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Heat Transfer Correlation for Anti-icing Systems
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Experimental investigationsdirected toward further understanding and improved prediction of heat transfer in
an aircraft nacelle anti-icing system are presented. The results are correlated with existing predictions. A unique
correlation basedon the heat transfer impingementarea is developed.The correlation is independent of the distance
between the jet and the impingement surface and the distance betwen the jets.

Nomenclature
Aimp = total area of jet impingement
a; b; c = constants
C = constant
Cp = speci� c heat capacity of air
Cx = distance between the holes
d = hole diameter
G = mass � ow per unit area of impingement
h = heat transfer coef� cient
Nh = average heat transfer coef� cient,

q=Aimp.Tpiccolo ¡ NTlipskin)
L = length of nozzle
N = number of holes
Nu = local Nusselt number
Nu = average Nusselt number
Pr = Prandtl number
q = heat transfer from impinging air,

w £ C p £ .Tpiccolo ¡ NTexhaust/ £ 3600
Re = Reynolds number based on hole diameter,

.w=Nholes/ £ .d=Ahole¹/
ReG = Reynolds number based on impingement area,

4Gd=¼¹
T = temperature
NT = average temperature
w = mass � ow rate
Zn = perpendiculardistance from hole to lipskin
µ = jet impingement angle
¹ = dynamic Viscosity

Introduction

I NGESTION of ice formed and shed from the internal surface of
a jet engine intake often leads to engine damage and, therefore,

is a safety hazard for aircraft in � ight. To protect aircraft from such
a hazard, anti-icing systems (Fig. 1) are employed. A jet engine
anti-icingsystem is housed in the engine nacelle and consists of hot
air bled from the compressor and ducted forward to a pipe (Fig. 2)
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with several small holes known as a piccolo tube. The piccolo tube
is designed to run circumferentially around the intake. The hot air
jets from the holes impingeon the inner surfaceof the intake leading
edge to melt the ice formed.

Thereare regulationsthatde� ne the requiredperformancelevelof
anti-icing systems used in large civil jet aircraft. These regulations
are contained in Federal Aviation Regulations and Joint Airworthi-
ness Requirements.The challenge to the aerospaceindustryis to de-
signa cost-effectiveanti-icingsystemthatmeets theserequirements.

The performanceof the anti-icing system at a given � ight condi-
tion depends on several factors. These include the mass � ow rate,
temperature drop between the engine compressor and piccolo tube,
the amount of water catch, the impinging limits on the nacelle sur-
face, and the conditions for thermal equilibrium at the nose cowl
surface.A critical aspect in the design of an anti-icing system is the
predictionof the heat transfer of the impinging jets from the piccolo
tube.

The � uid mechanics and heat transfer of even a single jet imping-
ing on a surface is complex, and therefore, the prediction of heat
transfer in such jets has met with only limited success.1¡3 Generally
the heat transfer characteristicsof a single jet can be representedas
a correlation between average Nusselt number, Reynolds number,
and Prandtl number.

Because of the complexities of the � ow, it is generally accepted
that the prediction of heat transfer in an anti-icing system is not
accurate, and the present methods of prediction are conservative.

This paper presents experimental investigations directed toward
further understanding and improved prediction of heat transfer in
an aircraft nacelle anti-icing system. The results are correlatedwith
existing predictions.

Previous Experimental Research
Gardon and Cobonpue4 experimented with both single and mul-

tiple jets to measure the heat transfer. Their results suggest that the
maximum stagnation point heat transfer for a single jet is obtained
with a separation ratio of Zn=d D 5–7 between the jet origin and
the impingement surface.This has been demonstratedto be approx-
imately equal to the length of the potential core of the jet.4¡7 In the
case of multiple jet arrays impinging on a � at surface, Gardon and
Cobonpue4 found the optimum separationdistanceto reduce,which
is in agreement with the � ndings of Huang and El-Genk.8 Met-
zger et al.9 investigatedmultiple jet impingement on a concave sur-
face and found the optimum separationdistance to be 3 · Zn=d · 5
for 1150· Re · 5500 (Reynolds number based on nozzle diameter
and jet exit velocity). This optimum separationdistance reduces for
higher values of Reynolds number.

Perry10 and Sparrow and Lovell11 investigated the effect on heat
transfer of µ , the jet angle of incidence. Sparrow and Lovell11 used
a napthalene sublimation technique to measure the mass transfer
from a plate of solid napthalene due to impingement of a single air
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Fig. 1 Piccolo nacelle anti-icing system.

