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Experimental Frossling numbers are presented for two aluminum castings of ice-roughened NACA 0012 airfoil
surfaces at 0-deg angle of attack for chord Reynolds number ranging from 4.00 ££ 105 to 1.54 ££ 106. The castings
were meticulously obtained from actual ice accretions representing mildly rough glaze and rough glaze ice with
horns. A modi� ed investment casting technique was used to capture all of the surface roughness details. The rough
glaze ice with horns produced higher heat-transfer rates than those for the mildly rough glaze ice, especially at
the horns. Immediately downstream of the horns, stagnation air gaps resulted and caused lower heat-transfer
coef� cients. For both types of ice, higher Reynolds numbers in general produced higher heat-transfer coef� cients.
For the same chord Reynolds number and at the same position on the airfoil, the Frossling numbers were generally
higher than those for the smooth case and those for the hemispherical roughness elements of previous studies. A
maximumincrease of approximately306%over the smoothcase and 192%over the dense hemispherical roughness
case was recorded at one rough glaze ice horn. This work provides some directly measured values of the Frossling
number needed to improve the prediction of some icing codes. Such icing codes help in the effective design of some
deicing systems of aircraft.

Nomenclature
A = area of test tile
a1¡a5 = constants for Eq. (5)
c = chord
cp = speci� c heat of air at constant pressure
c1, c2 = constants for Eq. (6)
D = average diameter of a roughness element
Fr = Nu=

p
.Re/, Frossling number based on chord

H = average ice roughness element height
h = heat-transfer coef� cient
k = thermal conductivityof air
Nu = hc=k, Nusselt number based on chord
Qbtm = heat loss by conduction through bottom guard tile
Qelec = electric power input
Qgap = heat loss by conduction through epoxy gap between

test tiles
Qrad = heat loss by radiation
Re = uc=º, Reynolds number based on chord
S = average spacing of ice roughness elements
s = distance from the leading edge
T = average temperature of test tile
T1 = ambient temperature in wind tunnel
U = axial freestream velocity in the icing wind tunnel

for ice accretion
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u = mean axial velocity of air� ow for heat-transfer
measurements

º = kinematic viscosity of air

Introduction

T HE severe degradations in aerodynamic performance associ-
ated with accretedice on airfoil surfaces are well known.Large

and rapid increases in drag of 300 to 400% were recorded by Gray
and Von Glahn,1 Gray,2 and Mullins et al.,3 and a reduction of 40 to
60% in the maximum lift coef� cient was recorded by Smith et al.4

The magnitude of these penalties was a function of the shape and
the size of the ice accretion,which were complex functionsof oper-
ating and icing conditions, that is, air speed and temperature, angle
of attack, liquid water content, droplet size, and icing time.1 These
penalties were more severe in the laminar � ow case.4 Furthermore,
the subsequentshedding of the ice, natural or induced, causes dam-
age upon striking sectionsof an airframe becauseof the high veloc-
ities involved. The impact force could reach values as high as 9000
N, as reported by Singh et al.5 References 6–10 are more recent
studies regarding the negative effects of icing on the performance
of airfoils.

Ice accretions are generally classi� ed as rime or glaze ice. In
general,colder temperatureand lower liquidwater contentsproduce
rime ice accretions.The icing process in this case is quick such that
air pockets are trapped in the ice formation, which gives this type
of ice a somewhat white color. Warmer temperatures and higher
liquid water contents, on the other hand, generally produce glaze
accretions. In this case, the icing process is not as fast, and the
resulting ice is clear.11

To utilize deicing or anti-icing systems, most computational
schemes that predict ice accretions rely on empirical relationships
for the convectiveheat-transferrates from the surfaceof the accreted
ice, with some corrections to account for the effect of roughness.
Predictions of the ice growth rates and the resulting shapes, using
these codes, are extremely sensitive to the values used for the heat-
transfercoef� cient.This is so becausethe convectiveheat transfer is
a prominentmechanismin any thermal analysisof the icingprocess.
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Ice accretion predictionsby NASA’s LEWICE, for example, called
for re� nement or replacement of the current empirical relationships
(especiallyforglazeice)with newrelationshipsthatgivemorerepre-
sentativeor physicallycorrect values of the convectiveheat-transfer
coef� cient.12

