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Modeling of Surface Blowing as an Anti-icing Technique
for Aircraft Surfaces
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An analysis of a proposed possible anti-icing technique applicable to aircraft surfaces has been studied and is
described herein. Air injection at the leading edge of an ice-accreting surface is used to reduce and/or eliminate
ice collection by preventing the supercooled water droplets in the atmosphere from impinging on the surface. In
this envisioned technique, a discrete stream of fluid (air) is injected into the mainstream through slots located oh
the cylinder surface. The modified flow around the surface produces modified droplet trajectories, deflecting the
droplets away from the surface. Exact mathematical expressions for the velocities are obtained from potential
flow theory. Droplet trajectories are obtained for a variety of surface blowing conditions. It was found that for a
given cylinder diameter, freestream velocity, droplet size, and injection, there is an optimum slot location for
which the injection has its maximum effect, i.e., minimum water collection and subsequent ice accretion. The ef-
fect of injection rate as well as the number of slots on the collection efficiency are also investigated.
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Nomenclature
= acceleration
= droplet drag coefficient
= cylinder diameter
= droplet diameter
= collection efficiency
= force vector
= drag force vector
= gravity force vector
= Froude number
= gravitational constant and vector
= inertia parameter
= liquid water content
= mass,
= droplet mass
= accreted ice mass
= nondimensional slot (source) flow rate
= slot flow rate or source/sink strength
= cylinder radius
= droplet relative Reynolds number, d(\Ua~Ud\)/v
= flow Reynolds number, dU^/v
= flow Reynolds number, RUW/v
- radial coordinate
= droplet radius
= droplet position vector
= droplet position vector (nondimensional)
= droplet acceleration vector (nondimensional)
= time and duration of icing
= local air and droplet velocity vector, respectively
= freestream velocity
= air and droplet velocity in the x direction,

respectively
= air and droplet velocity in the y direction,
respectively
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x,y = Cartesian coordinates
xd,yd = droplet position in the x and y direction
xifyi = position of a slot (source) on the cylinder
cx,&0 = angles defined in Fig. 3
/x = air viscosity
v — air kinematic viscosity
pd = droplet density
Pi = radial coordinate defined by Eq. (15)
</> = potential function and parameter defined by

Reh/K.
\l/ = stream function

Introduction

P ROBLEMS associated with aircraft icing have been
recognized since the early days of aircraft technology and

have been subject to a number of investigations. The
undesirable effects of icing on aircraft performance and
potential hazards associated with these effects have been well
documented,

Icing occurs when an aircraft enters an atmosphere contain-
ing supercooled water droplets. Under such conditions, when
a supercooled water droplet strikes the aircraft, a fraction of
the droplet may freeze; the ice formed immediately adheres to
the surface. Ice accreted on the wing surface increases the
aerodynamic drag coefficient and decreases the lift. In the case
of icing of a helicopter rotor blade, the blade drag is increased,
resulting in a torque rise on the rotor shaft.1

Ice accretion process on a circular cylinder in droplet-ice
crystal clouds is modeled by Lozowski et al.2 and collection ef-
ficiencies and resulting ice shapes for different icing processes
are predicted. Water drop trajectories about arbitrary three-
dimensional bodies in potential flow is calculated by Nor-
ment.3 He used the method developed by Hess and Smith to
model the potential flowfield. Maltezos et al.4 are in the pro-
cess of developing a computer program to calculate particle
trajectories for icing analysis of axisymmetric bodies.

Ice protection techniques can be categorized as ariti-icing
(the prevention of ice formation) and deicing (the periodic
removal of ice already formed). Examples of anti-icing tech-
niques are the chemical and coating processes used to prevent
ice from adhering. Continuous heating of the surface was
considered by Nichols.5 He investigated the heat flux, re-
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quirements to provide an ice-free leading edge of the engine in-
let for cruise missiles with a strip heater configuration. A
glycol-exuding porous leading-edge ice protection system has
been experimentally investigated by the NASA Lewis Research
Center and British aircraft industries.6 This system can be
operated in a deicing mode as well as an anti-icing mode.
Another deicing system includes pneumatic deicers ("rubber
shoes" that cover the leading edge and are periodically in-
flated and deflated). Intermittent heating of airfoils utilizing
hot air is considered by Hauger.7

In the present paper, an analysis is presented of another
anti-icing technique, in which anti-icing is achieved by surface
blowing of air counter to the mainstream. The injected air
modifies the icing surface, i.e., displaces the streamlines about
the surface, thus altering the droplet trajectories. The trajec-
tories are elevated, resulting in reduction in the droplet collec-
tion efficiency of the surface. The extent of reduction of the
collection efficiency is dependent on the blowing rate and
other injection characteristics to be discussed later.

