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Experimental Heat Transfer Coefficients from Ice-Roughened
Surfaces for Aircraft Deicing Design
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Experimental Stanton numbers are presented for seven aluminum model castings of ice-roughened surfaces in
parallel air flow for Re, ranging from 5.3 X 10* to 1.3 X 10°. The Stanton numbers were generally higher than
those for previous studies with hemispherical and truncated cone roughness elements, and the majority of the
data were in the fully turbulent regime. In general, the rime feather ice roughness produced the highest rate of
heat transfer, followed by the rough glaze roughness, the smooth rime roughness, and the smooth glaze roughness,
respectively. In the fully developed turbulent regime the local Stanton number could be described by a power law of
the form St =a Re}! Pr~ 04 where @ and m correlated well with the newly defined Index of Random Roughness and
the roughness height, respectively. This work provides a set of measured values of the Stanton number, specific to
the case of stochastically accreted ice on aircraft surfaces, needed for the effective design of in-flight deicing systems.

Nomenclature

= surface area

= constant for correlationsin Egs. (4) and (5)

= specific heat of air at constant pressure

= diameter of hemispheres of Hosni et al.®%

average roughness element height for a roughness model

= heat-transfer coefficient

= thermal conductivity of air

= roughness elements spacing in Hosni et al.®®

= constant for correlationsin Egs. (4) and (6)

= constant for correlationsin Eq. (4)

Prandtl number, ¢, /k

local Reynolds number, uox /v

= average spacing of roughness elements for a roughness
model

= local Stanton number, 1/ pc U o

temperature

mean axial velocity

= axial distance from the leading edge along the surface

constant for correlations in Eq. (4)

dynamic viscosity of air

kinematic viscosity of air

= density of air

= constant for correlationsin Eq. (4)
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Subscripts

0 = unheated
rgh = rough
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s = surface

smth = smooth

t = tunnel

X = axial, horizontal, streamwise direction
o] = freestream

Introduction

HE fluid dynamics and the thermal behavior of any internal

or external flow are extremely sensitive to the roughness con-
dition of the solid surface. The fluid drag and the heat transfer are
usually higher when the surface is rough. One of the many prac-
tical applications, and the objective of this study, is the roughness
problem associated with ice accretion on aircraft surfaces.

The effect of surface roughness on fluid flow and heat trans-
fer has been a subject of historical interest. To artificially roughen
their test surfaces, researchers used easily available and measurable
objects. Nikuradse,' for example, launched the first experimental
study to determine the frictional effect of sand grain roughness on
water flow in pipes of different diameters. Schlichting® investigated
the roughness caused by spheres, cones, and transverse steel an-
gles. The frictional resistance depended upon the height and the
roughness density, which was the number of roughness elements
per unit area. The equivalentsand grain roughness was also defined
by Schlichting as the grain size of the sand roughness as used in
the test of Nikuradse that had the same resistance to the flow as
the corresponding roughness elements at the same gross Reynolds
number based on the hydraulic radius.

In subsequent investigations authors used Nikuradse’s and
Schlichting’s results and the equivalent sand grain roughness con-
ceptto analyzetheirexperimentaldata and to developtheirempirical
models,e.g., Simpson.’ Numerical solutions were also developedby
utilizing the equivalent sand grain approach (see Ref. 4). Coleman
et al.,> however, showed that Schlichting had made erroneous as-
sumptions in his data reduction. The values of the equivalent sand
grainroughnessused by Schlichting were too high by amounts rang-
ing from 26 to 555%. Hosni et al.® utilized a new predictive numer-
ical approach called the discrete element method to overcome diffi-
culties associated with the equivalent sand grain approach. Lewis’
provided an analytical treatment of the turbulent shear flow over
a well-defined rough surface composed of evenly spaced rectan-
gular ribs. In this analytical model the flowfield was treated as a
series of attached and separated flow regions. The momentum and
heat-transfercharacteristics for the rough surface were presented.



DUKHAN ET AL. 949

Hosni et al.® presented heat-transfer data for turbulent boundary
layer airflow over three rough surfaces composed of 1.27 x 107> m
diam hemispheres spaced 2, 4, and 10 diameters apart in staggered
arrays for a local Reynolds number up to 107. Heat-transferrates in-
creased with increasingroughnessdensity. The Stanton numbers for
a given surface, at different freestream velocities, collapsed together
when plotted against the local Reynolds number as the freestream
velocity increased.

Hosni et al.® reported experimental Stanton number and skin-
friction coefficient results for zero pressure gradientincompressible
turbulent boundary-layer airflows over two rough surfaces com-
posed of 1.27 x 107 m base diameter x 6.35 x 10~* m high trun-
cated cones. The cones were spacedin staggered arrays two and four
base diameters apart for freestream velocities ranging from 6 to 66
m/s. In general, the Stanton numbers for the conical roughness were
about 4% lower than those for the hemisphere roughness obtained
by Hosni et al.®

Coleman’ investigated the behavior of the fully rough turbulent
boundarylayer subjectto favorable pressure gradientsover a porous
test surface composed of densely packed spheres of uniform size
(1.27 x 107> m diam). Profiles of mean velocity, mean tempera-
ture, and the components of the Reynolds stress tensor were re-
ported. A new acceleration parameter was defined and was shown
to be dependenton the roughness size but independentof molecular
viscosity. For high enough Reynolds numbers acceleration caused
an increase in the Stanton number. The possibility of having an
equilibrium thermal state for the case of constant-wall temperature
was stressed. This state was characterized by similar temperature
profiles in the flow direction and a constant Stanton number.

