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In recent years, the problem of ice formation on aircraft has received con-

siderable attention because of its influence on military aircraft capabili-

ties. Military aircraft and helicopters may be required to operate under

icing conditions which would effect their performance, maneuverability and

impair the mechanical integrity of unprotected engines. Two symposia have

been held exclusively on the ice accretion processes and papers presented in

these meetings along with discussion have been published in two AGARD

reports1 ,2 . In addition, a special session on icing phenomena was arranged

by the American Institute of Aeronautics and Astronautics at its Aerospace

Sciences Meeting in January 19813.

- Ice formation poses a hazard to flight in that it alters the aerodynamic

characteristics of lifting surfaces, reducing the maximum lift and sharply

increasing the drag 4 ,6, The horn like accretions forming on the leading

edge act as spoilers or as large roughnesses7 ,8, inducing severe adverse

pressure gradients which trigger the formation of small zones of separated

flow which at higher angles of attack may lead to massive separation and

stall. For engine installations which require inlet ducting, ingested ice

can accumulate, melt and refreeze to present a serious problem6,9 .. In addi-

tion the ice formation may lead to control problems and, if it sloughs off,

damage structures downstream. The above situations can cause serious prob-

lems for military aircraft or missiles flying over the North Atlantic and

North Sea. In Europe in winter it is possible to have the proper weather con-

ditions for ice formation up to 30 percent of the time1 0 . The ice accretion
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process is of prime interest in aircraft design. In order to develop and

then certify certain protection systems 1 1-1 6, it is necessary to be able to

test engine intakes, aerofoils in simulated icing conditions. . .

ICZ FORMATION

Ice accretion is dependent uponl7,1 8,

(a) ambient temperature (T..)

(b) liquid water content w

(c) droplet diameter d

(d) flight velocity (U.)

(e) aerofoil geometry y=ftx)

(f) icing time T.

* The shape of the ice accretion depends on airfoil shape, leading edge radius,

camber, and angle of attack CE1 9. Depending on the above parameters, differ-

ent kinds of ice form 4,2 0 .

(1) Glaze ice forms with air temperature a little below 00C, and when the

liquid water content is high. The water droplets do not freeze immediately

after impingement but run first on the profile upward or downward from the

stagnation point before freezing. The result is a deposit of ice with two

horn like protrusions, Fig (1), and normally is transparent and harder than

rime ice. The horn shaped structure is characteristic for glaze ice and the

maAor protrusions occur in the regions of maximum heat transfer. These pro-

trusions become relatively large compared to the boundary layer thickness

effecting the flow and heat transfer characteristics of the surface. Since

the quantity of water is mostly large, ice formation is correspondingly heavy

and adheres tightly to the surface.
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(2) Rime ice forms at lower temperatures and mostly low liquid water con-

tent in the clouds. The lower the temperature and liquid water content, the

more difficult it is for the droplets to flow together. Upon impingement on

the airfoil surfaces, they are only slightly deformed and freeze to almost

spherical grains of ice, resulting in a milky white, porous structure.

(3) Intermediate or mixed ice may apart from the two main types, glaze and

rime ice, cover a broad spectrum. Depending on conditions a composite or

laminate structure may evolve, for example, glaze ice may follow rime ice or

vice versa.

(4) Hoarfrost is possible in clear and cloud free air when an aircraft

flies from a layer of cold air into another though cloudfree but warmer and

moist layer of air, thus cooling down the ambient air within the influence of

its surface. As soon as this air is cooled to below 00C, hoarfrost occurs.

It has a white feathery, crystalline appearance.

Extensive experiments have been performed on airfoils to measure and pre-

dict static and dynamic pressure measurements21 , aerodynamic lift and drag

characteristics 6, and the droplet size and trajectories1 7 , 2 2, however, very

little heat transfer data is available. The thermodynamic conditions for

either rime or glaze ice to form on structures are well understood. Several

empirical theories6,1 7,1 9 have been developed which can predict the amount of

ice formed. However, they rely on questionable application of heat transfer

results. Ice accretion is dependent on the rate of solidification which is

in turn dependent on the rate at which the heat of fusion may be released to

the surroundings, i.e. the ability of the flowfield to remove heat, from

which we deduce that one of the significant parameters in the ice accretion

process is the local convective heat transfer coefficient. Knowledge of the

-- 3-
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thermal boundary layer, determination of the local heat transfer coefficient

at various Reynolds numbers will assist in predicting local ice growth rates.

P. The primary objective of this study is to measure the local heat transfer

coefficient.

Small objects accrete ice more rapidly than large ones. All the harmful

effects of ice accretion namely, drag rise, torque rise, power loss, lift

deterioration, stall angle decrease, and stall speed increase, occur faster

and are more perilous on small unprotected aircraft. Hence an obvious choice

would be to choose a geometry which would be subjected to the most severe

conditions. The NACA 0012 helicopter rotor was selected as an appropriate

*l test specimen. Prior to investigating thermal characteristics over airfoils,

experiments were performed on a cylinder, a problem which is well documented

in literature2 3 . The nose of an airfoil can be approximated to the stagnation

region of a cylinder. Ice accretion being a problem plaguing mostly the lead-

- ing edge, a cylinder serves as a very good approximation. Changes in the

aerodynamic performance are not only influenced by the amount of ice accumu-

lated, but more significantly, determined by its shape. Accordingly glaze ice

profiles are selected for this study.

EXPERIMENTAL PROGRAM

This investigation was accomplished over a series of steps. The second chap-

ter discusses the heat transfer problem of ice accretion and experimental

methods of determining the local heat transfer coefficient. Velocity profiles

along with heat transfer results are presented for ice accretions on a cylin-

der. The ice accretion is not of smooth geometry, thus the surface undula-

tions have profound effects on the structure and behaviour of the velocity
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and thermal boundary layers. In general, the heat transfer coefficient is

greater in a turbulent boundary layer influenced by roughness than in a

smooth wall layer at the same flow conditions. This enhancement of heat

transfer because of the roughness effects must be understood and accounted

for. Chapter 3 details a Fourier analysis approach to precisely define a sur-

face so as to isolate profile components which characterize the flowfield

around a rough 15 minute glaze ice on a cylinder. Finally, in Chapter 4 heat

transfer and velocity profile results are presented on the NACA 0012 airfoil

without and with a glaze ice accretion at angles of attack ranging from U-0°

to 8°, followed by concluding remarks.

m%
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A CHAPTER 2

The starting point of atmospheric ice accretion are the clouds and their con-

tents of supercooled water droplets, ice crystals, or a mixture of both.

Because supercooled liquid is in a thermodynamic state of metastable equilib-

*rium, a significant physical disturbance such as flying aircraft causes the

droplets to rapidly change to the stable equilibrium state of ice on the imp-

inging surfaces. The ice accretion process takes place through a series of

concurrently occuring energy transfer mechanisms1 7'2 4, simply stated as:

(a) convective heat losses

(b) latent heat gain

(c) heat loss due to evaporation and sublimation

4 (d) heat gain due to kinetic energy.

For an adiabatic wing the energy balance of the above processes must be dis-

sipated into the ambient through convection. Owing to the speed of most air-

craft the heat transfer process can be considered to be forced convective.

ZxPR NTAL MITBODS

(1) Thin skin transient method: since the local heat flux varies over

the surface for an isothermal boundary condition, the surface material must

have the thermal capability of equilibrating the temperature within it, ie.,

it must ideally have an infinite thermal conductivity. The above conditions

not being met conduction effects come into play, necessitating a fast and

accurate data acquisition system2 5 .

(2) Sublimation method: employing materials such as Naphthalene, Dry

Ice etc. which sublimate readily, the heat transfer coefficient can be deter-

mined by the loss of weight, however, due to the complex geometry of the sur-

face, evaluation of local mass transfer rates can become cumbersome.

-6-
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(3) The steady state heat flux method

Newton's Law of Cooling2 6,

Q = hA (Tw - Too) Watts (1)

defines the convective heat flux between a fluid at temperature T. in con-

tact with a surface at temperature Tw. The proportionality constant h

(W/m2aK) is referred to as the heat transfer coefficient. It depends on the

conditions within the boundary layer, which are a function of the surface

geometry, the nature of the fluid motion and fluid thermodynamic and trans-

port properties2 6'2 7  In applying this law to our problem of glaze ice

accretion, a case in which we have mass transfer of water from the fluid to

the body surface by freezing due to convective heat loss, we can assume an

isothermal surface at a temperature equal to that of the freezing point of
.1

water. Lack of experimental facilities limit an exact simulation, with

respect to mass transfer of water droplets from air to surface, which are

assumed to be not sufficiently numerous to perturb the flow. As ice accumu-

lation builds on the leading edge of an aerofoil, the flowfield must slowly

adjust to the new boundary conditions imposed by the change in shape. This

change in the aerofoil shape, and the resulting change in the flowfield, will

also alter impingement rates on the surface. Thus the ice accretion process

is also a function of time and must be modelled accordingly. One method of

modelling the effect of time is a time stepping approach, assuming ice accre-

tion can be broken down into a series of steady state processes. Hence, if

we consider the glaze ice at any instant in time, and assume no further ice

accretion, then the geometry is fixed. The heat transfer coefficient can then

be acquired experimentally as long as one can reproduce the geometry and flow

5-7-
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conditions (Reynolds and Prandtl number), and provide an isothermal surface

to ensure a similar thermal boundary layer. If the above conditions are sat-

isfied, the heat transfer coefficient can be evaluated from knowledge of the

local heat flux and respective temperatures required by Newton's Law of Cool-

ing.