Analysis
In the following analysis, the icing surface, i.e., the leading

edge of a wing or inlet of an engine, is approximated by a cir-
cular cylinder, with air injection taking place through a
number of slots located along the frontal surface. The blowing
at the surface displaces the streamlines at the surface, thus in-
fluencing the dynamics, i.e., trajectories, of the droplets in the
atmosphere approaching the surface. Thus, to investigate the
effect of surface injection on the ice collection rate (water col-
lection rate), the determination of the modified droplet trajec-
tories are required. Due to the presence of a droplet size spec-
trum in an atmospheric icing environment, it is advantageous
to assume that the median volume diameter of droplets can ef-
fectively represent the average effect of all of the droplet sizes
present in the stream, although it should be noted that one can
use certain statistical functions to represent the droplet
distribution in the flowfield. Choosing the coordinate system
to be fixed on the aircraft system, the air stream containing the
droplets is assumed to be uniform, steady, and laminar; also,
the water droplets are distributed uniformly in the air.

Under these conditions, the droplet trajectories, in general,
will be affected by the following factors and forces: two-phase
flow effects, pressure gradient force, magnus lift force, Saff-
man lift force, temperature gradient effects, Basset memory
force, droplet asphericity and breakup effects, electrostatic
forces, apparent or virtual mass force, gravity force, and drag
force. It can be shown that not all of these items are important
in typical icing conditions.8 Due to the small droplet loading
(droplet mass/air mass), the two-phase flow effects are
negligible, thus making it possible to obtain the solution of the
flowfield independent of the droplets. Further analysis of the
above items indicates that only the last two forces, namely,

gravity and drag forces, are of significance in an icing situa-
tion.8 The fact that the droplet loading in an icing environ-
ment is small (<^ 0.1) allows one to consider the droplet phase
to be dilute,9 i.e., not a continuum, thus making it possible to
consider the motion of an individual droplet. The equation
governing droplet dynamics is obtained by applying Newton's
second law, F=md, as

md-
d2S

(1)

After inclusion of appropriate expressions and nondimen-
sionalizing S, U, and t by R, £/„, and R/U^, respectively (see
Fig. 1 for the details of the coordinate system used), the non-
dimensional droplet trajectory equation is obtained as

where

S* =

K = -

1 g
Fr2 g 24K

Fr = -

(2)

(3)

with the initial condition

(4)

The nondimensional parameter K, commonly known as the in-
ertia parameter, is the ratio of the aerodynamic response time
to the residence time of the droplets. A droplet with a large
aerodynamic response time compared to its residence time will
be unable to react fast enough to the changes in the flow
velocities; therefore, it will be separated from the streamlines
and, depending on its trajectoryj it can impact on the cylinder.
Thus, one expects that the collection rate of the droplets on
the cylinder to be higher for larger values of K. Equation (2)
can now be integrated in the x and y direction to obtain the
droplet trajectories. However, _ this equation requires
knowledge of the local air velocity Ua, which should be known
at the droplet location. This vector velocity (for flow over a
circular cylinder with surface blowing) is obtained from the
analytical expressions derived herein. The use of these expres-
sions is favored Over a numerical computation scheme in
which the velocities are computed at preselected grid points,
the latter method required a series of interpolations for the
velocities at the droplet location in a given cell. In addition,
the computation time required by the analytical method used

DROPLET TRAJECTORY
GRAZING CYLINDER

DROPLEt

Ad
COLLECTION EFFICIENCY : ŷ  /R

IMPACTION CRITERION : L v< R +
CYLINDER

Fig. 1 Droplet coordinate system.
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herein is several orders of magnitude smaller than that of the
numerical method.

Theoretical Flow Model
A theoretical model is developed to calculate the velocities

in the flow over a circular cylinder with surface injection. It is
assumed that boundary-layer effects are negligible and that
the entire flow can be represented by an inviscid flow. The
freestream is assumed to be uniform and undisturbed by the
presence of droplets. The entire flow is considered to be two-
dimensional, with the cylinder represented by the superposi-
tion of a doublet within the uniform stream. Injection is
considered to be taking place through the slots located at the
frontal surface along the axis of the cylinder. The surface in-
jection is modeled by representing the surface slots by line
sources on the cylinder, which, in turn, requires the inclusion
of line sinks at the center of the cylinder, as shown in Fig. 2.
Specifically, for every source with a strength of q located on
the cylinder, it is required to add a sink with the strength of
q/2 at the center of the cylinder (circle). The requirement for
the addition of sinks will be evident if one considers the image
of a soutce outside a curved surface and the application of the
circle theorem.10'11 Both the stream and potential functions
for the entire flow can now be obtained directly by summing
up the stream, doublet, sources, and sinks. Thus,

n n

t = '/'uniform + ̂ doublet + E ^/source + E ^'sink ^
stream /=! /.= 1

n n

<t> = ̂ uniform + ̂ doublet + E */SOurcc + E ^''sink ^
stream / = 1 / = 1

Substituting appropriate stream and potential functions, Eqs.
(5) and (6) become (coordinate details are given in Fig. 3)

where

R2U*y
(x2+y2)

