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Thermal Analysis of Engine Inlet Anti-Icing Systems
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A hot-air anti-icing system of a gas turbine engine inlet is analyzed numerically. A three-dimensional potential
flow code, which accounts for compressibility effects, is used to determine the flowfield in and around the inlet.
A particle trajectory code is developed using a local linearization technique. The trajectory code is used to
calculate local water-impingement rates. Energy balances are performed on both the surface runback water and
the metallic skin to determine their temperature distributions. A variety of test cases are considered in order to
validate the various numerical components of the process as well as to demonstrate the procedure.

Nomenclature
A = area or cross-sectional area
CD - drag coefficient of a droplet
Cp = specific heat
D — diameter
F = force acting on a droplet
F - wetness factor
/ = friction factor at the cowl surface
g = acceleration of gravity
gc - conversion factor
hj - heat-transfer coefficient between the hot air and the

inner surface of the cowl
hw = heat-transfer coefficient between the outer surface of

the cowl and the runback water
/?oo = heat-transfer coefficient between the freestream and

the outer surface of the cowl
J = mechanical equivalent of heat
K = thermal conductivity
LWC = liquid water content
Lf = latent heat of fusion of water
Lv = latent heat of vaporization of water
M = molecular mass, Mach number
MED = droplets mean effective diameter
m - mass
m° = runback water mass flow rate
P — static pressure
Pr - Prandtl number
S = wrap distance
Sc = Schmidt number
T = temperature
T* = reference temperature
/ = thickness or time
y, y, v = velocity
W = rate of water mass flux
x = wrap distance from the cowl nose highlight
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Y = local perimeter of the nacelle
|8 = collection efficiency
7 = specific heat ratio of air
rjr — recovery factor of air temperature
li = dynamic viscosity
p = density
TW = shear stress at the cowl surface
(j> — relative humidity
Subscripts
a = anti-ice air
d = droplet
e = local value at edge of boundary layer
evap = evaporating from the cowl outer surface
/ = inner surface of the cowl
imp = impingement on the cowl outer surface
o = outer surface of the cowl
p - panel
sk = metal skin
v = saturated vapor
vap = vapor
v, w = saturated vapor at temperature Tw
w = runback water
oo = freestream

Introduction

I CE accretion on aircraft components in adverse weather
conditions can jeopardize flight safety and affect aircraft

performance. Because of its importance, various methods of
ice protection have been developed. These can be classified in
two broad categories: de-icing methods and anti-icing meth-
ods. De-icing methods deal with the intermittent removal,
either by mechanical or thermal means, of any ice buildup by
destroying the bond between the ice and the adjacent surface.
Anti-icing methods are concerned with the prevention, or
minimization, of ice buildup on particular surfaces. This is
accomplished either by evaporating, or partially evaporating,
supercooled water droplets that impinge on the surface. In the
partial evaporation case, a portion of the impinging liquid
water is allowed to run back aft of the thermally protected
area and form an ice layer of thickness less than some pre-
scribed, tolerable, amount. This so-called "runback" problem
has also been observed on external aircraft surfaces in de-icing
applications, but has not yet been analyzed.

Anti-icing methods generally involve chemical or thermal
principles. Most of the current aircraft use thermal energy in
the form of hot air or electrical energy in ice-protection sys-
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terns because these have proven to be most reliable. Systems
that are used to protect engine inlets of turbine-powered air-
craft are representative of the thermal type. In these applica-
tions, compressor bleed air is used to provide the required
heating to a portion of the inlet surface.

The history of research in the anti-icing area is rather nar-
row. During the past several years, analytical studies have
been confined to totally evaporative anti-icing systems, in
which runback effects were ignored.1'2 Research in partially
evaporative anti-icing systems is quite basic and runback is
treated in a primitive manner.

