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Surface-Blowing Anti-Icing Technique for Aircraft Surfaces
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An experimental evaluation of surface blowing as an anti-icing technique applicable to aircraft surfaces is
presented. A circular cylinder was used to approximate the leading edge of an aircraft icing surface utilizing a
number of slots located at the frontal surface along the cylinder to inject air counter to the main air-droplet stream.
The effects of afr blowing for single and multiple slots as well as the effect of air injection rates on the reduction
of ice accretion rate are reported. The experimental results indicate that surface blowing produces a general
reduction in ice buildup.

Introduction

THE atmospheric icing environment, when encountered by
an aircraft in flight, causes a number of operational and

technical problems. The flight path of an unattended aircraft,
such as a missile, can be drastically altered due to the ice
accretion on its surfaces, jeopardizing mission success. The
increase in drag of a helicopter blade due to ice buildup
results in a high-torque rise of the propeller shaft, and ice shed
from the leading edge of an engine inlet when ingested may
cause structural damage to the internal parts of the engine.
Safety considerations cause concern as to the probability of
encountering icing conditions during a flight, the severity of
these conditions, the effect if ice buildup on the performance
of the aircraft both during and after the icing encounter, and
the effectiveness of anti-icing or deicing techniques if ice
formation is intolerable.

Icing can occur when an aircraft enters an atmospheric
condition containing supercooled water droplets. Under such
conditions, when a supercooled water droplet strikes the
surface, ice is formed and adheres to the surface. The two
types of accreted ice formations that commonly appear on
airfoils are rime ice and glaze ice, as illustrated in.Fig. 1.

Glaze ice generally forms under conditions of high air
temperature (relative to the freezing temperature) and high
liquid water content (conventionally expressed as g of water/
m3 of air volume). The freezing mechanism of glaze ice forma-
tion is as follows:

1) Droplets collected on the surface freeze from the bottom
while growing in size by capturing smaller droplets from the
air.

2) Once the aerodynamic drag forces on the droplets ex-
ceed the surface tension forces, water in the unfrozen portion
of the droplets is swept away and freezes along the surface,
producing horn-shaped glaze ice.

The freezing process for this case is very complex and
believed to be highly dependent upon the air speed. Rime ice,
on the other hand, is produced when highly supercooled water
droplets strike the surface and freeze on impact without any
runback.

Over the years a number of experimental and theoretical
investigations have been conducted1"6 to obtain insight into
the mechanism of the ice accretion process and to predict the
ice accretion rate. Numerical solutions of the flow over ice
accretion shapes have also been reported.7'8 Ice protection
techniques have been developed and are catagorized as anti-
icing (i.e., prevention of ice formation) and deicing (i.e., the
periodic removal of ice already formed on the surface).

Examples of anti-icing techniques are the surface coating
(hydrophobic surfaces) and chemical processes that are used
to prevent the ice from adhering to the surface. Continuous
heating of the surface was considered by Nichols.9 He investi-
gated the heat flux requirements to produce an ice-free leading
edge of the engine inlet for cruise missiles with a strip heater
configuration. His experimental results conducted in an icing
wind tunnel suggest that an effective electrical anti-icing sys-
tem can be achieved with a 12.5 W/in.2 power input into the
heaters. The surface heating concept can be used both as an
anti-icing and a deicing system. When used as a deicef, ice is
allowed to collect on the surface for a period of time and then
power is applied to the heaters. Operating this system as a
deicer requires some judgment as to when to turn on the
heaters, because if there is too much ice collected on the
surface, deicing may not be possible. A glycol-exuding,
porous, leading-edge ice protection system has been experi-
mentally investigated by NASA Lewis Research Center10 and
British aircraft industries using a concept developed by TKS
(Aircraft De-icing) Limited of Great Britain.11 This system
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Fig. 1 Ice shapes obtained in flight.
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can be operated in a deicing mode as well as in an anti-icing
mode. It has been employed on numerous British aircraft with
a high degree of success. Another deicing system includes
inflatable pneumatic boots ("rubber shoes") that cover the
leading edge and are periodically inflated and deflated, result-
ing in breakup of the ice layer and its subsequent shedding. At
the present time, pneumatic boots are the only ice protection
system employed on wings of light aircraft. While the success
of this system has been demonstrated over the years it has
been in use, there are some disadvantages: 1) some ice may
remain on the surface during the breakup and shedding
process; 2) premature actuation of the boot may only displace
the ice without removing it, making further removal difficult;
and 3) the boots are relatively expensive and must be replaced
periodically.

