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IMPINGEMENT OF WATER DROPLETS ON WEDGES AND DOUBLE-WEDGE AIRFOILS
AT SUPERSONIC SPEEDS '

By Joun S. SERAFINI

SUMMARY
An analytical solution is presented for the equations of motion
of water droplets impinging on a wedge in a two-dimensional
supersonic flow field with an attached shock wave. The closed-

form solution yields analytical expressions for the equation of

the droplet trajectory, the local rate of impingement and the im-
pingement velocity at any point on the wedge surface, and the
total rate of impingement. The analytical expressions are
utilized in the determination of the impingement of water drop-
lets on the forward surfaces of symmetrical double-wedge airfoils
in supersonic flow fields with attached shock waves.

For a wedge, the results provide information on the effects of
the droplet size, the free-stream Mach number, the semiapex
angle, and the pressure altitude.  For the double-wedge airfoil,
additional calculations provide information on the effect of air-

Sfoil thickness ratio, chord length, and angle of attack.

The results for the symmetrical double-wedge airfoil are also
correlated in terms of the total collection efficiency as a function
of a relative modified inertia parameter. The results are pre-
sented for the following ranges of variables: free-stream static
temperature, 420° to 460° R; droplet diameter, 2 to 100 microns;

free-stream Mach number, 1.1 to 2.0; semiaper angle for the

wedge, 1.14° to 7.97°, and corresponding double-wedge-airforil
thickness-to-chord ratio, 0.02 to 0.1}; pressure altitude, sea
level to 30,000 feet; and chord length, 1 to 20 feet.

INTRODUCTION

The problem of ice prevention on aircraft flying at sub-
sonic speeds up to eritical Mach numbers has been a subject
of considerable study and research by the NACA. The recent
advent of aircraft flying at transonic and supersonic speeds
has required an extension of these icing studies. That an
icing problem exists in the transonic and supersonic speed
range is verified in reference 1, which shows by an analytical
investigation with experimental confirmation that diamond
or symmetrical double-wedge airfoils are subject to possible
icing at flight Mach numbers as high as 1.4. A similar re-
sult is expected for other airfoil shapes being considered for
use at transonic and supersonic flight speeds.

In conducting research on the problem of ice prevention
on aircraft and missiles, regardless of the magnitude of the
flight speed, it is essential that the impingement of cloud
droplets on airfoils and other aerodynamic bodies be deter-
mined either by theoretical calculations or experiment. The

impingement variables that must be determined are the total
water catch, the extent of impingement, and the rate of im-
pingement per unit area of body surface. These variables
can be determined analytically from calculations of the cloud-
droplet trajectories obtained for the various aerodynamic
bodies. Investigators have reported the results of studies of
clouddroplet trajectories about right-circular cylinders (refs.
2 to 5) and about airfoils (refs. 6 to 9) immersed in an in-
compressible fluid. An evaluation of the effect of compres-
sibility on the droplet trajectories about cylinders and airfoils
up to the critical flight Mach number is presented in refer-
ence 10.

At present, little information exists on the impingement
of droplets on aerodynamic bodies in a supersonic air stream.
The concentration of past effort on problems of impingement
on airfoils at subsonic flight speeds and the present lack of
convenient and rapid means for obtaining the rotational
flow fields about airfoils at supersonic speeds are possible
explanations for the scarcity of trajectory calculations for
the supersonic region. An initial contribution to the solu-
tion of the over-all problem of impingement of water droplets
on aerodynamic bodies at supersonic speeds is given in
reference 11, which presents an analysis of the water-
interception characteristics of a wedge in asupersonic flow field.

The present report extends the analysis of reference 11
and further presents an extensive study of the impingement
of water droplets on two-dimensional wedges and double-
wedge airfoils for supersonic flight speeds that result in
attached shock waves and constant velocity fields behind the
shock waves. For the wedge angles and double-wedge-
airfoil thickness ratios considered herein, the shock-wave-
attachment Mach number varies from a value slightly
ereater than 1 to about 1.4. The method employed is based
on an analytical solution of the equations of motion by means
of a closed-form integration. The closed-form solution
vields analytical expressions for the equation of the trajec-
tories, the local impingement efficiencies, the velocity at any
point on the trajectories, and the total rate of impingement.
This solution is made possible by the use of an empirical
relation for the drag coefficients for spheres that gives a good
approximation of the experimental drag coefficients.

The results of calculations for the rate, the extent, and the
distribution of impingement of water droplets on wedges
and symmetrical double-wedge airfoils are presented herein.

1 Supersedes NACA TN 2971, “Impingement of Water Droplets on Wedges and Diamond Airfoils at Supersonic Speeds,” by John S. Serafini, 1953.
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The ranges of variables included for the wedge are: free-
stream static temperature, 420°, 440°, and 460° R ; droplet
diameter, 2 to 100 microns; free-stream Mach number, 1.1
to 2.0; tangent of the semiapex angle, 0.12 to 0.14; and
pressure altitude, sea level, 15,000, and 30,000 feet. The
ranges of variables for the double-wedge airfoil are the same
as those for the wedge, and the additional variables for the
syvmmetrical double-wedge airfoil range from 0.02 to 0.14 for
the thickness ratio and from 1 to 20 feet for the chord length.

The work reported herein was performed at the NACA
Lewis laboratory in the spring and summer of 1952,

ANALYSIS
STATEMENT OF PROBLEM

The solution of the problem of impingement of water
droplets on a two-dimensional wedge at supersonic speeds
with an attached shock wave is not as difficult as that for
the impingement on various airfoils at low subsonic speeds.
For the wedge at supersonic speeds with an attached shock
wave, the air velocity everywhere ahead of the shock wave
is constant and equal to the free-stream air velocity V)
(fig. 1). The air velocity behind the shock wave V, is also
everywhere constant and parallel to the wedge surface. All
the droplets have the same initial velocity (that of the free-
stream air velocity), and their trajectories are exactly co-
incident with the air streamlines upstream of the shock wave.
All water droplets of a given size are subjected to identical

Droplet
trajectory
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air-velocity fields, which in turn produce identical force
systems downstream of the shock wave, irrespective of the
point along the shock wave where the droplets cross the
wave. It follows, therefore, that, for droplets of a given
size, all the trajectories in a given problem are identical with
respect to the point where the droplet crosses the shock wave,

By adopting a frame of reference that moves at the con-
stant velocity of the air V5 downstream of the shock wave,
the problem of the droplet motion is reduced to the still-air
problem, defined as the determination of the motion of a
droplet that, having an initial velocity, is projected into
quiescent air.  Hence, relative to the moving frame of refer-
ence, the initial velocity of the droplet upon crossing the
shock wave is equal to the vectorial difference of the free-
stream air velocity V; and the air velocity V7, downstream of
the shock wave.  Adoption of the frame of reference moving
with a constant velocity reduces the problem from the solu-
tion of two simultaneous nonlinear second-order differential
equations in the fixed coordinate system to the solution of a
single nonlinear second-order differential equation in the
moving coordinate system. At any given instant, the drop-
let displacement relative to the point of intersection with the
shock wave in the fixed frame of reference is obtained by
adding vectorially the droplet displacement within the mov-
ing frame of reference to the displacement of the moving
frame of reference for the same increment of time.

Wedge surface

Droplet
trajectory

Wedge

= center
line

Frcure 1.—Schematic diagram of water-droplet trajectory for wedge in supersonic flow with attached shock wave.
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This general method was used in reference 11, where the
one second-order differential equation representing the drop-
let motion relative to the air velocity behind the shock wave
was integrated graphically. However, it is possible to
obtain a completely analytical solution by means of a closed-
form integration without resorting to the use of numerical
integrations or analog computing equipment, if an empirical
relation is assumed for the drag coefficient as a function of the
Reynolds number of the droplet relative to the air. It will
be shown that this closed-form integration of the still-air
problem when applied to the wedge in supersonic flow with
attached shock wave yields the equations for the trajectories
of the water droplets and the droplet velocities at any point
on the trajectories and makes available relations for the
rates of total water impingement and the local rates of water
impingement along the wedge surface. Furthermore, it is
shown that these equations can also be readily applied to the
determination of the droplet impingement on a double-wedge
airfoil in supersonic flow with attached shock wave.

Three of the usual assumptions made in the previous in-
vestigations on impingement at subsonic speeds and also
required for this investigation are (1) the water droplets are
always spherical and do not change in size, (2) the force of
gravity on the droplet may be neglected in comparison with
the drag forces, and (3) the drag of the air on the droplet is
that of a viscous incompressible fluid. Here it is additionally
assumed that (4) the two-dimensional supersonic flow field
about the wedge is frictionless except within the infinitesi-
mally thin attached shock wave, (5) no condensation shock
occurs and ne change in phase occurs as the water droplets
traverse the oblique shock wave, and (6) the unbalance of
the forces on the water droplet from the instant it enters the
shock wave until it emerges from the shock wave can be neg-
lected in the calculation of the trajectories.