In the current study, a hot-air anti-icing system for a gas
turbine engine inlet is analyzed. The engine nacelle is modeled
as a number of flat panels through which the normal velocity
is known or calculated to model the boundary-layer displace-
ment (Fig. 1). The flowfield calculations, on and about the
inlet surface, were performed using a three-dimensional po-
tential flow code, VSAERO,3 which accounts for compress-
ibility effects. The results are alternately used in the calcula-
tions for the boundary-layer displacement thickness until
convergence is met. Because each water droplet is subject to
drag, buoyancy, and gravity forces, depending on its size, the
droplet trajectory intersects the potential flow streamlines as
the droplet approaches the inlet surface. Integration of the
droplet trajectories is performed using a "local Stokes lin-
earization" technique that proved to give stable and accurate
results. The trajectory code also calculated local water collec-
tion efficiencies. The final step is the heat-transfer modeling
of the engine cowl and the flowing water. The latter results in
temperature distributions for particular conditions. In the fol-
lowing sections, each step of the process will be discussed in
detail. Also, the results of a variety of test cases will be
presented.

Particle Trajectory Analysis
Water impingement on two-dimensional and axisymmetric

bodies has been studied for several years. However, droplet
trajectory-code development for three-dimensional bodies has
received only limited attention. Water-impingement studies on
arbitrary inlet geometries have been presented by Norment,4

Stock,5 and Kim.6 Basic features of a trajectory code generally
consist of surface geometry definition, a potential flow solver,
a velocity calculation, a trajectory integration technique, and
collection-efficiency calculation.

Norment4 used the panel code developed by Hess and Smith
to calculate the potential flowfield. He modified the code to
handle inlet flows although he also mentioned that the code
was not organized to handle internal flows. Stock5 used the
finite-volume form of Eulers equations, and Kim6 used Reyh-
ner's full potential methods to define the potential flow. Panel
methods are usually the least-expensive flow solvers because
they require only a surface solution instead of a three-dimen-
sional grid as required with finite-difference methods.

-TT7 / /////////?

The velocity calculation for flow solvers that employ a
three-dimensional grid5'6 consists of interpolating the velocity
at surrounding grid points for the velocity at the trajectory.
Alternately, for panel methods, one can calculate the velocity
directly by summing the contributions of all of the singulari-
ties representing the flow, as in Norment,4 or one can calculate
the velocities at all points on a regular three-dimensional grid
from which the velocity may be interpolated. The latter, indi-
rect method, is chosen for the present calculation because a
large number of streamline trajectories were needed in the
calculations, and because this approach separates the trajec-
tory calculations from the panel method developed. More-
over, this leaves open the possibility of using other programs
to generate the flowfield.

In this study, the surface geometry of the inlet is defined by
means of flat panels. Kim6 used curved panels, and, therefore,
required a complex droplet/surface intersection procedure.
Because the current flowfield code is a low-order one, many
panels are typically used to represent the surface. Hence,
the error due to the flat-panel approximation should not be
significant.

To model the motion of each droplet, two assumptions were
made:

1) Because of the small concentration of water droplets in
the air, the flowfield is assumed to be undisturbed by the
droplets.

2) The shape of each water particle is spherical.
The equation of motion of a single particle is obtained by

applying Newton's second law:

j , ~ 'ae * buoy """ **gra

where

^buoy = -Pair£0r/6)£>j

(1)

(2)

(3)

(4)

In the latter expression,

S = the projected area, TrDj/4, of the droplet
yre\ = the relative velocity between the air and the droplet
CD = the drag coefficient, which is a function of Frel and

the droplet size
In the present method, values of CD are taken from White.7

It should be mentioned that the form of Eq. (4) is only a
definition of CD, which is preferred because, at high Reynolds
numbers, CD is nearly constant for small changes in velocity.
For small Reynolds numbers, Stokes8 showed that the drag
coefficient is

CD = const/1 Vre\ I (5)

The latter equation can be extended to very high Re if the
calculated drag is recognized to be accurate for a small range
of relative velocities, i.e., if

CDO — [ I K-ei I CD] yrd(t())

one can write (local Stokes linearization)

t n < t < t n +

(6)

(7)

Fig. 1 Panel modeling of the nacelle surface geometry.