Intermittent heating of airfoils utilizing hot air is considered
theoretically by Hauger.12 In this system, deicing of the
surface was accomplished by bleeding hot air from the engine
and allowing it to pass chordwise through double-skin pas-
sages in the wing. No experimental evidence of the success of
this deicing system was found by the authors. An experimen-
tal and numerical investigation of an electrothermal deicer
pad was performed by Leffel.13 The deicer pad in this system
is made of a composite structure that consists of a layer of
insulation, a heating element, a second layer of insulation, and
a layer of sheet metal as a shield. The deicer pad attaches
directly to the wing surface. Even though the possibility of
deicing by this system has been demonstrated, its feasibility
and practicality remain to be established.

Another type of heater made from graphite composite
material was investigated for potential deicing application by
Hung et al.14 The heating element in this system is a graphite
fiber-epoxy composite, which is claimed to have very high
electrical and thermal conductivity. The heater can conform
to irregular surfaces because it can be made very thin. This
heater is used with a fabric glass-epoxy as the protecting layer
and is claimed to have a stronger bond to the protecting layer
than the conventional metal foil heater. Wind-tunnel icing
experiments utilizing this heater are needed to evaluate its
deicing characteristics.

Ciardullo et al.15 reported on the use of glass-capillary
reinforced advanced composite structures for anti-icing pur-
poses. The concept involves ducting heated air through glass
capillary tubes embedded on the surface of a composite
structure. Surface heating characteristics of this system were
investigated, but it has not yet been tested in icing conditions.

This paper presents an experimental investigation of an-
other technique16'17 in which anti-icing is achieved by surface
slot blowing. The air injection is intended to modify the
effective shape of the icing surface, i.e., to displace the stream-
lines about the surface, thus altering the trajectories of
droplets approaching the surface. These displaced trajectories
result in reduction of the droplet collection rate on the
surface. The extent of reduction in the ice accretion rate due
to the surface blowing is then determined by measuring the
weight of ice collected on the surface under a variety of
blowing rates and other conditions.

This concept lends itself well to jet aircraft anti-icing be-
cause of an adequate supply of air at high pressure and
temperature. In addition to the slot-blowing effect, the surface
heating caused by the injection of high-temperature air further
inhibits the formation of ice.

No attempt has yet been made to evaluate the effect of slot
blowing on overall aerodynamic performance. Such a study
will be very significant, however, in the total evaluation of this
concept.

Experimentation
An experimental study was carried out to determine the

effect of surface injection on the ice accretion rate on a
circular cylinder (approximating the leading edge of an engine
inlet, etc.). An open-circuit wind tunnel fitted with a pneu-
matic spray system was used in the experiments; the tunnel
test section was circular, 12.5 in. in diameter, and 14 in. long.
The primary parameter of interest to be determined was the
ice collection rate on the cylinder for a variety of surface-
blowing rates. The ice accretion rate was determined by
freezing the water on the cylinder and weighing the ice formed
during a certain period of time. Since the intent of the present
investigation was not to simulate the ice shapes obtained
under atmospheric icing conditions but rather to evaluate the
effect of the surface injection on the collection rate, the actual
freezing mechanism/process of droplets collected on the sur-
face was not simulated. In the present experiments, the freez-
ing of the water on the surface was accomplished by cooling
the cylinder surface by continuously circulating chilled
methanol (-30 to -45°F) through it.

Spray System
Water at about 35°F was sprayed into the wind tunnel

using external mixing-type pneumatic atomizing nozzles. Fig-
ure 2 presents details of the spray system used in the tunnel.
Spray nozzles were located approximately 5 ft upstream of the
test section, and flow rate through each nozzle was approxi-
mately equal, as shown in Table 1.

Droplet size distribution produced by the pneumatic noz-
zles used in the experiments was determined as follows. A
microscope slide was coated with a thin film of petroleum jelly
and inserted into the flowfield at the test section. The diame-
ters of droplets collected on the slide were then measured
under a microscope, and the mean droplet diameter in the
spray was calculated, producing the droplet size distribution
data shown in Fig. 3. The mean droplet diameter in the spray
at the test section was 45 \JL.