APPARATUS

The experiment was conducted in the subsonic wind tunnel facility in the

Department of Mechanical Engineering at the University of Kentucky. The

induced flow wind tunnel is equipped with a 50 kW axial fan and has a 4.8 nu

honeycomb, 102 nm in depth, for straightening the flow, at the upstream end

of the plenum chamber. The 508 nn x 711 mu x 1220 mm test section has three

sides made of plexiglass for use in flow visualization with ports provided in

the sides for taking velocity measurements using a hot film probe over a

three dimensional grid. Velocities up to 160 mph can normally be obtained in

this section.

In these experiments, the problem of maintaining a uniform temperature on

the surface is solved by using many independent narrow strips of Minco ther-

mofoil heaters, 5.9 nu x 175 mm x 0.3 mm, glued on, with the long sides

touching, to the white pine wooden body of the model to form the surface of

the glaze ice (see Fig (2)). The temperature of the surface is measured

using thermocouples. Hence, if the model is made of insulating material,

(white pine used in these experiments), most of the heat must be dissipated

directly into the fluid medium. The electrical energy input is converted into

thermal energy in the resistance of the heaters, which essentially is our

required heat flux.

Q- V x I Watts (2)
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This wooden model is then attached to a 50.8 mm, thin walled (1.7 mm) brass

cylinder, or airfoil as the case may be, closed at both ends to minimize heat

losses due to free convection from within and held vertically and clamped

firmly at its ends. The model is aligned with the direction of the flow using

two static pressure ports equally spaced from a reference stagnation point.

Each heater has an individual a.c. power supply. The voltage across each

heater is measured using a HP3455A digital voltmeter. The current through

each heater is measured by a FLUKE 8600A digital multimeter. A bank of quick

disconnects makes it possible to connect the one anueter in series with any

heater circuit, one at a time. Each heater has a 0.02 mm inconel element

which has a negligible temperature coefficient of resistance in the tempera-

ture range of interest.

The temperature of each individual heater is monitored using three OMEGA 1

mm Copper-Constantan thermocouples placed equidistantly along the length.

This provides not only a temperature distribution on the surface but also

acts as a backup feature in case any one thermocouple malfunctions. This lat-

ter precaution is necessary since the temperature of the entire surface has

to be maintained in an isothermal state within experimental limits. The ther-

mocouple junctions are affixed to the top of the heater surface using a high-

ly conductive Omega 101 epoxy as a heat sink. Thermocouples are also placed

at the junction of the ice profile with the cylinder in order to measure the

base cylinder temperature from which an estimate of the conductive heat loss-

-i es through the wooden model can be calculated. Less than 5% of the heat gen-

erated at the surface was conducted away from the surface. The whole assem-

bly is finally covered with adhesive backed, thin (0.07 mm) aluminum foil to

give a smooth and continuous surface. Because the foil is thin, it is

-9-
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assumed that it does not affect the heat transfer into the air stream. Also,

the low emissivity of aluminum reduces heat losses due to radiation (less

than 1.2%). Calibrated Omega electronic ice points are used in conjunction

with the thermocouples and these voltages are read and recorded using a HP

3467A logging multimeter. Electrical access to any heater or thermocouple is

facilitated through a bank of scanners. The free stream temperature T. is

measured by a separate thermocouple mounted inside the test section.

The velocity is measured using a TSI 1210-20 single hot film sensor con-

trolled by a TSI 1050 series constant temperature anemometer. The linearized

signal is measured by a HP 3455a digital voltmeter, a DISA 55D35 RMS voltme-

ter provides the turbulence intensity. The linear response of the anemometer

was checked using a nozzle with a 3.41:1 contraction ratio, a stilling cham-

ber and a flow straightener. The nozzle upstream pressure was measured by a

Miriam Micromanometer to within ±0.025 mm of water. The setup was designed by

Abdelghany2 8 to supply a low turbulence air jet, free of swirl.

EXPERIMENTAL PROCEDURZ

The wind tunnel was allowed to run for 5-10 minutes in order to attain steady

flow and temperature conditions. The velocity was set so as to obtain a pre-

determined Reynolds number. The power to the individually controlled heaters

was switched on and the thermocouple temperatures were continuously moni-

tored, until a constant temperature was attained over the surface. Once

steady state conditions were reached, the voltage across, the current

through, and the thermocouple voltages on each heater were noted. Finally,

the free stream temperature and velocity were recorded.

-10-



The calibration of the hot wire indicates a correlation coefficient of

0.998 or better. Calibrations were performed before each experiment to take

care of changes in temperature and weather. Using the Hot Film probe, a pro-

file of the velocities within the test section was obtained over a 16x27

grid. The velocity was observed to be uniform over the test section. The

maximum intensity of turbulence in the central region was of the order of

0.5%. As stated earlier, the models are equipped with three sets of thermo-

couples, top, middle and bottom rows respectively. In performing the experi-

ment it is necessary to select one of the rows which will determine the con-

stant surface temperature condition (generally the choice would be the middle

row from symmetry considerations). This is necessary since once the power to

a heater is set with respect to one of its thermocouples, then the tempera-

ture indicated by the remaining two is automatically fixed as no other con-

trol is available to change their output without changing the initial set-

ting. Hence, at steady state, we will have a band around the model in which

the temperature is very much constant. The other regions may have slight

temperature variations. The authors used this isothermal band for the calcu-

lation of the necessary parameters of this study. Note that this assumption

is valid since the temperature coefficient of resistance of the thermofoil

heater is negligible in the temperature range of interest.

The experimental setup at the University of Kentucky was first tested to

obtain reliable measured results. To do this an initial experiment was per-

formed to measure the local heat transfer coefficient on a two inch cylinder

using the steady state heat flux method. The data obtained agrees well with

published results 2 9 ,2 3 (see Fig (3)). Plaster casts of ice growth on a 50.8

mm cylinder were cbtained from experiments conducted in the icing research
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tunnel at NASA, Lewis. The profiles obtained were smoothened and coordinates

of the same were provided to the authors by Shaw3 0 . A selected set of 2, 5

and 15 minute smooth glaze ice profiles were prepared as described in the

section "Apparatus" in Chapter 2. The shapes of the growth of glaze ice on a

cylinder(smoothened profiles), are shown in Fig (1).

Explanation of the legends in the figures is as follows,

angle of attack

Model Used (Tw - T.)

NACA/S/4/SU 1515860/ 27.2

Reynold's number

S--smooth SU---Suction
R--5 min PR---Pressure

I. For all cases in this study the Nusselt and Reynold's numbers were calculated

using the Film temperature (Tw- Tm) and a characteristic length, the diame-

ter D or chord C.

2 MINU= GLAZE ICE On A CXRCMLR CYZZ3R

This protrusion covers 1160 of angular surface or a total non-dimensional

length (lI/D) of 1.35. The blockage ratio for the model is equal to 0.078.

The maximum variation in temperature is 1.0% over the entire central band at

a surface temperature of 48*C. The mean of the local heat transfer coeffi-

cient of symmetric points about the forward stagnation (location W-00), was

taken. This procedure showed a t47 variation in the NuD number and a ±0.12

variation in the NuD/4ReD at any location. Radiation losses were minimal at

0.3% and conduction losses were measured and assessed to be not greater than

%5% which occurred at the junction of the ice shape with the cylinder.

%
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Fig (4) is a plot of NUD/IROD vs angle which compares the results with

those of Van Fossen31 and Arimilli2 9 . This shows that the authors' data com-

pare well with that of Van Fossen3 1 over most of the region. We also find

much higher values at the junction of the ice with the cylinder in the down-

stream end. This may be due to the higher curvature in this section of the

model. Arimilli2 9 shows the same qualitative trend but is lower by around 13%

on the average with the authors' data as the base.

5 MXMU'f GLAZE ZCZ O A CXRCULZR C!LMDZR

This ice shape covers 1220 of angular surface or a total non-dimensional

length (l/D) of 1.89. The blockage ratio for this model is equal to 0.088.