where A/ is a small time step. Hence, only a small error in the
drag will be introduced. In practice, Re (and therefore yre\) is
high and rapidly changing only very close to the body where
small time steps are also required to ensure an accurate trajec-
tory. Using the definition for the relative velocity,

I/ _ | / _ |/ fo\r rel ~~ ' d * air v°V
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and substituting Eqs. (2), (3), and (7) into Eq. (1) yields the
equation of motion of a single particle:

(9)

where d Va\T/dt is the apparent change in the air velocity as seen
by the droplet. Assuming that the following quantities are
constant within a time step, but change from one time step to
the next,

1 TT£>J dFair
= —— -—- g\Pd ~ Pair) - ———md 6 dt

B= — Pair 1 D2
dCDo

Equation (9) can then be written as

(10)

(11)

The solution to this is

(12)

where the constant C* is chosen to satisfy the condition that
the relative velocity at the beginning of any step size equals the
relative velocity at the end of the previous time step. Once the
relative velocity is known, the position of the droplet can be
found relative to a streamline passing through the same initial
point. The particle trajectory solution is performed after gen-
erating air velocity data from the panel and boundary-layer
solutions. The validity of the code will be shown in the Results
and Discussion section.

The Federal Aviation Administration (FAA) regulations9

define the continuous and intermittent icing conditions that an
aircraft must be able to operate safely within if it is to be
certified for flight into forecast icing conditions. These condi-
tions are the ambient air temperature, the cloud liquid water
content, and the droplet mean effective diameter. The liquid
water content LWC is the mass of water contained in a unit
volume of air. The random size water droplets in a cloud are
described statistically by their mean effective diameter (MED),
typically measured in microns. Droplet mean diameters from
10 to 50 jLim are common in icing conditions.

When an airplane flies through a cloud, airborne water
droplets impinge on the leading edges of wings, nacelle, etc.
Ahead of the airplane, the freestream flux of water is

(13)

The collection efficiency /3 at a point on the aircraft surface is
defined as the local water-impingement rate divided by the
freestream flux,

/3=^,ocal/^oo ' (14)

It is standard practice to assume that droplets do not interact
with each other so that a collection-efficiency calculation is
valid for all values of the liquid water content. In the present
method, the collection efficiency of a panel representing the
surface is determined by finding the droplet trajectories which
impact at the four corner points of the panel, as illustrated in
Fig. 2. Consequently, the definition of the collection effi-
ciency is altered to read

P = A00/AP (15)

Another advantage of this approach is that it can be shown

that the sum of the collection rates of the surface panels is
equal to the total water flux removed from the freestream.

Heat Transfer Analysis
An accurate model that represents the various modes of

heat transfer occurring in an anti-icing system will now be
developed. The model can be used for performance predic-
tions and/or in parametric studies where the problem vari-
ables are difficult to control, e.g., in flight or in tunnel exper-
iments. The latter can be very expensive if an extensive test
agenda is required. Use of analytical techniques implies that
experimental studies for only a few general cases need be
conducted in order to determine the validity of the theoretical
model.

Formulation of a method for calculating runback water and
the surface temperature distribution is based on the following
arguments and assumptions:

1) Since the runback water-film thickness and the thickness
of the metal skin are both very small compared with the length
in the direction of flow, variation of temperature in the trans-
verse direction, i.e., normal to the cowl surface, will be ne-
glected.

2) The magnitude of heat transfer in the circumferential
direction is much smaller than that in the flow direction. This
allows one to consider a one-dimensional problem at several
angular locations along individual streamlines.

3) Because the Peclet number (Re Pr) in the water layer is
large, the axial conduction heat transfer component within the
energy equation for the water is negligible compared to the
other equation components.

4) All of the physical properties in the energy-balance equa-
tions are constant.

5) The anti-icing system has been operating long enough so
that all transients have vanished and the system is in steady
state.

Energy Balance on the Metal Skin
Consider the control volume shown in Fig. 3. An energy

balance produces

- hwF(Tsk - Tw)
Y,

(16)

where the first term represents the convective heat transfer
from the hot bleed air to the skin; the second and third terms,
the convective heat loss from the metal skin to the external
airstream in the dry region (surface not wetted by runback
water) and to the runback water in the wet region (surface
wetted by runback water) , respectively; and, the fourth term,
the heat conduction in the metal skin in the flow direction.