Prior to 1984,nodata forheat-transfercoef� cientsfromice shapes
existed in the open literature. Van Fossen et al.13 presented exper-
imental values of the heat-transfer coef� cient from polyurethane
foam castings of simulated ice accretion shapes on a long cylinder.
For the 2-min-glaze ice the heat transfer remained the same in the
stagnation region as for the smooth model, but boundary-layertran-
sition caused by roughness caused heat transfer to nearly triple at
45.0 deg from the stagnation point. For the 5-min glaze ice accu-
mulation, roughness caused heat transfer to increase with distance
away from the stagnation point. The maximum increase occurred
at 46.3 deg from the stagnation point and was nearly double that of
the smooth surface case.

The quantitative work describing the size and the distribution of
the roughnessassociatedwith ice formationon airfoilsis also scarce.
Shin14 used an optical imaging techniqueto investigatethe glaze ice
accretion phenomenon on a NACA 0012 airfoil. The airfoil had a
0.53-m (21-in.) chord and a 1.83-m (6-ft) span. Airspeeds ranged
from 67.1 to 111.8 m/s; air temperatures from ¡3.9 to ¡1.1±C; and
liquid water content from 0.5 to 1.2 g/m3.

Poinsatte et al.15 presented experimental heat-transfer data from
a smooth NACA 0012 airfoil for chord Reynolds numbers in the
range 1.24 £ 106 to 2.50 £ 106 and various angles of attack up to
4 deg. The airfoil had a chord length of 0.533 m (21 in.) and a span
length of 1.8 m (6 ft). For the 0-deg case the Nusselt number data
correlated well with the square root of the Reynolds number. The
Frossling number was greatest at the stagnationpoint, and it trailed
off smoothly to an average value of about 1.0 at the dimensionless
distance s=c of 0.083, with an unexplained jump at s=c D 0:048.

In a differentstudy Poinsatte et al.16 presentedexperimentalheat-
transfer data for roughened NACA 0012 airfoils. Arti� cial rough-
ness was obtainedby attaching2-mm-diamhemispheresarrangedin
four different patterns: leading-edge roughness, sparse roughness,
and two different dense roughness arrangements. The hemispheres
were spaced 10 or 20 mm apart spanwise. The leading-edgerough-
ness case was obtainedby attachingfourhemispheresspaced20mm
apart to the stagnation line. The sparse case was obtained by attach-
ing three or four hemispheres, in an alternating fashion on every
third tile, also spaced 20 mm apart. The two dense cases had seven
roughness elements on the geometrical stagnation line, six between
the � rst and the second tile on the high-pressure side of the airfoil,
followed by seven on the seventh tile, all spaced 10 mm apart. For
dense 1 case the density then decreased. Only four elements were
attached to the tenth tile, and three to the thirteenth tile, spaced
20 mm apart.Unlike the dense 1 case, the other dense case, dense 2,
did not have a decrease in the roughness density. The leading-edge
roughness had little effect: it locally increased the heat transfer at
the leading edge by about 10% over the smooth airfoil case but did
not affect the heat transfer downstream. For the sparse roughness
therewas an increasein heat transferat the leading edge followedby
increases at, and immediately downstream of, each roughness row.
For the dense 1 and the dense 2 roughness patterns the roughness,
in general, drastically increased the heat-transfer rates. Increasing
the density of the roughness elements from the sparse to the dense
patterns caused yet a higher increase in heat transfer ranging from
32 to 54%. Increasing the angle of attack also caused heat transfer
to increase over the 0-deg case, and the angle-of-attackdependence
was much more prominent in the dense roughness cases.

