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SUMMARY

The rate and area of cloud droplet impingement on four bodies of
revolution were obtained experimentally in the NACA Lewis icing tunnel
with a dye-tracer technique. The study included spheres, ellipsoidal
forebodies of fineness ratios of 2.5 and 5.0, and a conical forebody of
30° included angle and covered a range of angles of attack from 0° to 6°
and rotational speeds up to 1200 rpm. The data were obtained at an air-
speed of 157 knots and are correlated by dimensionless impingement
parameters. '

In general, the experimental data show that the local and total
impingement rates and impingement limits of bodies of revolution are pri-
marily functions of the modified inertia parameters, the body shape, and
fineness ratio. Both the local impingement rate and impingement limits
depend upon- the angle of attack. Rotation of the bodies had a negligible
effect on the impingement characteristics except for an averaging effect
at angle of attack. For comparable diameters the bluffer bodies had the
largest total impingement efficiency, but the finer and sharper bodies
had the largest values of maximum local impingement efficiency and, in
most cases, the largest limits of impingement. In most cases, the impinge-
ment characteristics were less than those calculated from theoretical
trajectories; in general, however, fairly good agreement was obtained be-
tween the experimental and theoretical impingement characteristics.

INTRODUCTION

The design and evaluation of icing protection equipment for aircraft
components require a knowledge of the local and total rates of cloud drop-
let impingement and the surface extent of droplet impingement. These
impingement characteristics are important in determining the extent of a
surface requiring icing protection, the local and total protection require-
ments, the shape, size, and location of ice formations on aircraft com-
ponents, and the aerodynamic penalties associated with icing of aircraft
surfaces.
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Previous studies (refs. 1 to 7) have reported the impingement char-
acteristics of various two- and three-dimensional bodies. The impinge-
ment characteristics of bodies of revolution are of interest because such
~ bodies are representative of many aircraft components subject to icing
such as radomes, body noses, engine accessory housings, and the large
spinners of turboprop engines. Most of the previous investigations of
cloud droplet impingement on bodies of revolution (refs. 2 to 7) have been
either analytical computations or were experimental studies of limited
scope. In particular, little experimental information is available on
the effects of angle of attack and rotation on impingement characteristics.

As part of a general study of icing and icing protection of bodies
of revolution, an experimental investigation of the impingement character-
istics of four bodies -of revolution was conducted in the Lewis icing tunnel
using the NACA dye-tracer technique (ref. 8). The object of the investi-
gation was to obtain sufficient experimental data to enable the impinge-
ment characteristics to be determined over a range of body shapes and
operating and meteorological conditions including angle of attack and
rotation. :

The bodies studied included spheres, ellipsoidal forebodies, and a
conical forebody. The impingement characteristics were obtained for
volume-median droplet diameters ranging from 11.5 to 18.6 microns, angles
of attack of 0°, 3°, and 6°, rotational speeds of 0, 600, 800, and 1200
rpm, and a nominal airspeed of 157 knots. The experimental results are
presented in terms of dimensionless impingement parameters and are compared
with theoretically calculated impingement characteristics.

APPARATUS

The study of droplet impingement on bodies of revolution was made in
the 6- by 9-foot test section of the Lewis icing tunnel using the NACA
dye-tracer technique. In this technique (ref. 8) water containing known
small amounts of a water-soluble dye is sprayed into the tunnel airstream
a large distance ahead of the test body. The surface of the body is
covered with absorbent blotting paper upon which the dyed-water droplets
impinge. The amount of dye trace deposited in a measured time interval
can be converted into the amount of water impinging at any particular
location by a colorimetric analysis. If the spray-cloud water content
and droplet size are known, the impingement characteristics of the body
can be readily determined.

The test bodies used included two spheres of 5.92- and 18-inch diam-
eters, two ellipsoidal forebodies of 2.5 and 3.0 fineness ratios (minor
axes of 30 and 20 in., respectively), and a conical forebody of 300
included angle (base diameter, 18.93 in.). The ellipsoidal and conical
forebodies were mounted on a faired afterbody of 30-inch maximum diameter
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as shown in figure 1. This afterbody, containing the drive motor for
rotation and instrumentation pickups, was the same as that used in refer-
ence 9. The spheres were sting-mounted.

In order to obtain the correct droplet trajectories in the tunnel,
the droplets must be traveling parallel to and at the same speed as the
free airstream after passing through the tunnel contraction section and
before being subjected to the test-body flow field. The distances from
the nose of the models to the tunnel test-section entrance are 'given in
the following table in terms of the body maximum radius. Also given in
the table are the minimum dimensionless distances ahead of the model as
computed in references 2 and 4 that are required to obtain essentially
undisturbed free-stream conditions.

Body Dimensionless distance ahead of model, x/R
Experimental, from model | Theoretical, required
nose to test-section for free-stream
entrance conditions

Spheres

5.92-In. diam. 53 ' 14

18-In. diam. 16.5 14}(ref' 4)
Ellipsoids

2.5:1 7.8 -

3.0:1 12.5 --

5:1 -—-- 15 (ref. 2)

Conical 12.0 -

The ellipsoidal and conical models were fabricated of 0.062-inch-
thick aluminum spun to the desired shape with a transition section fairing
the contour between the rear of the test body and the afterbody. Both
sphere models were made of laminated mahogany. Sketches of the models
showing the pertinent dimensions and details including the orientation of
the blotting-paper strips are presented in figure 2. Both elliptical
forebodies were halves of exact ellipsoids. The conical body, however,
had an apex foreshortened 1% inch which resulted in a nose rounded to s

1/2-inch radius. The surface of the conical model was slightly convex
and deviated from a true cone by a maximum of approximately 0.6 inch.