In a different study Hosni et al.'° gave predictions and measure-
ments of the effect of surface roughness on the turbulent rough-
wall boundary layer. The cases considered were constant-wall
temperature, constant-wall heat flux, step-wall temperature, and
piecewise linear-wall temperature distributions. Some accelerated
flow cases were also investigated. A modified roughness energy
transport model for the discrete element prediction method was
presented.

Poinsatte''-'* presentedexperimentalheat-transferdata from both
smooth and roughened NACA 0012 airfoils for chord Reynolds
numbers in the range 1.24 x 10°-2.50 x 10® and various angles of
attackupto4 deg. Roughnesswas obtainedby attaching2-mm-diam
hemispheres arranged in four different patterns. The roughness, in
general, drastically increased the heat-transfer rates. Moreover, in-
creasing the density of the roughness elements from the sparse to
the dense pattern caused yet a higher increase in heat transfer rang-
ing from 32 to 54%. Increasing the angle of attack also caused heat
transfer to increase over the 0-deg case, and the angle of attack de-
pendence was much more prominent in the dense roughness case.

11,12

Pais et al.'3 used wind-tunnel measurements to obtain the lo-
cal convective heat-transfer coefficients for 0- (smooth) and 5-min
glaze-likeice models on a NACA 0012 airfoil. The chord Reynolds
number range was from 7 x 10° to 2 x 10°. Their results for the
5-min model showed that the maximum Nusselt number occurred
at the tip of the glaze horn, where it was 51% higher than the rest
of the surface and 25% higher for the same location at time equals
zero. No attempt was made to model the surface roughness of the
glaze ice used to construct the model.

The severe degradationsin aerodynamic performance associated
with accreted ice on airfoil surfaces are well known. To utilize de-
icing or anti-icing systems, computational schemes that predictice
accretions rely on empirical relationships for the convective heat-
transfer rates from the surface of the accreted ice with some cor-
rections to account for the effect of roughness. Predictions of the
ice growth rates and the resulting shapes, using these codes, are ex-
tremely sensitive to the values used for the heat-transfercoefficient.
Ice accretion predictions by NASA’s LEWICE, for example, call
for refinement or replacementof the current empirical relationships
(especiallyfor glazeice) with new relationshipsthat give more repre-
sentative or physically correct values of the convective heat-transfer
coefficient.'* This was the motivating problem for the current study
to determine the heat-transfer characteristics of ice-roughened sur-
faces. This study produced direct, accurate, and well-posed exper-
imental data sets of the convective heat-transfer coefficient from
roughened surfaces, which are important for their intrinsic value
and are also essential, as just mentioned, for numerical codes that
simulate ice accretion. Additionally, however, a knowledge of the
range of heat losses that may be expected with differenttypes of ice
accretions provides the information required to effectively size and
design different types of in-flight deicing systems. For electrother-
mal deicing systems this provides the information needed to specify
heater mat densities and firing strategies.

Experiment

Investment Casting

Different ice accretions were obtained on 0.458 x 0.458 m
(18 x 18 in.) flat aluminum plates in the Icing Research Tunnel
(IRT) at the John H. Glenn Research Center at Lewis Field. Table 1
lists the icing tunnel conditions and the characterization of the re-
sulting ice shapes for the four plates that provided the types of ice
accretions which were used to constructthe seven roughnessmodels
of this study, as listed in Table 2. Most of the plates had sectors of
different types of ice accretions depending on the proximity to the
leading edge.

Aluminum castingsof theseice accretionswere then meticulously
obtained, with all of the microscopicdetails intact, using a modified

Table1 Tunnelicing conditions and resulting ice characterization

Plate LWC? MVD,? Spray time, Qualitative characterization Center test tiles for
no. T:, °C Uoo, M/S g/m? pnm min of ice shapes roughness model no.
1 —1.11 67.05 1.0 30 2.0 Smooth glaze 6

2 —9.44 67.05 1.0 20 2.0 Smooth rime ice 5,7

3 —1.11 67.05 1.3 30 6.0 Rough glaze 1,2,3

4 —9.44 67.05 1.0 20 8.0 Rime ice feather 4

*LWC (liquid water content in the icing wind tunnel).

"MVD (median volume of drop size in the icing wind tunnel).

Table2 Characterization of roughness

Model Qualitative characterization Average height, Average spacing, Area increase, St increase over smooth model
no. of ice shapes Hx10°, m §x10°,m Asgh/Asmin IRR for ueo =47.2 m/s, %

1 Closely-spaced rough glaze 1.88 2.39 1.44 1.13 601

2 Loosely-spaced rough glaze 2.87 15.09 1.18 0.22 621

3 Intermediately spaced rough glaze 3.07 5.56 1.43 0.79 602

4 Rime feathers 4.32 7.92 1.29 0.70 644

5 Closely spaced smooth rime 0.48 0.41 1.13 1.34 419

6 Smooth glaze 0.41 7.14 1.06 0.06 363

7 Smooth rime 1.09 3.96 1.08 0.30 451
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investment casting technique. The investment casting process was
used because it is most flexible with respect to attainable intricacy
and precision (average tolerance £9.0 x 107> m) (Ref. 15).