Fig. 2 Nacelle anti-icing exhaust system.

jet, for 30 · µ · 90 deg. The maximum mass transfer was noted for
a 90-deg impingement angle, which reduced by 15–20% when the
angle was reduced to 30 deg.

Martin12 shows a direct analogy between mass and heat trans-
fer such that the conclusions of Sparrow and Lovell11 are equally
applicable to heat transfer.

The cross� ow was investigatedby HollworthandBowley,13 Colin
and Olivari,14 and Sparrow et al.15 Colin and Olivari14 concluded
that the effects of cross� ow are opposite depending on the strength
of the jet and whether or not the cross� ow is bounded, that is, the
de� ection caused by an unbounded cross� ow is greater than that
caused by a cross� ow in a bound space, for strong jets, and smaller
for weak jets. Hollworth and Bowley13 noted that higher values
of impingement heat transfer are evident for jets generated using
ori� ces compared to those generated using nozzles.This difference
is greater at lower separation distances, suggesting that it is due to
the aperture-induced turbulence within the jet because this is less
important at higher values of Zn=d (as observed by Gardon and
Cobonpue4).

The effect of nozzle geometry on heat transfer from a single
round jet was investigated by Obot et al.16 The turbulence and ve-
locity across the nozzle exit and along the centrelineof the jet were
measured for nozzles with a range of L=d values. Each nozzle was
investigated with both a contoured and a sharp-edged inlet. They
concluded that for short nozzles, L=d D 1, the inlet geometry has a
large effect on the velocitypro� le at the jet exit and the heat transfer
(for separation ratios Zn=d · 12).

The effects of mutual interferenceof multiple jets17 and Reynolds
number18 have also been investigated.

Experimental Program
Experiments were performed on a full-scale, two-dimensional

model of an anti-icing system installed in a low-speed wind tunnel.
The wind tunnel was a closed circuit, continuous � ow, atmospheric
tunnel with an effective working section of 1:14 £ 0:86 m and a

Fig. 3 Experimental setup.

Fig. 4 Geometries of piccolo pipes 1–9.

maximum velocity of 50 m/s, corresponding to a Reynolds number
of 3:6 £ 106 m¡1 (using a characteristic length of 1 m and assuming
InternationalStandard Atmosphere conditions at sea level).

The tunnelair temperaturewas close to ambientduringall testing,
and the speed of the tunnel was maintained at 40 m/s. The tunnel air
temperature was continually monitored, and all tests were carried
out at a temperature below 40±C.

The model of the lipskin was a representation of an existing
nacelle, which is currently in service on a civil aircraft and was
mounted in the wind tunnel on a sting. The model was constructed
as a box structure with a D shaped chamber zone on both the front
and rear ends. The general arrangement of the setup is shown in
Fig. 3. The forward lipskin was constructed from high-temperature
aluminium alloy 2219 of 0.064-in. (1.626 mm) thickness and was
pro� led to representaccurately the geometry of an existing nacelle,
which is manufactured by Bombardier Aerospace Shorts. The rear
skin was of the same pro� le as the front lipskin to providean aerody-
namicpro� le and, therefore,minimize turbulenceof thewind-tunnel
air� ow. Large side plates were attached to the model forward of the
front bulkhead. These were to ensure that a two-dimensional � ow
and, hence, uniform cooling was achieved over the lipskin surface.
The endplateswere riveted in placewith cutouts to allow the piccolo
tubes to be inserted. The model was mounted in the wind tunnel on
a string. The sting was bolted to a base, which was attached to the
rear bulkheadof the model. An inclinometerwas used to ensure that
the model was horizontal before each run.

Piccolo pipes were constructed from titanium tubing,15 in.
(38.1 cm) long, 0.028 in. (0.711 mm) thick, with an outside di-
ameter of 2.0 in. (50.8 mm). All of the piccolo tubes had a pattern
of holes drilled in three rows with the holes of the middle row stag-
gered to be at the midpointof theholeson theother two rows. Details
of piccolo pipe hole pattern are shown in Fig. 4 and Table 1. The
angle between the rows of holes, measured at the center of piccolo
pipe, were chosen to keep a constant area of jet impingement on
the lipskin surface as the normal distance from the piccolo pipe to
the lipskin surface was varied during the experiment. Hot air, after
impingement on the lipskin, was exhausted from the D-chamber to
the laboratory through a 2-in.-diam (50.8 mm) pipe attached to the
back of the front bulkhead.