The maximum temperature variation is around 1.0% over the entire central band

at a surface temperature of 520C. The mean of the local heat transfer coef-

ficient of symmetric points about the forward stagnation was taken. This

procedure shows on the average a ±14 variation in the NuD number and a ±0.04

variation in the NuD/qReD at any point. Radiation losses were less than 0.3%

and conduction losses measured did not exceed 3% which occurred at the junc-

tion of the ice shape with the cylinder.

The data of Van Fossen 31 , Arimilli 2 9 and the authors are compared in Fig

(5). This shows very good agreement between Van Fossen 3 1 and the present

data. The authors' show much higher values at the junction of the ice with

the cylinder in the downstream end. This again may be due to the higher cur-

vature in this section of the model. Arimilli2 9 shows the same qualitative

trend but is lower by about a maximum of 75% with the present data as the

base.

-13-
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15 MINUTE GLAZE ICZ ON A CIRCLAR CYINDER

This model covers 1250 of angular surface or a total non-dimensional length

(I/D) of 4.2. The blockage ratio for this model is equal to 0.132. The max-

imum temperature variation is around 1% over the entire band at a surface

temperature of 550C. The mean of the local heat transfer coefficient at sym-

metric points about the forward stagnation was taken. This procedure shows

on the average a ±44 variation in the NuD number and a ±0.12 variation in the

"1% NUD/4ReD at any location. Radiation losses were less than 1.2% and conduc-

tion losses were measured and assessed to be not greater than 4% which

occurred at the junction of the ice shape with the cylinder.

Fig (6) shows a comparison of the data with published results from Van

Fossen 31 and Arimilli2 9 . The authors data compare in trend with those of van

Fossen3 1 over most of the region showing values lower than those of Van Fos-

sen 31 at times by up to 27% based on the authors' data. Past the horn

(A-350) of the protrusion and downstream, the heat transfer coefficient is

.,- _ observed to follow a wave like function. A numerical flow study on the same

profile performed by Calarese 32 lends credence to this behaviour. The flow

going around the horn, encounters downstream regions of separation and reat-

tachment which would cause sudden changes in the thermal boundary layer and

hence, the undulating form of the local heat transfer coefficient. Arimil-

-i2 9 follows the trend up to the stagnation point at the horn but falls off

rapidly in magnitude later downstream.

A study of the velocity field, ahead of the 15 minute model, in a three-

dimensional grid between 76 and 140 mm upstream from the center of the cylin-

der is shown in Fig (7). This is a contour plot in the XZ and XY planes of

-14-
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the non-dimensional velocity based on the maximum velocity in the Y direc-

tion, ie. the direction of flow. The velocity profile in the region of

interest is noted to be uniform and symmetric about the longitudinal axis of

the model. A large stagnation zone exists upstream of the profile where

velocities drop to less than 40% of the free stream up to 2 diameters away.

In the case of the 15 minute profile the stagnation zone extends up to

approximately 305 mm (6 diameters) upstream from the center of the cylinder.

It is also observed that the flows in both the XZ and XY planes are not

exactly syametric and may be the cause of asynnetries in the boundary layer

flow leading to the variation in the heat transfer coefficients measured at

locations symmetric about the forward stagnation.

The comparison of the local heat transfer rates for the three profiles

shown in Fig (1) is provided in Fig (8). It is observed that as the ice

grows on the cylinder the heat transfer coefficient at any region decreases.

This can be explained by noting that as the ice grows it takes up a two-

dimensional concave profile in the forward stagnation zone. This tends to

enlarge the upstream stagnation zone, which may extend many diameters ahead.

All this results in slower velocity and thicker thermal boundary layers which

results in the heat transfer coefficient being lowered.

Calculations were done to correlate some characteristic dimension of the

profile, which includes ice growth, with the Nusselt number. When the Nus-

selt number is based on the maximum width of the profile subtended by the

flow, the data from the different ice profiles tend to coalesce. A better

correlation also exists between NuD/4ReD and angle than between NuD/4ReD and

l/D. Coordinates and thermocouple locations of the 2, 5, and 15 minute models

are provided in Tables (1,2,3).
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CHAPTER 3

Surfaces produced by various processes exhibit differences in textur. these

differences make it possible for turned, polished, milled or ground surfaces

to be easily identified. From the fluid mechanics and heat transfer point of

view the variations in the surface texture influence the flowfield, thereby,

increasing or decreasing drag, lift and the ability to transfer heat which

may under certain conditions be critical.

The precise definition and measurement of surface-texture which is irregu-

lar in shape and which does not lend itself to direct measurement can become

very complex. Hence, there is a need for improved methods of determining,

designating and controlling the surface texture. Texture can be qualitative-

ly described by its coarseness, in that burlap is more coarse than silk. The

coarseness index is related to the spatial repetition period of the local

structure. A large period implies a coarse texture and a small period, a fine

texture. This perceptual coarseness index is clearly not sufficient as a

quantitative measure of texture.

ROUGHNESS DEFINITION

The classical definition of roughness strives to describe surface irregulari-

ties quantitatively and qualitatively in a number of ways 33 , for instance:

(a) The roughness-height index value is a number which equals the arithmetic

average deviation of the minute surface irregularities from a hypothetical

perfect surface, (b) waviness refers to the secondary irregularities upon

which roughness is superimposed, which is of significantly longer wavelength.

It is defined as the maximum peak to valley distance. (c) Lay refers to the

p..,

-16-

't% A:
pp..-



direction of the predominantly visible surface-roughness pattern. The stan-

dards are not concerned with other surface qualities such as hardness and

microstructure.

If the surface is composed of a combination of a number of elementary sur-

faces superimposed on one another, then a two-dimensional Fourier analysis

can be easily applied. Several studies3 4 - 3 6 have considered textural analy-

sis in terms of the Fourier spectrum of a region. Since the degree of texture

coarseness is proportional to spatial period, a region of coarse texture

should have its Fourier spectral energy concentrated at low spatial frequen-

*.- cies. Conversely, regions of fine texture should exhibit a concentration of

spectral energy at high spatial frequencies. Thus, roughness description may

be enhanced using those superior techniques borrowed from more established

disciplines.

THEORY

A Fourier series,

01 nx 0 nix
f(x) - -aO + 1 anCos - + 7bnSin (3)

2 n-i L n-I L

-a..
is a representation of a function f(x) as a linear combination of all those

cosine and sine functions in an interval (-L,L) which have the same period3 7 .

Fourier series in this sense can be used for analyzing oscillations or wave-

forms periodic in space. The Fourier series may also be used to represent a

function which is not periodic, but instead is defined in the first place

only in a restricted interval. A two-dimensional Fourier transform repre-

sents a rotation of coordinates of a two-dimensional coordinate system into a

new set of orthogonal coordinates also of two dimensions. Hence, there exists

2%'%
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a coordinate rotation which causes certain dimensions to become more relevant

N than others, thereby permitting the surface to be categorized with the aid of

fewer but more relevant dimensions.

Application of Fourier analysis to define such surface profiles provides a

two fold advantage: (a) The large amount of discrete surface coordinate data

is described using mathematical relations which are simple and require far

less memory, allowing a sizable data reduction 3 6 , 3 8 and (b), the amplitude

and frequency of the sinusoidal functions are analogous to the properties of

the classical definition of roughness.

The term frequency is applied to a set of sinusoidal functions whose zero

crossings are uniformly spaced over an interval. The parameter n that belongs

to sets of functions of the form cos(nicx/L) and sin(nrx/L), as in Equation

(3), is interpreted as the number of complete cycles generated by a sinusoi-

dal function per unit length 2L.

Given a surface h(x,y), a two dimensional Fourier transform

H(m,n) - If h(x,y) e- j (m x +ny)dxdy (4)
-~ -00

decomposes the two dimensional function into an infinite set of coefficients

of two dimensional orthogonal complex trigonometric waveforms given by the

Fourier kernel exp(-j(mx+ny)). The inverse Fourier transform is then given

by,

00 j(mx+ny)

h(x,y) = II H(m,n) e dmn) (5)
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The terms m and n are called the spatial frequencies of the image in analogy

with time series analysis. If a signal is defined over a finite interval 2L,

then its Fourier transform is exactly specified by the Fourier series at a

set of equally spaced points on the frequency axis. The distance37 between

these points of specification is 1/2L. When Fourier analysis is applied, the

origin or zero spatial frequency term appears in the corner of the transform

plane. For display purposes it is shifted to the center of the transform

domain (see Fig (9b)). The two-dimensional Fourier transform of an image is

essentially a Fourier series representation of a two dimensional field.