In Eq. (16), F is the wetness factor, which is defined as the
fraction of the skin perimeter, at a given location, that is

[flmiHmiiilimillimilll. «*

Fig. 2 Panel-by-panel collection-efficiency calculation.
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"conv
(from hot anti-icing air)

Fig. 3 Energy balance on the metal skin and the runback water.

where the units of Pv and T are pressure (Pa) and degrees
Kelvin (K), respectively.

Now, performing a heat balance on the water control vol-
ume shown in Fig. 3 gives

T / ^y2 Mhw(Tsk - Tw) - h^ I Tw - [Te + YjC~)

w I/2
*v imp y o

imp pw oo w ^j evap

(24)

wetted by the runback water. In regions of direct water im-
pingement, the surfaces are fully wetted and F takes a value of
unity. In general, this occurs at the leading edges of wings,
airfoils, the lip of an engine cowl, etc. Downstream of these
regions, the water breaks up into individual rivulets that tend
to decrease in width. In this case, the factor F can reach a
value2 of approximately 0.2.

The term t\r in Eq. (16) denotes a temperature recovery
factor for the air outside the wall boundary layer. This factor
can be approximated by10

!/2 for laminar flow
l/3 for turbulent flow

(17)

In general, the effect of the heat conduction within the skin in
the flow direction is negligible in comparison with the heat
flow in the transverse direction. This allows one to rewrite Eq.
(16) as follows:

h{Ta -F)\ Te

hi + hwF +
(18)

If the conduction term in Eq. (16) is retained, the skin temper-
ature cannot be explicitly determined. Instead, a second-order
ordinary differential equation is produced.

Mass and Energy Balance on the Runback Water
A mass balance on the runback water yields

dm0

~ * o v 'r imp "evap/ (19)

where the rate of impingement per unit area PFimp is computed
using the local value of the collection efficiency as follows:

(20)

(21)

The evaporation rate per unit area can be shown to be

w — —— _YV evap — ̂  \ „
•* e - * v , w

where PVaP is the local vapor pressure at the edge of the
boundary layer at the local relative humidity.

Application of Dalton's Law of partial pressures and
knowledge of ambient conditions yields

(22)

Generally, the relative humidity <£«, in a cloud is taken to be
100%. The saturation vapor pressure of pure liquid water has
been expressed as a function of water temperature Tw in the
range of interest as

P,,(D = 2337 exp[6789^-1] -5.

(23)

.03,

It was assumed that the droplet temperature remains at its
ambient atmospheric cloud value before striking the cowl
surface. Using Eq. (19) in (24) and rearranging terms yields

dT Y F

»Tsk +h«,\Te + W C T' rr impv-'pH, -1 oo

(25)

Thus far, no mention has been made regarding the runback
film thickness or its flow velocity. In order to evaluate the
local heat transfer coefficient between the metal skin and the
runback water, a velocity distribution of the water film is
required. It is expected that this velocity is a function of
position along the surface because at the stagnation point on
the cowl surface its value is zero. From this point onwards, the
water is accelerated due to aerodynamic forces. From a
boundary-layer analysis, the local friction coefficient / at the
surface of the cowl was obtained. By definition, the corre-
sponding local wall shear stress rw is then computed from

TW = f(yPM2/2) (26)

Because the film thickness is very small, the water velocity
vw is assumed to vary linearly with y at a given location along
the surface, such as would be found in a pure shear flow.
Also, it is assumed that the flow is caused due to the shearing
force TM , , which is imposed on the upper boundary of the film.
Using the conventional no-slip condition at the lower
boundary, the water velocity may be expressed as

vw(x,y) = [Tw

The above equation can be integrated over the film thickness
to give a mean velocity

The film thickness tw can be written as

Combining Eqs. (27) and (28) yields

(27)

(28)

(29)

The water velocity may now be used to compute a local
Reynolds number. In turn, this value may be used in relations
for the heat transfer coefficient. To accomplish this, it was
assumed that the actual flow was the same as that for a flat
plate.