Experimental Model
A model was built to study the feasibility and performance

of the proposed anti-icing technique. The model consisted of

Table 1 Nozzle water flow rate calibration data and tunnel LWC

Tunnel liquid water content0 x 103

p*
48
40
30
20
10

mb x 103

2.893
2.554
2.025
1.792
1.410

Fd = 4.1

0.9
0.79
0.63
0.56
0.44

6.3

0.58
0.52
0.41
0.36
0.28

13.3

0.28
0.24
0.19
0.17
0.13

39

0.09
0.08
0.07
0.06
0.05

ozze ar pressure, psg. ozz
of air. dTunnel air velocity, ft/s.

DROPLETS

$<J«

0.2 (inch)
1 0.062 ( inch)

WATER Fig. 2 Schematic of a pneumatic atomizing nozzle.

0.062 ( inch)
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a circular cylinder made of 0.969-in.-o.d. brass tubing with
three air injection slots located at 0, +50, and — 50 deg,
where 0 deg represented the front stagnation point. It should
be noted that the angles at which slots were located on either
side of the front stagnation point were optimized for manu-
facturing considerations and were not necessarily optimum
for the anti-icing process. The injection slots were 4 in. long
and 0.014 in. wide, and gaseous nitrogen was delivered to each
of them through a 0.25-in.-diam copper tube. Air could not be
used as an injectant due to condensation of moisture from the
air and ice formation in the slots, even at very low humidity
ratios. Dimensional details of the model are shown in Fig. 4.

20

0 .

0

Mean droplet

0 21 253 106 159
d ( M I C R O N )

Fig. 3 Frequency of occurrence of a droplet size in the spray.

Figure 5 presents a schematic of the coolant and nitrogen
supply systems used in the experiments.

Experimental Procedure/Results
To evaluate the effect of the surface injection on the ice

accretion rate, a series of experiments was performed. A
quantitative evaluation was performed by measuring the
weight of ice collected on the model, while a qualitative
evaluation was performed by comparing the profiles obtained
from the ice layer buildup on the model.

The model was first tested with no surface injection of
tunnel speeds of 4.1, 6.3, 13.3, and 39 ft/s. The amount of ice
collected on the model was determined by weighting using a
total run time of 7 min for each test. In all tests the mass of
water injected into the tunnel through the spray system was
maintained at 7.29 Ibm/h. The total weight of collected ice for
each case is presented in Tables 2 and 3. Figures 6-9 show the
axial ice profiles at + 5 deg from the front stagnation point,
and the angular ice profiles at the center of the tunnel and at
locations 1.25 in. away from the center on both sides. These
profiles were obtained using a specially constructed constructed
profilometer.16

The icing of the model with surface injection was consid-
ered next. Numerous tests were performed to investigate the
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Fig. 4 Dimensional details of the experimental model.

Fig. 5 Schematic of the cooling and
nitrogen supply system.
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effects of the number of slots on the model, as well as the
injection rate through each slot. First, the effect of slot flow
rate on the reduction of the ice collection was considered
using a total of three slots located at 0, 4- 50, and — 50 deg
from the front stagnation point with the flow through each
slot set at 25 ft3/h. The ice weight collected on the 4-in.-long
blowing section of the model for 7 min of exposure at tunnel
velocity of 6.3 ft/s was 3.17 g, compared to 4.92 g without slot
injection. An increase in the flow rate through each slot to
100 ft3/h with all other parameters kept constant produced an
ice weight of 2.92 g. (These results were computed from the
measured values shown in Table 2, which are the total ice
weight collected on the blowing and nonblowing sections of
the model. Details of the computation are given in the follow-

ing section.) The effect of nonuniform injection, i.e., different
flow rate through each slot, was examined next, keeping all
other parameters constant. The flow through slots 1 and 3
( + 50 and -50 deg, respectively) was set at 100ft3/h and
through slot 2 (at stagnation point) at 150ft3/h, which pro-
duced 1.42 g of ice. Other injection rates were also used, and
the results are presented in Tables 2 and 3.