EQUATION OF DROPLET MOTION IN MOVING REFERENCE FRAME

The velocity of the droplet in the moving frame of refer-
ence is

U=|V.—7,

(1)

where V, is the droplet velocity with respect to the fixed
frame of reference, and V, is the air velocity downstream of
the attached shock wave also with respect to the fixed
frame of reference (fig. 1). In the frame of reference moving
with the velocity T/—’n, the statement of Newton’s law of mo-
tion for the water droplet becomes

1 i dU 5
D= —01) "2 pgﬂ'(lzlfzzg Waspw ([[ (2)
from which
dU_ 3 p, U2 .
T . P ®)

(A complete list of symbols is given in appendix A.)

Equation (3) is the differential equation of motion of a
droplet projected with an initial velocity into a region of
quiescent air (the so-called still-air problem). The shock
wave is considered to be a surface of discontinuity from which

the droplets emerge with a velocity V;. In this case the
initial velocity of the droplet is

U=|V,—7V, (4)

which is the magnitude of the vector difference of the air-
velocity vectors upstream and downstream of the attached
shock wave. As can be shown from consideration of the
continuity equation and the equation for conservation of
momentum across the oblique shock wave, the velocity vec-
tor U; is normal to the shock wave. At any subsequent
instant of time, the relative droplet velocity vector U retains
the same angular orientation to the shock wave and changes
only in magnitude.

In reference 11 the solution of equation (3) is obtained by
numerical integration. The result obtained in this manner
makes it necessary to use a graphical procedure in determin-
ing the trajectories and the local rates of impingement.
However, an analytical solution of equation (2), which elimi-
nates the graphical procedure, can be obtained if the experi-
mental values of the drag coefficient (', are expressed in a
function involving the Reynolds number Re,. The relation

1S

24
Op=p, (1+eRe:™) (5)

where e and m are the empirical constants. This empirical
relation is a valid approximation in the range of Reynolds
numbers to which cloud droplets are subjected in trajectory
calculations. Substitution of the expression for (') (eq. (5))
in equation (3) results in the expression

dU d?z 9 u, U 2pslU a\™
*éW[“ﬂ( *;r) ] ©)

Far
where the local relative Reynolds number Re,=2p.Ua/us.
The displacement of the water droplet in the moving frame
of reference z is measured from the air streamline that inter-
sects the shock wave at the point where the water droplet
enters the air-flow field downstream of the shock wave.
The closed-form integration of the differential equation (6)
is presented in appendix B. The use of 2/3 for the exponent
m and 0.158 for the value of the empirical constant e in equa-
tion (5) yields an empirical curve for the drag coefficient as
a function of the local Reynolds numbers that approximates
very well the variation of the experimental values of the
drag coefficient in the range of Reynolds numbers from 0.5
to 500. The value of 2/3 for the exponent m also facilitates
the closed-form integration of the differential equation of
motion. In figure 2 a graph of the empirical relation is
presented, along with the drag-coefficient data of references
4 and 12.

The results of the integration are given by the following
equations:

a@ it g
r=g e Pu [lee,, M2 tan ! (Re,, V%Y%) —
P2

1 - sy =R - TN o

T e " Vet 1>f’*1]
.t

(7)

-
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= U; .
= =2)3- =1 T A 1—3/2
e Re, &7 [(Re, %3 14+1) e7—1] (8)
and
a@ S : 9
&Top= .j’ 5_3” %w <ll)€’,‘ ilmel/—'_g_*_‘p) (g)
where
. =1 (P, =1/3.—1/2\. )
o=tan *(Be, e713); l=c=5

The intermediate steps of integration are given in appendix B.

Equations (7) and (8) give, respectively, the displacement
and the velocity of the droplet at any instant in the moving
frame of reference. The displacement of the droplet with
respect to the point where it crosses the shock wave can be
obtained by a vectorial addition of the displacement z and
the displacement of the moving reference frame in the cor-
responding time interval. The droplet velocity V, relative
to the fixed frame of reference must also be obtained by the
vectorial addition of U (eq. (8)) and V.. Equation (9)
gives the maximum value of z obtained as the time of travel
in the air-flow field downstream of the shock wave
approaches infinity. The significance of this quantity will
be discussed in subsequent sections.

Y COMMITTEE FOR AERONAUTICS

RELATIONS REQUIRED FOR APPLICATION OF CLOSED-FORM SOLUTION
TO OBTAIN DROPLET MOTION AND IMPINGEMENT IN FIXED
REFERENCE FRAME

Impingement on wedges.—Ifor a problem of given aero-
dynamic conditions, the trajectories of all the water droplets
of a given size are identical when the points where the droplet
trajectories intersect the shock wave are superimposed.
This unique characteristic of the water-droplet trajectories
about a wedge in supersonic flow with an attached oblique
shock wave is the result of two constant velocity fields, one
upstream and one downstream of the shock wave. There-
fore, only one set of equations for a single trajectory is neces-
sary to calculate the impingement parameters for a specified
problem, including a given droplet size. The values of the
initial relative velocity (7, the initial Reynolds number
Re,,;, and the density ratio p,/p, are needed for substitution
in the closed-form solution of the equations of droplet motion.
These values can be obtained from information available in
reference 13 and from the use of simple algebraic and trigo-
nometric relations for given values of the free-stream static
temperature ¢, the droplet diameter d, the free-stream Mach
number M;, the angle of surface inclination to the free-stream
direction ¢, and the free-stream static pressure p;.  These
relations result in the following expressions for the initial
relative velocity and the initial relative Reyvnolds number:

20

;

»

| |

6 t 1 T
Data
o Williams

(ref 12) |
o Langmuir (ref 4)
| J=

|

24

|
i

CpRe,

\}*i
|

Drag coefficient,

.06 =

el

10 100 1000

Droplet Reynolds number, Re,

Ficure 2.—Comparison of empirical relation for drag coefficient as function of droplet Reynolds number with experimental values.
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U;=|U,|= Viv/1+22—2Q cos ¢ Vi (10)

and

2

ap p2
Rfr 1;:2 24 [ —
' gR oty @ P1

(11)

A convenient form of the solution for the impingement on
a wedge or the front half of a double-wedge airfoil is obtained
if S is defined as the distance to the point of impingement
measured from the leading edge for a water droplet that
enters the flow field behind the shock wave at a distance ¢
above the leading edge (fig. 1). The unique relation between
S and ¢ in a given problem for droplets of the same size is
quite readily determined by considering the displacement of
the water droplets as the vectorial sum of the displacement
of the water droplet relative to the moving frame of reference
and the displacement of the moving reference frame relative
to a fixed frame of reference (referred to wedge). Since the
moving reference frame has a velocity equal to the air velocity
V5, which is constant in magnitude and parallel to the wedge
surface, only the droplet travel in the moving reference frame
includes the component of droplet travel representing the
approach of the water droplet to the wedge surface. For a
water droplet starting from point A and impinging on the
wedge surface at point D (fig. 1), the displacement of the
moving reference frame (= V5, where ¢ is zero at point A) is
given by the displacement vector AB equal to CD, and the
droplet motion in the moving frame of reference is given by
the displacement vector BD equal to AC. Therefore, rela-
tive to the starting point at A (fig. 1), the displacement of
the water droplet to the point of impingement at D is
obviously equal to AB+BD or to AC+CD. From figure 1,
the displacement of the water droplet at the point of impinge-
ment D, measured from the leading edge at E, is given by
adding the vector EA to the displacement vector from the
starting point A; and the displacement of the droplet at D
referred to the leading edge is

|EC+CD|=|EC|+|CD|=¢+¢
(12)

S=|ED|=|EA+AC+CD|=

where £ is the magnitude of the displacement vector EC,
and & (=V,t) is the magnitude of the displacement vector
CD (the displacement of the moving frame of reference).
The values of ¢ and £ are obtained in terms of z, the distance
of travel in the moving reference frame, from simple trigo-
nometric identities involving the various angles shown in
figure 1:
{=ux sin 0 tan (v+o0) (13)

where z is given by equation (7); » by

y=sin"! l:(sin o) Q]
w

E=ux sec (v+o) (14)

(13a)
and
Substitution of equation (14) into equation (12) for the sur-

face distance to the point of impingement yields the following
equation:

S=zsec (v+o)+ Vs l?'fair (15)
3z

Since z is a function of 7 in equations (13) and (15), the
expressions for ¢ and S, respectively, are functions of 7.
However, since 7 cannot be eliminated from equations (13)
and (15), S cannot be obtained explicitly as a function of ¢.
Nevertheless, the curves of ¢, the initial displacement of the
water-droplet trajectory from the leading edge normal to
the free-stream direction, against S, the distance to the point
of impingement of the stated water-droplet trajectory, can
be obtained by substitution of the same set of values for 7
in the expressions for ¢ and S.