Each plate, with its accreted ice, was placed in a wooden box
0.458 m long x 0.458 m wide and 0.102 m deep. A special refrac-
tory mixture consisting of a substrate, a binder, and a gelling agent
was then prepared. The substrate was a ceramic powder commer-
cially known as R&R REFRACTOMIX NO. 1. This powder was
specifically designed for use when fine detail transfer from the in-
vestment to the cast is critical, and hence it is largely used in the
cast-to-size-tooling field. The binder was prehydrolyzed ethyl sil-
icate commercially known as SILBOND H-5 and contained ethyl
alcohol and methyl alcohol. The gelling agent was a 7.5% solution
of ammonium carbonate in ammonium hydroxide. To avoid freez-
ing at low temperatures, ethyl alcohol was chosen to suspend the
mixture. The quantities of each ingredientnecessary to avoid exces-
sive shrinkage, warping, or inferior strength of the mold, and also to
allow enough working time before solidification were weighed or
measured carefully before mixing. The refractory mixture was then
blended thoroughly with the proper proportions of the different in-
gredients while stirring as recommended by the manufacturer. The
individual components and the final mixture were at a temperature
lower than that of the accreted ice to avoid any melting of the ice.
After thorough mixing the slurry was carefully and slowly poured
over the ice shapes inside the wooden boxes without destroying the
ice shapes’ characteristics. Enough runny slurry was poured onto
each plate until its thickness was about 0.038 m. The wooden boxes
served the purpose of holding the slurry in place as solidification
took place. The boxes were left in the tunnel for a few hours, then
quickly moved to a freezer and left for 24 h to ensure complete
curing of the mold. The dewaxing of these molds was rather simple.
After complete cure the ice shapes were allowed to melt by moving
the boxes outside the freezer and letting the ice shapes warm slowly
to room temperature. Liquid water was poured out, and the molds
were left for a few days to ensure complete solidification and drying.
The molds were then ready for the investment casting phase.

Each refractory mold was placed in a furnace and was fired at a
temperatureof 649-760°C (1200- 1400°F) for at least 2 h. Firing the
mold served two purposes: it burned off any carbonaceous material
present from the binder, and it preheated the mold for casting. After
firing, each mold was allowed to cool to the desired casting temper-
ature of approximately 427°C (800°F). Molten 356-aluminum at a
higher temperature was then poured into each of the ceramic molds.
The elevated temperature of the molds themselves ensured that the
aluminum remained molten for a period of time so as to flow into
the smaller cavities and capture as much of the microscopic surface
detail as possible.

After complete solidification of the aluminum, the ceramic molds
were broken off and separated from the aluminum plates. A high-
pressure water jet was then used to remove all remaining traces of
the ceramic material from the mold, especially in the small cavities.

Model Construction

To verify the classical heat-transfer coefficient values for a
smooth, flat plate, which is a necessary step in validation of wind-
tunnel integrity with the test models, an experimental model was
constructed using an instrumented smooth flat plate. The model
was in essence a large composite of many heat-flux gauges and
guard heaters, a sectional view of which is shown in Fig. 1. The
test bed consisted of a center row of test tiles, each being approx-
imately 0.017 m in the flow direction, 0.029 m perpendicular to
the flow direction, and 0.013 m deep. Biot number calculations'®
showed that such dimensions were suitable for the assumption of a
constantlocally averaged temperature for each tile. Four guard tiles,
each being approximately 0.117 m in the flow direction, 0.032 m
perpendicularto the flow direction, and 0.013 m deep, were placed
along each side of the center tiles. To provide heat, each center
tile was instrumented with a standard thermofoil heater, which was
0.013 x 0.025 m (31.6 ohms), and each side guard tile was instru-
mented with a 0.025 x 0.076 m (52.3 ohms) heater.

On one side of each of the center test tiles and each of the eight
side strips, a 0.002-m diam, 0.006-m deep hole was drilled 0.006 m

. Thermocouples
Center test tiles

Side guard
tiles

Saddle Insulating foam

Thin foil heating Bottom plate guard
elements heater

Fig. 1 Sectional view of the heat-transfer model.

from the bottom of each tile. Each hole housed the bead of a thin
Chromel-Alumel thermocoupleto measure the average temperature
of the tile, as shown in Fig. 1.

The center test tiles and the side guard tiles were all glued to-
gether using epoxy and plastic spacing shims to ensure a uniform
gap between all of the tiles and to thermally insulate the tiles from
each other. This top part was then glued to a large bottom plate fab-
ricated from 0.013-m thick aluminum plate. A standard 35.9 ohms,
0.076 x 0.381 m thermofoil heater was affixed to the bottom sur-
face of this plate. This plate served as the bottom guard heater to
prevent conduction downward and provided the primary structural
support for the model. The whole structure was then placed in a
milling machine, and its top surface was machined smooth (surface
roughness, after machining, averaged 3.2 x 107!° m).

