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' " Abstract ’ .

FPour 9qpnrnto’itudios‘doqcribe improvements to

numerical @cchniqu&l used in the moéeilipq of ice accretidg

on circular cylinders and on airfoils.

1.

2.

- .
-

v

Y
Por collision ottici::sies, accretion limits and impact

velocities on circulal cylinders, tables of numerical

Yata and analytical approximating functions are

.pte;;nted. These data replace those of Langmuir'and

Blodgett (1946). o

Pat;ieterizations of the local collision efficiency

' distribution on circular cylinders are derived from

numer;cal data, and applied in an 'operational"style
computer model of rime ice accretion. The model's

performance is compared with experimental accretions

§rown in the University of Alberta FROST tunnel.

The distribution of local ice density in rime ice is
investigated in experimental wind:tgqpel accretions made
on circular cylinde;s. A form of the distribution is.
deri§ed for application to tﬂq numerical modél de;cfibéd
in the previous study. ' -

A second model, for rime ice accretion on airfoils or
other arbitrary shapes, combines_dtoplcé trajectory

integtatioﬁs and parsmeterizations for local collision’

- efficiency and 8ensity distribution. By use of these

parameterizations, and of éimple numerical ‘methods
throuﬁhout, the model is made significantly faster than
previous‘hodels have been. Verification of the model is

iv
A



.
éf%vidcd by comparisons with several wind-tuﬂnol

)
experiments. ‘ - ) .

o

{

,,,,,
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' 1. Introduction : X\~J'

‘Icing' presents a\prooiem occasionally to pastry
.cooks, sometimes to hockey players, and always to those
concerned with the natural phenomenon of ige accretion?{\

In cold climates, ice accretion may result from ;j>
atmospheric cloud g@roplets, rein, snov, or sea-.spray. It
may cause serious hazards for aircraft, power lines and
transmission towers, ships, and oft-ehore oil rigs. All of
these representxumun enterprises that involve many lives
and dollars, vwhich may be jeopardized dJ"ng icing evenbds.
So, the pr;:ary aim in studying icing is the prediction of
its occurrence, whether of a partxculq:.event or of the
probability of extreme events, and ultimately the pre$ent1on'
of costly and often disastrous accidents.

The icing phengmenon may appear straightforvard at
first glance: wateglieecollected,on a cold surtace and
freezes therer' Movever, a deeper look reveals many layers
of conblexity in the physical processes involved, and
serious practical difficulties in the observational,
experzmental, and theoretzcal aspects of the problem. The
development of a predxctxve model is tnerefore not an easy
task,lbut it is nonetheless one of some importance.

s vith other physical problems, there are two
approeches’ at nay be taken in model building. ‘The first
is a statistical approach; in which a very large number of
evenrs (predictenas) are observed, as wW@ll as their

antecedent or concurrent conditions (predigtors). A
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statistical analysis vill then look for correlations betwveen
the predictors and predictands. Considerable computational
effort may be required to @stablish a 'best guess' for the
most significant predictors, and for the form of the
predictive relation.

TﬁL reliability of the outcome is highly dependent on
the number and™uality of the observations. The advantage
of this metﬁod is that a predictive relation may be derived
and applied in the absence-o?‘any further understanding of
the physical processes involved, which may be complex. But
if the observaﬁioﬁs are adequate, and avgood correlation can
be found, it is the qQuickest way of achieving practical
forecasting results. ' |

" Howéver, the predictive skill of this methodiiz limited
by the strength of the discovg:ed correlation, and its
applicability is limited to the range of conditions defiﬁed
by the original observations. For icing studies, this of
- course includes the geograpﬁical.rgngg, since the character
of icing problems has a large regichal variability.

" The other'approécp to modelling is the ph§sical one.
This usually means a mathematical model, solved numerically
using a digital computer, in which an attempt is made to
simulate the intermediate steps, and to understand the
causal relationships between the input conditions and the
output predictions. Producing such 5 model does take
congiderably more time aﬁd effort than producing a

statistical correlatioﬂ, and the requirements for the



3

oblcrva;ionql data are ju5t~dﬁ/ltrinqcnt. Furthermore, no
. mathematical model can perfectly reproduce a given physical
_process or situation - there must always be simplitying

\
,assumptions.

But the knowledge gained from a ‘physical model is les#
restricted in its application, within those assumptions,
tharn is any purely snatisticil relationship, and‘it can
provide a useful testing ground for theory. Even the
simplest physical model might at least suggest what ths most
effective predictors will be foi a statistical study; thus
ff it is found that liquid iatg; content and.cloud droplet
size are of prime importance fq.d;tetmining model ice
accretion rates} then colloctors.of field data should take

note, even if these things are very difficult to observe, -

A. The Icing Problem

A model of the complet; ice ac¢cretion process involves
the solution of a series of problems. Firgt, an
approximation to the airflow around the(accreting object
must be found. 1If potential flow is assumed, and there is
no analy;icai solution (as there is for circular cylinders
or Joukowski airfoils) then the partial differential
equation tér the velocity potential must be solved ‘
numerically, as in Hess and Smith (1967), or Kennedy and
Marsden (1976), for example.

Once it is pgssible to calculate the air vglocity at

any point, the trajectories of water droplets carried by the



This information is necessary to ve
characteristics of the accretion ﬁ '
distribution ot‘the local collision efficiency, the overall
collision efficiency, the maximum impingement angle, and
impact speed of the droplets. The collection efficiency is
the product of the collision efficiency and the sticking
efficiency. Since the latter is unknowm, but usually
assumed to be unity, only the collision efficiency is dealt
with. These gquantities and their symbols are defined for a
Gircular cylineer in Figure II.1. .

Langmuir and Blodgett (1946) authored the classical
solution to this problem, for cdllision efficiencies of
.cylinders, sbheres, and ribbons in a potential flow field.
More recent, but less extensive calculations have been made
by McComber and Touzot (1981), and by Egelhofer, et al.
(1984). The experimental work of Ranz—and Wong (1952)
qualjtatively validates the theory of Langmuir and Blodgett,
if not their numerical calculations.