The heaterusedfor producinghot jets was a Secomakmodel 15/2.
It had a maximum power of 18 kW with a maximum air temperature
of 300±C. The heater consistedof three ceramic tubes,each with two
resistive wire elements wound along their length. The wiring of the
heater was contained in a metal box mounted on the topside of the
heater body. The wires were connected to a three-phase thyrister
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Table 1 Piccolo pipes

Z=D
Item X , hole , (reference
no. Part no. in. (mm) µ1; deg µ2, deg only)

1 ¡001 0.0591 (1.5) 65.799 62.383 5
2 ¡002 0.0591 (1.5) 55.828 53.232 12.5
3 ¡003 0.0591 (1.5) 47.750 45.334 20
4 ¡004 0.0787 (2.0) 63.427 60.200 5
5 ¡005 0.0787 (2.0) 51.140 48.942 12.5
6 ¡006 0.0787 (2.0) 41.984 40.534 20
7 ¡007 0.0984 (2.5) 61.138 58.098 5
8 ¡008 0.0984 (2.5) 46.980 45.128 12.5
9 ¡009 0.0984 (2.5) 37.247 36.154 20

power supply controller such that each phase was connected to two
resistive wire elements in series.

Air was supplied to the heater through a mass � ow measuring
device.To achieveproper seals to prevent any leakage,gasketswere
� tted to the � anges at both ends of the heater with high-temperature
sealant. The temperature of the air downstream of the heater, just
before the piccolo pipe, was continuously monitored throughout
each test. A feedback loop using this air temperature allowed the
air heater to be controlled such that a preselected air temperature in
the piccolo pipe could be maintained. The mass � ow of air entering
the heater was measured by a calibrated Venturi meter. The mass
� ow of hot air impinging on the lipskin of the model has a strong
in� uenceon the heat transfercoef� cientsbetween the impingingjets
and the lipskin. Therefore, it was important to measure this value
accuratelyduringthe tests.This was achievedusinga Venturi,which
was designed and manufactured to BS1042 and calibrated with a
calibrated ori� ce plate.

Three calibrated pressure transducers by Kulite and one by
Rosemount were used for pressure measurements. The transducers
were positioned along the supply pipe at three positions: upstream
of the venturi, at the throat of the venturi, and just downstream
of the point where the supply pipe enters the wind tunnel and on
the bulkhead that formed the rear boundary of the D-chamber. The
� rst pressure transducer was designed to measure a maximum dif-
ferential pressure of 12.5 psi (86.2 kPa) in an environment with a
maximum absolutepressure of 90 psia (0.621 MPa) and an extreme
environmental temperature range from ¡54 to C50±C.

The secondpressuretransducerwas designedto measureabsolute
pressure in the range 0–90 psia (0–0.621 MPa) and has the same
environmental temperature limits as the � rst one.

The third and fourth pressure transducers were miniature, high-
temperature models with absolute pressure range of 0–90 psia
(0–0.621 MPa)and temperature range from ¡55 to C260±C.

Four total temperature probes and 10 thermocouples were em-
ployed for temperature measurements (Fig. 5). All of the thermo-
couples used were K-type (nickel–chromium/nickel–aluminium),
similar to those used in � ight tests. The thermocouples were de-
signed to operate in a continuous environmental temperature range
of 0–1100±C. Preliminary tests were carried out to establish the ac-
curacy of the thermocouples in measuring lipskin temperature with
an external air� ow. The staggeredpattern of thermocouplesensured
minimum interference effects of air� ow over one row on another
row.

Flow visualization tests with a mixture of dye and paraf� n were
carried out to establish that the endplates on the front D-chamber
region result in the external air � ow provided by the wind tunnel
being uniform over the span of the model. Infrared photographs
showed that the lipskin had a uniform temperature at steady-state
conditions.Therefore, it may be concluded that the heat transferred
from the impinging hot air jets is rapidly conducted away from the
immediate impingement area and that the impingement area had a
uniform heating.

The measured values of exhaust air temperature at the top and
bottom of the D-chamber region are in acceptable agreement with
eachothergivingcon� dence in the readings.The differencebetween
the temperatures was within 10±C. This is important because these

Fig. 5 Positioning of thermocouples on lipskin.

values of temperature were used to calculate the heat transferred to
the lipskin.

Results and Discussion
The temperature difference between the piccolo pipe air temper-

ature and the mean exhaust air temperature is a measure of the heat
lost by the impinging air. Theoretically, the maximum temperature
drop of the impinging hot jet is represented by the temperature dif-
ference between the piccolo air temperature and the adiabatic wall
temperature.