Pais et al.17 used wind-tunnel measurements to obtain the local-
convective heat-transfer coef� cients for 0- (smooth) and 5-min

Table 1 Tunnel icing conditions

Run T, ±C U , m/s LWC, g/m3 MVD, ¹m Spray time, s Ice character

1 ¡2.22 67.05 0.5 20 180 Mildly rough glaze
2 ¡2.22 67.05 0.5 20 450 Rough glaze with horns

simulated glaze-like ice models on a NACA 0012 airfoil. For the
smooth model data were collected at the angles of attack 0, 2, 4, 6,
and 8 deg;and for the 5-min glazemodel data were collectedat 4 deg
only. The chord Reynoldsnumber rangewas 7 £ 105 to 2 £ 106 . For
the smooth model at 2, 4, 6, and 8 deg, the relative increase of the
Nusselt number on the suction surface with respect to the pressure
surface was 21, 36, 58, and 72%, respectively. The results for the
5-min model showed that the maximum Nusselt number occurredat
the tip of the glaze horn where it was 51% higher than on the rest of
the surface and 25% higher than the same surface location without
ice accretion.Results also pointed to stagnation and separated � ow
regions after the horns.

Although very valuable, previous studies are lacking in one or
both of the followingaspects: 1) testing and studying the heat trans-
fer from actual ice shape roughness and 2) combining the effect of
actual ice roughnesswith the curvature of airfoils. This study over-
comes these two issues for one type of airfoil only. It investigates
the effect of ice roughness on two models of ice-roughenedNACA
0012 airfoils.Thus, it combines the effect of ice roughnesswith the
effect of acceleration caused by the actual curvature of the airfoils.
A NACA 0012 airfoil was chosen because of its symmetric pro� le,
which is commonly used in helicopter rotors. Such aircraft � y at
lower altitudes and thus are more susceptible to ice accretion.

The present effort is the third in a series of fundamental stud-
ies investigating the roughness problem that is associated with ice
accretion. The � rst study18 isolated the effect of different types of
ice roughness (different ice accretions under different icing condi-
tions) on � at plates and compared that to the smooth plate case and
to other types of uniform roughness, that is, hemispheres and trun-
cated cones. The second19 combined the effect of the ice roughness
with accelerationinduced by the inclinationof the � at plate models.
The current study investigates the heat transfer from ice-roughened
NACA 0012airfoils. It producesdirect,accurate,and well-posedex-
perimental data sets of the convectiveheat-transfercoef� cient from
the airfoil ice-roughenedsurfaces, which are important for their in-
trinsic value and are also essential for numerical codes that simulate
ice accretion. Additionally, a good knowledge of the range of heat
losses that can be expected with different types of ice accretions
provides some of the information required to effectively size and
design different types of in-� ight deicing systems.

Investment Casting
Two different ice accretions were obtained on two NACA 0012

airfoils with a chord length of 0.53 m (21 in.) in the Icing Research
Tunnel at the NASA John H. Glenn Research Center at Lewis Field
(LeRC), Cleveland, Ohio. Table 1 lists the icing tunnel conditions
for the two ice accretion cases.

Because of the similarity of the icing tunnel conditions, the char-
acterization of the accreted ice was estimated based on the mea-
surements and the reported parameters of Shin.14 The estimated
parameters of the two ice roughness cases of this study are shown
in Table 2. This characterization does not include the horns in the
case of the fully rough glaze ice.

Aluminumcastingsof these ice accretionswere thenmeticulously
obtained,with all of the microscopicdetails intact, using a modi� ed

Table 2 Estimated roughness parameters based on Shin14

Ice character H , mm S, mm D, mm

Mildly rough glaze 0.62 1.33 1.15
Rough glaze with horns 0.55a 1.18a 1.05a

aEstimated based on Shin’s14 study for the same icing conditions but 6-min
accretion time.
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Fig. 1 Photograph of the aluminum casting of mildly rough glaze ice
accretion on a NACA 0012 airfoil.

Fig. 2 Photographofthealuminumcastingofroughglaze iceaccretion
with horns on a NACA 0012 airfoil.

investment casting technique. For more details about the casting
technique,see Refs. 18 and 20. The investmentcasting process was
used because it is most � exible with respect to attainable intricacy
and precision (average tolerance §9.0 £ 10¡5 m) (Ref. 21).