The impingemenf char;cteristics depend on the cylinder
size, droplet size, the free-stream air speed, and the air ‘

temperature and pressure. If more than one droplet size is



present, the impingement characteristics of each i}zo, or
size !ntirval, -u.Z be detergined. A common sinplf@icution
to this roéuirclrnt for droplet spectra is made thrépgh the g
substitution of the impingement characteristics of a single
droplet |iz;. that of the median volume droplet of the size
spectrum. The usefulness of this simplification is examined’
in Appendix VI, algh&ﬁqh it is used throughout the thesis.

Only when all of these calculations are completed can
ice begin to accrete in the model. For obvious reasons
then, most modelers have turned to standsard accretion shapes
for which these calculations are simpler, for which much
data already cxist; and for ease ;t comparison between
models. Thus we have the ubiquitous derizontal circular
cylinder in a uniform cross-flov, which appears in the
models of ﬁacklin and Payne (1967), McComber and Touzot
(1981), Lozowski, Stallabrass and Hearty (1983), Horjen
(1983), Bgelhofer, et al. (1984) and Makkonen (1984). The
more difficult problem of accretion on airfoils has been
treated by Oleskiw (1582),_Gent and Cansdale (1985), and ‘.
MacArthur, et al. (1982). k

The cloud water is usually assumed to be at the
temperature of the air stream, and to arrive at the
accreting surface in a uniform flux determined by the liquid
vater content, or lwc, (defincd’ 8 the mass of water
contained in a unit volume of a{:); the air speed and the
object's collision ettict‘aby. The density of the accreted

ice also determines the thickness and shaPe of the deposit.



On rotating cylinders, accrotod rime ice dons&tioo have been
examined by Macklin (1962). lhd by Hakkonon and ltnlltbr.lt o
(1985). On non-rotating objects, thc shape of the deposit
is also partly dependent on the fation of the local ice °
density along its surface. lain'S:d Gayet (1982) have
~ suggested one form for this variatien. : -
If the ‘tlux of super-cooled vater is large enough so
that the latent heat of freezing cqf)eot be radiatﬁs
conductod or convected away from the surface fast enough,
thon the surface tc-pcraturc may rise to the loltinq point./
when this happens the ice may become 'wet', rather than
A'dry',.neaning that all of the impinging water is no longer
able to freeze on impact. Now the problem becomes even more
complex since a detailed heat balance ﬁult ?e c‘lculatod for
the accretion surface, in order to dotcrnind‘hov much of the
impinging wvater is able toifreeze, and how mLch is shed, or
remains in the accretion as liquid water. Calculation of
the heat balance is made especially difficult since the heat
transfer properties stthe ice surfaces and even of rough
circular cylinders are vegy poorly known (Makkonen, 1985).
Models in which a computation of the heat balance on
cylinders is attempted using empirical heat transfer data 4
include those of Lozowski, Stallabrass and Hearty (1984)% .
Macklin and Payne (196f), Egelhgfer, et al. (198;), and ‘
Makkonen (1984). Howvever, such data are scarce, especially

for non-cylindrical shapes, and for rough surfaces. Some

modelers have thus used numerically calculated heat transfer
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for cylindoro (lekoncn, 1988) or for airfoils (Cansdale and
McNaughton, 1977, Cansdale and Gent 1983). T ‘
Models developed specifically for -arinq.applicatlonn .
‘aust contend with the further complications of salinity,
Aroplot\diltribugiono and liqgid vater contents that vary
vith height, and imtermittent sprays. uodols lncludinq< ‘
these effects a;o currcntly undor dovolopnont by various
researchers. ‘

‘Thc models developed ‘for this tholis are intended as
‘operational’ feing models, vhich would be c!f!clcnt and
..inuponsiv: enough to be used regularly in the laboratory ‘
- for predictive purposes, or for numerical experiments into
v, specific aspects of icing. Previous models have éttcn been

such too costly to be used in such a vay. To reduce
computational time several 'shortcuts’', of
puranctorizations, have been intréduced which help to
simplify 36;e of the calculations needed in this problem.
Specifically, the local collision efficiency and local ice
density are approximated by lnalytxcal functions of the
surface llopu. Such an approagh naturally involves some
loss of accuracy, but this. loss must be balanced against
unavoidable uncertainties in the input data and the required
precision of 6utput predictions.

Two dgi:}s are described, for circular cylinders in
Chapter 1IIl, and in Chapter V for airfvils, that could also
be applied to othér arbitrary shapes. Both models are

limited to rime ice accretion, i.e. there is no heat balance



calculation, und'a uniform air speed and flux of pure wvater
droplets are assumsed. This is 80 that the p‘r!;:;nnéo ot
the parameterizations can be onlfly compared vith real ice
accretions whose sh;po and sass sre not dependent on the
poorlj known ﬁoit‘tranut.r distribution,

In the course of nodol~dov010p-.nt. oigni!icont
inprovoncnts vo‘;j-ado in two spocitic olpocta. tho
theoretical calculatton of collision otticicncicl on smooth
clrcular cylinders, (Chaptor lx)\)nd thc‘diltribution of
local density in non-rotltinq circullr cylindcr rino
accretionl (Chapt%; 1v). '

Experiments for model verification were carrigd out in
"the University of Alberta's original icing wind-tunnel,
known as the Facility for Research On Solidification and
Thawing, or FROST tunnol.,lh full détcription of the
facility may be found in Gates (1981), or Lozowski and Gates
(1984). Allxvind-tunncl experiments were performed under

the directioﬁ;ot Professor Gates.
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_11. Cloud Droplet Trajectories Updated

A. Introduction : | X

For many years the standard teferenée work for cioud
droplet trajectories in an airstream flowing around an
obstacle has been Langmuir and Blodgett (1946), hereafter

“n
LB. Th%g wvas one of the first publxshed treatments of Jﬁb

. problem which used an analog computer to integrate the“\

equations of motion for vater droplets in a steady potential
flow about an infinitely long cifcular'cylinderr
Thcse calculatrons are of 1ntcrest in studies of

atmospheric and marine ice. accretxon, in which the

"characteristics of droplet impingement on'tyl1nders and

other objects are 1mportaz€ factors in modellxu‘ithe icing
process. However, since khe calculations wvere done so long
ago, on 1hat would ﬁow be considefed a primitive machine,
and because the original reference can be difficult to
obtain, a need was perceived to recalculate the droplet
trajectories and to publish the résults in the open
literature. The effect'df replacing the drag coefficient
formulation used by LB with a more recent one, that of Beard
and Pruppacher (1969), has also been investigated. |