In Figs. 7-9, the angular ice profiles for the case of surface
injection are compared to those with no surface injection. The
effects of injection are clearly shown by the reduction in the
area under each curve. The approximate location of the slot(s)
is marked on these curves. The extent of ice reduction can also
be observed if one compares these profiles with the axial ice
profile shown in Fig. 6. The angular ice profiles indicate that

Tunnel Velocity =6.3 ft/sec

Injections at +50°, 0 , -50

6.25

L (Inch)

Fig. 6 Axial ice profiles along the cylinder at 0 = +5 deg from the
front stagnation point. Injection rates at the slots: curve 1 = 0, 0, 0;
curve 2 = 0, 200, 0; curve 3 = 100, 200,100 (ftVh).

Tunnel Velocity =6.3 ft/sec

Injections at +50", 0°, -50°

Fig. 7 Angular ice profiles around the cylinder at 1.25 in. to the right
of the center of the cylinder. Injection rates correspond to those of
Fig. 6.

Table 2 Experimental ice weights collected on the model, set 1

Air injection flow rate, ft3/h Room air temperature, °F

Runa

1
2
3
4
5
6
7
8
9

10

Tunnel
speed,

ft/s

6.3
6.3
6.3
6.3
6.3
6.3
6.3
6.3
6.3
6.3

Slot lb

0
25

100
100
50
50

100
0
0

100

Slot 2

0
25

100
150
150

0
0

200
50

200

Slot 3

0
25

100
100
50
50

100
0
0

100

Run
time,
min

7
7
7
7
7
7
7
7
7
7

Dry bulb

66
70
68
64
70
70
71
71
72
71

Relative
humidity

54
38
51
45
38
38
35
50
46
35

Ice
weight, g

14.75
13.00C

12.75
11.25
13.80
9.80
8.30
9.60

11.60
9.30

aTest no. bLocation of slots 1, 2, 3: +50, 0, -50 from the front stagnation point. cSlot clogging experienced.

Table 3 Experimental ice weights collected on the model, set 2

Air injection flow rate, ft3/h R6om air temperature, °F

Runa

1
2
3
4
5
6
1

•2
1
2

Tunnel
speed,

ft/s

13.3
13.3
13.3
13.3
13.3
13.3
39.0
39.0
4.1
4.1

Slot lb

0
100

0
100
100
50
0

100
0

100

Slot 2

0
100
200
200

0
150

0
200

0
100

Slot 3

0
100

0
100
100
50
0

100
0

100

Run
time,
min

7
7
7
7
7
7
7
7
7
7

Dry bulb

70
70
70
80
80
80
68
70
70
70

Relative
humidity

30
24
27
45
45
45
35
34
34
34

Ice
weight, g

22.63
19.00
20.80
22.00
21.30
21.60
42.30
40.30h

7.90
7.00

Footnote definitions as in Table 2.
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Tunnel Velocity = 6.3 ft/sec

Injections at +50°,

0°, -50°

O Location of
injection

Fig. 8 Angular ice profiles around the cylinder at the center of the
cylinder. Injection rates correspond to those of Fig. 6.

Tunnel velocity - 13.3 ft/sec

Tunnel Velocity = 6.3 ft/sec

Injections at +50, 0°,

-50°

O Location of
injection

/\__

0

DEGREES

Fig. 9 Angular ice profiles around the cylinder at 1.25 in. to the left of
the center of the cylinder. Injection rates correspond to those of Fig. 6.

o 0.250-

£ 0.125-

Tunnel Velocity = 13.3 ft/sec

Injection at 0°

6.25

L (Inch)

Fig. 10 Axial ice profiles along the cylinder at 0 = +5 deg from the
front stagnation point. Injection rates at the slots: curve 1 = 0; curve
2 = 200 (ft3/h); tunnel velocity of 13.3 ft/s.

at a given angular location, the ice thickness is less near the
center of the span of the model. This nonuniformity results
because the jet velocity profile along the slot( s) is not uniform,
having instead a parabolic shape. It is expected that a higher
jet velocity at the center would result in less ice collection,
which is indicated by the ice profile at the center. More ice is
collected under a higher tunnel velocity (13.3 ft/s), as indi-
cated by Figs. 10 and 11, with the tunnel liquid water content
and the mean droplet diameter the same as in the previous
case. The increase in ice accretion is due to the higher droplet
inertia and its slow response to the changes in the flow
conditions. Streamlines are closer to the surface and have
sharper gradients near the surface, and more droplets are
separated from the streamlines and collected on the surface as
compared with those of the slower tunnel velocity.