The surfaces of all the models were smooth and free from irregularities
with the exception of the conical body which had some waviness (sensitive
to touch) at a circumferential weld about halfway between the nose and
the base.

Pressure distributions over the model surfaces for the conical and
ellipsoidal forebodies were obtained by means of pressure belts cemented
to the model surface for the stationary case and by flush static taps and
a rotating pressure pickup for the rotating case.
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The spray cloud was provided by nine air-water atomizing nozzles
located in the quieting chamber upstream of the tunnel test section. The
nozzles were positioned to supply a cloud of uniform liquid-water content
of the required droplet size in the tunnel test section. The spray was
turned on and off by fast-acting solenoid valves, and the spray duration
was set and recorded by an electric timer. Further details of the spray
system are given in reference 8.

PROCEDURE

The experimental procedure was, in general, the same as that de-
scribed in references 1 and 8. Strips of the blotter paper were attached
to the model, and, then, with the tunnel air properly conditioned as to
speed, temperature, and humidity, the spray, preloaded to the desired air
and water pressures, was turned on for the preset time interval. The
blotter was then removed from the model for the colorimetric analysis.

The blotters were narrow strips, 3/4 and 1 inch wide, which were
cemented to vellum strips which in turn were cemented to the model surface.
The edges of the blotters were taped to the model surface. Cementing and
taping prevented lifting of the blotter from the model surface and also
prevented damage to the blotter during removal. The orientation of the
blotters was as shown in figure 2. A continuous strip was wrapped around
the model in a horizontal plane over the 0° and 180° meridian stations.

For the stationary model a second blotter strip was attached at the 90°
meridian station which was butted against the first strip at the model base.

The investigation reported herein was conducted at an airstream ve-
locity of 157 knots, a static pressure of 28 inches of mercury, and a
static air temperature of 50° F. Data were obtained at angles of attack
of 0°, 39, and 6° and at rotational speeds of 0, 600, 800, and 1200 rpm.
The variations in angle of attack and rotational speeds were chosen as
being representative of current and near-future aircraft. The droplet
sizes used in the study were as follows:

Water-air Volume-median Maximum droplet
mass-flow ratio | droplet diameter, | diameter,
dned- dmed,max’
microns  microns
0.34 . : 11.5 24
.49 14.7 35
.61 16.7 45
.76 18.6 64.5
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The droplet-size distribution is given in figure 3. The volume-median
droplet size and size distribution were determined by the Joukowski-
aspirator method discussed in reference 1. For each water-air mass-flow
ratio, a relatively uniform cloud with local liquid-water-content varia-
tions within 110 percent and essentially the same droplet-size distribu-
tion was obtained. The reproducibility of the average liquid-water con-
tent and volume-median diameter was within approximately 16 percent. For
most cases a repeat run was made at each set of conditions.

ANALYSIS OF DATA

The analysis of the data obtained from the dye-impinged blotters
gives the local and total impingement efficiencies and the surface extent
of impingement. The method of analysis used herein is essentially that
presented and described in detail in reference 8 with modifications re-
quired for use with bodies of revolution. The local water impingement
rate was determined by colorimetric analysis wherein small circular seg-
ments, 3/8 inch in diameter, were punched from the exposed blotter strip
at specified locations. The dye was dissolved out of the segment with g
known quantity of distilled water, and the concentration of dye in this
solution was determined by a calibrated colorimeter. With the exposure
time and the original concentration of dye in the spray cloud known, the
local impingement rate per unit area was obtained by the relation

WB = %éig%;gy, (1b water)/(hr)(sq ft) . (1)

(A1l sybmols are defined in the appendix.)

The local impingement efficiency E can be obtained by the equation

- )
B = s (2)

0.225 UOWt

The total impingement efficiency Eﬁ is obtained by integrating B
over the surface area impinged and dividing by a reference area. Thus ,

'A_=max. 0=27

_ 1 S 1 - .

Ep = A o (B d0)dAg (3)
Ag=0 6=0 -

or, in terms of the surface distance from the nose and body radius,
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Spnax 9=2n’
E = f (B d0)r ds (4)
e

2
R s=0 =0

For zero angle of attack stationary, an arithmetic average of the
B value at the three meridional stations was used. For rotation the
measured B values were averages of the circumferential variation. For
these two cases the integration was performed in the axial direction only.
By definition the total impingement efficiency Em is the ratio of the
total amount of water impinging on' the body to the maximum amount that
could impinge (straight-line droplet trajectories). Therefore, the term
Ap 1in equation (3) should be the maximum projected frontal area of the
body. For angle of attack this area is not the maximum cross-sectional
area of the body. For the range of angles of attack and body sizes and
shapes investigated, the difference between the projected area and the
maximum cross-sectional area was very small (less than 5 percent at 6°
angle of attack). The maximum cross-sectional area RZ was used, as
indicated in equation (4), for purposes of convenience in the results
reported herein.

The impingement characteristics E, Eﬁ, and (s/R)max are presented
in terms of the dimensionless parameters K, &, and Ren. The K and
$ parameters are defined in terms of the maximum radius of the body R.
The inertia and free-stream Reynolds number parameters are normally de-
fined in terms of the volume-median droplet diameter (K .q and Rey med)
except when they are used to correlate the limit of impingement, in whlch
case the maximum droplet diameter is used Kﬁax and Reo max) The
parameter K is indicative of the inertia of the droplet and ¢ rep-
resents the deviation of drag forces from Stokes' law. Impingement char-
acteristics are also presented as a function of the modified inertia param-
eters KO,med and Kb,max to obtain a correlation independent of &.