The most basic of all surface features is the measure of surface ampli-

tude. A surface array is considered to be a rectangular array of NxM alti-

tude samples described by the function h(x,y) over the surface coordinates

(x,y). The coefficients of the two-dimensional Fourier transform, H(m,n),

specify the amplitude of the basis functions such that the weighted sum of

the basis functions is identical to the image. Then the two-dimensional dis-

crete forward transform of the surface array, H(m,n), itself defined on a

rectangular array of NxM points, may be expressed as,

1 M/2-1 N/2-1 -j(mx+ny)
H(m,n) -__ 1 h(x,y) e (6)

'FMN x--M/2 y--N/2

Parseval's theorem being satisfied, each spectral component in the transform

domain corresponds to the amount of energy of that spectral orthogonal func-

tion within the original surface4 0 .

The h(x,y) function describes a surface having NxM components, and the FFT

H(m,n), is a complex function containing 2xNxM components. Owing to the fact

that h(x,y) is a real positive function, H(m,n) displays a property of conju-

-19-
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gate symmetry, hence, it is necessary to obtain only one half of the trans-

form plane, ie., the surface can be described by NxM components of the

FFT 3 9 , 40. The Fourier analysis is implemented using a fast Fourier trans-

form(FFT) algorithm 40 ,4 1. The transform being symmetric and separable, the

*, FFT is applied on the two-dimensional surface in two sequential steps of one

dimensional transforms3 9 , 4 0. Then the surface can be written in the Fourier

eseries representation as,

M/ 2 fx N12 ny nzy
h(x,y) - a 0 + IamCos_ + IbSin- + ZcnCOS_ + £dnSi--- (7)

m-1 Lx Lx n-i Ly Ly

-% where,

;m "2Lx/m

.. -2Ly/n

H(m,0) - aml2 + ibml2  m-l,M

H(0,n) - cn/2 + idn/2 n-1,N

are the complex coefficients obtained from the FFT at the points m, n on the

principal axis of the transform plane. The coefficients h(mn) at locations

other than the principal axis are not being considered in this study as they

define functions which do not contribute to the definition of roughness.

For example consider the function h(x,y) defined as follows,

h(x,y) - 0.2Cos 2n17x + O.lSin 2x6y (8)

This corresponds to a two dimensional surface, as shown in Fig (9a), composed

of the sum of sinusoidal surfaces of frequency 17 in the X direction and of

frequency 6 in the Y direction. If a two dimensional Foutier transform is

"p. performed on this surface, the resulting spectrum contains peaks at locations

corresponding to the respective frequencies of the surface. The sum of the

-20-
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absolute value of the peaks, for the same frequency, gives the amplitude of

the function. This is confirmed from Fig (9b). In order to perform the Four-

ier transform the surface must be discretized into a NxM grid, where N and M

must satisfy the Sampling theorem 4 0,

N and M > 4BL (9)

where,

N,M ------ number of divisions

B --------Bandwidth or maximum frequency

L --------half signal interval

in order to recover the function wholly in the transform domain. Owing to

the discrete and finite nature of the FFT employed, the exact function is not

recovered in the transform domain, as distribution of some of the energy of

the original function over other frequencies occurs. This may be reduced by

applying windowing techniques, or by using larger grids.

In the present example a 64x32 grid was used. The function recovered from

the Fourier analysis can be written in the form,

h(x,y) - 0.18Cos 2Xl7x + 0.092Sin 2x6y (8a)

which has a relative error in magnitude of between 8% to 10% based on the

original function. Doubling the grid to 128x64 gives,

h(x,y) - 0.196Cos 2x17x + 0.098Sin 2x6y (8b)

which has a relative error of 2%, increasing the accuracy by a factor of

four.

Having confirmed the ability of the Fourier analysis to extract pertinent

information in two-dimensional surfaces, the next step was to apply the tech-

nique to the 15 minute glaze ice surface.
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FABRICAT ION

*Fig (10) shows the rough surface profile of a fifteen minute glaze ice accre-

tion on a 50.8 mm cylinder. A plaster cast, one inch long in the axial

direction of the cylinder, was obtained from Shaw 3 0, from experiments con-

ducted in the icing research tunnel at NASA, Lewis 31 . The icing conditions

were as follows:

Liquid water content w- 2.1 g/m3

average droplet size d - 20 Jim

- -7 8 deg C

U.- 208 kph

Experiments were performed earlier by the authors (see Chapter 2) on

smooth 15 minute glaze ice models. Since the geometry of the smooth model,

excluding the roughness of the surface, was similar in all respects to the

actual glaze ice profile 31 it was decided to use these smootn models with all

the hoaters and thermocouples attached as a base for the actual rough models

(see :'ig (11)). This saved considerable time in the laying out of the heat-

ers, thermocouples and the associated electrical circuit connections, (see

section on HEAT TRANSFER CHARACTERISTICS in this chapter).

A number of methods of fabrication were considered. Two methods, namely,

the lost wax method and a three step process were tried. The latter was con-

sidered to be more practical and so was adopted and will be described here.

* (a) A master mold of one of the originals 3 1 was first made by pouring Kerr

Permalastic impression material into a one-inch-deep thin walled plastic

beaker in which one of the original 15 minute cast was firmly positioned. The

* -original cast was of approximately one inch axial length, hence, the shallow
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beaker. Kerr Permalastic is a fast setting (10 minutes), two part rubber

epoxy which will flow into and conform to complex surface undulations with

tolerable (less than 5%) shrinkage on setting. Being rubber it is pliable,

making it easy to remove the rubber mold from the cast without destroying

either. Thus, the cast is re-usable. Once the rubber mold was made a number

of replicas of the original cast were made using Microstone Whip Mix, a quick

setting dental plaster. These replicas were then joined end to end in order

to get a model which was approximately 20 inches in length.

(b) Having made the 20 inch cast, the next step is to somehow transfer or

copy the surface configuration onto the smooth ice surface. Since the smooth

ice shape has similar dimensions as the newly cast piece a careful transfer

of the surface profile would produce a final model true to the original. The

surface of the 20 inch plaster cast, prepared in step (a), is wetted with

water and a 0.4 inch thick layer of Kerr Permalastic is evenly poured on the

surface. On setting, the thin layer of water on the cast prevents any adhe-

sion of the rubber to the cast and, thereby, assists in the easy removal of

the resulting rubber sheet containing a 1:1 imprint of the rough surface.

(c) Since the rough surface is to be reproduced on the smooth surface above

the heaters and thermocouples, it is necessary to make the rough skin-like

surface of a high thermally conductive and adhesive material. A suitable

choice was found in Omega 101 two part epoxy adhesive.

Thermal Conductivity K-1.04 W/m.0K

Coefft. thermal Exp. 3.6x10- 5  cm/cm/*C

Continuous operating temperature -135 0C

A thin layer of approximately 0.25 inch of the mixed Omega 101 epoxy was

evenly spread on the surface of the smooth model. The rubber sheet prepared
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in step (b) was sprayed with a very thin oil (WD-40), which prevents the

epoxy from sticking to it. Making sure that no air bubbles were trapped

inside, the rubber sheet was then pressed lightly on to the epoxy coated sur-

face. The epoxy flows into and sets in the configuration provided by the rub-

ber surface mold. The rubber sheet is peeled off, leaving the cured epoxy

skin implanted with the rough surface profile. This is finally coated with a

'flat black' paint of about 98% emittance.

Surface coordinates were obtained by mounting the model on a vertical

semi-universal milling machine with a three degree freedom of motion table.

using a micrometer gauge accurate to a thousandth of an inch, with a feeler

of tip radius 0.002 inch, the coordinates of the surface of the 15 minute

glaze ice were obtained over 1 inch length in the vertical direction(Z-axis)

on a grid spacing of 0.1 inch in each direction. Thus surface coordinates

were obtained over a 11x104 grid. A view of the various section profiles is

provided in Fig (10).

FOURIER ANALYSIS

The Fourier analysis was first performed on the whole profile of the 15 min-

ute glaze ice. This can be considered as a large roughness element placed on

the cylinder in cross flow.

The 15 minute glaze ice surface in the Cartesian coordinate system is a

double valued function of x, as can be noted from Fig (10). This poses prob-

lems in interpreting the Fourier coefficients. This problem can be circum-

vented by transforming the data to the cylindrical coordinate system with

angle 0, as the independent variable. Here 9 is the angle measured in radi-

ans from the positive direction of the X axis in the counter-clockwise direc-
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tion. The 104xil surface grid was converted to cylindrical coordinates and

further grids of 256x32 and 512x64 obtained with the help of two-dimensional

B-spline interpolation routines. The increase in the grid is necessary to

satisfy the sampling theorem, thus making certain that all possible frequency

con-3nents are extracted. A three-dimensional plot of the FFT is shown in Fig

(12). The coefficients of the function,

m/2 Me MX( N/2 nxz nxz
R(e,z) - a0 + amcoa_ + bSin + cnCos-- + dnin----- (10)

M1-i L LO n-i Lz Lz

as modified from Equation (7), for a grid of 256x32, in the e and Z direc-

tions are provided in Table (4). From our analysis it was ascertained that a

256x32 grid more than suffices the requirements of the sampling theorem. Fur-

ther increase to 512x64 produces no change in the FFT. From Fig (12) we note

that for X< 0.065 radian in the e direction and Xz< 0.11 inch in the Z

d direction the FFT coefficients vanish, i.e. they are less than 0.002 inch,

the tip radius of the measuring probe. The number of data points to com-

*i pletely define the surface is 128. Compared to 8192 data points of the ini-

tial grid, this translates to a data reduction by a factor of 64.