Two refractory molds were � rst obtained. Each mold was placed
in a furnace and was � red at a temperatureof 649 to 760±C (1200 to
1400±F) for at least two hours. After � ring, each mold was allowed
to cool to the desired casting temperature of approximately 427±C
(800±F). Molten 356-aluminumat a slightlyhigher temperaturewas
then poured into each of the ceramic molds capturingas much of the
microscopicsurfacedetail as possible.After completesolidi� cation
of the aluminum, the ceramic molds were broken off and separated
from thealuminumcastings.Figures1 and2 showthe two aluminum
castings of the ice-roughenedairfoils representing the mildly rough
glaze and the rough glaze ice with horns, respectively.

Model Construction
Two experimental models were constructed from the two alu-

minum castings. Each model was in essence a large composite of
many heat-� ux gauges and guard heaters. The test bed consisted of
a row of 21 test tiles each being approximately 0.066 m (2.6 in.) in
span. The width of each tile in the � ow direction varied depending
on the character of the ice accretion at the particular tile. Small-
width tiles were used when the density of the ice was high, or where
therewas a variationin the characterto be capturedby the test. More
tiles were used around the leading edge because ice accretion is pri-
marily a leading-edgephenomenon. Table 3 lists the width of each
tile for the two roughnessmodels, as well as the numberingscheme
in relation to the dimensionless surface distance s=c for each tile.
Biot number calculations showed that such dimensions were suit-
able for the assumption of a constant locally averaged temperature
for each tile.

The test tiles were cut using an electric discharge machine to
minimize the metal loss caused by cutting and thus preserving the
actualroughnesselements’ integrities,as canbe seen in Figs. 1 and2.
Figures3 and 4 are cross-sectionalplots of the airfoils for the mildly
rough and the rough glaze ice with horns cases, respectively.These
two-dimensional � gures can be traced and used as a geometrical
input to some of the icing codes as described in Ref. 22. To provide
heat, each test tile was instrumented with a standard thermofoil
heater. The heaters covered most of the bottom surface area of the
tiles in order to provide uniformly distributed heat input.

On one side of each of the test tiles and at approximately0.006 m
below the outer surface, a 0.002-m diam, 0.033-m deep hole was

Table 3 Widths of test tiles and numbering scheme

Mildly rough glaze Rough glaze with horns

Tile Width, Surface Width, Surface
no. mm distance, s/c mm distance, s/c

1 21 —— 22 ——
2 19 ¡0.116 20 ¡0.122
3 19 ¡0.091 21 ¡0.094
4 18 ¡0.065 21 ¡0.066
5 5 ¡0.048 5 ¡0.049
6 5 ¡0.041 5 ¡0.042
7 5 ¡0.034 4 ¡0.035
8 5 ¡0.025 6 ¡0.027
9 8 ¡0.019 8 ¡0.018
10 7 ¡0.010 11 ¡0.010
11 11 0.000 6 0.000
12 5 0.010 9 0.008
13 8 0.018 7 0.017
14 5 0.026 8 0.026
15 6 0.033 5 0.033
16 5 0.040 5 0.039
17 5 0.047 5 0.047
18 19 0.063 20 0.061
19 19 0.089 21 0.089
20 20 0.115 21 0.117
21 20 —— 21 ——

Fig. 3 Contour drawing of the mildly rough glaze ice accretion on
a NACA 0012 airfoil with test tiles numbering scheme (dimensions in
inches).
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Fig. 4 Contour drawing of the rough glaze ice accretion with horns on
a NACA 0012 airfoil with test tiles numbering scheme (dimensions in
inches).

drilled. Each hole housed the bead of a thin Chromel-Alumel ther-
mocouple to measure the average temperature of the tile.

The test tiles were glued togetherusingepoxy and plastic spacing
shims to ensure a uniform gap between all of the tiles and to ther-
mally insulate the tiles from each other. Three guard heaters were
placed in the inside of the airfoil model to prevent conductionto the
inside of the model. Each guard heater was supplied with enough
heat such that it was maintained at the same temperature as the
outer surface of the airfoil. The three guard heaters also provided
the primary structural support for the model.