Functxonal fits have been dev1sed by several authors to

the original tabulated data of LB. A number of these are

) compared to show the need for improving and standa;%izing

them. Toward.this end, a non-linear regression fit to the

!

new data has been found for the range of conditions of

13
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pertaining to airborne, land structure and marine icing.
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o

_;—"h. Impingement Parameters and qroploflrrajoctoriés
"From trajectory calculations may be derived the overall
collision efficiency, E, the local cﬁllision efficiency at a
point on the surface represented by its local surface slope,
Bla), the local collision efficiency at the s:agn;tion line,
Bo, the maximum impingement angle on the cylinder surface,
Cpax’ and the non-dimensional impaét velocity at the
stagnation line, Voo Yy is normalized by the free stream
speed, U. The local surface angle, a, is defined as the
angle between the local surface normal and the free stream
direction. The other quantities are defined in Figure II. 1,

Values of E, BO' a and Vo are given by LB for a

max
large number of cases which vary in droplet size, cylinder

size, and -air speed. These results are'tabulaied in terms
of the non-dimensional parameters, K:
K = (ps D32 U) / (9 u D) :
d “a - c''’ I1.1
and ¢:

o = Re2 / K, - oy 11.2

with the droplét Reynolds numbér based on the free-stream

velocity, Re, -given by:
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Re = U Dd Py / e . .11.3

He}e Pa is the density of water, Pa the density Qéyaif, u
the dynamic viscosity of air, Dy the droplet diameter, D,
the cylinder diametef, and U the free stream air speed.

The K parameter measures the rnertia of Qhe droplet,
and is also known as the Stokes number. To £id in solving
problems in which the droplet size is the unknown quantity,
LB presented their data in terms of a second non- dxmons1onal
parameter , ¢, that is independent of Dd ¢

The case ¢ = 0 correspond{ to Stokes, or creeping flow:

Ca Red / 24 = 1, _ I1.4
'h°f§.cd is the droplet drag coefficient, and Rey is the
droplet Reynolds number based on'the'relative velocity with

respect to the air, V, so that:

Re = |V|Re / U.

In component form, the‘droplet equations of mot:

)

dv, / dt =-(v - u,) (U Cq Rey) / (12 D, K)

dvy / dt = -(vy - uy) (U Cq Red) / (12 D, K),

where t is time, Ve vy and U, uy are the droplet and air
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speed components, respectively. This set of oquitions.is in
dimensional form, with the origin at the cylinder axis and U
in the positive x dircct;on. Gravity and the effects of
droplet agccletation on the drag have been neglected, as in
the original theory of LB.

The air speed components for potential flow around a
cylinder (Green, 1937) are:

u (x,y) =0 (1+ (R2 (y% - x%) /7 (x? + yD)H)

22

uy(x,y) ==(2 U R (xy) / x® +y

In order to permit a direct comparison with the
original solutions by LB some trajectories have been
integrated using their empirical formulagion for the
steady-state drag coefficient:

¢ 1.38

0.63
Red [1.8

C Red / 24 = 1 + 0,197 Red + 2.6%10

d
More recent studies have improved the accuracy of Cd
approximations at low Reynolds numbers, however, so in
further calculations over the complete range of conditions
N

the formulation of Beard and Pruppacher (1969) has been

substituted when Red is less than 200. This formglation is:
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0.955%

Cd Rod/24 = 1 + 0,102 Rod , for 0.2 ¢ Rod £ 2.0

——

0.802

Cq Red/24 = 1 + 0.115 Re, , for 2.0 € Rey S 21.0 1.9

0.632
Cd ned/zc F 1 + 0.189 Red

, for 21,0 Rod s 200.0

A qomparison of a variety of theoretical and experimental
results for the drag coefticients‘ot spheres is given by
Beard (1976), in which the above formulation is shown to be
an accurate anaiytical approximation,

The integration is carried out by the Heun method as
described in Mesinger and Arakava (1976). The droplet
trajectorzes are begun at ten cylinder radii ups:ream of the
origin with speeds at the initial position (xo,yo) assumed

to be:

Vx(x0'y0) = ux(xo,yo) 110

vy(io,yo) = 0.5 uy(xo,yo)

At this initial upstream distance, the final results are not
greatly influenced by the choice of initial dréplet speed as
long as ‘it lies in between the local air speed and the
undisturbed upstream air speed. Tests indicate differences
in collision efficiency of less than 0.5 percent, when the

initial droplet speeds are varied within this range.
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Other factors vhich influence the accuracy of the
integration®are the time step, At, and the initial upetreem
dietence.‘xo. A value of X ® 10 cylinder radii has been
chosen, which, ®hen compared to the results with X ® 20
cylinder radii, agrees to wvithin 0.7 percent. At this
initial distance, the size of the time step made less than a
0.5 percent ditterence in the results, as long as At <
0.0033 (DC/U). The velue used is 0.0025 (D /U). Double
precision is used tﬁ:o&&heﬁt the program.

Veluee of the eit*$l¢¢0:ity and air density used are
based.on an eesuned air tenpereture of -10° C. WwWithin the
temperature range of interest tor most dry icing, i.e. -20
to 0° C, the coMigion efficiencies vary by a2 maximum of =1
percent.

An air pressure of 100 kPa Ras assumed. The
calculations of LB were carried oft for an atmospheric
pressure of 78.5 kPa, for application to Mt. Washington, or
to airborne icing in general. At this pressure value, the
present results differed from the 100 kPa results by less
than 0.5 percent. The new results should therefore be °
applicable to both ground-level and airborne icing.

Tvo complete trajectories must be in;egreted'in order
to calculate one value of the local collision efficiency
B(a), vhere ¢ is the mean angle of the two impact points.
As illustrated in Pigure I1.1, B(a) is defined as the ratio
of the initial vertical separation of the two trajectories,

to the final separation in arc length of the two impact
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points. In the present model, the initial y separation of

Q:ho two trajoctoun is alnyo 10 -8 mtru, an arbitrarily
szall distance for use in the tinito difference
approximation to dy/d4, the definition of local collision
efficiency. The stagnation line value, By is calculated
from the case vhere the first trajectory's initial position
Yo * 0.