This modified inertia parameter is defined as
= K(\/2)

where A/, (the range ratio) is given as a function of Reqg in figure
4, This variation may be approximated within 10 percent for the normal
range of Reg (25<:Re0'<1000). By using this relation Ko 1is related to

airspeed, droplet diameter, body size, and air properties. Thus,

0.6 1.6

U
_ -10( o) d
Ko = 3.86x107°\~ o (5)

The values of Ky used herein were computed by using figure 4 rather than
equation (5). :
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RESULTS
Velocity Distribution

The measured surface velocity distributions are presented and com-
pared with theoretical values in order to indicate any differences between
the actual flow field and the theoretical flow field and, hence, possible
reasons for deviations that may exist between the experimental and theo-
retically calculated impingement characteristics. In addition, comparison
of the effects of changes in the operating variables (angle of attack,
body shape, and rotational speed) on the experimental velocity distribu-
tions indicate the changes in the flow fields. Such comparisons are
helpful, therefore, in evaluating the effects of the operating variables
on impingement characteristics for cases in which theoretically predicted
values of impingement characteristics are either limited or lacking. All
the data presented are uncorrected for tunnel wall effects.

Spheres. - The experimental local velocity distribution for the 18-
inch-diameter sphere is presented in figure 5. The experimental values
agree well with theory up to an s/R value of approximately 1.4 (central
angle, 80°). Although no measurements were made on the 5.92-inch-diameter
sphere, it is expected that the velocity distribution would be similar to
that shown in figure 5 because the Reynolds numbers of both spheres
(8.lX106 and 24.5X106) were considerably greater than the critical
Reynolds number of 10°. :

Ellipsoids. - The local velocity distribution for the stationary
ellipsoidal forebodies of fineness ratios of 2.5 and 3.0 is presented in
figure 6. For both bodies the experimental values agree well with theo-
retical predictions obtained by the method of reference 10. As would be
expected, these blunt body shapes caused only small changes in the flow
around the bodies when the angle of attack was increased from 0° to a
maximum of 6©. Practically no variation of the velocity ratio with
Reynolds number was obtained over the range investigated )

UpeD
(2.6x106< 0P <s5.8x10° ),

For rotation the true local velocity with respect to the model sur-
face was not measured because the local total pressure was not obtained.
However, measurements of the local surface static pressure (corrected for
centrifugal force) during rotation were essentially the same as those ob-
tained stationary. The local velocity while rotating was computed there-
fore as the resultant of the rotational component and the stationary lon-
gitudinal component. The maximum resultant velocities (at largest body
radius and 1200 rpm) computed in this manner were only 6 percent larger
than the velocity while stationary for the 3.0:1 ellipsoid and 11 percent
larger for the 2.5:1 ellipsoid.
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Conical forebody. - The velocity distribution for the conical body
(fig. 7) showed a peak followed by a reversal near the nose for all con-
ditions investigated. This velocity peak and reversal occurred at the
region where the spherical nose became tangent to the conical surface.
Included in figure 7 is the theoretical velocity distribution for a true
cone of 15° half-angle at zero angle of attack which differed from the
experimental distribution by a maximum of 9 percent in the region of
reversing velocity. However, the velocity distributions over the spheri-
cal nose cap (s/R < 0.05) agreed well with the theoretical distribution
over the front of spheres. Angles of attack up to 6° changed the local
velocities by less than 10 percent and caused no change in the location
of the velocity peak. The local velocities with respect to the body sur-
face during rotation were obtained in the same manner as for the ellip-
soidal bodies. The resultant of the rotating component and the stationary
longitudinal component gave values 6 percent larger than the velocity
obtained stationary.

Local Impingement Characteristics

The experimental impingement results are presented first in the form
of the local impingement efficiency -8 for the specific operating and
cloud droplet conditions. Later the experimental results are correlated
with the modified inertia parameter Kg. Comparisons are also made with
values computed from theoretical impingement relations wherein the theo-
retical values are weighted to the tunnel droplet-size distribution. The
results for the several different bodies are discussed separately.

Spheres. - The local impingement efficiency as a function of the
'‘dimensionless surface distance from the nose (sphere stagnation point) is
presented in figures 8 and 9 for the 5.92- and 18-inch-diameter spheres,
respectively. The data show the expected increase in local impingement
efficiency with increasing volume-median droplet size and the inverse
relation with increasing body diameter. The multiple points plotted at
several surface distance locations were obtained from repeat runs (tailed
symbols) and from diametrically opposite sides of the body for the same
run. These data for the sphere are typical of all the impingement data
reported herein in regard to the degree of repeatability and the magnitude
of scatter. The experimental data gave a reasonably well defined value
of impingement efficiency at stagnation. At the limit of impingement,
however, the asymptotic shape of the impingement curve made experimental
determination of the extent of impingement rather inexact.

The theoretical local impingement efficiency obtained from the im-
pingement relations of reference 4 and weighted to the tunnel droplet-
size distribution is also shown in figures 8 and 9 for each volume-median
droplet size. 1In general, fairly good agreement was obtained between the
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experimental and theoretical results, particularly with respect to the
shape of the curve of local impingement variation over the sphere. At

the smallest volume-median droplet size the theoretical values exceed the
experimental impingement efficiencies; as the droplet size is increased,
the experimental values approach and in some cases exceed the theoretical.
These discrepancies between the theoretical and experimental results may
be attributed to experimental inaccuracy in the measurement of the rate of
water impingement, the accuracy of the theoretical calculations, the va-
lidity of the assumptions made in the development of the theoretical
equations, and the accuracy of the experimental values of droplet size,
size distribution, and water content. The known variation in the measured
value of the volume-median droplet size (iﬁ percent) would be sufficient
to account for wmost of the differences between the experimental and theo-
retical values.