To construct the roughness models, a characteristicroughness of
the naturalice shapes was chosenfromone of the cast 356-aluminum
plates. Twenty-two center test tiles and eight side tiles were cut us-
ing an Electrical Discharge Machine (EDM) to minimize the metal
loss from cuttingand thus preservingthe actualroughnesselements’
integrity. To maintain surface flow symmetry, the 22 tiles and eight
side strips had the same roughness pattern and shape representing
the desired roughness characteristic for the model under construc-
tion. The process of constructionwas identical to that of the smooth
model (with the surface roughness intact) and was repeated to com-
plete a total of seven different roughness models. The construction
of model 2 was slightly different from the others in that it was in-
tentionally fabricated so that the roughness density was not uniform
but decreased gradually starting at the 10th tile from the leading
edge. The purpose of this design was to determine if the heat trans-
fer would be completely governed by the roughness character of the
initial region. The average spacing of 15.09 x 10~* m in Table 2 for
model 2 therefore has a wider span in its value than do the average
spacings of the other six models. Figure 2 shows a sample of the
roughness pattern of each of the seven models.

Characterization of Roughness

Three independentroughnessquantities were obtained for rough-
ness models 1-7 and are shown in Table 2. The average roughness
height H and the average spacing S were measured using a machin-
ist indicator with a needle point and a dial accurate to 2.5 x 10~ m
(0.001 in.). Precise measurements of the surface area were ob-
tained by Cyberware, Inc., Monterey, CA, using a CYBERWARE
MODEL 3030three-dimensionallaser digitizer. The high sensitivity
of the digitizer accommodated the surface properties of the rough-
ness models. The scanning process captured an array of digitized
points, with each point represented by xyz coordinatesin um. The
measurement grid along each roughness model was 2.5 x 10™* m,
3.5 x 10™* m across, and 1.0 x 10~* m perpendicular to the sur-
face. These measurements produced a statistically significant sam-
ple from which the surface area for each roughness model A, was
computed.

Both the surface area increase because of roughness and the
roughnesselement heightcause higher heat-transferrates than from
a smooth surface. An increase in the roughness element spacing,
in general, reduces this increase in the heat-transferrate. Based on
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Model 5

Model 2

Model 3

Model 6

Model 7

Fig. 2 Perspective and top view of roughness patterns.

these observations, and in order to characterize the roughness pat-
terns of each of the models used in this study, the following dimen-
sionless combination was formed and was termed Index of Random
Roughness (IRR):

A, H
2 ) x (= 4))

smth N

IRR =

This combination reduces to zero for a smooth surface (H — 0,
S — 00). Values of IRR for the roughness models 1-7 are shown in
Table 2.

Wind-Tunnel Testing and Data Reduction

Experiments were carried out in the wind tunnel shown schemat-
ically in Fig. 3 and described in detail by Van Fossen et al.!” The
John H. Glenn Research Center’s ESCORT data acquisition system
was utilized. A removable and adjustable structure, called the sad-
dle (Fig. 3), was used to mount the models in the wind-tunnel test
section. This permitted accurate model placement and alignment,
and also ensured a smooth uniform airflow onto the heat-transfer
model without any separation bubbles. The front part of the saddle
constituted an unheated starting length of approximately 0.052 m.
Heat-transferdata for the smooth flat plate and for each of the seven
models were collected for the freestream velocities of 9.4, 20.7,



952 DUKHAN ET AL.

4.85:1
Contraction

Heat transfer
model

Saddle

Unheated starting
length

Fig. 3 Schematic of wind tunnel with heat-transfer model installed.

32.6, and 47.2 m/s and with a surface-to-freestream temperature
difference of approximately 20.5°C.

The desired flow rates in the tunnel were established and were
allowed to reach steady state before data were taken. The freestream
turbulencelevel was under 0.5% throughoutthe experiment. A con-
trol circuit automatically adjusted the power input to each tile so
that all tiles were within +0.25°C of the set value. To eliminate
conductive losses, the guard tiles and the bottom plate were main-
tained at the same temperature. The power input to each tile (energy
flux), which compensated for the heat loss by convection from the
top surface, was recorded and, along with the surface and tunnel
temperatures, provided the needed information for the heat-transfer
coefficient calculations.

Reduction of the raw data was performed by a computer code
that was developed, used, and then was modified by Van Fossen
et al.'” The locally averaged Stanton number Sz, =h/pc, Uy, for
each gauge was determined by subtracting the heat losses from the
measured power input to each of the individual tiles. The radiation
loss was on the order of 0.2%, and it was calculated assuming gray
body radiation to black surroundings and an emissivity of 0.05 for
the aluminum tiles. The loss caused by the epoxy gap between the
test tiles was about 2%, and it was obtained from an exact solution
for two-dimensional conduction in a rectangular slab.!” At high
heat fluxes a significant temperature gradient developed between
the heater and the imbedded thermocouple. This gradient made it
impossible to adjust the bottom guard temperature to exactly match
the heater temperature, thus allowing a small amount of heat to leak
to the bottom of the guard, which was accounted for by assuming
one-dimensional heat conduction. The gap loss was also about 2%
of the total heat flow.