The maximum impingement angle, «a is found from the

max’
droplet trajectory which {sAxangont to the cylinder surface
at its point of impact. This '§;azing' trajectory is found
by increasing the initial position Yo by successively
smaller amounts until the tangent trajectory is reached.

The total collision efficiency E may th;n'be calculated
from the ratio of the initial vertical distance yo(qraze) to
the cylinder tadius.4‘- e

The Fortran?77 code written for these calculations is

. included in Appendix 1I.

C. Results
In Figure 11.2 three curves of ﬁo vs., K are shown for
the value ¢ = 103, to illustrate the differences between
LB's original calculations, the re-calculation of their
results, and the re-calculation using Beard and Pruppacher's

-

formulation for drag coefficient. The data for this FPigure
are fisted in Table II.1,
A comparison between the first two curves shows that -

the LB results are too large for small K (K ¢ 0.4), by up to



- K b, JLB). ‘o (new) , 8, (noy).

old Cd old Cd new Cd

bk 0.048 0.007 0.011
.196 0.095 0.058 0.073
.256 0.146 0.116 0.137

A 0.233 0.22k 0.2h7
.625. v.323 0.335 - 0.359

.9 0.398 0.425 0.4k7
1.6 0.513 0.558 0.575
3.6 0.€80 0.714 0.724
6.4 0.778 0.798 " 0.806
10. 0.837 0.848 0.854
N 19.6 0.901 0.902 0.906
32.4 0.932 0.929 0.932
62.5 0.959 0.953 0.955
90. 0.969 0.962 0.963
160. " 0.980 0.972 0.973
360. 0.989 0.981 0.961
€40. 0.993 0.984 0.984
1000. 0.995 0.986 0.986

- ,
[ J
3

Table I1.1 - po(x) for ¢ = 10
Langmuir and Blodgett's results and the new

. A comparison between

results.
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several hundred petcent. In the tenge 0.4 < KX 20.0 their ¢
resuits are too small, by amounts near 10 percent in tahe
‘mxdgle 62 tqs range. For larger K, their values are aga1n
larger thaq\the nev resultsxfbut only by a few percent. - The
use{of the revised drag. coef£1c1ents (dotted curve, Figure
11.2) g1ves§§nother small increase over the LB results for
all‘k < 200.0. A not1ceable difference is that the new
results for, Bo reach an effectxve value of zero for K =

| 0 14, rather than 4t LB s theoret1ca1 value of 0.125. This |
d1fference is as yet unexplalned Results for other ¢ ‘

values, and for a ,,E and Vo are quant1tat1vely similar in

max
differences between the old and new results.

It;is‘concludedvfrom the comparisons in Figure II.2 and
Table II.1, that the originel LB calculations are accurate
.only for veri large K, but that when K is less than about
20b they Aay be significantly in error. The new results are
,suggested.for future use. These are shown for ﬁo, @ax’ E
| and Vo for a complete range of ¢ and K in Tables II.2 to
11.3, and'in'Pfgures I1.3 through 11.6, where the tabulated

data have been fit by spline curVes.

D. Curve Fitting

]

LB also drew smooth curvEs through their data, and
derived analytical expressions in K and ¢ to fit them.
Subsequently other authors hat} made attempts to improve on

or to s1mp11fy th%se relat1ons, and have then app11ed them
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to various numerical icing models (Cansdale and HcNauéhtan,
1977, Stallabrass, 1980, Lozowski, Stallabrass and Hearty,
1983, Makkonen, 1984). A number of these fitto% r‘lations
for E(K,¢) are listed in Table I1.4.

In order to compare ;hese relations, values computed
from each are listed with a selection of the original data
in Table 11.5. The data all fall within a range of ¢

2 and 10‘

between 10 , since some of the fitting functions
were specifically designed for similar ranges, and because
this range should apply to most physical applications,
corresponding to tS 10 s Dg S 4000 microns, 0.01 s D, s 1.0
metre, 5 < U S 200 metres. per second and -20°C s T s 0°C.
It is worth noting that the natural range is actually
narrower than this, since the largest drops do not occur
together with the highes; w{gd speeds (e.g. marine icing),
nor do the smallest dtoblet; otcur at the lowesi speeds
(e.g. aircraft icing). -

Langmuir and Blodgett's own fit is the most accurate,
singe it includes a correction tabl? for E < 0.5, and for
larger values of K, (giving E values > 0.5), they give

¢

theoretically derived functions for By, a,,., and E, which

max
assume essentially straight-line trajectorieé; For this
more elaborate scheme, the standard error (computed with
respect to the numerical data) is generally an order of
magnitude smaller than it is for the other fitting schemes.

Even more important, however, is the fact that the variation

among the values calculated by the various empirical
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formulae for a given case can exceed 10 percent. fhcso
discrepincies will add to the difficulty of making
comparisons among the icing predictions made by the various
models which use these relations. |

To reduce any further confusion, the new data have been
fitted with approximating functions of improved form and
greater accuracy. These functions are described belov.

The approach taken by other authors to derive the
formulae of Table II1.4 has §’;n to collapse a family of
curves, such as that in Figdre I11.3, into a single curve via
the ratio KO/K. calculated af a function of Re,‘dr in the -
case of Stallabrass (1980), via the parameter {, a !unctién
of Dy, U, and D, (see Table I1.4). K, is the K value read
from the ¢ = 0 curve vhich.yields the same value of ﬂo,'
®nax’ E or V, as do the original K and ¢. Extensive
manipulation of Ehe‘nev data has revealed major problems
vith this approach. Specifically, the three families of
curves for 8, o ax and E are not collapsible by the same
ratio KO/K, but require three different ratios. Only LB
take this into account fo:‘small values of E, by using their
correction table, and theoretical approximations for larger
E. Purthermore, the Koll's are not single-valued functions
of Re (see Figure I1.7), as has usually been assumed.