In performing the Fourier analysis the appropriate surface must be select-

ed. The whole ice shape can be considered as a large roughness element on the

cylinder, or, since we are also interested in the local heat transfer coeffi-

cient which is dependent on the characteristics of the local and neighboring

surface geometry and its corresponding momentum and thermal boundary layer2 3,

a more detailed description of the local rough surface may be required.
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4. .In order to acquire the aforementioned, the rough fifteen minute glaze ice

profile can be considered to constitute a 15 minute smooth profile on which

is laid a thin "rough skin" (see Fig (10)). It then becomes necessary to

perform the Fourier analysis on the hypothetical rough skin which covers the

smooth ice shape. The coordinates of this skin are mathematically obtained by

subtracting the smooth profile from the rough profile. Using a surface spline

efitting algorithm the amplitude of the rough surface from the smooth glaze

ice is determined, the profiles are shown in Fig (13a,b). One observes from

experiments that such profiles are characteristic of glaze ice formation

under conditions similar to those specified in "Fabrication". Knowledge of

the Fourier coefficients for the above skin can then be implemented in laying

skins on other surfaces which may be exposed to similar ambient conditions.

The skin profile coordinates were calculated over a 157xll surface grid

which was further divided into grids of 256x32 and 512x64 using methods

4.'. described earlier in order to satisfy the sampling theorem (see Equation

(9)). A three-dimensional plot of the FFT is shown in Fig (13c). An analy-

sis of the spectrum ascertained that a 256x32 grid adequately satisfies the

sampling theorem. Further increase to 512x64 produces no change in the FFT.

From Fig (13c) we note that for Xx< 0.23 inch in the X direction and X<0.17

inch in the Y direction the FFT coefficients vanish. The coefficients of

Equation (7) obtained from the above analysis are provided in Table (5) . The

number of data points to completely define the surface is 107. Compared to

8192 data points of the initial grid, this translates to a data reduction by

a factor of 76.
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ROUGH3UZBS D38KR.PTZIO

Consider ice accretion on a cylinder. From Fig (8) we note that within the

forward stagnation zone, the Nusselt number decreases at any particular angle

as the ice grows with time. At the tip of the horn, however, the Nusselt num-

V..
ber remains approximately the same. Flowfield velocity studies show that as

the ice grows, the stagnation region extends further upstream. This would

e9 mean that the air flow over the surface within the forward stagnation no more

has velocities of the order of the free stream velocities and even though

turbulence may increase in this region, the ability of the flowfield to

transport heat is throttled because of the reduced velocities in this region.

At the tip of the horn, free stream velocities still exist, hence not much

difference in the heat transfer coefficient is noted. This change in the

heat transfer coefficient and flowfield with time changes the rate at which

and quality, or surface structure of the ice forming. At time zero, the Sur-

face of the cylinder is clean and smooth. The heat transfer rate is maximum

at the forward stagnation point. Water droplets that impinge on the surface
9.,

do not freeze on contact, but flow along the surface downstream as they lose

heat. The front surface of the cylinder is the only face that has water dro-

-t.. plets impinging on its surface. Any water that may arise on the aft face is
-,

S due to it flowing along the surface and around. If the distribution of water

droplets within the flowfield is homogeneous, then the rate at which these

droplets impinge on the upstream surface of the cylinder should be propor-

tional to the elemental surface area component normal to the direction of the

free stream, the flow given by RCosldVdZ. However, when inertia of the dro-

plet and drag due to shear with the flowfield is considered, depending on the

size of the droplet, the distribution or local collection efficiency of the
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surface changesl7,19, 2 2. The supercooled water droplets due to their iner-

tial forces deviate from the curvature of the streamlines in the vicinity of

the leading edge. The larger droplets deviate more from the streamlines hav-

ing less curved trajectories. Coupled with this is the fact that the dro-

plets do not freeze on contact but flow along the surface. Thus the rate of

ice buildup at any location depends on the local heat transfer coefficient

and the net rate at which water is transported into the region. The shift

from the metastable thermodynamic state of supercooled water to the more sta-

ble state of ice is precipitated by a physical disturbance. Changes within

the velocity field are sufficient conditions to initiate such shifts. As the

ice accretion increases in size the stagnation region extends further

upstream of the body, thus the supercooled water droplets experience velocity

changes much ahead before collision with the body. Consequently the phase

change process of water to ice begins before contact. Depending on the size

of the water droplet, the ability of it to release heat to the ambient, the

droplet will impact the surface fully or partially frozen. If partially fro-

zen, the shell like ice ball will break up on impact, releasing its water

contents which flows and freezes. The solid droplets will freeze on impact.

All the above, the solid frozen droplets, droplet shell fragments and waves

on the water surface constitute the surface roughness.

SAND GRAIN ROUGHNESS

It is customary in fundamental fluid mechanics research applications to

introduce an equivalent sand grain roughness, ks. By definition it is the

size of uniform sand grains that produces the same wall shear stress as the

actual roughness under the same flow conditions42 . Schlichting 43 introduced

this concept when he attempted to correlate his skin friction vs surface
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"roughness data, with the data previously obtained by Nikuradse 4 4 for rough

pipes. The experiment4 3 was set up such as to provide a region with a fully

developed turbulent boundary layer in a rectangular channel, in which the

measurements, for surfaces implanted with elements of differing shapes, sizes

and interspaces, were taken. By using velocity profiles and pressure drop

data, Schlichting 4 3 and later Coleman 4 5 were able to arrive at the equivalent

sand grain roughness. First, the experiment was such as to ensure a uniform

*pressure drop in the fully developed region from which the average wall shear

stress could be calculated. Second, the velocity profile was assumed to be

4'. two-dimensional and invariant in the streamwise direction within the fully

developed region.

For a given value of k, Equation (11) describes the "log law" velocity

profile for fully developed turbulent flow over a rough wall,

u y
- - 5.75Ln(-) + B (11)
v, k

solving for constant B, by fitting Equation (11) to the experimental data,

and then using,

5.751og1_) - 8.5 - B (12)
k

'S.-

an average value of k. for the whole roughened surface can be determined.

Thus it is possible to compare the scale k of an arbitrary roughness with

that of a standard roughness k3
4 3,4 5,4 6.

Experiments were performed to measure the velocity and temperature over a

3-D grid in the forward stagnation region of the 15 minute glaze ice smooth

and rough models, (see Fig (7,14)). The stagnation zone extends up to four

diameters upstream. There is no significant change in the velocity profile

-29-

S%,.-45,



without or with the rough skin included. Temperature measurements using a hot

wire in the forward stagnation zone indicate that the flow unsteadiness is

* responsible for temperature variations which extend into the zone for about

*..'.an inch at the line of symmetry. Within one diameter upstream of the sur-

face, the flow is decelerated to 30% of the free stream value(all velocities

measured in this region are aggregates), the flow being irregular, unsteady,

the turbulence intensity reaching up to 5% of the free stream velocity (viz.

60% of local velocity,- this includes contribution of unsteady flow).

Unlike the experiments in fully developed internal flows4 3 , 4 4, velocity

boundary layers in external flows keep growing. On a given surface, the Rey-

nold's number increases as the flow moves downstream, and the boundary layer

which has zero thickness at the forward stagnation, thickens concurrently.

A% The fact that the temperature variation extends about an inch at the line of

symmetry may be due to the high local turbulence intensity and flow unsteadi-

ness. No recirculating flows have been detected in this region using smoke.

At the tip of the horn, where free stream velocities exist, the thermal

boundary layer thickness reduces considerably. Past the horn (which acts as

an abrupt step), and downstream, the flow encounters high pressure gradients,

which induce separation of the velocity boundary layer. Numerical studies3 2 ,

velocity flow measurements, and flow visualization using smoke, performed by

the authors and others 4 7 , clearly show these trends in flows over highly

curved concave passages. Such flow conditions were also noted for the glaze

ice without the rough skin. This would mean that the predominant flow char-

acteristics in this region of the forward stagnation are determined primarily

by the larger horn like protuberances of the glaze ice rather than the local

surface constituting the skin.
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Velocity profiles which were taken over a coarse grid do not show any sim-

ilarity. Secondly, the surface is not of uniform sized roughness. According-

ly, if the analysis used by Coleman4 5 was applied, one would arrive at equiv-

alent sand grain roughnesses which vary with the location on the surfac ).

