 - 84 .34 350
512 [ .56 L8
512 64 .486 . 031
512 [ T —. 124
512 84 .54 -, 318
48 256 .686 .578
2048 a6 448 360
248 256 .881 .192
2048 256 .368 .48
2048 256 407 —. 103
2048 268 604 . - 384
8102 1024 471 . 650
2192 1 258 308
8192 1024 .178 .082
8192 1024 184 —. 0
8192 1024 a1 —.168
8102 1024 464 —. 428
1024 16 318 . BBL
1024 10 817 ~.368 .
1099 64 285 527
4008 . 64 ! . 143 —. 253
16384 258 -. 0035 Upper 1... ! 008 .118 301
16384 256 =. 087 Lower 1o - 008 046 ;7 - 118

t Denotea tangential trajectories,

i

TABLE V.—RESULTS FROM DIFFERENTIAL ANALYZER
STUDIES OF WATER-DROP IMPINGEMENT ON_AN NACA

65,015 AIRFOIL
ferm0.44; ax=4”]

Surface ge 1 udV vV

-
*
-
e
H

'
[
-]

T

§§§E§§§E5§ggg22255§§§EﬁgﬁﬁﬁﬁgﬁmmmmmmuangunESL*
:552255§§§§§§E§Eﬁ§§§§§zzéaaas;asaa§§§§§§§§§§§§§azaz:z;a§§§§§§§§§§§§gzzgza

ERRE

—.2002 | Upper!oooooone 008 . 5730
—.3028 | Lower!_ ... —~. 019 L1009 | —.0525

t Denotes tangential trafectorles,
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TABLE VI.—VALUES OF C.Rf24 AS A FUNCTION OF R

HBNBH%EEdncaw-wnoi-cnon
az&aaummmnuunnmamumumummmmm B R

!

mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm

L.L........Lz&.q&i..?.&mn..._..m&m,ﬁmim,n.m,m.w

L
—

385
uxm

~w
i

Iamu

EEERIREHETE R hRER SRR RE mmmmummwmm
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