Ellipsoids. - The variation of the local impingement efficiency over
the body surface is shown in figure 10 for two stationary ellipsoids at
zero angle of attack. Data obtained at the 0°, 90°, and 180° meridional
locations are presented for four volume-median droplet sizes. The data
scatter and reproducibility as well as the general trends of increasing
impingement efficiency with increasing volume-median droplet size are
similar to those obtained with the spheres.

In order to show the effect of body shape on the local impingement
efficiency, comparisons between the sphere and ellipsoids should be made
on the basis of equal body and droplet size since both of these factors
are known to change impingement efficiency. Such comparisons can be made
from the data of figures 8, 9, and 10 if equal values of the modified
inertia parameter are used, as is shown in the section Correlation of
Impingement Characteristics and in reference 1. A comparison of the local
impingement efficiency on the sphere (KC med = 0.09, 14.7 microns, fig.

9(b)) with that for the 2.5:1 ellipsoid Ko,meq = 0.08, 18.6 microns,

fig. lO(a)) shows considerable differences. The general curvature of the
B curve for the sphere is much less than for the ellipsoid. The greatest
difference between the two bodies, however, is found at stagnation where
the local impingement efficiency for the ellipsoid is approximately twice
that for the sphere. Similar results are obtained comparing the 3.0:1 el-
‘lipsoid and sphere. By comparing the 2.5:1 (18.6 microns, fig. 10(a))

and 3.0:1 (14.7 microns, fig. 10(b)) ellipsoids at Ko meq = 0.08 the
effects of the small change in fineness ratio upon the,local impingement
efficlency are seen to be relatively minor. At the nose the impingement
efficiencies of the two bodies are very nearly the same, while on the rest
of the body the blunter body (2.5:1) has a slightly greater impingement
efficiency.

A comparison of the experimental local impingement efficiency for the
3.0:1 fineness ratio ellipsoid at zero angle of attack with the theoretical
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values of reference 7 is shown in figure 11 for four volume-median drop-
let diameters. The experimental values agree fairly well with the com-
puted results at the largest volume-median droplet diameter (18.6 microns),
but the comparison becomes increasingly poorer as the droplet size de-
creases. The theoretical curves differ from the experimental both in
magnitude and curvature. This is especially true at the stagnation point
and at the aft portion of the impinged area.

The local impingement efficiency values obtained on the two station-
ary ellipsoids at angles of attack of 3° and 6° are presented in figure
12 for three meridional locations. 1Included are faired curves of the
local impingement efficiency obtained at zero angle of attack. In general,
the effects of angle are as might be expected from the variation of local
velocity distribution with angle of attack (fig. 6). The values of im-
pingement efficiencies and limits of impingement are increased on the
windward (0°) meridian while those on the leeward side (180°) are reduced.
The shapes of the curves, however, are changed little as the effect of
angle primarily shifts the curves to the windward side. A slight change
in the location of the maximum p was obtained, and the peak B value
was located between the air stagnation point and the foremost point of
the body. This effect was greatest at an angle of attack of 6° and on
the ellipsoid of a fineness ratio of 2.5. Changes in the magnitude of
the maximum B were obtained at angle of attack, but significant trends
cannot be determined because of the limitations of the experimental data.
The B values for the 90° meridian (solid symbols) fall between those on
the 0° and 180° meridans.

The peripheral distribution of the local impingement efficiency is
shown better in figure 13 which presents cross plots of the data of fig-
ure 12. Results are given for the two ellipsoids at an angle of attack
of 6° for the largest and smallest volume-median droplet sizes. Values
obtained at zero angle of attack are included for comparison. The periph-
eral distribution of impingement is very similar for both ellipsoids. The
greatest peripheral variation for both ellipsoids occurred at distances
from the nose s/R of approximately 0.2 to 0.4.

The effect of body rotation upon the local impingement efficiency of
ellipsoids is shown in figure 14 for several volume-median droplet sizes,
angles of attack, and rotational speeds. Included in figure 14 for com-
parative purposes are the envelopes of the data spread obtained with the
stationary bodies at zero angle of attack. Although in some cases there
are slight indications of an increase in impingement efficiency with ro-
tation, in general the effect of rotation appeared to be negligible up to
1200 rpm. This result agrees with that obtained for the velocity distri-
bution where the effects of rotation were also negligible. No significant
trends in the data obtained during body rotation were found with respect
to angle of attack, droplet size, or body geometry.
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Conical forebody. - The experimental values of local impingement
efficiency obtained on the stationary conical forebody at zero angle of
attack are presented in figure 15 for three volume-median droplet diam-
eters. These results are all characterized by a rapid decrease of B
within a region approximately 1 inch from the nose, followed by a rather
extensive region of relatively low values of B. The junction between
the two portions of the B curve occurs near the surface location at
which the hemispherical nose cap becomes tangent to the conical surface.
Compared to the sphere and ellipsoids the extent of impingement is fairly
extensive. For the smallest volume-median droplet size (11.5 microns)
the limit of impingement (approx. 18 in.) is about one-half the total
surface distance of the conical forebody as compared with approximately
one-sixth (5 in.) for the 3.0:1 ellipsoid.