The measurement uncertainty associated with the results of this
study, using the method of Kline and McClintock,'® averaged 5.7%
and reached a maximum of 7.8%.

Results

Smooth Model Results

Figure 4 shows the Stanton number vs the Reynolds number for
the smooth flat plate model at the four freestream velocities. The
experimental values are compared to the theoretical values obtained
from the well-accepted solution for laminar flow over a smooth
surface with an unheated starting length'’:

_4 2

_ 0.332Re, *Pr3

= . %
[1 - ('xl)/'x)z]

The experimental data are shown to conform to the preceding so-
lution, within experimental error, up to transition. Equation (2) is

2

X

T T
Laminar solution at u_= 9.4 m/s
Turbulent solution at u_ = 9.4 m/s

3
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Fig. 4 Stanton number vs Reynolds number: smooth model results.

shown for the freestream velocities of 9.4 and 47.2 m/s by the solid
lines on Fig. 4. Note that transition occurs for the freestream veloc-
ity of 9.4 m/s at a local Reynolds number of approximately 2 x 10,
where there is a rise in the Stanton number. Corresponding transi-
tion Reynolds numbers for freestream velocities of 20.7, 32.6, and
47.2m/s are 4 x 10°,6 x 103, and 7 x 10, respectively.In the heat-
transfer sense the onset of transition was defined by Keller,”® among
others, as the point of minimum Stanton number at which it deviates
from the corresponding laminar case and starts rising, and the end
of transition as the point of maximum Stanton number immediately
following the rise. Also plotted on Fig. 4 is the well-known solution
for turbulent flow over a smooth surface with an unheated starting
length'>? given by

Y
St, = 0.03 Pr "% Re;*2[1 — (x,/x)**] ° 3)

Roughness Models Results

In roughness studies'->%82! the flow regimes are usually classi-

fied as aerodynamically smooth and fully rough. The flow regime in
between these two is termed transitional or transitionally rough. In
the smooth regime the roughness element height is less than that of
the viscoussublayer; hence, the outer flow does not sense the rough-
ness elements, and viscouseffects dominate. In this regime the skin-
friction coefficient is the same function of the gross flow Reynolds
number as for a smooth surface without the roughness elements.
In the transitionally rough regime the roughness elements begin to
protrude through the sublayer, and both the viscous and roughness
effects are important. In this regime the skin-frictioncoefficientis a
function of both the flow Reynolds number and the roughness char-
acter of the surface. Finally, in the fully rough regime the roughness
height is greater than the viscous sublayer height. Therefore, the
sublayer is said to be fully destroyed, and the viscous effects be-
come insignificant. The flow is then controlled by the roughness
effects alone, and the skin-friction coefficient is independent of the
flow Reynolds number.

In most roughnessstudies the flow regime classificationrelied on
the definition and value of certain fluid parameters. Nikuradse' de-
fined a range of values of a roughness Reynolds number, containing
both the friction velocity and the size of the sandgrain roughness
as a length scale, in order to classify his flow regimes. Pimenta?!
proposed the use of the Reynolds stress tensor component (u')?
profiles for roughness flow regime classification. Coleman et al.??
suggested using the ratio of the apparent shear stress due to the
roughness elements to the total apparent shear stress as calculated
using the discrete element method, R, to classify the roughness
flow regimes.
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Some roughness studies attempted to use certain heat transfer
parameters to classify the flow regimes. Pimenta,?! for example,
stated that in the fully rough regime, the Stanton number was inde-
pendentof the Reynolds number. Healzer et al.> observed the same
behaviorat higher freestream velocities. Pimenta also used the inde-
pendenceof the Stanton number, when plotted vs the enthalpy thick-
ness divided by the radiusof a sphericalroughnesselement, from the
freestream velocity as an indication of the fully rough flow regime.
However, Hosni et al. showed that, for their data, Pimenta’s clas-
sifications of the flow regimes based on the Reynolds number inde-
pendence were not consistent with the Reynolds stress criteria (u')?
or with the R, criteria2?> Hosni et al.® suggested using the ratio of
the rate of heat transfer from the roughness elements to the fluid to
the total rate of heat transfer from the surface to the fluid as a param-
eter for classification. A major conclusionpresentedby Hosni et al.®
was that roughness flow regime classifications could not be made
based on Stanton number vs local Reynolds number data alone, nor
could they be determined from the Stanton number asymptotic be-
havior when plotted vs enthalpy thickness. Hosni et al.® achieved
success using the discrete element method model predictions for
flow classifications when compared with the fluid dynamic criteria.
In alater study Hosni et al.® observeddifferencesin Stanton-number
measurements depending on roughness element shape, whereas no
differences were evident in the friction coefficient data.

In the present study no detailed fluid mechanical measurements
of the flowfield, such as hot wire data, were taken, nor were any
numerical codes used for predictions. The classifications of the flow
regimes used in the data interpretation of this study are restricted
to the traditional laminar and turbulent flow definitions and do not
include the roughness flow regimes already mentioned.