In the Stallabrass (1980) method, although § is used
instead of K and ¢, a similar problem arises for his curves,

since they collapse to a single curve only for very large

values of §. , .
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102. .16 0.004 |"0.006 0.004 -0.002 0.005 0.056
.64  0.181 | 0.183 0.181 0.191 0.202 0.284
3.26  0.591 | 0.588 0.568 0.630 0.594 0.634
16. 0.85§ | 0.854 0.836 o.& 0.867 0.867
100. 0.966 | 0.965 0.958 0,9 - 0.972 0.966
3 625. 0.992 | 0.992 0.989 Q.99 0.994 0.992
10 .196 0.009 | 0. 7040 0.0 0.0 '0.017
.625 0.127 | o. 0. T 0.120 0.13%  0.170
3.6 0.542 | o. 0. 0.560 0.522 0.536
19.6 0.830 | o. 0. 8.852 0.831 0.827
90. 0.942 | o. 0. 0.956 0.949  0.943
, 640. 0.986 { 0.985 0.942 0.992 0.990 0.988

10 .25 0.012 | 0.013 0.014 0.0 0.0 0.0
1. 0.148 | 0.142 0.146 0.120 0.134 0.152
6.2 0.546 | 0.539 0.499 0.557 0.518 0.531
36. 0.820 | 0.811 0.778 0.850 0.829 0.831
196. 0.937 | 0.934 0.921 0.960 0.954 0.951
900. 0.974 | 0.974 0.972 0.988 0.987 0.98%

standard error: 0.003 0.018 0.017 0.010 0.013

Table I1.5 - Comparison of some original E values calculated
\nunetically by Langmuir and Blodgett, and those

derived from the approximations of Table II.4.

\
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For these reasons, an accurate fit to the entire range
of data given is difficult to find and avkvard to use.
Conuoqe'ntly, an .pprqxinating tunction is given here only
for ¢ between 102 and 10‘, vhich is the range applicable to
most atmospheric, land-based and marine icing problems. ]

A nqnflinoar regression analysis on this range gives

the following result for 0.17 £ K < 103:

C C .
X,2 X, 4
- (Cy (o - 00) X7y .1
[ :" ) ! '
C : C
Xx,9 X, 1
(Cx,B K cxp(Cx'lo K i ) + Cx'12),

B S

vhere X is either BO' a E or VO' arld the constants Cx n

max’
are as listed in Table 11.6. The ba#sic form of this
function is a standard fitting function supplied by the BMDP

non-linear regression package (Dixon, et al., 1981).

Values for K < 0.172>and K > 103 may be read from the
?
curves or roughly approximated as follows: ’
po-amx-s-vo-o:‘,ltorx<o.17, - 1112
and '

By = E = Vg = 0.99, for K> 103,

I1.13

@y, = 1-56, for K > 103,
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4 x-Bo cX=a X = E X=V
Cy 1.218 2.433 1.066 1.030
c; ) -6.70%1073 -45.7081073  -6.16+1073 1.681073
CX,3 -0.551 ,-0.37§ : -1.103 -0.796
cX,h -0.643 :0.576 -0.688 -0.]80
c‘X;S- -0.170 -0.781 -0.028 -
b -3 -3 -3
Cx 6 3.05+10 8.50#%10 : 6.37+10 9.
eX‘7 b 0.430 0.383. . 0.381
CX.8 2.220 1.757 3.641
CX,9 -0.450 . -0.29? -0.498
t CX,IO -0.767 . ‘ -0.420 -1.497
ot -0.806 -0.9860 -0.694
CX,IZ -0.068 -0.179 -0.0L45
. \
Table 11.6 Coefficients for ap‘p oximating impingement parameters
by the expression:
c 4 .
X(K,¥) (CX 1 K X’z'exp(CX 3 K X,Il() + CX 5) -
’ ’ \ ;ﬁ
c, ((® 1oo).c’(’7 (c (X9 (c | 11y 4 ¢ )
(’vx,e ) X,8 exPitx, 10 ;12
‘.

37
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Within the range of 0.17 < K < 103 the standard error
.of the fit with resbect to the numerical data is given in
Table I1.7. It compgres very favSE.bly to the errors given
in Table II.5 for the fitting schemes previously discussed.
E. Limitations of LB Theory

The collision efficiency theory of Langmuir and

Blodgett assumes that the air is in potential flow about the
collecting cylinder, that only steady-state drag forces are
exerted on the vater droplets by the flow, and that the flow
itself remains unaffecfed‘by the presence oflfhe droplets.
The potential flow field about an infinitely long,
cikcular cylinder is as described by Equations 11.7%, and
illustrated in Fiqure I11.8(a). Figure II.8(b) illustrates
ffwf' the\analogous situation for viscous flow at a cylinder
“‘{7 ;Reygolds number of = 104, correspondlng to D = 0,0254 m, U
| 10’m/sec, and T = -10° C. The upstream flow in Figure
'?II 8(b), whlch determ1nes the accretion, devzates slightly
from the potent1al flow case due to the presence of a

v

, s1zable~wakaon the downstream side. The cylinder plus wake

%ﬂng'

oyt will be felt by.the flow further upstream, decreasing the

streamline curvature, and thus increasing the collision
" efficiency. In most situations, however, the effect will be
small. "
The potential flow assgmption also ignores the cylinder

boundary 1ay3r, which will be of negligible depth fqy"c

A ) | f
s )
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Figure 11.8 - (a):Potential flow streamlines about a
cylinder in cross-section. (b):Viscous flow
gtreamlines about a cylinder at a Reynolds number

of 10,000.
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smooth cylinder, but may become significant for rough,
surfaces. The effect, if any, of a deep, possibly turbulent '
" boundary layer on the collision efficiency is unknown. In

patticular, the onset of accyetion may be affected if the

roughness elements are large enough to act as 1nd1vxdual

collectors.

A

The assumptxon of the airflow being undzsturbed by the
draplets carried in it, is a reasonable one given typ1cal
cloud liquid vater contents. *

In detcunxnxn. the deceleratzon of the drop by the
flow, LB’ s stonéy -state viscous drag coef£1c1ent ignores
buoyancy and gtav1t§t1onal forces, the influence of
vorticity diffusgdn,from the accelerating droplet surface,
and the induced ﬁéss increase of the drop as a result of
accelerating the'a1r immediately sgrroundlng it.