A comparison of the experimental local impingement efficiency on the
stationary conical forebody with theoretical values at zero angle of
attack for three volume-median droplet sizes is presented in figure 16.
For the purpose of the theoretical comparison a hypothetical body was
assumed to be made up of a true cone of 15° half-angle and a spherical
nose of l-inch diameter. The theoretical impingement for the spherical
nose was obtained from calculated data for spheres of reference 4 and for
the cone proper from the data of reference 7. Faired values of the ex-
perimental P are presented on the left of figure 16 while on the ordi-
nates to the right an arithmetic average of the experimental results is
plotted to an expanded abscissa as step values averaged over the area of
3/8-inch—diameter punch used in the dye analysis. The agreement between
the experimental and theoretical results in general is considered fairly
good. Over the spherical nose cap the experimental values are consistently
less than those predicted for a true sphere. On the conical body proper
the experimental and theoretical values, while of the same order of mag-
nitude, cross each other at surface distances of approximately 7 to 10
inches from the nose with the theoretical limit of impingement considerably
larger than that obtained experimentally. The differences between the
experimental and theoretical values on the cone proper are believed to
result primarily from the convexity of the test body surface, while at
the nose the lack of agreement is partially attributed to the presence of
the conical body behind the small spherical segment.

The experimental impingement obtained on the stationary conical body
for the leeward and windward meridans at angles of attack of 3° and 6°
is presented in figures 17(a) and (b), respectively. Results for the
90° meridian are also shown in figure 17(b) (solid symbols). The effect
of angle of attack is similar to that obtained for the ellipsoidal body,
that is, an increase of local impingement efficiency and limit of impinge-
ment on the windward meridian and a decrease on the leeward meridian. A
comparison of the effect of angle of attack is given in figure 17(c) for _
a volume-median droplet diameter of 18.6 microns. The maximum value of 8
on the spherical nose segment showed only negligible variation with angle
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of attack. At an angle of attack of 6° and the smallest volume-median
droplet size the impingement on the leeward meridian extended only about

1 inch from the nose (fig. 17(b)). However, for the largest volume-
median droplet size at the same angle of attack, impingement occurred
over practically the entire windward side. The peripheral variation of
local impingement efficiency on the conical forebody at an angle of attack
of 6° is illustrated in filgure 18 for two volume-median droplet diameters.
The general trends of peripheral distribution are similar to those ob-
tained on the ellipsoidal forebody but with a more extreme variation,
especially in the nose region.

The effect of rotation on the local impingement efficiency of the
conical forebody was negligible for all conditions investigated. A com-
parison of the impingement efficiency obtained at 1200 rpm for several
angles of attack and volume-median droplet sizes with the values obtained
for the stationary body at zero angle of attack is presented in figure 19.:

Correlation of Impingement Characteristics

The prime impingement characteristics E; and (s/R)yay are corre-
lated with the modified inertia parameters Kb,med and KC,maxJ respec-

tively, in order to compare and readily extrapolate the experimental and
calculated results.

Spheres. - The experimental total impingement efficiency Em for
spheres is presented in terms of Kb,med in figure 20. The theoretical

results of reference 4 are also given for two values of the independent
impingement parameter & (one for each sphere radius). The separation of
the curves for the two @ values indicates the degree with which the
correlation eliminates the effect of the % parameter. Theoretical
curves are given for both a uniform droplet diameter and for the tunnel
droplet-size distribution which is essentially a Langmuir "D" distribution
(ref. 11). Both the correlation of the experimental data and the com-
parison with the theoretical curve (weighted to the tunnel droplet-size
distribution) are considered failrly good. Although the experimental data
for each body size appear to cross the theoretical curve, the accuracy of
the experimental data is such as to preclude the determination of such
systematic trends. The known accuracy of the volume-median droplet diam-
eter yields a variation of Kb,med of approximately +10 percent which
would account for most of the scatter of the data from the theoretical

"D" curve. The theoretical curve for the uniform droplet diameter is
given to show the magnitude of the effect of droplet-size distribution on
Em and not to suggest the presence of a uniform.droplet-diameter cloud

.in the tunnel tests. Plotting Eﬁax against Kb med would give a corre-
— J
lation similar to that obtained for Ey. Correlation of the limit of
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impingement on spheres with the modified inertia parameter based upon the
maximum droplet size Kb,max 1s presented in figure 21. The same general

trends were obtained as for Ey.

Ellipsoids. - The correlation of the total impingement efficiency
with Ko,meq for the two ellipsoidal bodies shown in figure 22 has the
same trends as obtained with the sphere. The experimental results in
most cases are lower than the theoretical values especially for the
smallest volume-median droplet sizes. As was indicated by the local im-
pingement efficiency, rotation had no significant effect on BEy. The data
obtained at an angle of attack of 6° indicated a slight increase in total
lmpingement efficiency over that obtained at zero angle of attack although
the effect is of the same order of magnitude as the data scatter. The
data also tended to confirm the theoretically predicted increase in total
lmpingement efficiency with decrease in fineness ratio for bodies of the
same maximum diameter.

The limit of impingement as a function of the modified inertia param-
eter based upon the maximum droplet size Kb,max is presented in figure

23. Although the experimental data correlate fairly well with KC,max

there is a considerable lack of agreement with the theoretical values,
particularly with respect to the predicted effect of fineness ratio.
However, both the limits of impingement and the maximum droplet diameter
are difficult to determine. The effects of angle of attack are consistent
for both bodies and fairly well defined. At an angle of attack of 6° the
impingement on the windward meridian is as much as twice that at zero
angle of attack, while for the leeward meridian only a relatively slight
decrease in the limit of impingement was obtained at 6°.

Conical forebody. - The correlation of total impingement efficiency
with the modified inertia parameter Ko,meq for the conical forebody is
shown in figure 24 for several operating and droplet-size conditions.
Included for comparison are theoretical total impingement efficiencies on
a true cone of 15° half-angle taken from reference 7. Theoretical curves
are given for both the tunnel droplet-size distribution (approximately a
Langmuir "D" distribution) and for a uniform droplet diameter distribu-
tion. The experimental values of Ey for the conical forebody are the
lowest of all the bodies tested. Operation at angle of attack or with
rotation had only negligible effects on the total collection efficiency,
and no systematic trends were obtained. The differences between the theo-
retical values and the exerimental data are believed to result in large
part from the difference in body shape between the conical forebody model
and a true cone.