Another important use of Vw is in locating the point where
the runback water begins to freeze. When a particle of liquid
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water flowing over the unprotected region reaches a tempera-
ture of 0°C, it will remain at 0°C until it gives up all its latent
heat Lj at some location x* where it turns into an ice particle.
Clearly, the value of x* depends on the speed of that particle.
A slight variation in Eq. (25) will give the amount of energy
lost per unit time. This, along with the velocity Vw, can be
used to compute the net loss of energy between the 0°C liquid
point and another point downstream. Then, a comparison
with Lf is made. This concept and numerical integration are
used to predict the location x*.

Numerical Methods of Solution
The governing equations to the heat-transfer problem are

Eqs. (19) and (25) for the case where axial conduction within
the metal skin is neglected. For the case where the conduction
term is retained, Eq. (16) as well as Eqs. (19) and (25) are the
governing equations. All of these equations are first-order and
second-order ordinary differential equations (ODE) and have
to be solved simultaneously. Because of the arbitrary distribu-
tion of many terms in the above equations, an analytical form
of solution was impossible. The fourth-order Runge-Kutta
numerical technique11 was used. This method requires the
specification of an initial value for the parameter to be solved
for. Appropriate values for Tw, Tsk, and m° were chosen at
the stagnation point. However, in the case where the skin axial
conduction was retained, a second-order ODE was obtained,
i.e., Eq. (16). Following the usual procedure, this equation
was written as two first-order ODEs. The two initial values
used in the solution were a prescribed temperature and an
assumed value of temperature gradient that would lead to a
prescribed temperature at a specified location downstream. In
this case, the shooting method (trial and error) version of the
Runge-Kutta method was used.

Results and Discussion
Verification of the trajectory code was accomplished by

considering three test cases. Test runs were made to determine
the trajectories of both very small and very large droplets. The
smallest droplets (MED = 1 ^m) had the same trajectories as
the flow streamlines, while the largest droplets (MED = 1QOO
//m) had trajectories which followed straight paths in the
absence of gravity. These results were expected. In a second
test case, Kirn's calculations6 for the paths of 0.1- and 14.7-ptm
droplets near a sphere were found to be indistinguishable from
those computed via the present method; see Fig. 4.

A third set of test cases were used to verify the trajectory
calculations for a NACA 0012 airfoil with a chord length of 13
in. at 0-deg angle of attack. These test cases were run by
several of the participants at the Droplet Trajectory Work-
shop recently held at the NASA Lewis Research Center.
Results were compared to test data obtained in the NASA
Lewis Icing Research Tunnel. The results of the current study
are contrasted to this data in Fig. 5. The numerical predictions
and the experimental results are seen to be in quite good
agreement.

10
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50.0 DEC.
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14.7^

An axisymmetric nacelle geometry was considered for the
purpose of illustrating a few sample icing calculations. The
cross section of the nacelle, passing through the centerline
axis, is shown in Fig. 6. Four natural icing cases were consid-
ered (Table 1), but only the results of cases 1 and 4 are
illustrated. Results of cases 2 and 3 are shown in Ref. 12.
These cases were chosen because they represent the worst
conditions for each of the flight conditions: hold, climb,
cruise, and descent.

The mean effective diameter (MED) of water droplets in a
cloud may be chosen from within ranges established in the
Federal Aviation Regulations9 (FAR). The MED ranges are
15-40 /xm for continuous maximum (stratiform clouds) atmo-
spheric icing conditions, and 15-50 jum for intermittent maxi-
mum (cumuliform clouds) atmospheric icing conditions. Past
studies and experience have shown that, for a given set of
aircraft flight conditions and atmospheric conditions, the
overall collection efficiency is maximum when using the Lang-
muir "D" distribution of water .droplets with a MED of 20
microns. This value of MED was used to yield more conserva-
tive results.