An analytical expression for the local impingement
efficiency can be obtained from the preceding expressions
for ¢ and S. The local impingement efficiency B is defined
by the expression

d¢

ol cdg . dr

51&(2\’3 =a5ds (16)
dr

where A¢ is the difference in the initial displacements of two
water droplets having very nearly equal initial displacements,
and AS is the small increment of wedge surface between the
points of impingement of the two water droplets. Differen-
tiating ¢ and S with respect to 7 and performing the division
indicated by equation (16) yield the following expression

for B:
1l

= (17)
ny | N5 6 e r__ 173/2
pay Pl B [(Re,, Mo Lo 1]
where
ny=sin 0 tan (v-+o) (18a)
ny=sec (v o) (18b)
et By (18¢)
3}12 (i

Since g and S both are functions of 7, the local impingement
efficiency 8 at any point on the wedge surface is determined
by using the same value of 7 in equations (17) and (15). The
value of B8 that exists as the point of impingement of the
water droplet on the wedge surface approaches the leading
edge as a limit (S—0) is given by the following:

1 .
1 (
TR =sin o (19)

=

m ' M af pp Uy

Bo=lim (B)=——

S Ty

The magnitude and direction of the droplet velocity at the
point of impingement V), , (relative to the fixed frame of
reference) can also be easily obtained at any point on the
wedge surface as

Viom—V% \/92+w U “"> +2Qw L im cos (v+o) (20)

Kim=0 —0sp=0—SIN~ I:‘ - sin (v—}—a)] (21)
d,im

where « is the angle between the free-stream velocity vector
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V. and the droplet-velocity vector V,, and o is the angle
between the droplet-velocity vector V, and the air-velocity
vector V,.  In equations (20) and (21) for a given trajectory,
Vi, Q o, U, v, and o are constants. Therefore, for a given
trajectory, Vi, s and «;, are functions only of U (eq. (8)),
which is in turn a function of 7, the dimensionless time
variable.

Impingement on symmetrical double-wedge airfoils.
The impingement on a double-wedge airfoil may be obtained
from the solution to the problem of impingement on a wedge
as presented heretofore. 1In this report, the double-wedge
airfoil considered is symmetrical, the maximum thickness
occurring at 50 percent of chord (fig. 3). At zero angle of
attack, the impingement on a double-wedge airfoil will be
limited to the region from the leading edge to the shoulder
at 50 percent of chord. The solution for impingement on a
wedge surface having a given semiapex angle o (the angle of
inclination of either wedge surface to the free-stream direc-
tion) can also be used as the solution for a double-wedge air-
foil where the thickness ratio is equal to tan ¢, the tangent of
the semiapex angle, and where the droplet size and other
parameters of the problem are the same as for the wedge.
Therefore, the values of the local impingement efficiencies
B and B, at any given point on the surface will be identical
for both the wedge and the double-wedge airfoil at zero angle
of attack under the aforementioned similarity of conditions.

The solution for the impingement on the double-wedge
airfoil at angle of attack can also be obtained from the
solution for impingement on a wedge as for the case of the
double-wedge airfoil at zero angle of attack. When the
symmetrical double-wedge airfoil is at angle of attack e,
the angle of inclination of its forward upper surface to the
{ree-stream direction is equal to o— a and that of the forward
lower surface is equal to o+« Therefore, the solution to
the impingement on the upper and lower surfaces of the
double-wedge airfoil is obtained from the solutions for
impingement on wedges having the redefined semiapex angles
of ¢—a and o+ a, respectively, where the droplet size and
other parameters of the problem are kept the same. For
the double-wedge airfoils at angles of attack having tangents
equal to or greater than the thickness ratio, the water
droplets will not impinge on the upper surface. At angles
of attack having tangents greater than the thickness ratio,
some water droplets may impinge on the lower surface
beyond 50 percent of chord. These three conditions are il-
lustrated schematically in figure 3. For a<tan='(7/e), the
impingementoccursonsurfaces AC and AB; for a=tan~'(7/c),
impingement occurs only on surface AC; for o >tan='(77c),
impingement occurs on lower surface AC and may occur
on lower surface CD. However, the condition where
a >tan~'(T/e) is not considered herein, since the solution
presented in this report is not valid for the determination

(a) Angle of attack a<tan—1(7/c).
(b) Angle of attack a=tan=1(7/c).
(¢) Angle of attack a>tan=1(77c).

Ficure 3.—Schematic diagram of symmetrical double-wedge airfoil at
angle of attack in supersonic flow with attached shock wave.
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of trajectories of droplets impinging on the surface beyond
the shoulder or 50 percent of chord of the double-wedge
airfoil (surfaces BD or CD), where a portion of the trajectories
is within the expansion zone emanating from the shoulder.

RESULTS AND DISCUSSION

From the equations presented in the previous section and
in appendix B, the impingement of water droplets on a wedge
in a supersonic flow field with an attached shock wave can
be calculated over a range of free-stream conditions, wedge
angles, and droplet sizes. As has been indicated previously,
the impingement characteristics of a double-wedge airfoil
(at zero angle of attack and also for small values of angle ot
attack) can readily be determined from the impingement on
wedges for similar conditions. The results for the wedge
and the double-wedge airfoil are presented and discussed
separately. A comparison of the total collection efficiency
and the water impingement rate at zero angle of attack for a
double-wedge airfoil with those for an NACA 0006-64
airfoil is presented in appendix C.

WEDGE

Local impingement efficiency.—The rate of water impinge-
ment on a local area of wedge or airfoil surface is proportional
to a dimensionless term B, the local impingement efficiency.
The local rate of water impingement in pounds per hour

per square foot is
Ws=0.3296 Vw8

where g is defined in equation (16). The local impingement
efficiency, when given as a function of the surface distance
of the wedge, allows the determination of the local rate of
impingement of water droplets at any point on the surface,
the total impingement of water droplets on the entire sur-
face or any given portion of the surface, and the extent of

impingement on the surface. The local impingement
efficiency B is related to a point at a given distance S on
the wedge surface in equations (15), (17), and (19) by the
dimensionless time variable 7, which is common to all three
expressions. The variation of B with § is presented in
figure 4 for an extensive range of free-stream conditions,
semiapex angles, and droplet sizes. The value of g at the
leading edge (S—0) is the sine of the semiapex angle (sin o) ;
and as S increases, the value of g decreases rapidly and ap-
proaches the value of zero asymptotically as S approaches
infinity. However, it is to be noted that negligibly small
values of B (B=1 percent of B, for the wedge) are attained
at large but finite values of S.

The curves of B as a function of S presented in figure 4
are those of an idealized situation. The assumed two-
dimensional supersonic flow field about the wedge does not
account for a stagnation point that must exist at the leading
edge of the wedge, regardless of the sharpness of the leading
edge. In addition, the leading edges of wedges and double-
wedge airfoils might be considered to be somewhat rounded
when subjected to considerable magnification. Therefore,
it is reasonable to assume that very near the leading edge
(S—0) the value of g would actually be greater than the
calculated value of 8 at the given distance S. However,
this should have a negligible effect on the rest of the g curve
and also on the total impingement on the wedge, since the
effect of a stagnation point would be limited to a very
small region about the leading edge.

For S approaching very large values, the calculated values
of 8 probably differ somewhat from actual values obtained
in flight, because the analytical solution of the present report
does not consider the existence of the boundary layer on the
wedge surface. Since the boundary-layer thickness increases
with the surface distance along the wedge, droplets that im-
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(a) Effect of pressure altitude. Droplet diameter, 20 microns; free-stream Mach number, 1.4; tangent of semiapex angle, 0.02.

Frcure 4.—Local impingement efficiency on wedge as function of distance along surface. Free-stream static temperature, 440° R.
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pinge at large distances from the leading edge actually would
have traveled through the boundary layer for some non-
negligible interval of time. However, only a very small
fraction of the total water droplets of a given size impinge
under this condition, and for large values of S the values of
B are negligibly small. For example (fig. 4 (a)), such would
be the case for values of S greater than 8 or 9 feet, where
B<0.0002 as compared with g,=0.020.

A preliminary survey disclosed a negligible effect of the
free-stream static temperature on the local impingement
efficiency as a function of the surface distance along the
wedge (8 against §). Values of g and corresponding values
of S were calculated for free-stream static temperatures of
420°, 440°, and 460° R, droplet diameter of 20 microns, free-
stream Mach number of 1.3, tangent of the semiapex angle
of 0.06, and pressure altitude of 15,000 feet. The values of
B for the free-stream static temperatures of 420° and 460° R
are within 1 percent of the values of g at 440° R. Since these
caleulations show that curves of g against S for the three
values of free-stream static temperature form practically a
single curve when plotted to the usual scales, no figure is
presented to illustrate the effect of free-stream static tem-
perature on impingement. Furthermore, the results included
herein, which are calculated for a free-stream static temper-
ature of 440° R, may be used in the range of temperature
from 420° to 460° R or possibly an even greater range.

The effect of the free-stream static pressure on the local
impingement efficieney as a function of the surface distance
along the wedge is presented in figure 4 (a) for pressure
altitudes of sea level, 15,000, and 30,000 feet. Increasing
the pressure altitude (decreasing the free-stream static pres-
sure) increases the values of 8 at any distance S. For ex-
ample, at S=1.5 at sea level, g1is 0.0052; and at 30,000 feet,
B is 0.0071. Since B, (the value of B at S=0) is equal to
sin o, where o is the semiapex angle, the curves for the three
pressure altitudes have the same maximum value of 8. Also,
for the various pressure altitudes, the extent of impingement
along the wedge surface is essentially the same.

The effect of the semiapex angle ¢ of the wedge on the
local impingement efficiency as a function of the surface dis-
tance along the wedge is presented in figure 4 (b) for values
of tan ¢ from 0.02 to 0.10. Since the values of g, are equal
to sin o, increasing the semiapex angle of the wedge results
in an increase of B, The surface extent of perceptible im-
pingement (as characterized by 8=0.018,) does not vary as
the wedge thickness is inereased.