The correlation of the limit of impingement on the conical forebody
with modified inertia parameter KC,max is shown in figure 25. Although



14 NACA TN 4092

the exact limits of impingement were difficult to measure, the trends
shown by the data of figure 25 are believed to be valid. At zero angle
of attack the experimental limit of impingement shows a considerable in-
crease with increasing Kb max @S compared with the essentially uniform
value of a true cone. The smaller limits of impingement obtained experi-
mentally compared with the theoretical values result primarily from the
convexity of the surface of the test body compared to a true cone. Opera-
tion at angle of attack with a stationary body resulted in wide ranges of
limit of impingement varying from a value slightly greater than the nose-
cap extent on the leeward meridian for the smallest droplet size to prac-
tically the rear of the body on the windward meridian for the largest
droplet size. The decrease in limit of impingement on the windward me-
ridian at an angle of attack of 3° compared with zero angle of attack is
questionable and may result from surface irregularities and convexity.
Rotation of the body had the effect only of distributing the extent of
impingement evenly over the body surface at a value corresponding to that
obtained on the windward meridian stationary at the corresponding angle
of attack.

CONCLUDING REMARKS

The impingement characteristics of the several bodies of revolution
have been discussed separately. A comparison of the impingement on the
different bodies to show the effects of body shape and fineness ratio can
be made in several ways. The method adopted herein compares plots of the
local impingement efficlency as a function of the dimensionless surface
area from the body nose AS/Af for specified values of Kb,med' In many
practical cases the distribution of impingement as a function of surface
area 1is of greater importance than in terms of axial or surface distance.
Comparing on the basis of a constant Ko peq 1s the same, of -course, as
exposing various bodies of the same maximum diameter to droplets of the
same diameter at the same free-stream velocity, air temperature,  and pres-
sure conditions. Comparisons of the local impingement efficiency on a
sphere, the 3.0:1 ellipsoid, and the conical forebody are made in figure
26 for three values of the inertia parameter at zero angle of attack.

The B values of figures 26(a) and (b) are experimental results, while
for K = « (straight-line droplet tragectorles) B is the value of local
body slope. Included in figure 26(c) is B for a true 15° half-angle_
cone. The area under the curves is the total impingement efficiency, E,
by definition. A comparison of the B profiles over the K range shows
in general the same relation; the sphere has the most gradual change over
the impinged area, while the conical body has a steep gradient and a dis-
tinct knee in the curve close to the body nose. Except for K = « the
conical forebody has the largest values of Bmax and the sphere the least,

The ellipsoid had the largest limit of impingement except at the smallest
value of KO,med' The sphere, however, has the greatest total impingement
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efficiency and the conical body the least, with the ellipsoid in between.
In general, both the experimental and theoretical results indicate that,
for bodies of the same diameter, the bluff bodies have the largest total
impingement eff1c1ency while the finer bodies hgve the largest values of
Pmax and (s/R)pay

The experimental impingement characteristics, in general, show a
degree of correlation with the modified inertia parameter (in which air-
speed and droplet and body sizes are the most significant variables) that
is satisfactory for engineering design purposes. Additional factors
affecting the impingement characteristics are body shape, fineness ratio,
and angle of attack. Both the local impingement rate and limit of im-
pingement depend upon angle of attack, but the total impingement rate is
rather insensitive to angles of attack up to 6°. Rotation of the bodies
investigated had only a negligible effect on the impingement character-
istics except for an averaging effect at angle of attack.

The experimental impingement results presented herein are considered
in general to show agreement with theoretical values ranging from satis-
factory to good, with the best agreement occurring where the theoretical
data are well defined over the range of tunnel test conditions. The pres-
ence of the afterbody is believed to have only a minor effect on the exper-
imental results since the experimental velocity distributions agreed well
with the theoretical values for the ellipsoidal bodies. This indicates an
adequate simulation of the flow field. In addition, the 2.5:1 ellipsoid
which had the same maximum diameter as the afterbody and the spheres which
were sting-mounted showed approximately the same degree of scatter and
agreement with theory as did the 3.0:1 ellipsoid. All the experimental
data showed a tendency to be slightly lower than the theoretically pre-
dicted values. A similar trend was obtained in reference 1. The best
agreement of the experimental impingement characteristics with theoretical
values was obtained for the spheres and ellipsoidal bodies. Full agree-
ment with the theoretical results of reference 7 for the conical forebody
was precluded because the geometry of the experimental body differed from
that of a true cone.

The conclusions of reference 1 apply with regard to application of
the experimental impingement data to flight or design conditions. That
is, the tunnel droplet-size distribution is typical of that found in many
natural icing situations, and the droplet sizes and liquid-water contents
measured in flight by rotating multicylinders can be related to the value
quoted for the tunnel (Joukowski-aspirator method) by the data of figure
19 of reference 1. 1In addition, it is felt that the correlation of the
impingement characteristics with the modified inertia parameter, the range
of variables covered by the experimental investigation, the degree of
agreement with theoretical results, and the rather extensive computed
impingement characteristics of references 2, 3, 4, and 7 permit accurate
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determination of the impingement characteristics of various bodies of
revolution over the practical combination of meteorological and operating
conditions.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, July 23, 1957