Wind-Tunnel Testing and Data Reduction
The heat-transferexperimentswere carried out in the wind tunnel

describedin detailbyVanFossenet al.13 The LeRC’s ESCORT data-
acquisitionsystemwas utilizedfor the datacollectionand reduction.
Heat-transferdata for each of the two rough models were collected
for freestreamvelocities of 11.8, 21.2, 33.7, and 45.0 m/s; and with
a surface-to-free-stream temperature difference of approximately
15.3 and 18.5±C for the mildly rough glaze and the rough glaze with
horns models, respectively.The angle of attack was 0 deg.

The desired � ow rates in the tunnel were established and were
allowed to reach steady state beforedata were taken.The freestream
turbulencelevelwas under 0.5% throughoutthe experiment.A con-
trol circuit automaticallyadjusted the power input to each of the test
tiles so that the averagetemperatureof each tile was within §0.25±C
of the set value. To eliminate conductive losses, the guard tiles were
maintained at the same temperature. The power input to each tile
(energy � ux), which compensated for the heat loss by convection
from the outside surface, was recorded and, along with the surface
and tunnel temperatures, provided the needed information for the
heat-transfercoef� cient calculations.

Reduction of the raw data was performed by a computer code
that was developed, used, and then was modi� ed by Van Fossen
et al.13 The locally averagedheat-transfercoef� cient for each gauge
was determined by subtracting the heat losses from the measured
electrical power input to each of the individual tiles:

h D
Qelec ¡ Qrad ¡ Qgap ¡ Qbtm

A.T ¡ T1/
(1)

The radiation loss Qrad was on the order of 0.2%, and it was cal-
culated assuming gray-body radiation to black surroundingsand an
emissivity of 0.05 for the aluminum tiles. The loss caused by the
epoxy gap Qgap between the test tiles was about 2%, and it was ob-
tained from an exact solution for two-dimensional conduction in a
rectangularslab.13 At high heat � uxes a signi� cant temperaturegra-
dientdevelopedbetween theheaterand the imbeddedthermocouple.
This made it impossible to adjust the bottom guard temperature to
exactly match the heater temperature, thus allowing a small amount
of heat Qbtm to leak to the bottom of the guard tiles which was
accounted for by assuming one-dimensional heat conduction. This
gap’s loss was also about 2% of the total heat � ow.

The measurement uncertainty associated with the results of this
study was calculated using the method of Kline and McClintock.23

Using Eq. (1), the uncertainty in the heat-transfer coef� cient was
calculated by
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The Frossling number was calculated using the heat-transfer
coef� cient by

Fr D NuRe¡0:5 D .hc=k/.uc=º/¡0:5 (3)

The uncertainty in the Frossling number was calculated in a similar
manner using Eq. (3). The resulting uncertainty in the Frossiling
number was 9.7%.

Experimental Results
The heat-transfer results will be presented using the Frossling

number, which is de� ned in Eq. (3). Like the Stanton number, the
Frossling number is a dimensionless number occasionally used to
presentconvectionheat-transferdata. Stantonnumber, however, ac-
counts for the changes in the transportpropertiesbecauseit includes
Prandtl number. Frossling number was a better choice for this study
becausethePrandtlnumberwas essentiallyconstantas a resultof the
small temperature variations.From Eq. (3) and at a given Reynolds
number, the Frossling-number variation represents the variation in
the heat-transfercoef� cient.

In the following discussion the numbering scheme of Table 3
should be used to establish the relationshipbetween any tile number
and the dimensionless surface distance, s=c, from the leading edge
to the center of the tile.

Figure 5 is a composite plot of the Frossling number versus the
dimensionlesssurface distance for the mildly rough glaze ice at the
four different Reynolds numbers of this study. The solid curve rep-
resents the case for the smooth airfoil at the highestRe of 1.52 £ 106

adapted from Poinsatte et al.15 As expected, the surface roughness
due to this type of ice producedhigher heat-transferrates than those
for the smooth case. Shin14 stated that for the 2- and 3-min glaze
ice, the roughnessheight is well above the boundary layer thickness
and the critical roughness height, thus transition to turbulence oc-
curs. This explains the increase in heat-transfer and the immediate
departure from the smooth airfoil case.