The effect of free-stream Mach number on the g curve is
presented in figure 4 (¢) for free-stream Mach numbers of
1.2, 1.3, 1.4, 1.5, and 2.0. For the wedge semiapex angle
presented in the figure (tan ¢=0.04), the value of M,=1.2 is
close to the shock-wave-attachment Mach number. The
shock-wave-attachment Mach number is a function of the
wedge semiapex angle and is defined as that Mach number
below which the shock wave is detached from the wedge.
An increase in the free-stream Mach number M, results in
an increased surface extent of perceptible impingement and
also in an increased value of g at any given distance S (except
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(b) Effect of wedge semiapex angle. Droplet diameter, 20 microns;
free-stream Mach number, 1.3; pressure altitude, 15,000 feet.
Figure 4.—Continued. Local impingement efficiency on wedge as
function of distance along surface. Free-stream static temperature,

440° R.

at S=0, where =g,=sin ¢ and at S—«, where g—0).
This increase in the surface extent of perceptible impinge-
ment is shown in figure 4 (¢), in which, for free-stream Mach
numbers of 1.2, 1.3, 1.4, 1.5, and 2.0, the surface extents
of perceptible impingement on the wedge (where 8=0.018,)
are 5.35, 6.05, 6.65, 7.20, and 9.4 feet, respectively.

The effect of the droplet size on Bis presented in figure 4 (d)
for droplet diameters of 10, 20, 30, 40, 50, and 100
microns. The surface extent of impingement and the values
of B at any given distance S are considerably increased as the
droplet size is increased. For example, for the semiapex
angle presented in the figure (tan ¢=0.06), at S=3 feet the
values of 8 are 0.0000, 0.0033, 0.0106, 0.0182, 0.0244, and
0.0417 for values of droplet diameter of 10, 20, 30, 40, 50,
and 100 microns, respectively. The surface extent of per-
ceptible impingement has values of 1.5, 5.7, 11.2, 18.1, and
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(d) Effect of droplet size.
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Local impingement efficiency on wedge as function of distance along surface.

Droplet diameter, 20 microns; tangent of semiapex angle, 0.04; pressure altitude, 15,000 feet.
Free-stream Mach number, 1.3; tangent of semiapex angle, 0.06; pressure altitude, 15,000 feet.

Free-stream static temperature, 440° R.




10

REPORT 1159—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

10 l/
= 3
§ o8 ,/
8 7 4
a
£ A C
= .06 /‘
Q
Bl 1 /? Free-stream | |
© B Mach number,
s~ 04 / A{/ L M £ S
= B Y, |
: s 2 g
5 02 - o ta | |
g / N 20
o Il |
- a [ | o
0 02 04 06 08 .10 12 14 .16
Tangent of semiapex angle, 7an o
jol
N OB e -sreom Tongenf of
@+ |- Mach number, semiapex angle,
é"", M, tan o [
'0506 o 1.4 0.02 —
5 o 1.3 \’9_6 Lo
E ¢ 04
ES |
38 5
235 [t
o) 4 8 12 16 20 24 28 32x10%
Pressure altitude, ft
|
N {iH’ i I I 1
— -
6 : — = l t—t o —= [ - »—7‘——
= ,77 Free-stream  Tangent of }
4f—— Mach number,  semiapex -
j M, angle, fano
o |.4 0.02
\ o 1.3 06 }/
> 1 | P |
T /
= L
S — 1
-~ .08 T T
{ =
5] }
5 o | N
: 1
Q
& 04 T
= |
s | i
e
2 02
=
E
€
g .ol A
Z 008 -
2 -
006 AC
004
00— va
/
(c) //
/
'OOIl 2 4 6 8 10 20 40 60 80100

Droplet diameter, @, microns

28.0 feet for droplet diameters of 10, 20, 30, 40, and 50
microns, respectively. As shown by the preceding dis-
cussion and also by a comparison of the values of 8 as a
function of § (fig. 4), varying the droplet diameter from 20
to 30 microns or from 30 to 40 microns is of the same order
of magnitude in its effect on the g against S curve as varying
the pressure altitude from sea level to 30,000 feet or varying
the free-stream Mach number from 1.2 to 1.5.

Total impingement.——The effects of the free-stream Mach
number, the semiapex angle of the wedge, the pressure alti-
tude, and the droplet size on the total impingement on a
wedge surface of infinite extent are given in figure 5. The
total impingement is represented by ¢,, which i1s the ¢ of
the droplet having its trajectory tangent to the wedge surface
(theoretically the tangent trajectory touches the wedge
surface at a point S—« ). This ¢,, can be obtained from the
mtegration

3
g’m:J B(IS
0
or more directly from equation (13) of the analytical solution,
as

{m=10n sin 0 tan (v+o)

where z,, 1s given by equation (9) and is also defined in appen-
dix A.  The value for z,, is obtained from the expression for
z (eq. (7)) by allowing 7—«. Since the droplet that enters
the flow field downstream of the shock wave at a distance
¢ equal to ¢, (fig. 1) theoretically impinges on the wedge
surface only as the surface distance S approaches infinity,
only droplets having values of ¢ equal to or less than ¢, will
impinge on the wedge surface of infinite extent. The rate
of total water catch on one wedge surface in terms of ¢, is
given as

W.,.=0.3296¢,, Viw

where W,, is expressed in pounds per hour per foot of span,
Vi in miles per hour, and w in grams per cubic meter.
Therefore, ¢, 1s directly proportional to the rate of total
water catch on the entire wedge surface and is the rate of
total water catch on one wedge surface per unit of span,
free-stream velocity, and liquid-water content (in appropri-
ate units).

The variation of ¢,, with the tangent of the wedge semiapex
angle tan o is shown in figure 5 (a) for free-stream Mach
numbers of 1.2, 1.3, 1.4, and 2.0. As expected from the
curves of B as a function of S, the value of ¢, increases as
tan ¢ increases. However, the rate of increase in (¢, with
respect to tan ¢ decreases with an increase in tan o. As can
be seen from figure 5 (a), increasing the free-stream Mach
number increases the value of ¢, for a constant value of tan o.

The variation of ¢, with pressure altitude is presented in
ficure 5 (b) for two Mach numbers. In the range of pressure
altitude from sea level to 30,000 feet, the increase of ¢, with

(a) Effect of tangent of semiapex angle. Droplet diameter, 20 microns;
pressure altitude, 15,000 feet.
(b) Effect of pressure altitude. Droplet diameter, 20 microns.
(¢) Effect of droplet size. Pressure altitude, 15,000 feet.

Fraure 5.—Total impingement rate W,, for wedge of infinite extent.
Free-stream static temperature, 440° R; W,,=0.3296¢,, Viw.
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an increase in pressure altitude is approximately linear.
The variation of {,, with the droplet diameter d in microns is
shown in figure 5 (¢). In the range of droplet diameter from
10 to 100 microns, {,, as a function of d results in a curve
that is very nearly a straight line when plotted on logarithmic
paper. This linearity permits an accurate interpolation of
¢, when calculations are made for a few droplet diameters
for a given value of free-stream Mach number, wedge semi-
apex angle, and pressure altitude.

Droplet velocities at impingement.—The variation of
Vim/Vi (ratio of droplet impingement velocity to free-
stream velocity) with the surface distance along the wedge
is presented in figure 6 for three cases. These three cases are
representative of the results when the droplet diameter d is
20 microns and the pressure altitude is 15,000 or 30,000 feet.
The curves of Vi i,/V: as a function of S have characteristics
similar to the curves presenting 8 as a function of S. At
S=0, obviously, all the curves have V, ,,./V, equal to unity;
and, as S is increased, the value of the velocity ratio rapidly
decreases and asymptotically approaches V,/V,, the ratio of
the air velocity downstream of the shock wave to the air
velocity upstream of the shock wave. The solid curve in
figure 6 illustrates a typical situation for which V,/V, is very
nearly unity (tan ¢=0.02 and AM,;=2.0). The two lower
curves (tan c=0.06 and 0.10 at M,=1.3) are typical for cases
where a stronger shock wave produced by a larger semiapex
angle results in decreased values of V, ;,/V, for large values

of S.

SYMMETRICAL DOUBLE-WEDGE AIRFOIL
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Ficure 6.—Variation of ratio of impingement velocity of droplettto
free-stream velocity with distance along surface of wedge. Free-
stream static temperature, 440° R; droplet diameter, 20 microns.

directly from the results for the g against S curves for wedges.
The local impingement efficiency g may be obtained from
figure 4 or equation (17).

In general, the results for the impingement on a sym-
metrical double-wedge airfoil are presented in this report in
terms of the total collection efficiency /7, as a function of the
scale parameter ¢, in an attempt to conform with the
existing literature on the impingement characteristics of
airfoils. In the notation of the present report, the total
collection efficiency £, as stated in references 7 and 8
is defined as

As shown in the ANALYSIS, the local impingement
efficiency B at any point on the forward surfaces of a double- E | &al g (22)
wedge airfoil (surfaces AB and AC in fig. 3) can be obtained T I
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e o |
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Ficure 7.—Total collection efficiency of symmetrical double-wedge airfoils as function of scale parameter.
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Droplet diameter, 20 microns; free-stream Mach number, 1.4; airfoil thickness ratio, 0.02.