For discussion purposes the roughness models consideredin this
investigation can be grouped into four ice roughness categories,
as stated in Tables 1 and 2: rime feathers (model 4), rough glaze
(models 1-3), smooth rime (models 5 and 7), and smooth glaze
(model 6).

Two composite plots of Stanton number vs the local Reynolds
number for the freestream velocities of 9.4 and 47.2 m/s are shown
in Figs. 5 and 6, respectively. In Fig. 5 for a freestream velocity
of 9.4 m/s models 1-3 (all rough glaze) show comparable Stan-
ton numbers up to Re, = 10°, whereas model 4 (rime feathers) has

A
M ) o oigﬁ;g-
v
i VVogY VVAKWAVA?VA

- . - - _ _®
0

St X 1000
Do 1a

Stanton number,

Model No. H X 10° (m)

o 1 1.88
A 2 2.87
o 3 3.07
" 4 4.32
L o 5 0.48 i
01 | . 6 0.41
v 7 1.09

o Smooth model data
— — - Turbulent smooth flat plate sclution

410 10° 310°
Reynolds number, Rex

Fig. 5 Stantonnumber vs Reynolds number: comparison of the rough-
ness models at u =9.4 m/s.
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Fig. 6 Stantonnumbervs Reynoldsnumber: comparison of the rough-
ness models at uo =47.2 m/s.

somewhat higher values. The Stanton number values for these four
models are essentially equal at Re, = 10°, after which an almost
constant asymptotic behavior between Sz, =0.006 and 0.007 is ob-
served for higher Re, formodels 1,3, and4. Model 2, the last 10 tiles
of which have larger roughness spacing as discussed in the Model
Construction section, shows, as a consequence, a severe drop in
Stanton number at approximately Re, = 1.5 x 10°. For greater Re,
model 2 shows values of St, between 0.004 and 0.005. For rough-
ness model 7 (smooth rime) the Stanton numbers are lower than
those for models 1-4. Transition to turbulence for this model is
observed over the first few tiles from the leading edge. An almost
constant asymptotic Sz, of about 0.004 is reached after a Re, of
approximately 2 x 10°. Correspondingly, model 5, closely spaced
smoothrime, has much lower Stanton number values and behaves as
the smooth model for this freestream velocity, with transition being
indicated at Re, =2 x 10°. From Table 2, even though the rough-
ness spacing for model 5 is more dense (which tends to increase
the rate of heat transfer) as vs model 7, the roughness height for
model 5 is less, and this appears to be the controlling factor in the
rate of heat transfer. Finally, model 6 (smooth glaze) has its transi-
tion onsetat about Re, = 6 x 10*, with almost complete transitionat
Re, =2 x 10°. On a macroscopic scale models 5 and 7 and models
6 and 7 show a dependenceof higher Stanton number corresponding
to higherroughnesselement height, although models 5 and 6 do not.
Model 4 only indicates this dependence up to Re, = 10°, whereas
the data for models 1-3 are almost indistinguishableover the range
of local Reynolds numbers and do not show this dependenceon H.

Some similarities to the behavior in Fig. 5 are noted in Fig. 6
for a freestream velocity of 47.2 m/s. Again models 1-3 have
comparable St, values, with model 4 being higher, except that the
local Reynolds number at which the data merge is 5 x 10° as vs 10°
for the lower freestream velocity. The Stanton number behavior for
models 1, 3, and 4 for Re, greaterthan 5 x 10° is between approxi-
mately St, =0.004 and 0.005, although scatterin the datais present.
Roughness model 2 exhibits the same behavior as in Fig. 5, with a
severe drop in the data at Re, =7 x 10° and final Stanton number
values between 0.0035 and 0.004. The Stanton-number curve for
roughness model 7 now reflects turbulent flow for the whole range
of Re,. It declines starting at the leading edge up to Re, =4 x 10°
and, with some scatter, has St, values between 0.003 and 0.004
for Re, greater than 5.5 x 10°. Roughness model 5, at this higher



954 DUKHAN ET AL.

freestream velocity, now also shows fully turbulent behavior over
the whole range of Re,.. Roughnessmodel 6 hasits onsetof transition
at the first tile. The transitionis completed at about Re, = 3.5 x 10°.
For this higher freestream velocity one can see that there is a large
increase in magnitude of the Stanton numbers for both models 5
(smooth rime) and 6 (smooth glaze). Because these models had the
smallest roughness element heights H, the increase in freestream
velocity was needed in order for the roughness elements to be felt
and have a significant effect on both the flow regime and on the
surface heat transfer. In this different flow regime an inversion of
St, magnitude occurs between Figs. 5 and 6 for these two models.
As was observedin Fig. 5, no dependenceon H is seen in Fig. 6 for
models 1-3, and model 4 indicates this dependence only for Re, up
to 10°. Models 5-7, in this turbulent flow regime, now tend to show
this dependence, with some scatter, over the whole range of local
Reynolds numbers.

In general, from the data in Figs. 5 and 6, the rime feather ice
roughness (model 4) produced the highest heat-transfer rate fol-
lowed by the rough glaze roughness (models 1-3). The smooth
rime (models 5 and 7) and the smooth glaze roughness (model 6)
producedlower rates of heat transfer, respectively,and show a heat-
transfer dependence proportional to the roughness element heights
in the turbulent flow regime. Similar trends were observed for the
intermediate velocities of 20.7 and 32.6 m/s (Ref. 16).