In each of the four cases, the data given in Table 1 along
with the nacelle geometry and the engine inlet airflow rate
were used in the potential flowfield and boundary-layer calcu-
lations. The latter result in distributions on a well-defined grid
of the local velocities, the local pressure coefficient, and the
friction coefficient at the cowl surface.

The flowfield data and atmospheric icing conditions were
next used to calculate trajectories of individual droplets. Col-
lection efficiencies and corresponding impingement rates for
each panel were then calculated using methods previously
discussed. Consequently, water-impingement flux distribu-
tions were obtained. Figure 7 is a plot of this distribution for
case 1 conditions. In this figure, the wrap distance is measured
from the nose lip highlight of the cowl along the surface
following a streamline, and is positive in the inboard flow
direction.

The external heat transfer coefficient distribution, between
the ambient air and the outer surface of the cowl, and the
internal heat transfer coefficient distribution, between the hot
anti-icing air (compressor bleed air) and the inner surface of
the cowl, directly affect the magnitude of the runback water
temperature. Therefore, these two parameters must be deter-
mined as accurately as possible. Because of the complexity of
the flow of the anti-icing air inside the irregular cowl duct
shapes, the internal heat transfer coefficients were calculated
based on experimental testing. However, the external heat-
transfer coefficients were calculated by assuming that the cowl
consists of a cylinder at the leading edge followed by a flat
plate. Semiempirical relations were then used in the calcula-
tions assuming that the flow is turbulent in the flat plate
region. This was done in order to be more conservative in the
performance analysis.

During the numerical investigation, it was found that the
rate of evaporation from the runback water significantly af-
fected the runback water temperature. Evaporative cooling in
this type of problem is very important for two reasons. First,

160 165 175170
X-POSOTION —INCHES

Fig. 4 Droplet trajectory validation test case, from Kirn.3

180 0.05 0.10 0.15 0.20
Wrap Distance, S (inches)

0.25

Fig. 5 Collection efficiency of a NACA 0012 airfoil.
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Table 1 Flow conditions for sample cases

Case 1 Case 2 Case 3 Case 4
Condition
Altitude, ft
Moo

Too, °C

Poo, KPa
Tair, °C
MED, /xm
LWC, g/m3

Hold3

15,000
0.48

- 12.22
58.1
276
20

0.38

Climbb

5000
0.41

-12.22
86.9
384
20

0.38

Cruiseb

22,000
0.6

- 30.00
44.7
298
20

0.14

Descent3

1500
0.38

- 10.00
97.0
177
20

0.42
aContinuous maximum icing conditions. blntermittent maximum icing conditions.

1 2 3

X-Position (m)

Fig. 6 Cross section of an axisymmetric nacelle model.

0.00
-35 -25 -15 -5 5 15 25 35

Wrap Distance (cm)

Fig. 7 Rate of water-impingement flux distribution (case 1).

0.03

* 0.02

I
£ 0.01-

g 0.00

Evaporation
neglected

j£ 0.0 0.1 0.2 0.3 0.4 0.5
Distance from Stagnation Point, S (m)

Fig. 8 Runback water mass flow rate distributions (case 1).

the rate of mass evaporated is the same order of magnitude as
the total mass flow rate downstream of the impingement re-
gion. This is due to the large surface area of the runback water
that is exposed to the ambient air, and because of the very
small thickness of the water layer. Second, evaporative cool-
ing is important because of the relatively large value of the
water latent heat of vaporization. Figure 8 shows the effect of
evaporation on the water mass flow rate along the cowl sur-
face for case 1. Correspondingly, Figs. 9 and 10, respectively,
show the metal skin and water temperatures when evaporation
is neglected and when evaporation is taken into account. As
may be seen, evaporative cooling of the runback water has a
great tendency to decrease the runback water temperature.
The mass flow rate, the metal skin temperature, and the
runback water temperature distributions for case 4 are illus-
trated in Figs. 11 and 12.

In general, it is desirable to evaporate as much of the
impinging water as possible to keep the amount of water

80

u GO

« 40

I
l » 1

No Evaporation

0.0 0.1 0.2 0.3 0.4 0.5
Distance from Stagnation Point, S (m)

Fig. 9 Temperature distributions neglecting evaporation (case 1).