Figure 12 is a sketch of typical ice shapes obtained in the
experiments. These shapes are not necessarily typical of those
found in actual icing situations (see Fig. 1) since the freezing
mechanism of the droplets collected on the surface was differ-
ent from that of the actual atmospheric icing.

Fig. 11 Angular ice profile around the cylinder at the center of the
cylinder; tunnel velocity of 13.3 ft/s.

ICE

AIR JET

AIR JET

AIR JET

Fig. 12 Sketch of the typical ice shapes obtained experimentally on the
cylinder.

Discussion of Results
A reduction in collected ice weights was realized in all tests

conducted when injection was used. It is important, however,
to keep in mind that slot injection increases the effective
blockage of the test section (jets opposing the main flow),
thereby causing a redistribution of the flow in the remaining
region of the test section. Therefore, compared to the case of
no injection, higher velocities were realized over the model
when injection was taking place. The collection efficiency of
the model is higher for a higher velocity due to the increase in
inertia of the droplets and their subsequent separation from
the streamlines near the cylinder, as explained previously.
Thus, the ice weights obtained with injection are generally
higher than those for a larger test section since the blockage
effects due to injection are negligible.

The effect of room air humidity on the collected ice weight
can be seen from the results of runs obtained with a tunnel
velocity of 13.3 ft/s. Run 4, which corresponds to a higher
injection rate than those in runs 2 and 3, actually results in
more ice collection than in those runs. This increase in ice
weight is due to the higher humidity of room air. The room
air humidity was 20% for runs 2 and 3 and 45% for run 4.
Thus, the ice weights of runs 4-6 cannot be directly compared
with those of runs 1-3.

Percent reduction in the collected ice mass due to surface
blowing was determined by estimating an average ice weight
collected per unit length of the blowing surface. Average ice
weight on the unslotted section of the model was calculated
by assuming that the thickness of the ice collected on the
model, with no surface injection, is uniform. Furthermore,
assuming that the effect of blowing is confined to the slotted
section of the model, ice weight collected on the unslotted
section of the model for the blowing and nonblowing cases
would be the same. This weight was then subtracted from the
ice weights shown in Tables 2 and 3 to obtain the ice weight
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collected on the blowing section (ice weights shown in Tables
2 and 3 are the combined weights of the accreted ice over the
blowing and nonblowing sections of the model). The percent-
age reductions in the accreted Ice weight per unit length are
estimated and are as follows. For tunnel speed of 6.3 ft/s, runs
6-8 and 10 indicate about 100% reduction in ice. However,
this was not the case, as indicated by the ice profiles shown in
Figs. 6-9. Run 5 has about 18% reduction, which is the
minimum for this particular tunnel speed: The reductions in
ice for runs 2-4 and 9 is about 35, 40, 72, and 64%,
respectively. For tests conducted with a tunnel speed of
13.3 ft/s, the maximum reduction is about 48%, correspond-
ing to run 2, and the minimum reduction is about 7%,
corresponding to run 4. The reduction for runs 3, 5, and 6 is
about 23, 16, and 14%, respectively. Finally, the reductions in
ice for run 2 with tunnel speeds of 39 and 4.1 ft/s are about 17
and 15%, respectively.

A general correlation for the ice accretion rate on a blowing
surface can be formulated without considering the limitations
discussed earlier. The rate of ice accretion is reduced with an
increase in total surface injection rate. An increased number
of injection slots results in lesser ice accretion than a single-
slot model with the same total injection rate.

Concluding Remarks
The experimental results indicate a general reduction in ice

accretion rate due to slot injection. The ice accretion is a
nonlinear function of the tunnel speed and increases with that
speed; the decrease in accretion rate is a nonlinear function of
the injection rate. No empirical correlation of the results was
obtained due to experimental limitations and problems en-
countered.

Better results could be achieved if a more uniformly dis-
tributed droplet flow were produced with uniform droplet
size. Also, a larger tunnel test section could reduce the
three-dimensional effects. An increase in the number of slots
could definitely reduce the ice collection even further than was
experienced with only three slots! Finally, to minimize the
three-dimensional effects caused by nonuniform axial velocity
at the exit of slots, a porous model surface is recommended.

Additionally, parametric studies are needed to Vary slot
number, location, and width along with the ratio of slot
velocity to freestream velocity. Also, in any further testing, a
two-phase wind tunnel should be used so that the air humidity
and temperature can be carefully controlled.
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