Such an equivalent description of roughness holds no advantage over the Four-

ier description, as velocity profiles have to be obtained at each point in

order to calculate the equivalent sand grain roughness at that location.

Introduction of such roughness factors into complex numerical codes further

exacerbate the solution of the problem if several sandgrain roughnesses have

to be used. This suggests that the Fourier data be used to obtain surface

characteristics needed to determine the flow, thus introducing simplifica-

tions to the geometry.

A surface is rough if the roughness elements are large enough to protrude

above the laminar sublayer. Thus disturbances created by the flow around the

obtrusion will produce turbulent motion very near the wall. The flow over a

rough surface must depend intimately upon the size, shape, and distribution

of the roughness elements and upon the friction velocity v,. To specify the

size of a roughness pattern, a typical dimension, 'k', is used 48 . This

dimension k is identical to double the amplitude of the sinusoidal function

(equivalent to the total peak to valley distance), given by the Fourier coef-

ficients. The width and spacing X are given by the inverse of the frequency

of the function, see Tables (4,5).

Schlichting 4 3 from his experiments observed that for elements of a given

height there exists a configuration which produces the maximum drag, the

spacing in this being far more than that for a densely packed surface4 9,5 0.
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Owing to the close proximity of the elements in a densely packed surface, the

growth of the disturbances shed by neighbouring elements is partially inhib-

ited, thus indirectly having a shielding effect on each other. With this in

mind let us consider the results of the Fourier analysis on both the whole 15

5- minute glaze ice and its superficial rough skin. From Table (4) we see large

roughness elements of amplitude 0.78< (A, B)<.38 inch and large wavelength 1<

-. <3.14 radian, which corresponds to the horns of the glaze ice, between

which the far smaller elements of the rough skin (details in Table (5)) are

packed. The form drag is insensitive to the low values of surface roughness

of the skin within the concave region of the upstream section of the glaze

ice (see Koh 47 and Nikitin 51 ), and is primarily caused by the point of sepa-

ration that is determined by the edges of horn of the glaze ice. Now, if we

calculated a mean roughness height on the whole surface grid, it would be
o.5

" .. considerably reduced in magnitude compared to that of the dominant horn of

the glaze ice. From this we can conclude that the effective roughness, k,

should be weighted in favour of the larger elements present in it.

The fluid being air and having a Prandtl number of 0.7 would mean that the

thermal and velocity boundary layers would develop similarly. This would mean

that if the introduction of the rough skin on the smooth glaze ice were to

significantly change the velocity boundary layer, then a like effect should

be seen in the thermal boundary layer. Hence, determination of the local heat

transfer coefficient without (given in Chapter 2) and with the rough skin

will indicate the effect of this superficial skin.
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HAT TRANSFER CALCTERISTICS

Having already obtained satisfactory heat transfer data on the surface of

simulated smooth glaze ice profiles (see Chapter 2), the next step was to

determine the heat transfer coefficient with the rough skin. The measurement

techniques and apparatus are described in detail in the previous chapter.

The process of preparing a rough skin is given in FABRICATION.

Skin Correction

The thin skin, which makes up the rough projections on the surface, Fig (11),

is cast on top of the thermocouples. The finite thermal conductivity of this

skin material requires that the experimental procedure incorporate a tempera-

ture correction such as to arrive at the required surface temperature. From

Fourier's Law of heat conduction we have,

Q - KA(Tm - Ts)/dx

or,

-a Tm - d/k

where,

Ts - - - - - - -actual surface temperature *C

Tm -------measured temperature 0C

Q------- local heat flux W/m.K

dx ------- skin thickness M

K-------Thermal conductivity W/m.K

A ------- normal area m 2

The temperature of the rough skin undersurface (Tm) is measured using thermo-

couples. On site temperature corrections are made until the required actual

surface temperature(Ts) is obtained.

3i
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The skin thickness, dx, varies anywhere from 1mm to 5mm on the undulating

surface. This introduces, for a uniform heat flux over each heater element,

an uncertainty in the actual surface temperature, resulting in a correspond-

ing uncertainty in the Nusselt number. Secondly, in calculating the heat

*i transfer coefficient given the heat flux the surface area is required. Most

published results use the smooth surface(plan area) whose normal is perpen-

dicular to the direction of flow. Having obtained the coordinates of the

surface we also obtained the true rough surface area using surface integra-

tion. Depending on the location these true areas are upto 1.9 times the

smooth areas.

The transfer of heat from the surface occurs in the first place by purely

molecular diffusion through a film of air. Above this laminar sublayer there

is a transitional layer in which turbulent exchange increases rapidly and

becomes the over-riding process at the base of the region of fully developed

turbulent flow. This implies that the molecular conduction process is the

major source of resistance 51 ,5 2 to the transfer of heat within the boundary

layer. That much of the resistance to heat transfer occurs in the layers

close to the surface is exhibited by the fact that typically more than half

of the difference in temperature between the surface and the ambient takes

place over the laminar sublayer5 3 .

Typical results of Nusselt numbers obtained for both the smooth and rough

15 minute glaze ice models are provided. Fig (15) is a plot of the local Nus-

selt number calculated using the plan area. The 'I' symbols indicate the

range of uncertainty due to temperature. Within the forward stagnation zone

P .(up to W/=3 8'), an increase of 53% at the centerline and up to 115% at the tip
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of the horn in the heat transfer is realized. Downstream this increase lies

anywhere between 40% to 120%. Fig (16), provides a comparison of the Nusselt

number of the same data, the difference being that the actual rough area is

used in the calculations. Here we see that the Nusselt number actually

decreases in the forward stagnation zone showing an increase only at the tip

of the horn of about 50% and further downstream between 20% to 90%.

The total heat transfer rate over the whole rough surface shows an

increase of up to 40%, 75% of which is due to the downstream surface from the

horn. The region of importance is the location where the maximum heat flux

occurs. This occurs at the tip of the horn, where an 80% increase in the Nus-

selt number is observed. The surface downstream of this section supports

higher Nusselt numbers, but, the incidence of water flow in this region is

low 4 and hence, comparatively of less significance. All the above percentag-

es are relative to the smooth glaze ice data. The above analysis suggests

that within the forward stagnation zone of the rough model the augmentation

in heat transfer is partially due to the increase in surface area. Icing

studies performed in the past4 indicate that icing is predominant on the horn

and tops of the large roughness elements. This again leads us to conclude

that the large amplitude, low frequency elements of roughness, such as the

horn, determine the flow characteristics.

Two other authors', namely, Van Fossen 3 1 and Arimilli 2 9 have also per-

formed experiments on similar glaze ice models. van Fossen 31 used sand

grains, while, Arimilli 2 9 employed tripping wire loops to simulate the effect

of roughness on the boundary layer. The authors' data are compared in Fig

(15) with the above published results. The data compare well in trend. Ari-
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milli's 2 9 data, on the average over the whole surface, show a 4% to 28%

decrease in the Nusselt number when compared to those of the authors'. When

compared to their2 9 own smooth glaze data the increase is of the order of
% I

44%. Van Fossen's 31 data on the other hand, are higher than the authors on

the average by 21% to 58%. When their 31 rough model data is compared to that

of their smooth model an increase on the average of 28% is seen. At the tip

of the horn theirs31 show the highest values for Nusselt number for both

smooth and rough models, being 120% higher than the authors' in this region.

5.
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CHAPTER 4

Very little work has been done in determining the local heat transfer coeffi-

cients for airfoil surfaces. The literature is flooded with lift and drag

data 4 , 7'2 1 ,5 4 but few have looked into the thermal aspects. This most prob-

ably is because problems like ice accretion have only become of strategic

importance lately and renewed interest is now coming to light with missions

of missiles and aircraft which have to be flown in such conditions. Having

already performed detailed local heat transfer measurements on ice accretions

on a cylinder, the next step was to perform similar experiments on glaze ice

accretions on airfoils.

A number of experiments in ice accretion have already been per-

formed 4 , 19 ,2 1 on the NACA 0012 airfoil to determine its aerodynamic charac-

teristics. It was decided to select this profile which is commonly used on

helicopters because of its appropriateness to the problem since such aircraft

are most susceptible to icing as they are required to fly at lower altitudes.

Secondly, the determination of the local heat transfer coefficient would com-

plete the data bank available for both the fluid and thermal fields of this

airfoil. Two models were selected for the present study, namely, a smooth

NACA 0012 airfoil and a 5 minute glaze ice accretion on the same airfoil, the

flow conditions for which are detailed in reference 4 .