0.0 0.1 0.2 0.3 0.4 0.5
Distance from Stagnation Point, S (m)

Fig. 10 Temperature distributions accounting for evaporation
(case 1).

0.0 0.1 0.2 0.3 0.4 0.5
Distance from Stagnation Point, S (m)

Fig. 11 Runback water mass flow rate distribution (case 4).

40

U 30

20

Runback Water

With Evaporation

0.0 0.1 0.2 0.3 0.4 0.5
Distance from Stagnation Point, S (m)

Fig. 12 Temperature distributions (case 4).

flowing towards the fan face as small as possible, especially if
these downstream regions are thermally unprotected. The
tradeoff here is that any increase in anti-icing power supplied
leads to a slight decrease in engine power. Consequently, the
design of an anti-icing system should be based on performance
and economic considerations of both the anti-icing system and
the aircraft engine.

In case 4, the water reached a temperature of 0°C but did
not become a solid. The ratio, of heat loss to the latent heat is
shown in Fig. 12 at a distance of S = 0.472 m.
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30-

I
c

20-

With Evaporation

0.00 0.05 0.10 0.15 0.20 0.25
Distance from Stagnation Point, S (m)

Fig. 13 Effect of wetness factor on the metal skin temperature
distribution.

Fig. 14

0.0 0.1 0.2 0.3 0.4 0.5
Distance from Stagnation Point, S (m)

Effect of axial conduction in the wall on the metal skin
temperature.

0.0 0.1 0.2 0.3 0.4 0.5
Distance from Stagnation Point, S (m)

Fig. 15 Effect of axial conduction in the wall on the runback water
temperature.

The effect of wetness factor F was also investigated. Figure
13 shows sample calculations using the conditions described
for case 4. It is seen that a decrease in the wetness factor tends
to slightly decrease the metal skin temperature because it
becomes directly exposed to the cold ambient air. This also
affects the runback water temperature in a similar fashion.

The conduction of heat within the metal skin in the flow
direction was neglected in all of the previous calculations. It
has been general design practice to neglect this term. However,
if the conduction term is retained, Eq. (16) must be solved
simultaneously with Eqs. (19) and (26) instead of explicitly
using Eq. (18). Because Eq. (16) is a second-order ordinary
differential equation, two boundary conditions are required.
Since no previous knowledge of the downstream skin tempera-
ture at a specified location is available, the boundary condi-
tions used are those given at S = 0 and S = 0.472 m from the
solution, which does not account for the conduction term.

Figures 14 and 15 reveal that conduction may be neglected and
its major effect is in damping the oscillations in the results due
to the oscillations in the internal heat transfer coefficients.

Conclusions
In this paper, a computational method was developed to

analyze the anti-icing system used to protect a jet engine inlet.
The method incorporates a potential flow panel code for
flowfield computation, a water droplet trajectory code for
impingement-rate estimation, and energy balances on the run-
back water and the metal skin of the nacelle for prediction of
the corresponding temperature distributions. It was found
that accurate prediction of water-impingement rates and the
heat transfer coefficients is essential to the evaluation of the
anti-icing system.

It was shown that a fairly large amount of heat from the
anti-ice air should be concentrated in the stagnation-point
region where direct impingement occurs. This assures that the
water droplets remain in a liquid state and also causes some of
the water to evaporate. It is recommended that the region aft
of the heated area should also be moderately protected. The
water could reach the freezing temperature in this zone even
though the metal skin may exist at a relatively higher tempera-
ture. Previous investigations have only considered the energy
balance of a wetted metal skin without separately considering
the energy balance of the runback water.

It was found that the decrease in wetness factor tends to
slightly decrease the wall, as well as the runback water, tem-
perature, depending oh the meteorological and flight condi-
tions. This was observed only in regions where the net rate of
heat loss was larger than the net rate of heat gain, in absolute
values. Individual streams or rivulets have been observed in
actual flights and in tunnel tests. Wetness factor distributions
may be obtained from the latter and included in the system
performance computations.
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