Free-stream static temperature,

440° R; angle of attack, 0°.
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where 7 is the maximum thickness of the symmetrical
double-wedge airfoil, and ¢, and ¢, are the absolute values of
the initial displacements from the leading edge (in a direction
normal to free-stream direction) of the droplet trajectories
that impinge at the shoulder of the upper and lower sur-
faces, respectively, of the double-wedge airfoil. For the
symmetrical double-wedge airfoil at zero angle of attack, [¢,|
and &, will be equal; at an angle of attack, the tangent of
which is equal to the thickness ratio, the value of [{,] is equal
to zero.

The scale parameter ¢ is calculated for the double-wedge
airfoil at supersonic speeds as for other airfoils at subsonie
speeds. It is defined as

__9¢ p
a pw

2 (23)

where ¢ is the chord length of the double-wedge airfoil. The
results presented for impingement on double-wedge airfoils
use essentially the same parameters as used for impinge-
ment on wedges—droplet size, free-stream Mach number,
double-wedge-airfoil thickness ratio, and pressure altitude.
In addition, angle of attack and chord length are specified.

Total collection efficiency at zero angle of attack.—The
variation of the total collection efficiency £, with the scale
parameter ¢ is presented in figure 7 for a symmetrical
double-wedge airfoil at free-stream static temperature of
440° R and zero angle of attack. The effect of pressure
altitude on the variation of £, with ¢ for a symmetrical
double-wedge airfoil of 0.02 thickness ratio is given in figure
7 (a) for droplet diameter of 20 microns and free-stream Mach
number of 1.4. The pressure altitudes presented in the
ficure are sea level, 15,000, and 30,000 feet. The lines for
constant values of chord length from 1 to 20 feet are also
included in the figure. For the double-wedge airfoil sub-
jected to a constant-velocity supersonic flow field, the total
collection efficiency f£7, increases slightly as the pressure
altitude is increased when the chord length and the other
variables are held constant. Considering £, as a function
of scale parameter ¢ where the droplet free-stream Reynolds
number Re; is held constant yields results similar to those
for airfoils having rounded leading edges at subsonic speeds.
With Re, held constant, the value of £, decreases as ¢ in-
creases in the manner indicated in figure 7 (a). As pre-
viously mentioned, the total collection efficiency and the
impingement rate at zero angle of attack for a symmetrical
double-wedge airfoil are compared in appendix C with
those for an NACA 0006-64 airfoil.

The effect of airfoil thickness ratio on the variation of £,
with ¢ is presented in figure 7 (b) for thickness ratios from
0.02 to 0.14, droplet diameter of 20 microns, free-stream
Mach number of 1.4, and pressure altitude of 15,000 feet.
The droplet free-stream Reynolds number is maintained
at a value of 453 for all the curves. The effect of increasing
the airfoil thickness ratio is to decrease the total collection
efficiency. The rate of decrease in ££, with an increase in
airfoil thickness ratio becomes somewhat smaller as the
thickness ratio increases.

The effect of free-stream Mach number on the variation
of total collection efficiency £, with scale parameter ¢ is

shown in figure 7 (¢) for free-stream Mach numbers of 1.1,
1.2, 1.3, 1.4, 1.5, and 2.0, droplet diameter of 20 microns,
airfoil thickness ratio of 0.02, and pressure altitude of 15,000
feet. The results show that the total collection efficiency
increases as the free-stream Mach number increases. How-
ever, the increase in the total collection efficiency from the
free-stream Mach number of 1.1 to 1.2 is considerably
greater than the increasein efficiency from a Mach number of
1.2 to 1.3 and from 1.3 to 1.4, and so forth. Calculations
for thickness ratios of 0.04 and 0.06 indicate the same trend.
For the 0.02 thickness ratio, the lowest Mach number pre-
sented in figure 7 (¢) (M=1.1) is quite close to the limiting
Mach number for shock-wave attachment. Therefore, the
rate of decrease of total collection efficiency with decreases
in free-stream Mach number increases as the Mach number
approaches the shock-wave-attachment Mach number as a
limit.

The effects of droplet size and chord length on the varia-
tion of £, with ¥ are shown in figures 7 (d) and (e). Figure
7 (d) presents curves of £, against ¢ for a symmetrical double-
wedge airfoil of 0.02 thickness ratio at a free-stream Mach
number of 1.4 and a pressure altitude of 15,000 feet. The
curves are for constant values of droplet diameter (d=
10, 20, 30, 40, and 50 microns) as well as for constant values
of chord length (¢=1, 2, 4, 8, and 20 ft). Increasing the
droplet size greatly increases the total collection efficiency.
For example, at ¢=8 feet, the values of £, are 0.096, 0.310,
0.495, 0.625, and 0.711 at droplet diameters of 10, 20, 30,
40, and 50 microns, respectively. The rate of increase in
the total collection efficiency as the droplet diameter in-
creases is less for the larger droplet sizes. This effect can
also be observed in figure 7 (e), in which curves of £, as a
function of ¥ are presented for a symmetrical double-wedge
airtoil of 0.06 thickness ratio for droplet diameters of 2, 10,
20, 30, 40, 50, and 100 microns, free-stream Mach number of
1.3, and pressure altitude of 15,000 feet.

A comparison of figures 7 (b) and (c) (same droplet size
and pressure altitude) shows that the effect on the total
collection efficiency £, of an increase in the free-stream
Mach number from 1.1 to 2.0 is, in general, of the same order
of magnitude as a decrease from 0.14 to 0.02 thickness ratio.
For example, for ¢ of 1790 (¢=8 ft) in figure 7 (b), the values
of £, decreased from 0.310 to 0.165 for an increase from a
0.02 to a 0.14 thickness ratio, respectively, a decrease of
0.145 in the value of E£,. For ¢ of 1790 (¢=8 ft) in figure
7 (¢), the values of £, increased from 0.230 to 0.400 for an
increase in the free-stream Mach number from 1.1 to 2.0,
respectively, an increase of 0.170 in the value of /.

Another comparison of figures 7 (¢) and (d) (same airfoil
thickness ratio and pressure altitude) shows that the effect
on the total collection efficiency £, of an increase in the
droplet diameter from 10 to 50 microns is much greater than
an inecrease in the free-stream Mach number from 1.1 to 2.0.
For example, for ¢=8 feet in figure 7 (d), the value of £,
increased from 0.095 to 0.710 for an increase in the droplet
diameter from 10 to 50 microns, an increase of 0.615 in the
ralue of E,,.  As stated previously, for ¢=8 feet (y=1790)
in figure 7 (c), the increase in the value of £, is 0.170 for a
corresponding increase in the value of the free-stream
Mach number from 1.1 to 2.0. For a constant value of
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Ficure 7.—Concluded.

(e) Effect of droplet size.
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Free-stream Mach number, 1.3; airfoil thickness ratio, 0.06; pressure altitude, 15,000 feet.
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Total collection efficiency of symmetrical double-wedge airfoils as function of scale parameter.

Free-stream Mach number, 1.4; airfoil thickness ratio, 0.02; pressure altitude, 15,000 feet.

Free-stream static
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chord length, varying the pressure altitude has a relatively
small effect on the total collection efficiency (fig. 7 (a)).

Total collection efficiency as function of angle of attack.—
The previous discussion is concerned with the total col-
lection efficiencies for the double-wedge airfoil at zero
angle of attack only. The effect of angle of attack on the
total collection efficiency is presented in figure 8 for airfoil
thickness ratios from 0.01 to 0.08, droplet diameter of 20
microns, free-stream Mach number of 1.4, pressure altitude
of 15,000 feet, and chord lengths of 1, 2, 4, and 12 feet.
The range of angle of attack is from zero to tan='(7/c).

The total collection efficiency decreases slightly as the
angle of attack increases. The slope of the curve of £,
against tan a is zero at a=0, by virtue of the symmetry of
the double-wedge airfoil. As the angle of attack increases,
the slope of the £, against tan « curve becomes negative,
the rate of change becoming more pronounced as the angle
of attack increases. The effect of increasing the chord length
of the double-wedge airfoil is to decrease slightly the rate of
decrease of I, with respect to tan «. A significant point
that is well-illustrated in figure 8 is that, for a constant value
of chord Iength, there apparently exists an envelope of the
family of £, against tan « curves that have the airfoil thick-
ness ratio 7/ec as the parameter. This envelope curve
presents, in terms of the angle of attack, the maximum total
collection efficiency that can be obtained for a symmetrical
double-wedge airfoil of any thickness ratio, where the
droplet size, free-stream Mach number, pressure altitude,
and chord length are considered to be constant.

For the double-wedge airfoil at a free-stream Mach
number greater than the shock-wave-attachment Mach
number, the decrease in total collection efliciency with an
increase in angle of attack is opposed to the trend experienced
by rounded-leading-edge airfoils at subsonic Mach numbers
(irrespective of the symmetry of the airfoil). For the latter
type of airfoil at subsonic speeds, the increase in total
collection efficiency (as defined herein) with inereasing angle
of attack is accounted for by the greatly increased impinge-
ment that occurs on the lower surfaces of these airfoils at
angle of attack. The reduction of impingement occurring
on the upper surfaces of these airfoils at angle of attack is
more than balanced by the increased impingement occurring
on the lower surfaces. On the other hand, for a given double-
wedge airfoil at supersonic speeds with an attached shock
wave, the rate of increase with angle of attack of the impinge-
ment on the lower surface is less in magnitude than the rate
of decrease with angle of attack of the impingement on the
upper surface. This general trend for the double-wedge
airfoil can be explained with the aid of figure 5 (a), in which
the effect of tan ¢ (tangent of the semiapex angle) on the

total impingement rate is presented for a wedge of infinite

extent.