(tf,) (S

27T

47T
(7)

( ̂ source) / = t -i y-yi

/ = tan

where

C V"^ <// v^ Qi

(x2+y2T+h 27r P fa 4ir

P=\(x-xi)2+(y-yi)2\*

The velocities were obtained from

(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

«. = */. 1-

q,

uniform
stream

(x-x,)
2ir (y-y,) -E-* (x2+y2)

Similarly,

(18)

(19)

DOUBLET -i-2

UNIFORM STREAM SOURCE SINK

Fig. 2 Potential flow representation of flow over cylinder with sur-
face injection.
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Fig. 3 Coordinate system of theoretical model.

The trajectory equation can now be integrated with the aid of
the above air velocities. The integration process was ter-
minated when the trajectory of a droplet, released from a
distance WR ahead of the cylinder, intercepted the cylinder or
passed the cylinder. It was assumed that the droplet was col-
lected on the cylinder when the impaction criterion was sati-
sifed, i.e., L<R + rd, as shown in Fig. 1. It should be noted
that the criterion used to evaluate the system performance is
the parameter called "collection efficiency," which is re-
presented by the symbol E. Figure 1 also graphically presents
the definition of the collection efficiency. The effect of surface
blowing on the ice collection is then judged by the reduction in
the collection efficiency. The collection efficiency of the cir-
cular cylinder without surface blowing was first determined
and plotted against the inertia parameter K as shown in Fig. 4.
A dimensionless parameter </>, defined as

(j> = Re2
0d/K (21)

and used for the presentation of the data, is valuable in that it
is not a function of droplet diameter; additionally its
magnitude is a measure of the deviation from Stokes' law for
the forces acting on the water droplets.12
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Fig. 4 Collection efficiency of cylinder.
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Fig. 5 Collection efficiency of cylinder with surface injection,
sources located at ±5 and ±50 deg.
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Fig, 6 Collection efficiency of cylinder with surface injection,
sources located at ±5 and ±25 deg.
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Fig. 7 Effect of source location on collection efficiency for two
sources located at ±0 deg, K=5.
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Fig. 8 Effect of source location on collection efficiency for two
sources located at ±6 deg, K =50.
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Fig. 9 Effect of source strength on collection efficiency, three source
model.

It is reasonable that the collection of a circular cylinder with
surface injection depends on the source (slot) location, source
flow rate, and number of sources present on the cylinder. The
collection efficiency of a circular cylinder, in which two
sources are located at ±0 deg from the front stagnation point
(line), have been calculated and plotted in Fig. 5 for a value of
the </> parameter of 10. For the two sources located at ± 50 deg
from the front stagnation point, with a source strength of
6 = 5, (6 is the nondimensional source strength, i.e.,
Q = q/RU(X)), it is apparent that the collection efficiencies E
have been reduced considerably compared to the case where
there is no injection, i.e., where 2 = 0. (It will be shown later
that as the source strength is increased the collection efficien-
cies are further reduced.) Figure 5 also presents another case
where the sources are located at ± 5 deg for Q - 5. In this case,
the reduction in the collection efficiency values are even
greater.

Consider another case where the slots are located at ±25
and ±5 deg as shown in Fig. 6. Once again the reduction in
the collection efficiency is evident. Examining the region
where the two curves cross in both Figs. 5 and 6, one can an-
ticipate that there should be an optimum location where the
sources have their maximum effect on the collection ef-
ficiency. Thus, the next logical step of the analysis would be to
find this particular location. Collection efficiencies have been
plotted vs the source location (actually two sources, located at
±6 deg for purpose of symmetry) and shown in Fig. 7. A
general reduction in the collection efficiency compared to the
case of no injection is realized. However, it can be seen that
for the case shown there is an optimum source location at

about 19= ±34 deg where the injection effect is a maximum,
i.e., there is a maximum reduction in the collection efficiency,
which is indicated by a dip on the curve.

Figure 6 indicates that the effect of injection diminishes as
the sources move toward 6 = ±90 deg. Figure 6 also contains a
case with a higher source strength Q; the figure shows that the
optimum location has been moved even further toward the
front stagnation point, with further reduction in the collection
efficiencies. The same analysis has been done with a larger
value of K; the results are presented in Fig. 8. It is easily seen
that in this case the location of the sources do not seem to have
too much of an effect on the collection efficiency. This obser-
vation leads one to believe that, for the two slow models< there
is only one optimum source location for a particular case for a
given droplet diameter, cylinder diameter, and freestream
velocity.