At thehighestRe, themildly roughglazeiceproduceda maximum
increase of about 188.6% over the smooth case (Fr D 10:1 approx-
imately). The location of this increase is at tile no. 13 according to

Fig. 5 Heat transfer from mildly rough glaze ice accretion on a NACA
0012 airfoil at different Reynolds numbers (uncertainty 9.7%).
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Fig. 6 Heat transfer from rough glaze ice with horns accretion on a
NACA 0012 airfoil at different Reynolds numbers (uncertainty 9.7%).

the numbering scheme of Fig. 3. Inspection of this � gure reveals
that there is a somewhat sudden increase in the roughness height
for that tile. Actually, because of this the Frossling number has a
local maximum at this tile for all of the Reynolds-number cases
except for the lowest Reynolds number of 4.18 £ 105 . The same
argument can be made about tile no. 8 on the top surface of the air-
foil for the Reynolds-number cases of 1.52 £ 106 and 1.15 £ 106.
For Re D 7:33 £ 105 the maximum Frossling number occurs at tile
no. 7; and for Re D 4:15 £ 105 the maximumoccursat tile no. 6. The
relatively minor shift of the location of the maximum heat-transfer
rate is attributed to the � ow� eld behavior at the sudden roughness
height increase around those tiles. The local minima at tile no. 8
on the top surface of the airfoil and at tile no. 14 on the bottom
surface for Re D 4:15 £ 105 and 7.33 £ 105 are most likely caused
by � ow separation of the boundary layer after the high roughness
elements close to these tiles. Pais et al.17 pointed to stagnation and
separated� ow regions after the horns. Away from the rough region,
which is close to the leading edge, that is, for a dimensionless sur-
face distance s=c > 0:04, the Frossling number is well behaved and
increases with increasing Reynolds number.

Figure 6 is a compositeplot of the Frossling numbers for the four
Reynolds-number cases for the rough glaze ice with horns. The
horns are seen to drasticallydictate the Frossling-numberbehavior.
The spike at tile no. 9 has a maximum of Fr D 12:0 approximately
and is caused by the horn on the top surface of the airfoil, which
can be seen in Fig. 4. A similar behavior is seen for tile no. 13 on
the bottom surface, where the Frossling number sets at about 7.5.
The Frossling number sets below the smooth case at tile no. 7 on the
top surface and tile no. 14 on the bottom surface. This is caused by
� ow separation, reversal, and pockets of stagnant air immediately
following the relatively high horns as indicated by Pais et al.17 The
heat transferfrom the leadingedge for this roughnessmodel is lower
than that for the smooth case. This is caused by the very drastic
difference in the � ow� eld dictated by the presence of the horns,
which produces a signi� cantly different geometry over which the
� ow has to travel. The Frossling number increases with increasing
Reynolds number and is well behaved away from the leading edge,
that is, for s=c > 0:05, that is, tiles 5, 4, 3, and 2.

Comparison to Hemispherical Roughness
Comparisons were made with Poinsatte et al.16 in order to con-

trast the heat transfer in the random roughness element case (ice
roughness) with that for a well-de� ned roughness element case,
that is, the hemispheres. In particular, Poinsatte et al.’s16 sparse and
dense 2 cases were chosen at Reynolds numbers of 1.15£ 106 and
1.52 £ 106. This was decided because of the relatively small differ-
ence in the values of the Reynolds numbers of their work and of
this study. Their leading-edge roughness had little effect: it locally
increasedthe heat transferat the leading edgeby about10% over the
smooth airfoil case and did not affect the heat transfer downstream.
Their dense 1 case was not includedin the comparisonplots because
it would clutter them hopelessly.

Fig. 7 Heat-transfer comparison between ice and hemispherical
roughness for a NACA 0012 airfoil at Re = 1.15 ££ 106 (uncertainty
9.7%).

Fig. 8 Heat-transfer comparison between ice and hemispherical
roughness for a NACA 0012 airfoil at Re = 1.52 ££ 106 (uncertainty
9.7%).