The forward upper surface of a symmetrical double-wedge
airfoil effectively acts as the finite portion of one surface of an
infinite wedge that is decreasing its semiapex angle (effect-
ively the thickness of wedge) as the angle of attack of the
double-wedge airfoil increases. 'The forward lower surface
of this type airfoil effectively acts as the finite portion of one
surface of an infinite wedge that is increasing its semiapex
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Frcure 8—Variation of total collection efficiency of symmetrical
double-wedge airfoils with angle of attack. Free-stream static
temperature, 440° R; droplet diameter, 20 microns; free-stream Mach
number, 1.4; pressure altitude, 15,000 feet.

angle as the angle of attack increases. In ficure 5 (a) the
increase in {,, which is exactly proportional to the total
impingement rate, becomes smaller with an increase in tan o
(i.e., d*¢,/d(tan ¢)?<0) for all possible values of the semiapex
angle o. For example, in figure 5 (a) for the curve of M,=1.4,
the impingement on a symmetrical double-wedge airfoil of
0.08 thickness ratio and large chord extent at zero angle of
attack would be very nearly proportional to twice the value
of ¢,, at tan o of 0.08 (2¢,,=0.146 ft). The impingement for
the same airfoil under the same conditions and at an angle of
attack of 2.291° (tan «=0.04) would be very nearly pro-
portional to the sum of {, at tan o of 0.04 and 0.12
(CmautEm1=0.046+0.0905=0.1365 {t).

Total collection efficiency as function of relative modified
inertia parameter,—For air-flow fields that contain a shock
wave, such as those considered herein, the water droplets
upon crossing the shock wave suddenly have a velocity
relative to the air. For the double-wedge airfoil with an
attached shock wave, this initial relative velocity is the same
for all droplets entering the air-flow field downstream of the
shock wave. As discussed in previous sections, this common
initial velocity U; may be considered the initial velocity of
projection of a droplet in a reference frame having no air
motion in it and moving relative to the fixed frame of refer-
ence at the constant velocity of the air downstream of the
shock wave. Therefore, it is of interest to define a set of
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inertia parameters, /' and £}, based on the motion of the
droplet in this moving reference frame. The relative
inertia parameter based on the relative velocity U/; is defined
as

U,

! g g Ewagrl’ri__:’:m.x_
"’71#9 -

1€ (4

F=K

where K is the inertia parameter in the fixed frame of refer-
ence, defined as
2 ppa? V.
Ko 222 1 (24)
9 /.11(?
and =z, , 1s that value of the maximum distance of travel
obtained when Stokes’ law is assumed for the drag force on
the droplet.
The relative modified inertia parameter, also based on the
relative velocity U, is defined as

e

x m, 8 (4

where z,, is defined in equation (9), and experimental values
are used for the drag force on the droplet.

For the problem of water-droplet impingement on airfoils
having rounded leading edges at subsonic speeds, it is im-
possible to define a similar relative modified inertia param-
eter. Also, for any airfoil at supersonic speeds, it is impos-
sible to define a relative modified inertia parameter, unless
the shock wave from the leading edge is of constant strength

in the vicinity of the airfoil, as in the case of the double-
wedge airfoils with attached shock waves. If the strength
of the shock wave is not constant, as for the case of a bow
shock wave preceding a blunt obstacle, then the value of £
is not constant for all the trajectories of a given droplet size.
Thus, the problem of impingement on wedges and double-
wedge airfoils at supersonic speeds with attached shock
waves is unique in that a relative modified inertia parameter
can be defined and used in correlating the total collection
efficiencies.

The correlation of the total collection efficiency with the
relative modified inertia parameter / is shown in figure 9 (a)
for droplet diameters varying from 2 to 100 microns and
for pressure altitudes of sea level, 15,000, and 30,000 feet.
For the symmetrical double-wedge airfoil of 0.06 thickness
ratio at M;=1.3 and zero angle of attack, the droplet free-
stream Reynolds number Re; varies from 42.1 to 2104. The
values of F,, for a given thickness ratio, Mach number, and
angle of attack generally form the basis for a single curve
with a small amount of scatter existing in the higher range
of value of F,. In the lower range of Fj, for all values of Re,
the plotted points have negligible scatter. The small scatter
observed is possibly due to the existence of a very slight
trend of the curves of 77, against /, with Re, for the higher
values of F.

The effect of increasing the thickness ratio is presented in
figure 9 (b) for symmetrical double-wedge airfoils of 0.02,
0.06, and 0.12 thickness ratio. Increasing the thickness
ratio displaces the £, against /|, curve toward larger values
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(a) Correlation of pressure altitude and droplet size. Free-stream Mach number, 1.3; airfoil thickness ratio, 0.06.

Figure 9.—Total collection efficiency of symmetrical double-wedge airfoils as function of relative modified inertia parameter. Free-stream static
temperature, 440° R; angle of attack, 0°.
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Ficure 9.

Relative modified inertia parameter, Fq

Droplet diameter, 20 microns; free-stream Mach number, 1.4; pressure altitude, 15,000 feet.

Droplet diameter, 20 microns; airfoil thickness ratio, 0.02; pressure altitude, 15,000 feet.

Concluded. Total collection efficiency of symmetrical double-wedge airfoils as function of relative modified inertia parameter.

stream static temperature, 440° R; angle of attack, 0°.
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of Fy. Changing the thickness ratio of the double-wedge
airfoil does not alter the shape of the curve itself.

The effect of the free-stream Mach number on the variation
of I£,, with £} is presented in figure 9 (¢) for the symmetrical
double-wedge airfoil of 0.02 thickness ratio for droplet diam-
eter of 20 microns, free-stream Mach numbers of 1.1, 1.2,
1.5, and 2.0, and pressure altitude of 15,000 feet. Increasing
the Mach number displaces the entire curve of £, against
Fy toward smaller values of /. As the value of 1/, increases,
the rate of displacement of the curve with increasing M,
becomes smaller.  The displacement of the curve obtained
by inereasing the Mach number from 1.1 to 1.2 is more than
that obtained by inereasing it from 1.2 to 1.5 and from 1.5
to 2.0.

The relative inertia parameter /" and the relative modified
inertia parameter /7 of the moving frame of reference cor-
respond, respectively, to the inertia parameter K and a
modified inertia parameter K of the fixed frame of reference.
The modified inertia parameter is defined in reference 14 as

K= K (25)

e

where X\ is the maximum distance of travel of a droplet
projected into still air with the free-stream velocity V.
The term X\, 1s the value of the maximum distance of travel X
when Stokes” law is assumed for the drag force on the droplet.
The total collection efficiency of a symmetrical double-wedge
airfoil is presented in appendix D as a function of the modified
inertia parameter K.

SUMMARY OF RESULTS

This report presents an analysis of the problem of im-
pingement of water droplets on a wedge and a double-wedge
airfoil at supersonic speeds with attached shock waves.
When a suitable empirical relation is used for the drag co-
efficient of a sphere, the analysis allows a closed-form inte-
gration of the equations of motion for the water droplets.
The integration results in analytical expressions for the
equation of the trajectories, the droplet velocity at any point
on the trajectories, the local impingement efficiencies, and
the total rate of impingement. The results of the calcula-
tions of rate, extent, and distribution of impingement of
water droplets on wedges and symmetrical double-wedge
airfoils are summarized briefly as follows (the Mach number
referred to is the free-stream Mach number, which is greater
than the attachment Mach number for the wedge or the
double-wedge airfoil):

1. At a given value of Mach number, droplet size, and
pressure altitude, the local impingement efficiency as a
function of the dimensional surface distance is the same for
both the wedge and the symmetrical double-wedge airfoil
at zero angle of attack, provided the tangent of the semiapex
angle of the wedge is equal to the thickness ratio of the sym-
metrical double-wedge airfoil.

2. For any Mach number, pressure altitude, and droplet
diameter, the value of B, is equal to the sine of the semiapex
angle for wedge or symmetrical double-wedge airfoil. [B,
is the value (maximum) of local impingement efficiency
as distance from leading edge to point of impingement
approaches zero.]

3. The effect of the free-stream static temperature on the
local impingement efficiency and total collection efficiency
is negligible for temperatures from 420° to 460° R.

4. At constant values of Mach number, droplet size, and

semiapex angle of the wedge or corresponding thickness
ratio of the symmetrical double-wedge airfoil, an increase in
the pressure altitude increases slightly the local impingement
efficiencies and total collection rates on wedges and sym-
metrical double-wedge airfoils, but has a negligible effect
on the surface extent of perceptible impingement.
5. At constant values of Mach number, droplet size, and
pressure altitude, inereasing the thickness ratio of the sym-
metrical double-wedge airfoil or corresponding semiapex
angle of the wedge increases the local impingement efficiency,
has a negligible effect on the surface extent of perceptible
impingement, and decreases the total collection efficiency
of the symmetrical double-wedge airfoil.