NACA TN 4092 17

Hd
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APPENDIX - SYMBOLS
area, sq ft

volume of distilled water used to dissolve dye from blotter seg-
ments, ml

percent concentration by weight of dye in water solution used in
spray system, (1b dye/lb solution) X100 percent = (1b dye/lb
water) x 100 percent

body maximum diameter, ft

droplet diameter, microns (3.28x1076 ft)

total impingement efficiency defined by egs. (3) and (4),
dimensionless

inertia parameter, (3.28x10-6d)2 974 _ 1 16x10-12 0,
dimensionless 18uR uR

modified inertia parameter, (X/)S)K, dimensionless

concentration of solution obtained from blotter segments,
mg dye/ml solution

body maximum radius or semiminor axis, ft

free-stream Reynolds number with respect to droplet,

3. 28x10-6dpy, .
" Q . /K% dimensionless

local body radius, ft

surface distance referenced to body nose, ft
exposure time, sec

free-stream velocity, ft/sec or knots x1.689

local velocity at outer edge of boundary layer, ft/sec or
knots x1.689

local impingement rate in cloud of uniform droplet size, 1b/(hr)
(sq ft)
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Wy  total liquid water content of cloud, g/cu m
X axial distance referenced to body nose, ft
@ body angle of attack, deg

B local impingement efficiency in cloud of uniform droplet size,
defined by eq. (2), dimensionless

6 meridional angle, deg

A true range of droplet as projectile injected into still air, ft

XS range of droplet as a projectile following Stokes' law, ft

H viscosity of air, (1b/sec)/sq ft

p density of air, slugs/cu ft

Pa density of droplet, 1.94 slugs/cu ft

@ independent impingement parameter, EEEEBEQ = 9.28 szUO,
dimensionless HPg M

Subscripts:

f frontal projected

max maximum

med  volume median

] surface

O  free stream

1 boundary-layer outer edge
Superscripts:

- weighted value resulting from effects of more than one droplet size
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Figure 4. - Droplet range ratio as function of droplet Reynolds number (data from ref. 11).
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Ratio of local velocity to free-stream velocity, UI/UO
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Figure 6. - Velocity distribution over stationary ellipsoidal forebodies.
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Local impingement efficiency, B
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(b) Droplet diameters, 14.7 and 18.6 microns.
Figure 9. - Concluded. Comparison of experimental and theoretical loecal

impingement efficiencies for 18-inch-diameter sphere at four droplet

diameters.
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Figure 10. - Variation of local impingement efficiency over surface of two sta-
tionary ellipsoidal forebodies at zero angle of attack.
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Local impingement efficiency, B
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Figure 11. - Comparison of experimental and theoretical local impingement efficiencies

for ellipsoid of fineness ratio of 3.0 at four droplet diameters and zero angle of

attack.



NACA TN 4092

34

*887pogaJgo] TeptosdiTle AJBUOT3BIS OM3 JO AOUaToTJJe juswaButdw] TEBOOT U0 }O®33® JO aTBuR JO 999JJd - 2 24n3Td

‘o€ ‘Moe3je Jo ar3ue {G°Z ‘oTjea ssauaUTd (®)

Y/s ‘9sS0uU wWoaJ 80UB3STP 29BJINS SES3TUOTSUSWIQ

PABMPUTM PJIBM3IT
et )O.H 8° 55 9° ¥ L & 0 e ¥ 9° 8° 0*
e i ) /
o BN M
Y / / » x ’
A R\
A AN
RN A
/ /V cw ) \ k\
\_ |
¢ w ARV i
VI
/ \ I
/ \ m ~.
\\ Fu |l
/> ; /M &a
ALK &
L
\
e UBTPTJIaW 506 3B SToquAs PITOS .‘
- g 11 ¥0° <&
L*9T L0 u] \
l— — — — — 98T 80°0 o *
SUOJOTW /y /
L .UwEu Uos.ou_ /
)oe3je ‘asjawetp ‘asjouwesed .
Jo at8ue oasz  3ardoap BTjJ9Ul \
3e afraaAw ueipsw  patJipow
TRjusWTIadXy  -owWNTOA ueTDPay fu -

o~

¥0°

80°

et

9T’

oec*

e

8ec’

ce’

9¢”

g ‘£LouatoriJe juswaBurdwy TeOOT



35

NACA TN 4092

L3

Teptosdi(re Aaeuotje3s oM3 Jo AousfofJje juswaBurduy [BOOT UO Woe®33e JOo a[Bue Jo 303JJd ‘penutjuo) - ‘2T 2anITd

*83poqadog

*of ‘Nde3je Jo arBue {0°¢ OT3BI SSIUAUTY (a)

¥/§ ‘8sou woaJ 30ueISTP 30BJINS SSITUOTSULWE(Q

PJIEMPUTM paemaa]
9°1 I [ 0T e’ 8 ¥ e’ 0 e’ ¥ 9° 8° 0T
— ——— - . —|—
N~ =
um/,wm/
N
NN 7
N /

A

\
X

A\

v//

W\

\
\
B

/\mx %/, aN m W

WA L XNLELATY
N

L n/ |1

J
\ M
suna, jeadaa ajousp sToquis // / i
pPaTTe] fueiplJaauw 506 38 SToquis pIIoS
= g 11 90" v \ I
L°9T ot* o \
—_——— - 9°81 210 o \ il
suoaoTw \ d *
. «pauy ves.og y
Joej3e Jo ‘asjawetp ‘asjeuweaed \
aT8ue oasz 3atdoap B}3I8UTg / ‘s
9e afeaaae uBTpauw patJTpow \ /i
Tejuawtaadxy -3wnToA uBTPOW 1
\ /
V.