A 20 micron droplet falls 1n‘;1r with a termygal speed\
of 0.012 m/sec (Mason, 1971). Thus the vertical deviation
of such a droplet approaching a 0.0254 m diameter cylinder \\
from five diameters upstream, at a free-stream speed of 10 \\
-m/ﬁec, is about 0.15 mm. This is only about one percent of
the maximum vertical deviation due to the flow, under those
conditionsf At some point on the cylinder surface, the
deviation due to the flow will be comparable to the
gravitational drift, but since the relative difference in

two adjacent trajectories will be much smaller, the

collision efficiencies should not be affected.
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: 0
Much larger drops, such as occur in sea spray icing,

will have a correspondingly larger gravitational drift,

Preliminary numerical calculations by Szilder (personal

communication, 1986) indicate that there is stili a very
small effect on the collision efficiency, but this is a

question which should be investigated further.

The other two effects on the drag are incorporated into

the 'history' term, which, expressed as an acceleration, is:

____'8py /“ j' av _oar 14
+ V1 -
‘zpd pa) Dd rpa - 00 dr t T
Y

The relative importance of the history term is often
»

measured by the acceleration modulus (Norment, 1980):

N, = Dy FNA , 15
wvhere v.is the droplet's absolute velocity. If this
quantity is < 0.01, the history term may be safely omitted
from the droplet's equation of motion. .

Numerical results from the‘trajectory integration model
presented above show that N, is well within this limit .under
most conditigns of accretion on cylinders. However, for K s

0.5, N, may reach values 2 0.01 just before impact, an@ for

A
K € 0.20, the limit is exceeded as ﬁuch as.a few millimetres
in front of the cylinder surface.

For these small K values then, the effeét of the

history term is to decrease the droplef's deceleration and
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increase both its total velocity near the gurface, and the
resulting collision efficiency. Numerical integrations by
Oleskiv (1982) for K = 0.196, ¢ = 1000 show an increase in E
of 350%; and in ﬁo of 167% when the history term‘isv
included. (
) Thus the 'cut-off' K value, for zero collision
efficiency, which arises from LB theory, is not valid for
real flow. 1In light of these results, it may be aﬁvisqple
to consider Equations II.11, 1I.12, and I11.13 as valid only
for K > 0.25. Below this limit, the trajﬁories ShQ‘}&d. be
recalculated using th;'complete drag termd™n the droﬁlet
equation of motion. |

The last assumption listed, that of an airflow
undisturbed by the presence of water droplets, is probably a
reasonable one for th small liquid water contents typical of
clouds, < 5 g/m3. The case for heavy spray icing may,

however, be very different, and this is another question

which warrants further study.

F. Summary ®

Barlier results for water droplet trajectories at
freezing temperatures have been re-examined and improved
upon. The new results difter from LB by as much as 10
percent. Tabulgted data ﬂ.f provided to replace those of
Langmuir and Blodgett for the collisional parameters of
vater droplets on cylinders, and a good approximating

function to the data has been found which will be of use to

s
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modellers. These results should only be applied, hovever,
to real situations vhen K > 0,25, below which the -
\ , ,

non-steady-state drag terms have a significant effect on

collision efficiencies.
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111. An Operational Model for Rime lc"algrotiou
A. Introduction

Modelling of the many physical processes involvsgyin

‘ice accretion can be a complex and time-consuming exercise.
The cost of running such models tends 'to limit their use as
investigative tools, or for predictive purposes of an
operational character. 1In an attempt to alleviate‘part of
this problem, simple parametefization methods have been
dcvclépod yhich make possible a more practical, inexpensive
and realistic model. In this chapter these methods, hnq
their application in a computer simulation of rime icing
circular cylinders will be described. -
The computer model was developed with several specific
purposes in mind. The first was to reduce the 6omputational
time necessary, in particular, for the calculation of
impingement parameters.. The quantities E, Bo and anax for
circular cylinders are available from the tabulated data and
analytical fitting funct{ons of Chapter II. Values of local
collision efficiency between the stagna;ion line and maximum
impingement angle usually have to be determined from a
gseries of droplet‘trajectory pairs.' Oleskiw (1982) has
calculated the distributions of local coliision efficiency

' It has been suggested (McComber and Touzot, 1981) that the
variation of the local fdial velocity of impact be used as
an approximation to the local collision efficiency. It has
been previously shown (Lozowski, Finstad and Gates, 1985)
that for realistic cases this can be a poor approximation at
the stagnation line (compare Pigures II.3 and I1.6), and
that the relative error -increases dramatically with distance
toward the accretion limit.

LY
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for several cases, from numerically intw‘,tod trajectories.
Prom these, it was possible :m&&u a paramster@ned ¢
general form of the B(a) curve which depends only on ého
_p.nu:tou ’0 and ®nax’ 2

Use of this parameterization is the major time-saving
device in the model. Several other éptions are provided for
simulating the effect on the B(a) distribution of & droplet
size spectrum vhich cannot be adequately modolled by the
median volun; sizé. This effect is principally in the
extension of the maximum accretion anﬁlc.

A second major purpose in developing this model was to
incorporate the local ice density variations into the shape

of the rime ice accretions. An empirical, parameterized

<
function is used to desceiWe this variation; ahqt it 18 shown

-‘r

to be reasonably successful in reproaucing obclﬁed»g’&;
 \
accretion shapes on non-rotating cylmdgvs uﬂaei* t ww&,@ Ll

of conditions. '." ? &

\

,..,
a' I‘gl

%

A third purpose was to attempﬁtwnmu]‘.atema sl ::?Y By ﬁ{
rotation of the collecting cyhnder aﬁb 3 1ts‘Lbhg.md9‘ { .‘
® T ’5.( —]

" This is meant to imitate the effects ofga ravitagmnai R

*

torque on an ice-loaded cable. Althou h i 8. qapa'bzl,xty ﬁas

now been built into the model, it %as r‘q}:’* t been been U

possible to test it against laboratory: .{o;;': eld thta., "

In order to effectwely examine s".- {vaﬁ.idxty of these ‘
_.os'\sxde_red‘. . his

results are not

3

methods, only dry, rime ice accretiom‘
is so that ;ny comparisons with expet

dependent on poorly known quantities, 8 heat xra‘nfpfer, .
B 1



vhich 'nttcct vet icing processes. | .
In the experimental agsretion ouporlnoﬁt. used to aid

in model development and voritica}ion, & crucial measurement

is the droplet size spectrum, and its median volume

di;n.tir. All droplet spectra were measured by the oil

slide method, an outlind of which is given in Mason (1971),

However, the mvd's dprived from such measurements have been

found ;o.show a systematic error by Makkonen and Stallabrass .