6. At constant values of droplet size, pressure altitude,
and semiapex angle of the wedge or thickness ratio of the
symmetrical double-wedge airfoil, an increase in Mach
number increases both the surface extent of impingement
and the value of the local impingement efficiency.

7. At constant

ralues of pressure altitude, semiapex
angle of the wedge or thickness ratio of the symmetrical
double-wedge airfoil, and Mach number, an increase in
the droplet size increases considerably the surface extent of
perceptible impingement, the local impingement efficiency,
and the total impingement rate.

8. The variation of total collection efficiency of the sym-
metrical double-wedge airfoil at zero angle of attack as a
function of the scale parameter for constant values of the
droplet free-stream Reynolds number is similar in form to
that for subsonic airfoils.

9. The total collection efficiency of the symmetrical
double-wedge airfoil decreases slightly as the angle of attack
increases.

10. For a symmetrical double-wedge airfoil of a given
thickness ratio and Mach number, the values of total col-
lection efficiency for a wide range of values of droplet free-
stream  Reynolds number comprise a single curve when
plotted against the relative modified inertia parameter. The
effect of increasing the thickness ratio or decreasing the
Mach number is to displace the entire curve in the direction
of larger values of relative modified inertia parameter.

Lewrs Fricar PropuLstoN LABORATORY
NarroNan Apvisory COMMITTEE FOR AERONAUTICS
CrLeverLanp, Ouro, April 21, 1953
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APPENDIX A
SYMBOLS
The following symbols are used in this report: 0%
a droplet radius, ft €
(65 drag coefficient, dimensionless
¢ airfoil chord length, ft ¢
D drag force on spherical water droplet, b
d droplet diameter, microns
s total collection efficiency (defined by eq. (22)), Cm
dimensionless
F relative inertia parameter, = sz—”‘ﬁ; dimen-
9 ¢ Suy $1
sionless
F, relative modified inertia parameter, -?3'2 F:%"i
s
g acceleration due to gravity, 32.2 ft/sec?
K inertia parameter, < p—"’aﬂ’:h, dimensionless !
9 MmC (4]
5 ; . A N o :
K, modified inertia parameter, ):K:Z-’ dimensionless 0
M Mach number K
m empirical constant (used in eq. (5)), 2/3
Ny, Na, 1y constants of flow field (defined by eqs. (18a), (18b), \
and (18¢), respectively)
P static pressure, Ib/sq ft s
R gas constant, 53.3 ft-1b/(1b)(°F)
Re, droplet Reynolds number relative to air behind 0
shock wave, 2ap,/u,, dimensionless
Re, free-stream droplet Reynolds number, 2ap,V,/u,, ”
dimensionless
S distance to point of impingement measured from
leading edge for water droplet that enters flow ,
field behind shock wave at distance ¢ above & ¢
leading edge (eq. (15) and fig. 1), ft
T maximum thickness of airfoil, ft 2
t time, sec Pa
t free-stream static temperature, °R 7
U magnitude of droplet velocity relative to air o
velocity downstream of shock wave, |V,—V,/, fps
4 velocity, fps or mph T
W rate of water catch, Ib/(hr) (ft span)
W local rate of water catch, Ib/(hr)(sq ft surface) ¢
w liquid-water content of air, g/cu m ¥
t Q
T J; U7 dt, displacement of droplet in moving frame
of reference (relative to air stream); where =0 @
the instant water droplet intercepts shock wave
s maximum value of displacement z as 7« as limit
(maximum distance of travel of droplet projected (_l
into still air with relative velocity (7;), ft 2
i value of maximum distance of travel z,, obtained le
by assuming Stokes’ law for drag force on m
droplet, ft "
a angle of attack of airfoil, deg 1
B local impingement efficiency, d¢/dS, dimensionless | 2
Bo maximum value of 8 as S—0; By=sin ¢, dimensions

less

ratio of specific heats (1.4 for air)

empirical constant (used in eq. (5)), 0.158, dimen-
sionless

initial displacement of droplet trajectories from
leading edge in direction normal to free-stream
direction (eq. (13))

maximum value of initial droplet displacement ¢
obtained when trajectory is tangent to wedge
surface (theoretically as S—«)

absolute values of initial displacement from leading
edge (in direction normal to free-stream direc-
tion) of droplet trajectories that impinge at
shoulder of upper and lower surfaces, respec-
tively, of double-wedge airfoil

distance along shock wave measured from wedge
apex to point where droplet trajectory intercepts
shock wave

shock-wave angle

angle between free-stream velocity vector V, and
droplet velocity vector V,

maximum distance of travel of droplet projected
into still air with free-stream velocity V, ft

value of distance of travel X obtained by assuming
Stokes’ law for drag force on water droplet, ft

dynamic viscosity based on static temperature,
(Ib) (see)/sq ft

angle between free-stream velocity vector V; and
initial relative velocity vector 7, (defined by eq.
(13a))

components of droplet displacement referred to
wedge surface (defined by eq. (12)), ft

mass density of air, slugs/cu ft

water-droplet mass density, 1.9398 slugs/cu ft

semiapex angle

angle between droplet velocity vector V, and
velocity vector V,

dimensionless time variable, (3u,/p.a*)t

phase angle, tan—!(Re, ;~/%¢ /%), 0§<p§§ (eq. (9))

scale parameter, (9¢/a)(p(/pw)

ratio of air velocity downstream of shock wave to
free-stream velocity V,/V;

ratio of initial droplet relative velocity to free-
stream velocity U;/V;

Subseripts:

droplet

initial (at shock wave)

impingement

lower

maximum

upper

free stream

downstream of shock wave (in fixed frame of
reference)

Barred symbols denote vectorial quantities.
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APPENDIX B

CLOSED-FORM INTEGRATION OF EQUATION OF MOTION (RELATIVE TO AJR FLOW DOWNSTREAM OF SHOCK WAYVE)

The various steps necessary to the closed-form integration
of equation (6), which is the differential equation of motion
of the water droplet in the moving reference frame, are given
herein.  The differential equation of motion (6) can be re-
written as

(/( 7 4‘1-) 24[ m smm
— , Bl
dt Ay 2 S o) ( )
where, for convenience,
Re,=AUaq (B2)
20, ‘
"h:_‘lk (IS';)
M
_3 e B4
“ag D (B

Algebraie simplification and rewriting result in the form

- Ay dU B5
l/[——(.(1+‘1.l(vm) (B5)
where |
e b | (Z a
A“:;.:: 12 ﬁ (B())
and
A;=eATa” (B7)

Equation (B5) is not readily integrable in its present form.
By letting
p=U" (BS)

and

rm

pl—l B9
P=n T (B9)

equation (B5) becomes

A dp’ A, Ap; dp’
m p’ ' m 1+ Apip’

dl=— (B10)
This form of the equation is readily integrated, and upon
resubstituting the relations (B8) and (B9), there is obtained
the following expression for the velocity of the droplet as a
function of the time ¢:

m - —1/m
= {(‘\I) [([—B)—-—]——( ,‘14§ (B11)

where B is the constant of integration.
. . dzx . : -
Since U= di’ equation (B11) can be rewritten in mtog]':ll
il

form as

—1/m
J(,,,,J ;{C\p[(/—& . —['}”4-14} di+B, (B12)
<13

where B, is the second integration constant. KEquation
(B12) requires simplification before a closed-form integration
can be performed. Consider the following substitutions:

.)/:L;'[ (Bl3)

Az Alq
A=— po= U (( AT E— ( A )~ Vm (B14)
Ag=U!A) " exp [—Bim/Aj] (B15)

By using the substitutions given by (B13), (B14), and (B15),
it is possible to write equation (B12) as

ffz.,-:ﬁ-ll.,(,mw_1)*1/"1(/,1/—# B, (B16)

Before further steps can be taken in the closed-form integra-
tion of the equation of motion of the droplet, the value of
the empirical constant 7 must be determined. It is noted
that in approximating the curve of the drag coefficient as a
function of the local Reynolds number by a relation of the
form given by

24 ,,L _
Co=p, (1+eRe]) (5)

it 1s possible to consider that the value of m is 2/3 and the
value of e is 0.158. That the approximation of the experi-
mental curve by the empirical relation is very good in the
range of Reynolds numbers from about 0.5 to 500 can be
seen by referring to figure 2, which presents a graph of the
empirical relation along with the drag-coefficient data of
references 4 and 12.