FABRICATION

Since ice accretion is predominantly a leading edge phenomenon, heat transfer

measurements were performed only on a section of the leading edge. The aero-

foil is constructed of Steel-Aluminum laminate. This being a good conductor

of heat requires that a section be cut off and replaced with an insulating
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$ piece (Balsa wood) of the same profile. The heaters and thermocouples were

mounted on this wooden section consistent with fabrication methods described

earlier in Chapter 2. The Chord for NACA 0012 is C-536 mm. The '1/C' from

stagnation, is the dimensionless length from the point of stagnation at a=00

angle of attack. The wing spanned the full height of the test section and

was mounted such that its angle of attack could be varied through a wide

range. The smooth model surface is heated using 20 independent Minco thermo-

foil heaters 5.9 mm x 175 mm x 0.3 mnn, glued without spacing onto the surface

of the wooden body insert of the model. The heaters cover 5% of the chord on

one face of the leading edge and 20% of the chord on the other face of the

leading edge. In order to obtain data at various angles of attack for both

the pressure and suction surfaces, the experiments had to be performed twice

for the same Reynold's number with the heated section first in the suction

region and then aligned so as to be in the pressure region of the flow.

RESULTS

Fig (17) is a plot of the Nusselt number (based on chord) variation with 1/C

at a-0 to 8* for the airfoil without ice accretion. When compared to a-00 ,

there is an increase in the average heat transfer over the forward 18% of the

chord surface region by up to 20% for a-20 . (-4 0 also shows an increase in

the overall average heat flux over 18% of the chord by up to 14%. At a=60 .

there is a 25% increase over 18% of the chord and for a-80 a 27% increase

over the same region is noted. Fig (18) is a plot of the Nusselt number

(based on 1) variation with 1/C at a=00 to 80. Since 1 increases as the flow

moves away from the stagnation, the Nusselt number shows an increasing trend

on both the suction and pressure surfaces, the higher values being registered

as is expected on the suction face. From both Fig (17,18), as the angle a
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increases, the Nusselt number on the suction surface increases, that on the

pressure surface decreases at any location, a far greater increase being

observed on the suction surface. At a-2, 4, 6 and 8* the average relative

increase of the Nusselt number on the suction surface with respect to the

pressure surface is 21, 36, 58 and 72% respectively, an approximately linear

increase with angle of attack. This implies that most of the increase in the

Nusselt number is realized on the suction surface and if ice accretion were

to occur, one should expect a larger horn on this side of the stagnation.

However, the pressure surface is predominantly facing the flow, and hence

collects most of the accretion. The above experiments were performed in the

Reynold's number range of 760,000 to 2,000,000 based on chord. Given any

angle of attack, experimental data in the form of Nu/4Re correlate very well

within the tested range of Reynolds numbers. Within the tip or stagnation

region of the airfoil, (see Fig (17,18)), the Nusselt number is almost inde-

pendent of the angle of attack, more so on the pressure surface. The same is

true in the stagnation region of a cylinder, and if the nose of the airfoil

is approximated to be a cylinder, then this association is clearly noted,

(see Fig (3)).

As already determined from studies performed on large glaze ice accre-

tions, the geometrical quality of a surface that determines the flow field

are the larger elements in the forward stagnation region, ie., the large ice

accretion shape forming on the nose of the airfoil must be considered as the

primary roughness. Thus a smoothened profile of a 5 minute glaze ice was gen-

erated from the rough surface5 4. This smooth profile Fig (19), makes experi-

mental fabrication and measurements more feasible. Fig (19) shows the for-

ward section of the NACA 0012 airfoil with the 5 minute smooth glaze ice
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shape attached. Coordinates of the above section along with thermocouple

locations are provided in Table (6). Note that this experiment was performed

7Z at a-40 . The surface of the 5 minute glaze ice model was heated using 13

independent Minco heaters 5.9 mm x 140 mm x 0.3 un. The heaters cover the

total projecting surface of the 5 minute ice shape in the forward stagnation

region of the airfoil. Fig (20a) illustrates the Nusselt number variation

along the surface of this model with time at the same angle of attack for T-0

and 5 minutes of icing. When Nusselt number is defined using C, it is

observed that a predominant peak occurs at 1/C --3.2% of the chord along the

.P. suction surface and then levels off for the rest of the surface. From Fig

(19) we note this region of high heat transfer corresponds to thermocouple

number 2 which is located on the tip of the budding horn. The Nusselt number

has decreased by almost 25% of its original value at T-0, over most of the

remaining glaze ice surface. Fig (20b) indicates that when the Nusselt num-

ber is based on 1, no significant difference is noted in the heat transfer

characteristics with or without a glaze ice accretion. This would mean that

heat transfer data obtained for the smooth airfoil can be used for the pre-

diction of ice accumulation at later periods in time. Experiments were per-

formed in the Reynolds number range of 960,000 to 1,800,000. The Nusselt num-

ber again appears to be a function of the sqare root of the Reynolds number.

Fig (21) is a contour plot of time averaged velocities around this model.

Note the region of separation on the suction side of the model adjacent to

the horn.

CONCLUSIONS

The technique used by the authors to measure the heat transfer coefficient

gave good, reproducible results. The smooth ice shape models were prepared
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meticulously, with precautions taken to conform to the initial profile as

closely as possible. Heat transfer results agree well with those of Van Fos-

sen 31 . Arimilli's2 9 data show similar trends but are lower in magnitude.

Both Van Fossen 31 and the authors' models were almost identical in size and

shape. Arimilli2 9 used a transient method to measure the heat transfer coef-

ficient and his models were geometrically similar but mounted on a cylinder

63.5 n m in diameter. A better correlation exists between Nusselt number and

angle from stagnation than between the Nusselt number and lI/D.

The heat transfer coefficient decreases with growth of the ice. When the

Nusselt number is based on the maximum width of the profile subtended by the

flow, which includes the ice growth, the data from the different ice profiles

tend to coalesce.

Fourier coefficients were obtained for both the whole glaze ice profile

and its hypothetical superficial rough skin. This skin can be numerically

transplanted on other glaze ice models to calculate local characteristics if

necessary. From the Fourier analysis, fluid flow, and heat transfer measure-

ments, we note that the key determining features of the 15 minute glaze ice

geometry are the large wavelength, high amplitude components. In other words

the whole ice accretion on the cylinder should be considered as the primary

roughness element. The superficial, smaller, higher frequency components do

augment the heat transfer by a factor which is approximately proportional to

the increase in area subtended by these secondary roughness elements. No sin-
I

gle sand grain roughness can be assigned to the profile.

When results of the actual rough model are compared with those of the

smooth glaze ice it is observed that,
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(a) a maximum increase of 115% in heat transfer rate occurs at the tip of the

horn.

(b) there is an average increase in the heat transfer over the whole surface

of 40%.

Local Nusselt numbers were also obtained for a NACA 0012 airfoil at vari-

ous angles of attack. The suction surfaces show the higher values with

increasing a. The forward stagnation region shows similar results to that of

a cylinder. When data from a 5 minute glaze ice are compared to that of the

smooth airfoil, no significant difference is noticed in the local Nusselt

number when it is based on 1. This would mean that smooth airfoil data can be

used in the prediction of ice accretion at later stages in time T.
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TABLE (1)

Coordinates of 2 minute glaze ice on cylinder
Diameter of cylinder D=2. inches
R = 2*r/D r ---- radius

y.~ ---- -angle from forward stagnation in degrees

'IR 1 R 11R R

0 1.185 20 1.24 40 1.32 60 1.24
1 1.186 21 1.24 41 1.323 61 1.225
2 1.187 22 1.245 42 1.325 62 1.2
3 1.187 23 1.245 43 1.325 63 1.19
4 1.187 24 1.25 44 1.33 64 1.185
5 1.19 25 1.255 45 1.33 65 1.165
6 1.193 26 1.26 46 1.335 66 1.155
7 1.195 27 1.26 47 1.335 67 1.14
8 1.195 28 1.265 48 1.33 68 1.125
9 1.2 29 1.27 49 1.33 69 1.11
10 1.205 30 1.28 50 1.328 70 1.09
11 1.205 31 1.285 51 1.328 71 1.085
12 1.205 32 1.29 52 1.32 72 1.065

S)13 1.21 33 1.295 53 1.315 73 1.05
14 1.21 34 1.295 54 1.31 74 1.02
15 1.213 35 1.3 55 1.3 75 1.
16 1.22 36 1.305 56 1.29 76 1.

J17 1.23 37 1.305 57 1.28 77- 1.
18 1.235 38 1.31 58 1.27 78 1.

d19 1.235 39 1.32 59 1.255 79 1.