(1984). We thoro!oﬁ;‘ppply their empirical correction’

formula to.buy data in all b?t 8 few cases, vhich fall

outside the range ot vaiidity for the correction. The .

procedure followed in these cases is described in Appeqdix

ITII.

r
o AR

[
To ensure rime icing under the condxtxons typxcal of

the wind-tunnel exper1dint($ in which collectors v1th"

| diameters of 2 to 5 cm v;re exposed to typical atmospheric
liquid water contents and wind speeds, th; air temperature
in the model is assumed to be always ;t or below -10° C.
For applicatioﬁ to general conditions, the model should
include a calculation of the critical liquid water conient,

or 'Ludlam liﬂlt‘, (Ludlam, 1951) in order to determine

vhether the ice will be wet or dry.

B. Parameterization for Local Collision ltticioncyz
Por the idealized situation of straight-line droplet
trajectories the local collision efficiency is given simply

by cos a, vhere a ist the angle of the local surface normal



with respect to the free stream direction. The colligion
1cienéy has a maximum value of unity at the staaya‘ion

-lxne, and a minimum of zero at‘b - n/2. ) 9
. ' .
‘“In a more realistic sxtuat1on, the trajectorles curve

avay from the free stream d1rectf’;’;; they approech the

(
cylinder. The stagnatzon l1ne collision efficiency is

v,

reduced from 1, and the local value reaches zero for some «a
N

=@y < 1/2. This situation can be well appreximated s

(especially for large droplets whose trajectory curvature is
small) by directly scaling the cos « distribution to these
two extreme values, as fof%ows: |

Bla) = Bo cos ((a/am x) (x/2)), & I11.1

. ;
where the two p%rameters Bo and @y 2re determined from A
(4 ’ . .

:;abplated values or approximating functions given in Chapter
I1. ' ~ .

A ﬁorm\of time dependence is built into this method
since the collisi#h effﬂ!&ency at a point depends on its
1ocal’surfaceA:Bgle;':hich changes with time as the ice .
layers #re accreted’on‘top'of’one another. The barameters

Bo and o do\not change vith t e, an approximation which

max
becomes worse 5% ‘the accretiom shape grows, and departs from
»
. N . ) }
a circular c;oss-sectxon. ‘,ﬁ
\“ For smalier droplets the simple approximation of

Equatzon I11.1, £azls,)sxnce the tragectorxes are curved by
i /
much larger(amounts. Lrt has been found that, for a BO

\ @



o @ 8
| | s
. 0.65, the B(a) curve is more closely approximated by:

o 5‘) : 005'

ﬂ(a) = Bo = (Bo (1 - COSs » COS a )). : III.Z

For a 0.0254 m diameter cylinder af typical groend level
win® speeds of a few tens of metres per second, this
corresponds to water dréplets of less than 20 microns
diameter. |

Figure III.1 illustrates the goodness of fit of these
functlons aga1nst local collision efficiency curves
calculated humerically by Oleskxw (1982), and approxxmated
by Lozowski, Stallpbrass and Hearty (1983). '

In both Equations III.!1 and I1I1.2, @A moﬁbdisperse
droplet size population has been assumed, or at least a
distribution for which the collision eff1c1ency may be‘
reasonably approximated by the collision efficiene} of the
median volume droplet, or mvd. Tﬁe results of Appendix yi
suégest that, for typical ground-level wind speeds, the
single dtOplét size approximati;n ﬁolds well for ﬁo 2 0.5.

Othefw;se, the effect of the size spectrém, and
particularly its larger drbps, should be accounted for.
Droplet‘size distributions fo; 'cihg purposes are commonly
described by'volume'percentages-in several siie bins of
\f1n1te w1dth (see, for example, F1gure 111.2). Applying
either Equatxon III 1 of III.2'to the ‘median volume droplet

'

of each size bin, a volume- we1ghhed avetage dxstrxbut1on may

be calculated. Such a we1ghted curve then 1llustrates the:

-
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Figure III.1 - Parameterized'ﬁ(a) values from Equations
11.1 and I11.2, compared to numerically

calculated curves of Oleskiw (1982), and
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'“parémeterizéd curve after Lozowski, Stallabrass,

‘ ¢

and Hearty (1983)%
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effect of the smaller droplets in extending the maximum
accretion limit.‘ ‘ .

This weighting procedure,‘fbr a'giveh‘§nput size
spectrum, may be carried out wiﬁhin'the model., This is ;hg
"weighted spectrum” option? However, the nature of the
averaging procedure evéntQally gives rise to first-order‘
discdntinuities in the B(a) curvé, and thus on the accretion
surface, For thisvreasont the weighted speétrum option is
not recommended when more than three ice layers are
accreted, no matter hov thin these layers are,

An alternative option is iﬁcluded to avoid this
problem, which has been called the “simulated spectrum”
qption. It is another form of the B(a) curve, this time
based on weighgéd average curves (from laboratory measured
spectia) which have been scaled and fitted with polynomial
functions. ‘ o
for BO < 0.65: A N

Bla/a_) = By (1 + 0.22(a/a,) - 3.08(a/ay)?

+°1.86(a/am)3), 113 .

<

v -

and for B8, > 0. 65: A‘*"‘ *
-\ ‘;’l‘ : M 2
.ﬁ(a/am) = By (1 + 0.029(a/am) - 1.94(a/§m) .
% S TILe
+ 2.48(a/a)® - 4 1f(aVa )t + 2.500a/a3%), 0

T



§5

vhere ap = a . * Tl,.and Tl is the "tail length", an

extension to «a derived from numerical results and

max’
correlated to the mvd., For Bo < 0.65:

Tl = 0.52 exp(-mvd / w I11.9

and for ﬁo > 0.65:

™ = 0.37 exp(-mvd / 70). 111.6

b

o . . :):‘}’} d
»*

H:;e mvd is in um and T1 is in radians. Equations III.3 and
II1.4 are compared in Figure I11.2 with two weighted average
curves for the cloud droplet spectra shown.

Although these methods may seem to have become very
superficial, they d;,retain the desired economy of '

ol

computation with an acceptably small loss of accu:acg?a

C. Variation of Local Density
'A‘study.of the local density variations in circular
cylinder rime accretions will be discussed in some detail in

Chapter IV. Here the result is presented briefly; an

- .