Figures 7 and 8 provide an assessment of the effect of the
freestream velocity on the Stanton number for two different types
of ice roughness. Figure 7 shows the typical behavior of the Stanton
number of the rough glaze family represented by roughness model 1
at different freestream velocities, and Fig. 8 shows the same infor-
mation for the smooth rime ice family represented by roughness
model 5. In Fig. 7 the Stanton numbers for all four freestream veloc-
ities are in the fully turbulentstate. The family of curves that are ini-
tially distinct, and start at higher values for higher freestream veloc-
ities, is caused by the presence of the unheated starting length. The
curvesare shown to collapse onto a single curve and become a func-
tion of the Reynolds number only at approximately Re, = 3.2 x 10°.
Similar observations were made in the roughness studies of Hosni
et al.*® and Pimenta.?!

Figure 8 shows the Stanton numbers for roughness model 5. This
model behaves as a smooth surface for the low freestream velocity
of 9.4 m/s. The onset of transition of this model at this velocity
is at approximately Re, =2 x 10°. For u,, =20.7 m/s the onset of
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Fig. 7 Stanton number vs Reynolds number: roughness model 1 at
different freestream velocities.
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Fig. 8 Stanton number vs Reynolds number: roughness model 5 at
different freestream velocities.

transitionis at about Re, = 10°, and transitionis completed at about
Re, =2 x 10°. The Stanton-number data for the higher freestream
velocities of 32.6 and 47.2 m/s are in the fully turbulent state. The
curves for the three higher freestream velocities collapse onto a
single curve at approximately Re, =3 x 10°.

Comparisons to Organized Roughness

Comparisons were made with two previous studies in order to
contrast the heat transfer in the random roughness element case
(ice roughness) with that for two well-defined roughness elements
cases, i.e., hemispheres and truncated cones. To avoid repetition of
similar data, roughness models 1, 4, 5, and 7 were chosen for the
comparisons.

Hosni et al.® studied the heat-transfer behavior for hemispher-
ical roughness elements spaced 2, 4, and 10 diameters apart on
otherwise smooth surfaces. The freestream velocity of 42.7 m/s
in Hosni et al.’s study was chosen for comparison with the case
for the freestream velocity of 47.2 m/s of this study. This was de-
cided for two reasons: 1) the relatively small difference between
the two values of the freestream velocity and 2) the fact that for
these velocities the heat transfer was in the fully developed tur-
bulent state for both studies. In the fully turbulent state no transi-
tional effects are present, and the Stanton-number curves approach
an asymptotic behavior, which allows for easier comparisons. Hosni
et al. were also able to classify their flow regimes as transitionally
rough (L/d = 10) and fully rough (L/d =2, 4). These classifica-
tions could not be used in the present study because no detailed
flow measurements were taken and no predictive codes were used.
As shown in Fig. 9, Hosni et al’s® Stanton-number data for the
surface with the highest roughness density, L /d =2, are of approx-
imately the same magnitude as the data for two of the least rough
surfaces of this study. These are the cases for models 5 and 7, which
are castings of smooth rime ice. The data for the rough glaze ice
(model 1) and the rime ice feather roughness (model 4) show sig-
nificantly higher rates of heat transfer. Hosni et al.’s® data for their
other two rough surfaces, L/d =4 and 10, lie below the previous
data, which is believed to be caused by larger roughness element
spacing. The Stanton-number behavior for the random roughness
models of the current study indicates a dependence on element
height H for the ranges of Re, < 4.5 x 10° and Re, > 8.5 x 10°,
although between these regions there is considerable overlap of the
data.
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Figure 9 also shows a comparison with Hosni et al.? for truncated
cones spaced 4 base diameters apart at a freestream velocity of
43.1 m/s. Hosni et al.® also reported data for cones being spaced
2 base diameters apart. The Stanton-number data for the L/d =4
case are again lower than those for the roughness models of this
study. As Hosni et al.® observed, their data, for the same roughness
element height, correlate well with L /d, but do show a dependence
on roughness element shape (between hemispheres and truncated
cones), which they believe to be real and physically meaningful.
Hosni et al.’s data also correlate with the IRR used in the present
study. However, the IRR for the common L /d = 4 case has the same
value of 0.13 for the hemisphere and truncated cone elements and
therefore does not show, as presently defined, a shape sensitivity for
these two different well-defined roughness elements.

Althoughthere are differencesbetween the roughnessheights and
spacings between the current study and those by Hosniet al..%® there
is also some overlap. It therefore appears that the increased rate of
heat transfer in the case of ice roughness as vs the hemispherical
and truncated cone roughness may be attributed to the differencein
roughness element shape. The percentage increase in the Stanton
number for the seven models used in this study over that for the
smooth model is given in the last column of Table 2.