Dependence of the collection efficiency on the injection
flow rate is shown in Fig. 9. This figure presents the case in
which there are three injection slots (sources) on the cylinder,
which are located at - 50, 0, and + 50 deg (where 0 deg cor-
responds to the front stagnation line). It can be seen that as the
injection flow rates are increased the collection efficiency of
the cylinder is decreased. Furthermore, the required injection
rate for a 100% reduction in efficiency is greater for a larger
inertia parameter K. This is obvious from physical grounds
since a larger value of K implies either a large freestream
velocity or a larger droplet size.

The effect of the number of injection slots on the collection
efficiency was studied and results are shown in Fig. 10. The
slots were considered to be equally spaced on the front half of
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Fig. 10 Effect of source numbers on collection efficiency for equally
spaced sources within ±90 deg.
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Fig. 11 Droplet trajectories and streamlines, #=10, 0 = 1000, and
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Fig. 12 Droplet trajectories, K= 10, 0 = 1000, Q = 0.5, source angles
0, ±30, and ±60 deg.

the cylinder (i.e., from +90 to -90 deg, where angles are
measured from the front stagnation line). For example, in the
case of the three-slot model, the slots are located at the front
stagnation point and at ±90 deg. As would be expected and as
shown in Fig. 10, the collection efficiency decreases with an in-
crease in the number of sources. However, it should be noted
that the same reduction in efficiency can also be achieved by
holding the source, numbers constant and increasing the injec-
tion rate, as is also shown in this figure.

It should also be noted that there is an optimum number of
sources for which there is no collection at all, i.e., £ = 0. It is
shown in Fig. 10 that the minimum number of sources re-
quired to reduce efficiency to E= 0 for the case of K= 1.0 and
injection rate of Q = 0.3 is 9.

The trajectories of the droplets for the case of flow over a
circular cylinder without any surface blowing are shown in
Fig. 11. This figure also contains the corresponding stream-
lines at x = — IQR where the trajectories coincide with the
streamlines. The separation of droplet trajectories from
streamlines as the droplets approach the cylinder should next
be established. Such effects of surface blowing on droplet tra-
jectories are shown in Fig. 12. A total of five sources, located
at 0, ±30, and ±60 deg from the front stagnation point, with
a source flow of Q = 0.5 were considered.

Finally, Fig. 13 presents a case of strong blowing for the
same case discussed above. In this case, droplets are being
repelled or blown away from the surface. The closest trajec-

-4 -3 -2

X/R

- 1

Fig. 13 Droplet trajectories and streamlines, /f=10, 0 = 1000, and
<2 = 2, source angles 0, ±30, and ±60 deg.
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Fig. 14 Droplet trajectories for various source strengths.
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Fig. 15 Streamlines of flow over circular cylinder.

1 2
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Fig. 16 Streamlines of flow over circular cylinder with surface injec-
tion 6 = 0.5, angles 0, ±30, and ±60 deg.

tory to the surface is most affected. The effect of various
blowing rates on a particular trajectory is shown in Fig. 14.
This figure presents three curves for three different values of
source strength, i.e., g = 0, 1.0, and 2.0, for droplets initially
released from >> = 0.3 and *= IOR. The source numbers and
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Fig. 17 Streamlines of flow over circular cylinder with surface injec-
tion g = 2, source angles 0, ±30, and ±60 deg.

their locations on the cylinder are the same as those discussed
above. Figures 15-17 show the effect of surface blowing on
the flow streamlines. Elevation of the streamlines ahead of
and behind the cylinder is indicated. Once again, a total of five
sources, located at 0, ±30, and ±60 deg from the stagnation
point, were considered.

The amount of ice collection on the cylinder can now be
calculated from

in I C E=(£)<LWC)( I/. ) (£>) (*) (22)

The results that may be so obtained from the present analysis
have been found to compare favorably to those obtained ex-
perimentally.8 The results of the experimental investigation of
ice formation on a cylinder with surface blowing will appear in
a future publication.

Conclusions
The flow model analyzed herein appears to indicate that air

injection through slots strategically located on the frontal sur-
face of an airfoil can significantly influence the trajectories of
incoming droplets, so as to reduce the amount of drops imp-
inging on the surface. This therefore suggests a possible means
of reducing ice accretion on aircraft surfaces. However, it
should be noted that other effects of surface injection, e.g.,

the aerodynamic characteristics (i.e., lift, drag, etc.) of the ic-
ing surface, should also be investigated to further establish the
feasibility of this technique.

The results of the analytical modeling technique (source and
sink representation of the injection slots) presented herein
have been found to compare well with the potential flow solu-
tion obtained numerically,8 thus indicating the applicability of
this simplified model to fairly complex problems.
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