Figure 7 provides a comparison between the two ice roughness
cases of this study and Poinsatte et al.’s16 sparse and dense 2 cases.
The smooth airfoil case of Poinsatte et al.15 is included for ref-
erence. As shown in Fig. 8, at the tip of the horn of the rough
glaze ice (tile no. 9) the Frossling number is approximately 27%
higher than the maximum for the dense 2 case, which occurs at
a dimensionless distance s=c of about 0.035. For the sparse case
this increase is about 110%, with the maximum Frossling num-
ber for the sparse case occurring at the leading edge. Poinsatte et
al.’s16 Frossling-numberdata for the dense 2 case and for the sparse
roughness case generally lie below both of the ice roughness cases
of this study. The exceptions are the peak for the dense 2 case and
the minimum for tile no. 7 following the rough glaze horn; also
the last two data points for s=c > 0:06 for the dense 2 case. The
latter is because at these locations there was hemispherical rough-
ness attached in the dense 2 case of Poinsatte et al.16 However,
for the current ice roughness study there is very small ice rough-
ness at this relatively far distance from the leading edge, that is,
most of the ice roughness is concentrated at the leading edge. It
is clear that the presence of the horns in the ice roughness case is
a more severe disturbance to the � ow� eld when compared to the
hemispherical roughness.This is because the ice horns had a height
of approximately 5 mm compared to the hemispherical roughness,
which had a height of only 1 mm. The random roughness element
shapes in the case of ice also enhance the heat transfer by provid-
ing more turbulencecomparedto the smooth symmetricalshapeof a
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hemisphere.This roughnesselement shape effectwas also observed
by Dukhan et al.18 and Hosni et al.24 The roughness spacing is less
in the random roughness cases, which increases the heat transfer.
This phenomenon was noted in the previous studies of Dukhan et
al.18 and Hosni et al.25 The spacing for the mildly rough glaze and
for the rough glaze ice with horns are 1.15 and 1.05 mm, as shown
in Table 2, whereas they are 20.00 and 10.00 mm for the sparse
and the dense 2 cases, respectively.The heat transfer at the stagna-
tion point is higher than in the case of the hemispherical roughness.
This is so because there were hemispherical roughness elements
attached at the leading edge for all of Poinsatte et al.16 roughness
cases.

Figure 8 compares the two ice roughness cases to those of the
hemispherical roughness sparse and dense 2 cases of Poinsatte
et al.16 at thehighestReynoldsnumberof this studyRe D 1:54 £ 106.
The smooth airfoil case of Poinsatte et al.15 is again included for
reference. Similar trends as those of Fig. 7 are observed. In Fig. 8
and at the tip of the horn of the rough glaze ice (tile no. 9), the
Frossling number is approximately 31% higher than the maximum
for the dense 2 case,which occurs at a dimensionlessdistances=c of
about 0.035. For the sparse case this increase is about 134%, with
the maximum Frossling number for the sparse case occurring at
the leading edge. These differencesare a little higher for this higher
Reynoldsnumber comparedto those for the lower Reynoldsnumber
of 1.15 £ 106 . This is probably caused by the effect of the rough-
ness character on the boundary-layerdevelopment as the Reynolds
number increases.

Heat-Transfer Polynomials
Inspection of Figs. 5 and 6 shows that the greatest heat transfer

occurs at the top surface of the rough glaze ice with horns. It also
shows that the behavior of the Frossling number is consistent along
the chord for all Reynolds numbers in this case. This is caused by
the fact that the heat transfer is dictated by the � ow� eld around
the horns. In other words, the rough glaze with horns is a more
deterministic surface. These observations cannot be made for the
mildly rough glaze case, that is, there are signi� cant differences in
the curves for the two lower Reynolds numbers and the two higher
Reynolds numbers. So attention is given to the top surface of the
rough glaze ice with horns. From Fig. 6 it is clear that the two
horns on the top and the bottom surfaces produce vastly different
Frossling numbers. So there could be no single equation that can
describe them both. Also, the heat-transfer rates are more severe for
the top surface, so that an equation for that surface would represent
the worst case.

Inspection of Fig. 6 along with an understanding of the � uid
mechanic behavior at and immediately after the horns both reveal
that there are three distinct heat-transfer regions. The � rst is at the
stagnation point or the leading edge; the second from the leading
edge to a surface distance of s=c < 0:047. The third region is from
that location to the trailing edge of the airfoil, that is, s=c ¸ 0:047.
The second region includes the � ow over and the heat transfer at the
tip of the horn as well as immediately after the horn and up to where
the � ow, and thus the associated convective heat transfer, seems to
“recover” from the effect of the horn.Heat-transferequations(curve
� ts) were sought for the three regions.