Correlations

Correlations of Stanton Number

Most of the available forced convectionheat-transfercorrelations
for both laminar and turbulent flows over surfaces with unheated
starting lengths are expressed in terms of power laws of the form

St =aRe! Pr' [1— (x,/x)*]" )

For fully turbulent flow over a smooth surface, the constant a is
usually 0.03,m is —0.2, and n is —0.4. The exponents ¢ and n vary
fromone empirical correlationto another; ¢ is usually 0.9 or 1.0, and
n is —3, as discussed by Kays," Keller,” and Madavan and Rai.”*

With Pr=0.707 and n = —0.4, Eq. (4) was used to fit the ex-
perimental data of this investigation employing the least-square-it
method (see Ref. 16). Values of the constantsa, m, ¢, and n for each
roughness model at each freestream velocity, after transition, were
obtained and are shown in Table 3. The power fits are shown by the
solid lines in Figs. 7 and 8. The correlation coefficient was greater
than 0.9 for most of the cases considered, and 91% of the data were
predicted by the correlation to within £10%.

Table 3 Correlation constants

Model Uoo,

no. m/s a m ¢ n

1 9.4 0.036 —0.180 0.104 —0.126
20.7 0.038 —0.163 4.685 —2.323
32.6 0.038 —0.163 4.860 —2.495
47.2 0.038 —0.164 4.922 —2.385

2 9.4 0.029 —-0.214 0.019 —0.223
20.7 0.034 —0.197 0.092 —0.242
32.6 0.033 —0.196 0.099 —0.258
47.2 0.034 —0.198 0.086 —0.247

3 9.4 0.024 —0.119 7.529 —6.931
20.7 0.032 —0.147 10.46 —34.460
32.6 0.034 —0.152 10.70 —32.329
47.2 0.035 —0.155 9.282 —18.960

4 9.4 0.034 —0.151 2.004 —1.048
20.7 0.035 —0.150 5.282 —4.948
32.6 0.035 —0.151 3.832 —2.333
47.2 0.034 —0.153 2.223 —0.951

5 9.4 —_ _— —_ —_
20.7 0.034 —0.185 3.072 —1.210
32.6 0.036 —0.190 1.371 —-0.415
47.2 0.037 —0.188 2.226 —0.670

6 9.4 —_ _— —_ —_
20.7 0.031 —0.190 0.099 —0.036
32.6 0.033 —0.188 3.127 —2.402
47.2 0.033 —0.189 2.517 —1.482

7 9.4 0.034 —0.189 0.049 —0.026
20.7 0.034 —0.177 3.858 —2.016
32.6 0.035 —0.176 4.291 —2.474
47.2 0.034 —0.178 2.221 —0.903

Correlations of the Constants a and m

For a fixed Prandtl number and in the fully turbulent regime and
where the effect of the unheated starting length is not present, the
Stanton number is a function of the Reynolds number only, and the
constants a and m are sufficient to determine the asymptotic values
of the Stanton number St, =a Re™ Pr~%4,

An exponential curve fit that would reduce to the well-known
value of a for the turbulent flow over a smooth plate (H =0), 0.03
was used to fit the values of the constant a. The variationof a as a
function of IRR is given by

a = 0.040 — 0.010exp(—IRR ) (5)

The constantm was directly related to the average roughnessheight
H only. An exponentialcurve fit for m as a functionof H is givenby

m = —0.049 — 0.153 exp (—ﬁ) 6)

which also reduces to the smooth surface value of m, i.e., —0.2.

Conclusions

Stanton-number results were obtained for the rate of convective
heat transfer from aluminum castings of ice-roughened surfaces.
The castings were obtained from stochastically accreted ice on flat
surfacesin the IRT at the John H. Glenn Research Center. Four basic
types of ice accretions were considered: smooth glaze, smooth rime,
rough glaze, and rime ice feathers. Seven models representing the
four different types of ice accretions were tested in a wind tunnel
for freestream velocities of 9.4, 20.7, 32.6, and 47.2 m/s. For the
lower freestream velocity of 9.4 m/s, the closely spaced smooth
rime model behaved as a smooth surface in laminar flow, and the
smooth glaze model was in the laminar-turbulenttransitional state.
For these two models the roughness element heights were too small
to significantly affect the heat transfer. The other five of the models
were in the fully turbulent regime, and the Stanton numbers for
certain models increased with increasingroughnesselement height;
but this was not true for all of the models over the complete range
of local Reynolds numbers. For the higher freestream velocity of
47.2 m/s, only the smooth glaze model (lowest roughness height)
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was in the transitional regime, with the other models being in the
fully turbulentregime. Again, some dependenceof Stanton-number
magnitude on the roughness element height was noticed, but it was
not universal for all models for the whole range of local Reynolds
numbers. In general, the highest rate of heat transfer was produced
by the rime ice feathers roughness (model 4) followed by the rough
glaze roughness (models 1-3), smooth rime roughness (models 5
and 7), and the smooth glaze roughness (model 6). The Stanton
numbers obtained in this study were higher than those obtained in
heat-transfer roughness studies using hemispherical and truncated
cone roughness elements, which indicates that roughness element
shape is a primary factor affecting the rates of heat transfer. The
completedataset for the Stantonnumber was correlatedas a function
of the local Reynolds number using a newly defined IRR parameter
and the roughness element height to characterize the accreted ice
shapes. The data obtained can be used to effectively size and design
in-flight deicing systems and can also be used in numerical codes
for predictions of accreted ice shapes.
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