The initial results presented are the value of heat lost by the im-
pinging air based on the measured temperature difference between
the piccolo air and the exhaust air. In reality some of the heat loss is
not in the impingementregion.The resultsof Hollworth and Gero,19

Gero,20 and Tomich21 for single impinging jets were used to esti-
mate the quantity of heat lost in this manner. The values of the
average heat transfer coef� cient are dependent on the area of im-
pingement considered, and the results are corrected for an effective
impingement area. The � nal correlation is corrected to allow for the
estimated 6% heat loss, which is not transferredto the impingement
region.

Figure 6 shows a typical relationshipbetween the Reynolds num-
ber of the impinging hot air� ow and the heat transfer. The results
demonstrate that there is an increase in heat transfer with the in-
crease in Reynolds number. The results shown are for three differ-
ent piccolo hole patterns, each with the same hole diameter and the
same pipe to lipskin separation ratio, Zn=d : It is clear from Fig. 6
that for a given value of Reynolds number, the largest heat transfer
is obtained using the hole pattern with most holes and, therefore,
with a minimum hole separation distance, Cx=d. It can also be ob-
served that there is an increase in the gradient of the relationship
Nu=Pr1=3 vs Reynolds number with an increase in the number of
holes.However, this improvementin heat transfer is associatedwith
an increase in total hot air mass � ow due to the increase in the num-
ber of holes. Correlations that account for the ratio of piccolo hole
pitch to diameter of the form

Nu D aReb.Cx=d/cPr
1
3 (1)

are presented in Fig. 7. The results shown represent three differ-
ent hole diameters. It may be seen that, although there is a good
correlation with changes in pitch for a given hole diameter, there
is an increase in the value of average Nusselt number Nu with an
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Fig. 6 Reynolds number Re vs Nu/Pr1/3.

Fig. 7 Comparison of correlations for different piccolo hole di-
ameters.

increase in the piccolohole size. The high-pressureratio used in the
experiment ensured that the holes remain choked. Therefore, the
increase in heat transfer can only be attributed to an increased mass
� ow of hot air without any reduction in jet velocities.

It was not possibleto obtaina single relationshipbetweenaverage
Nusseltnumber N u andReynoldsnumberRebasedonholediameter
with all hole patterns, and this was due to the effective change in
the heated impingement area for each jet produced by the changes
in hole pattern.To account for this effectivechange in impingement
area, a Reynolds number ReG , which is based on the hot air mass

� ow per unit area of impingement surface as given by the following
expression, was chosen for correlation:

ReG D .4=¼/.Gd=¹/ (2)

It is signi� cant, as shown in Fig. 8, that the use of ReG results in a
single correlation for all pipes as follows:

Nu D aReb
G .Cx =d/cPr

1
3 (3)

This correlation is independent of separation distance Zn=d from
the impingement surface, and therefore, the effect of Zn=d over the
range considered must be minimal in determining the heat transfer
to the lipskin.

The effect of a variation in piccolo hole diameter on heat transfer
is demonstrated in Fig. 9. The results shown here are for three dif-
ferent piccolo hole diameters but with the same number of piccolo
holes, N D 11, a � xed hole separationratio, Cx=d D 38, and a � xed
piccolo pipe to lipskin surface separation ratio, Zn=d D 5:0. The

Fig. 8 Single correlation based on ReG Nu = aReb
G(Cx /d )cPr1/3 .

Fig. 9 Effect of piccolo hole diameter on heat transfer.
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Fig. 10 Comparison of correlation with previous research.

results demonstrate that an increase in the diameter of piccolo holes
results a small reduction in heat transfer coef� cient. A reason for
this behavior could have been that the jet exit velocity (and, hence,
arrival velocity at the impingement surface) would decrease as the
diameter increased.However, this would not have been possiblebe-
cause the holes are choked during the tests. A possible reason for
this reduction of heat transfer of approximately 7–8% between the
smallest and largestpiccolohole diametersis due to differencein the
turbulencepro� les at the exit of the holes.16 Another reason for this
reduction in heat transfer could be attributed to the expansionof the
jet shortly after exiting the hole. Because of the choking pressure
ratio across the hole, the jet expandson exit for a short distance and
attains supersonic speeds. A shock wave then occurs to return the
� ow to subsonicconditions.The effect on heat transferof this shock
wave and any changes in the turbulence levels associated with it is
yet to be understood.