Region 1: The Stagnation Point
The Frossling number at the stagnation point was a quadratic

functionof the Reynolds number as shown graphicallyin Fig. 9 and
by Eq. (4).

Fr D ¡7:32 £ 10¡14Re2 ¡ 8:92 £ 10¡8Re C 2:81 (4)

Region 2: Around The Horn
For the second region, not including the stagnationpoint and the

point s=c D 0:047, curve � ts of the Frossling number as a function
of the distance along the airfoil s=c, using a polynomial of degree
four, are shown in Fig. 10. The general form of this polynomial is

Table 4 Constants for Eq. (5)

Re a1 a2 a3 a4 a5

1.54£ 106 2.00 £ 107 1.00£ 106 ¡1.93£ 105 4942.3 ¡24.76
1.14£ 106 2.00 £ 107 6.09£ 105 ¡1.46£ 105 3936.1 ¡19.24
7.24£ 105 3.00 £ 107 ¡6.48£ 105 ¡8.27£ 104 2705.5 ¡12.85
4.00£ 105 3.00 £ 107 ¡4.55£ 105 ¡6.73£ 104 2102.1 ¡9.13

Fig. 9 Curve � t of the Frossling number in region 1: stagnationpoint.

Fig. 10 Curve � t of the Frossling number in region 2: aroundthe horn.

given by

Fr D a1.s=c/4 C a2.s=c/3 C a3.s=c/2 C a4.s=c/ C a5 (5)

The constants a1–a5 , listed in Table 4, were determined from the
curve � ts.

Region 3: After the Horn
For each location s=c in this region, the Frossling number was a

linear function of the Reynolds number as shown in Fig. 11 and by
Eq. (6).

Fr D c1Re C c2 (6)

The constant c1 was equal to 1.00 £ 10¡6 for all locations in this
region. The constant c2 on the other hand varied with the location
according to Eq. (7) and is shown in Fig. 12.

c2 D 11087.s=c/3 ¡ 2571:4.s=c/2 C 154:14.s=c/ C 1:17 (7)

Substituting for c2 into Eq. (6), the following general equation
for this region is obtained:

Fr.Re; s=c/ D 1:00 £ 10¡6Re C 11087.s=c/3

¡ 2571:4.s=c/2 C 154:14.s=c/ C 1:1739 (8)

Equation (8) can predict the Frossling numbers in this third region
with good accuracy.
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Fig. 11 Curve � ts of the Frossling number in region 3: after the horn.

Fig. 12 Curve � t of the constant c2 for correlation 6.

Conclusions
Frossling-number results were obtained for the rate of convec-

tive heat transfer from aluminum castings of ice-roughened sur-
faces. The castings were obtained from stochastically accreted ice
on two NACA 0012 airfoils in the Icing Research Tunnel at the
NASA John H. Glenn Research Center at Lewis Field, Cleve-
land, Ohio. Two basic types of ice accretions were considered:
mildly rough glaze and rough glaze with horns. The two mod-
els were tested in a wind tunnel for freestream velocities of 11.8,
21.2, 33.7, and 45.0 m/s. The highest rate of heat transfer was
recorded at the horns and reached values 306% higher that those
obtained with a smooth model at the same location and for the same
Reynolds number.

The Frossling numbers obtained in this study were generally
higher than those obtained in heat-transfer roughness studies using
hemispherical roughness elements. And the data showed transition
very close to the leading edge.

Three distinct heat-transfer regions were identi� ed and were re-
lated to the surface geometry and the resulting � ow� eld. Curve � ts
for the Frossling number in each region with the � ow Reynolds
number and/or the surface distance from the leading edge were ob-
tained. This was done for the top surface of the rough glaze with
horns only. These curve � ts predict the Frossling numbers for that
particular surface with very good accuracy.

The data obtained can be used in some numerical codes for pre-
dictions of accreted ice shapes.
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