S0*

ot

eT°

oe*

se*

oe*

ee”

oy*

Sy

g ‘fouatoris juswaBuiduy Te007]



NACA TN 4092

36

oy o
— =P

*83TpPOqaJdog
TepTosdiT1a Aaeuotjels oM3 Jo AOuajoljje jJuswsButdwuf TeO0T UO Y}oe33e Jo a[Bue Jo 309JJY 'Panujauo) - *2T 34n3Td

‘09 “NMoe33e Jo aTBur {G°Z ‘OT3Ba SsauauUTy (2)

Y/€ ‘osou wodJ 30UBISTP 20BJINS SS3TUOTSUSWIJ
PABMPUTM paemaa

4 2 0 2* v 2 m. 0°
o

B

/c/z I /,
AN \ AN
Yoy ¥/
& 3 1

’,,/’

-
D=1
I~
C><1_~J!

aT”

!

\*J\ teo

r//’
-
——

e
ap:

V ,
: n&‘ »ae
\ »
suna jeadaa ajousp sToquis ,Mu /
paTTe3 fueipraauw ,06 3® sToquis pPIToO§ D 82*
o~ S 1T %0° o £\
Lot LO* (] \ ®
—— —— 9°81 80°0 (o] D
SUOJIOTW ~/~ b \.
«paup uoE.oz Lk
Aoej33e Jo ‘asjawerp ‘asjsweaed JHM&
a18ue oaaz 3a1doap BI3J9UT
3® afeaaAe uetpaw  patJrpom
Tejuawtaadxy  -auwnTop ueTpPaN
SR T I S N e o,

g ‘Aouatotjje juswaBurdwy TeOOT



37

NACA TN 4092

*8aTpoqadoJ TeptosdiTre AJBUOT3IBGE OM3 Jo AOUaTofjje juawaButdwy TEO0T U0 }oB33® Jo a[3ue Jo 309JJd

‘o9 ‘joe33e Jo aTBue {0°g ‘orjea ssauaurd (p)

Y/8 “9S0U WOJIJ 30UBSTP I0BJANS SSITUOTSUWIQ
PIBMPUTM
¥ 0°e 9°1 1 8° ¥ 0 ¥

o] |

w/au/%/ \ v, \

g°

*papnIou0) - 2T LJandid

pPaBMaaT

9°T

o‘e

. 4

So*

/
q/
13—

ot

"L
—_—

sT*

oe*

o hued L
4
———

se*

.——-—‘M

L .

3
"\-1.\‘

suna jgeadaa aj30usp sTOqUAS

PaTTe) fUBIDPIIAW 06 38 STOqUAS PITOS

og*

se*

SR 90° v
L°91 oT* O
Sy | o S 9°81 er’o (&
SUOJIOTW
«pauy, owsqox
Aoe33e Jo ‘asjawerp ‘asjewesed
aT8ue oaaz 3a1doap BT3JI9UT
3e afeasae ueipau PatiTpoul
TejuawtIadxy -aunTopA uBTpaON

o¥*

Sy*

g ‘Louatorjie juswaluidul TeI0T



NACA TN 4092

T T
Dimensionless
surface distance
from nose, s/R

— 0.05— B at zero

Bl angle of
§2 \\\ ///4 o= attack
\ / . 3
\\\\; S ] ,//// <
\\ // .2\ =
By N ~—— // .
/ =
N Z
\. /
\ P | // -4\'\
0 \'\
lo (a) Fineness ratio, 3.0; droplet diameter, 11.5 microns; median modified
< inertia parameter, 0.06.
2 5.5
a
X
(5]
Bl
“
(V]
% ’ .35-
g e ¥
ot
2
g .3 \
3 N e
\\ 1/

5, L MR e RN
\\ \\ // // 4N E
: \\ \\// ¥ o/

\\ \ nl // s

‘\\\* £ i e, ’,//' N

!_a/ l-oﬁ"\
0 90 180 270 360
Windward Leeward Windward

Meridian angle, 6, deg

(b) Fineness ratio, 3.0; droplet diameter, 18.6 microns; median modified
inertia parameter, 0.12.

Figure 13. - Peripheral variation of local impingement efficiency on
ellipsoids at angle of attack of 6° at two droplet diameters.
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(c) Fineness ratio, 2.5; droplet diameter, 11.5 microns; median modified
inertia parameter, 0.04.
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(d) Fineness ratio, 2.5; droplet diameter, 18.6 microns; median modified inertia
parameter, 0.08.

Figure 13. - Concluded. Peripheral variation of local impingement
efficiency on ellipsoids at angle of attack of 6° at two droplet
diameters.
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median modified inertia parameter, 0.08.

Figure 14. - Concluded. Effect of rotation on local impingement
efficiency of ellipsoids.
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(a) Droplet diameter, 11.5 microns; median modified inertia parameter, 0.06.
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(b) Droplet diameter, 18.6 microns; median modified inertia parameter, 0.13.

Figure 18. - Peripheral variation of local impingement efficiency on conical
forebody at angle of attack of 6° for two droplet diameters.
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(a) Volume-median droplet diameter, i85.6 microns; median modified inertia parameter, 0.13.

Figure 19. - Effect of rotation on local impingement efficiency for conical forebody at several

median droplet sizes and angles of attack.
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(b) Volume-median droplet diameter, 16.7 microns; median modified inertia parameter, 0.11.

Figure 19. - Continued. Effect of rotation on local impingement efficiency for conical forebody
at several median droplet sizes and angles of attack.
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Figure 22. - Correlation of total impingement efficiency with
modified inertia parameter for two ellipsoidal bodies at
several operating and droplet-size conditionms.
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Figure 24. - Correlation of total impingement efficiency on conical forebody
with modified inertia parameter.
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