The � ndings of this investigation are presented along with those
of three other investigators,as shown in Fig. 10. The � ndings of the
other investigatorshave been arranged to be in the same format as
thoseof the current investigation,and all investigationswere carried
out for arrays of circular air jets.

The correlationpresentedbyBehbahaniand Goldstein22 was con-
structedusing results of test points for the current investigation.The
following equation was applied to these results:

Nu D 0:0954.4w=N¼¹d/0:78.Zn=d/¡0:7 (4)

This is adapted from Ref. 22, for values of jet exit to surface sepa-
ration ratio, Zn=d D 5.

Wade23 has provided suf� cient information concerning the sys-
tem geometry and testing � ows such that values of ReG and average
Nusseltnumber couldbe calculatedfor test points containedtherein.
Test points with a cooling air� ow velocity of 47.9 m/s were chosen.
Therefore, the correlation presented by Wade23 has been derived
from results, which are unrelated to the current investigation.

The results of Behbahani and Goldstein22 are shown to have
the greatest value of average heat transfer coef� cient for a given
value of ReG . The current investigation along with that of Wade23

employed arrays of jets that included angles of impingement less
than 90 deg, that is, µ < 90 deg. As discussed earlier, Sparrow and
Lovell11 demonstrated that the average heat transfer coef� cient is
reduced at angles of impingement less than 90 deg. Therefore, we
would expect greater heat transfer in the experiments of Behbahani
and Goldstein22 in which all jets impinge normally to the target
surface.

The resulting correlation of Hollworth and Berry17 was also ob-
tained from experiments using impingement angles of 90 deg, and
therefore, we might expect levels of heat transfer similar to those
found by Behbahani and Goldstein.22 However, although the values
of ReG are similar, this value is not indicativeof a similar � ow from
the holes because the area of the hole is no longer a variable in the
calculation of ReG . Therefore, the jet velocities in the experiments
of Hollworth and Berry,17 which were very low compared to the
current investigation,do not necessarilyresult in a low value of ReG

as they would have done using Reynolds numberRe. These low exit
velocitiesresult in low valuesof heat transfer,which is demonstrated
in Fig. 9.

The correlationthat lies closest to the result for the current inves-
tigation is that of Wade.23 This is to be expected, perhaps, because
the system is very similar to the current investigation. Indeed, the
two systems are so similar that the question of why the two cor-
relations are not closer arises. This may simply be explained by
experimental errors between the two sets of results. For the current
investigation,the maximum error in the measurementof the average
Nusselt number is §15%. This is likely to be an explanationin part.
There are differences in the exhaust air geometry to that of Wade,23

which has a castellatedring at the bottomof the front bulkhead.This
would lead to a different � ow pattern within the D-chamber region
resulting in differing cross� ow effects that may affect heat transfer
to the lipskin.

Although the hole diameters are similar, differences in the manu-
facturing processmay mean that the holes have sharper edges. This
would affect the inlet turbulence levels, which have been demon-
strated by Obot et al.16 to affect the velocity and turbulencepro� les
of the jet at the hole exit.

Under steady-state conditions, the lipskin temperature is such
that there is equilibrium between heat � ow from the hot air jets on
the internal surface and heat � ow to the cooling external air� ow.
The external cooling air velocities for the test cases used to gener-
ate the correlation from the work of Wade23 are 20% greater than
those generated in the current investigation. In addition, the heat
balance calculated by Wade23 is based on predicted values of exter-
nal heat transfer coef� cient, which are used in the determinationof
the amount of heat � ow. The calculatedvaluesof heat transfer in the
current investigationwere based on the measured temperature drop
of the impinging hot air. A combination of these reasons probably
explains the differencesin the correlationof Wade23 and the current
investigation.

Conclusions
The following conclusions can be drawn from the results of the

present investigations.
To optimize the heat transfer, the smallest hole diameter that will

be suf� cient to pass the required mass � ow should be used. This
will not only result in increased heat transfer due to the effect of the
hole diameter but will also ensure that a reduction in heat transfer
performance for a separation ratio greater than 5 will not occur.

The use of a Reynolds number for the � ow that is based solely
on hole diameter and does not take into account the area of the im-
pingement surface will not lead to a single correlation relating heat
transfer.The heat transfer to the jet impingementregion for a system
with three rows of jets may be predicted with reasonable accuracy
using a Reynoldsnumberbasedon unit area of impingementsurface
as given by following relationship:

Nu D aReb
G .Cx =d/cPr

1
3 (5)

Additionalheat transferprocessesoccurringin multiplejet impinge-
ment may be due to turbulenceproduced by wall jet interaction.
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