The use of m=2/3 in equation (B16) along with the sub-
stitution
e—q (B17)

and the use of formulas of integration given on pages 16 and
17 of reference 15 allow equation (B16) to be integrated as
shown in the following steps:

o sdq
J'/r fq(A q—l)"“+B’

' Aud Aqd ,
J(/J':_f' sl /2+11(‘> ( 29 ';/2_}_1)2

g(Agq—1)! Agqg—1Y)
r— B, I =i
: Z— —tan~'yAgg—1 B18
9A,  +Asg—1 i S

If the original time or independent variable ¢ is reintroduced
into equation (B18) and the substitutions are made for A;
and Ag, the equation has the form

(114)3/2(1;2—-.1') ( 1 (' >/;)1/>
34,
' c\])[ 21 ]—A U,

tan™! g( - ,/51 A7 (\p[ 21— B’)ZI_A ( %

(B19)
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Substituting for A; and Ay (except in the exponent of ¢€) in
equation (B19) results in

BZ 7 < 3/1p> Re, i'%¢'®
2((—B,)
\/ [ 34, ] fies
2(t— B
tan—! B, ”3 1/,\/(\]) ( :I Rert }

(B20)

Equation (B20) is the integrated equation with undeter-
mined integration constants for the motion of the water
droplets relative to the air velocity behind the shock wave.
The integration constants are determined from the boundary
conditions, which are

l—l
i

The substitution of the boundary conditions, and thus the

stream of the shock wave as follows (in the frame of refer-
ence moving with the constant velocity V5):

a . i i —1/9
r=g 6‘3”p—’”-[Re,,i‘”e”?—}—tan Y@l o e ) —
P2

VY 4 i

The final form of the corresponding equation for the relative
velocity of the water droplet as a function of the dimension-
less time variable is obtained from equation (B11) as

6

U= ‘713/'2 [(R(’,, i =

Re, e e e (8)

It can be seen from equations (7) and (8) that as ¢ approaches
infinity the value of U approaches zero and that a limit
exists for the value of z as ¢ approaches infinity. This
limiting value of z is

oo —2 32 Pw i/ ln )
Tm=g € p2<Rem € 5o (9)

determination of the integration constants B, and By, where

i » final forn 1e integrated equation of motion o y ) T

results in the final form of tl e integ eq : o=tan—! (Re, ;~Be): 0 < p< &

for the water droplets relative to the air velocity down- J 2
APPENDIX C

COMPARISON OF COLLECTION EFFICIENCY AND IMPINGEMENT RATE FOR SYMMETRICAL DOUBLE-WEDGE AIRFOIL
WITH THOSE FOR NACA 0006-64 AIRFOIL

A comparison of the total collection efficiency as a func-
tion of a modified inertia parameter K, for a symmetrical
double-wedge airfoil at supersonic speeds (attached shock
wave) with that for the NACA 000664 airfoil (ref. 9) at
free-stream Mach numbers less than eritical is presented in
ficure 10. Both airfoils have 0.06 thickness ratios and are
at zero angle of attack. It is important to keep in mind
that figure 10 does not allow a comparison of the two air-
foils at the same Mach number, and such a comparison can-

1.0 T —
Free-stream ]
Mach number, o
§ Airfail M| R
W 8 ——Symmetrical N7
= double-wedge | :2_\:}%
2 ——NACA 0006-64
© 6 (ref. 9) / =M <Meriticar
@ ' .
s ,////
5 y Free-stream
= 4 droplet Al
S ' “~._ | Reynolds number,
= Eoes Re|
2 /| T 1-512
(= g / 4-"16
==
IS
O—= 4 s 6 10 20 4060 100 200 x 102

Modufled memu parameter, K

Ficure 10.—Comparison of total collection efficiency as function of
modified inertia parameter for symmetrical double-wedge airfoil at
supersonic speeds with attached shock wave with that for NACA
0006—64 airfoil at free-stream Mach number less than critical. Air-
foil thickness ratio, 0.06; angle of attack, 0°.

not be made, because the analysis for the NACA 0006-64
airfoil is not valid above the critical Mach number and that
for the symmetrical double-wedge airfoil is not valid below
the shock-wave-attachment Mach number. It is, however,
of value to consider a comparison of the two airfoils with
each operating within its appropriate speed range. In figure
10 the rate of increase in £, with respect to K, is greater
for the symmetrical double-wedge airfoil than for the NACA
0006-64. For a constant droplet size, pressure altitude and
temperature, and free-stream Mach number, resulting in a
constant value of \, K, varies inversely as the chord length
(Ky=M\/e¢). In general, therefore, the rate of decrease in £,
with increasing chord length is greater in magnitude for the
symmetrical double-wedge airfoil than for the NACA 0006—64
airfoil.

A comparison of the rate of total water catch per unit
span for the symmetrical double-wedge airfoil with that for
the NACA 0006—64 airfoil can be obtained if values (neces-
sarily different) for the free-stream Mach numbers for the
two airfoils are assigned. Assume that both airfoils are of
the same thickness ratio and chord length and that they
encounter identical icing conditions of droplet diameter (20
microns), pressure altitude and temperature (15,000 ft and
440° R), and liquid-water content (0.5 g/cu m), but have
free-stream Mach numbers of 1.5 and 0.75, respectively.
For the static temperature assumed, the Mach numbers of
1.5 and 0.75 correspond to speeds of 1051 and 526 miles

er hour, respectively. Therefore, the magnitudes of the
inertia parameter K and the free-stream droplet Reynolds
number Re, for the double-wedge airfoil are twice as great
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(a) Effect of pressure altitude and droplet size.

(b) Correlation of thickness ratio.
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Free-stream Mach number, 1.3; airfoil thickness ratio, 0.06.

Droplet diameter, 20 microns; free-stream Mach number, 1.4; pressure altitude, 15,000 feet.

Frcure 11.—Total collection efficiency of symmetrical double-wedge airfoils as function of modified inertia parameter.
temperature, 440° R; angle of attack, 0°,

Droplet diameter, 20 microns; airfoil thickness ratio, 0.02; pressure altitude, 15,000 feet.

Free-stream static
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as for the NACA 0006-64 airfoil. Varying the chord length
from 1 to 20 feet produces a change in the value of & from
0.386 to 0.0193 for the double-wedge airfoil and from 0.266
to 0.0130 for the NACA 0006-64 airfoil. This variation in
K, for both airfoils results in values of £, of the same order
of magnitude. For the given icing conditions, the following
table lists for chord lengths of 4 and 20 feet the various per-
tinent parameters and variables, including the rate of total
water catch on the airfoil per unit span for both airfoils:

Symmetrical double-wedge airfoil at M;=1.5 (V;=1051 mph)
Free-stream % P ;
Chord droplet Tnertia Distance I\;::_I,_‘tf};d Total col- If‘tla?f
g Reynolds = e ratio, RIS lection P ;
length, parameter, parameter, e catch, W,
o Tt number, K MAs Ko (‘Ihmgncy, 1b/(hr)
d {i@)l (b) (b) Em (unit span)
4 485 0. 542 0.178 0. 0965 0.432 17.9
‘ 20 485 -108 178 L0193 S 23.0
NACA 0006-64 airfoil at M,=0.75 (V=526 mph)
‘ 4 243 0. 271 0. 246 0. 0665 0. 330 6.85
20 243 L0542 . 246 . 0130 . 128 13.3

# Values of viscosity of air obtained from linear variation with temperature given in ref. 16.
b Caleulated as indicated in appendix D.

The rate of total water catch on the airfoil per unit span is
calculated from
W.=0.3296E,, TV w

where 7' is in feet, w in grams per cubic meter, and V; in
miles per hour. For this particular example, the table shows
that for the 4-foot chord, the double-wedge airfoil has a
somewhat larger value of £, than the NACA 0006—64 air-
foil; and for the 20-foot chord, the opposite is the case.
Comparison of the two airfoils for a given chord length
shows that, as expected, the effect of the total collection
efficiency on the rate of water catch is small when compared
with the free-stream velocity ratio chosen (2:1). The most
significant comparison to be obtained from the table is that,
for the double-wedge airfoil, increasing the chord length by a
factor of 5 (from 4 to 20 ft) results in an increase of only 28
percent in the rate of water catch; whereas, for the NACA
airfoil, a like change in the chord length results in an increase
of 94 percent. This difference is the result of the fact that,
unlike the local impingement on the rounded-leading-edge
airfoils at free-stream Mach numbers less than critical, the
local impingement at a given point on the surface of a
double-wedge airfoil does not vary with the chord length of
the airfoil, which is at a supersonic Mach number above the
shock-wave-attachment Mach number.

APPENDIX D

TOTAL COLLECTION EFFICIENCY OF SYMMETRICAL DOUBLE-WEDGE AIRFOILS AS FUNCTION OF MODIFIED INERTIA
PARAMETER

The total collection efficiency £, is presented in figure 11
as a function of the modified inertia parameter K, as sug-
gested in reference 14. The relation for K is

K(,:% K (25)

where A is the inertia parameter, defined as

@ Vi

24
i (24)

_2»
K=y

Since K is equal to \;/c (ref. 4), K, may also be written as

A A
Ko—-): K—Z

The free-stream droplet Reynolds numbers used herein in
calculating K, range up to 2104. The empirical drag law
(eq. (5)) used in this report for the droplet motion in the
moving reference frame is valid up to the Reynolds number of
approximately 500. Therefore, for the values of K, pre-
sented in figure 11 (and also fig. 10), the values of /A, were
obtained from table I of reference 4.

The curves of £, against K, in figure 11 have exactly the
same form as the curves of £, against |, except that the use
of K, results in a displacement of the entire curve toward
larger abscissa values. The displacement of the E,, against
K, curves obtained by varying the thickness ratio (fig. 11 (b))
or the free-stream Mach number (fig. 11 (¢)) is less than
the displacement of the F,, against F, curves obtained by the
same procedures (figs. 9 (b) and (c¢)).
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