Heater and thermocouple location
#*---- Heater number
l----Distance from forward stagnation along surface

# ' l/D # vp l/D

1 0. 0. 7 -12.2 -0.135
2 12.2 0.135 8 -24.5 -0.27
3 24.5 0.27 9 -35.7 -0.405
4 35.7 0.405 10 -47. -0.54
5 47. 0.54 11. -58. -0.675
6 58. 0.675
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TABLZ (2)

Coordinates of 5 minute glaze ice on cylinder
Dianter of cylinder D=2. inches
R = 2*r/D r ---- r adius
S-- -- angle from forward stagnation in degrees _

R v R ' R v R

0 1.315 18 1.45 36 1.555 54 1.405
1 1.32 19 1.45 37 1.57 55 1.375
2 1.335 20 1.45 38 1.595 56 1.33
3 1.34 21 1.445 39 1.645 57 1.305
4 1.36 22 1.445 40 1.675 58 1.27
5 1.37 23 1.44 41 1.695 59 1.235
6 1.375 24 1.445 42 1.705 60 1.205
7 1.385 25 1.44 43 1.705 61 1.18
8 1.4 26 1.44 44 1.7 62 1.155
9 1.415 27 1.445 45 1.695 63 1.14
10 1.425 28 1.445 46 1.685 64 1.115

11 1.43 29 1.445 47 1.655 65 1.08
12 1.44 30 1.46 48 1.63 66 1.06

13 1.445 31 1.465 49 1.6 67 1.035
14 1.445 32 1.475 50 1.555 68 1.
15 1.45 33 1.485 51 1.515 69 1.
16 1.45 34 1.495 52 1.47
17 1.45 35 1.52 53 1.435

Heater and thermocouple location
# ---- Heater number
1----Distance from forward stagnation along surface

# v l/D # V l/D

1 0. 0. 9 -10. -0.135
2 10. 0.135 10 -21. -0.27
3 21. 0.27 11 -31.7 -0.405
4 31.7 0.405 12 -39.5 -0.54

5 39.5 0.54 13 -48.5 -0.675
6 48.5 0.675 14 -54.5 -0.81
7 54.5 0.81 15 -61. -0.945

8 61. 0.945
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TASIZ (3)

Coordinates of 15 minute glaze Ice on cylinder
Diameter of cylinder D=2. inches
R =2*r/D
Vj ---- angle from forward stagnation in degrees____

R R4W R R

0 2.06 20 2.1 40 2.88 60 1.35
1 2.07 21 2.13 41 2.73 61 1.32
2 2.08 22 2.18 42 2.58 62 1.3
3 2.09 23 2.23 43 2.47 63 1.27
4 2.08 24 2.28 44 2.34 64 1.25
5 2.07 25 2.34 45 2.25 65 1.22
6 2.06 26 2.44 46 2.15 66 1.2
7 2.05 27 2.56 47 2.07 67 1.18
8 2.03 28 2.68 48 1.98 68 1.15
9 2.02 29 2.8 49 1.92 69 1.14
10 2. 30 2.92 50 1.83 70 1.12
11 1.99 31 3. 51 1.78 71 1.1
12 1.98 32 3.05 52 1.71 72 1.08
13 1.99 33 3.1 53 1.65 73 1.07
14 1.99 34 3.12 54 1.62 74 1.05
15 2. 35 3.14 55 1.58 75 1.03
16 2.01 36 3.14 56 1.5 76 1.02
17 2.02 37 3.11 57 1.45 77 1.01
18 2.03 38 3.07 58 1.41 78 1.
19 12.06 139 13.01 159 11.39 179 1.

Beater and thermocouple location
# ---- Beater number
1l---- Distance from forward stagnation along surface

# lID #* l/D

1 3.2 0.067 11 42. 1.417
2 11. 0.202 12 44.5 1.552
3 18.1 0.337 13 47.5 1.687
4 23.1 0.472 14 51. 1.822
5 26.5 0.607 15 56.2 1.957
6 28.5 0.742 16 62.5 2.092
7 31. 0.877 17 -23.1 -0.472
8 34.6 1.012 18 -18.1 -0.337
9 38.3 1.147 19 -11. -0.202
10 40.1 1.282 20 - 3.2 -0.067
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TABLE (4)

A0 - 2.09 All Dimensions A, B, C, D in inches
Wavelength X in radians

FFT IN e DIRECTION M1,33

Xe A B Xe A B xe A B

3.14 -0.776 0.010 1.57 -0.544 0.020 1.05 0.338 -0.006
0.79 0.098 -0.032 0.63 -0.188 -0.006 0.52 0.060 0.010
0.45 0.028 0.026 0.39 -0.004 -0.010 0.35 -0.010 -0.018
0.31 0.010 0.020 0.29 0.014 -0.010 0.26 -0.016 -0.002
0.24 0.000 -0.006 0.22 0.006 0.002 0.21 0.014 0.006
0.2 -0.032 -0.002 0.18 0.010 -0.002 0.17 0.008 0.004
0.17 -0.002 0.000 0.16 -0.008 -0.002 0.15 0.010 0.002
0.13 -0.006 -0.004 0.13 0.004 -0.006 0.12 0.004 0.004
0.12 -0.004 0.004 0.11 -0.002 -0.004 0.09 0.002 0.002
0.087 -0.002 -0.004 0.085 -0.002 0.002 0.082 0.002 0.002
0.078 0.002 -0.002 0.071 -0.002 -0.002 0.065 0.002 -0.002

Half SIGNAL LENGTH IN e DIRICTION Le - 1.571 RADIANS

FFT IN Z-DIRECTION N=1, 9

XZ  C D XZ  C D Xz  C D

1.00 0.002 -0.012 0.5 0.002 -0.006 0.33 -0.008 -0.008
0.25 -0.004 -0.006 0.2 -0.016 0.008 0.17 -0.002 0.002
0.14 -0.004 0.002 0.13 -0.002 0.002 0.11 -0.002 0.002

HALF SIGNAL LENGTH IN Z DIRECTION Lz = 0.5 INCH
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TABLE (5)

A0= 0.149 All Dimensions in inches

FFT IN X-DIRECTION M=1,29

XX A B X A B A B

9.34 -0.050 -0.004 4.69 0.006 0.006 3.13 0.000 0.024
2.34 -0.016 0.000 1.87 0.006 -0.002 1.56 -0.004 -0.022
1.34 0.010 0.008 1.17 0.010 0.000 1.04 -0.014 -0.010

0.94 0.002 0.000 0.85 0.002 -0.004 0.62 0.002 -0.004
0.72 0.000 -0.002 0.67 -0.002 0.006 0.55 -0.002 0.000
0.52 0.002 0.008 0.49 0.006 -0.004 0.47 -0.008 0.002
0.43 0.002 0.004 0.41 0.008 0.000 0.39 -0.008 0.000
0.35 0.002 -0.002 0.33 -0.006 0.000 0.32 0.006 0.000
0.31 0.004 0.000 0.29 -0.006 0.002 0.28 0.006 0.002
0.26 0.004 0.000 0.23 -0.004 0.000

HALF SIGNAL LENGTH IN X DIRECTION Lx = 4.686 INCHES

FFT IN Y-DIRECTION N=1,6

c D VC C D

1.0 0.004 -0.012 0.5 0.002 -0.006 0.33 -0.004 -0.006
0.25 0.000 -0.006 0.2 -0.014 0.002 0.17 -0.0021 0.000

HALF SIGNAL LENGTH IN Y DIRECTION L = 0.5 INCHES
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TA13LZ (6)

Coordinates of 5 minute glaze ice on NACA 0012
Chord of airfoil C - 21.125 inches
X, Y---- All d4mensions in inches

x y x yx y K

2.94 1.1 0.653 0.629 -0.076 -0.597 2.086 -0.993
2.722 1.079 0.464 0.56 0.123 -0.825 2.297 -1.023
2.513 1.051 0.21 0.525 0.315 -0.995 2.506 -1.05
2.303 1.022 -0.003 0.563 0.541 -1.12 2.717 -1.074
2.087 0.992 -0.211 0.605 0.619 -1.112 2.94 -1.093
1.872 0.955 -0.436 0.629 0.834 -1.057
1.667 0.914 -0.515 0.603 1.039 -0.993
1.458 0.87 -0.558 0.354 1.257 -0.926
1.25 0.819 -0.466 0.082 1.46 -0.885
1.032 0.758 -0.368 -0.146 1.665 -0.916
0.855 10.699 1-0.2251 -0.3861 1.881 1-0.95611

Heater and thermiocouple location
# --- HBeater number
1--Distance from forward stagnation along surface at a 0*

# 1/C #___ 1/C #___ 1/C

1 -0.019 6 0.006 11 0.07
2 -0.032 7 0.019 12 0.083
3 -0.045 8 0.032 13 0.096
4 -0.058 9 0.045
5 1-0.006 110 10.058 1
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