{ empirical curve describing local density as a function of
surfac; slope. _ ' —
’ﬁased on cross-sectional thickness measurements of
séveggg‘shallou rime layers grown in the laboratory unde;
known conditions, the following function was derived for

a/am < 1
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N

® -

“0/pg = (1 - 0.W3(a/ay) - 0.246(a/ay)’
( ' HL7
- 0.309(¢/¢m)3).

Here a is éefined as for Equations III.3 and III.4, and in
this version of the model, sy = 890 kg / m3. This
assumption is made for simplicity; in reality the rime
densjties may he .much lowver, and this will affect the
accretion thickness and overall shape. Chapter IV will
dxscuss methods for estxmatlng more realistic values of Py

The remainder of this sect1on will examine the

-

predictive success of the model under a variety of 1ngut
conditions. Figure II11.3 compares accretion profiles and -
masses from the model against ice accretions grown in wind
tunnel experimentg carried out in‘the University of
Alberta's FROST tﬁnngl (this facilitw and our experimental
gethods are described in Gates, 1981 and Lozowski and Gates,
1984). For the ranges shown of mvd, liquid Qater content

" and free-stream speed the modelled mass is always within 10%
of dhe observed mass, and the major featﬁres of the E
experxmental shaq,b'ore reproduced in the profiles.

Hovcver, it’ not expectéa that the model will

reproduéb such te,%ures as rzdges or troughs near th{:

stagnatxon lzne. These a%qhmOSt likely due to ehpf‘{

& the flow pqtterrt 7&5 the‘ écct‘éftioa' fgro.ds, and th“e,".\i;v

ST s |w7 e
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I11.3 - Comparisons between model}‘y‘d and experimental
pfofiles and masses per unit l'é'égth for the
conditions listed at left. Thé"‘loy;\‘ver two

experimental profiles have layer--outlines which

vere marked Sy spxrfy paint..'
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changei in the imping@mcnt characteristics.

In particular, the value of B, will change with time,
whilo the model assumes a constant value. Even with this
assumption, hovever, it is able to dxstxnguzsh between
widening and narrov1ng profiles for small diffeerences in
growth conditions, and can produce the flat front surface

which often precedes the formation of ridges aad troughs in

the experiments.

D. Rotation ,

An option has been included in the moéel which will
allow the cylinder plus accretion to be rotated with respect
to the free stream by a small amount after each layer ‘is
accreted. No’atgg;;; is mafle to calculate the correct
rotation rate due to the gravitational and aerodynamic
torque; the roi'tion speed in degrees per layer must be
spec‘f1ed as one of the input parameters.

In order to achxeve this effect within the model@ﬂA
algorxthm, the local collision efficiency and local dens1ty
must be calculated as functions of the position angle rather
than the surface angle on the current surface. (The

posxtxon angle at a surface point is the ag 1e between a

. j‘ line joining the point to the centre of q‘é{;ylmder, and

.+ the free-stream direction.) This somewha less accurate
f ‘method was adopted in order to avoid Qroblems vhen accreting
“" over top of the prevxous layers' accretion limit.

/
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» )
There are presently no laboratory or field data

availab;e with which to test this part of the model. 1t is
presentgd here only as an option for éuture study.' An
example of a rotating case is shown in Figure II1I.4. '

The Fortran?7 codclkritten for the model is included in
Appendix I1. The code will also run on an IBM or compatible
pet;onalicompnter fittedlwith a matﬁ co-processor and
graphics éapalﬁlity; a six layer rotated accretion takes

about 90 seconds to compute on, a regular PC.

E. Model Appliciiions

This model {s iq}ended for use in the laboratory, in
conjunction with wind-turnel experiments. There the B
required i;put data are readily available, as accurately as
pfesent equipment and methods can determine thﬁF.

However, if this model or some future version of it
were to be applied in the field, the.situation becomes very
different. Good estimates of the input data (duration, wind
speed, liquid water content, droplét mvd and type of
spectrum) must somehow be obtained. In addition, a field
version should be able to predict at least the transition to
wet icing, and so the air temperature will also be required
as input. ‘

These data are rarely available for a remote site.
Local meteorological services may provide estimates or
« forecasts for duration, wind sp;ed, air temperature, and

precipitation, but usually not liquid water content or
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1

cloud droplet size.
Clearly, real-time icing forecasting with such a‘modol.

is a long way ott}‘ However, the model could conceivably be
used éo determine icing cli&atologics for different regions
wvhere adequate meteorological data hdyd been obtained. Thig
would mean sufficiently long-term observations of liquid
wvater contents and droplet sizes (i.e. cloud type) to give
an idea of the typical vﬁlues of these quantities under the
typical meteorological situations which lead to icing events
in a given region. o

" However, given the current state of knowledge of field
conditions, the best application for this model remains in |
furthering the understanding of what is happening under
controlled rime'icing conditions in the laLoratory, which it
ié cspable of doing.much more efficiently and cheaply than

r

previous models.
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IV. Local Densities of Circular Cylinder Rime Accretions
| ) ‘ “ . - ' . ' /’
A. Introduct;on »
. ¢ ) ' - ‘ '
- A situation very commonly descrxbed for the study of

»
“rime ice accretion is thatxof a non- rotat1ng, circular

7; cylinder, enveloped in a steody cros6-flow of cold, cloudy

f' Al (4
"air. Rime ice is‘formed vhen all of thenimpingiﬂgzcloud

qroplets are able to ffeeze completely aa the point. of

1mpact'l and before the arrival of another dr&blet. Rime ice
is always,'dry , mhichrmeans there is no liquid water on the
surface or'trappeo within the ice, ‘Thebconditions»necessary
fqr. dry ice po form are described by the so—called "Ludlam ’
lxm;t' (Ludlam, 1951), a maximum value of cloud liquid water

\ .
i>>co computed as eﬂ%zk\i1on of air temperature, cylinder N

size d air speed. ve\this limiting value, the

{

‘accretxonkxxll be 'wet', or glazek&ce, where the droplets

\

may run along the. surface before freezing, or are
incorporated into pockets of liquid water within the ice.
~‘\Thxs results‘xn a much hlgher and more un1fo;m densxty of (/
- ice. ?hls _study deals only w1th rime ice. »
| A. Exam1natxon of a rime* accret1on in cross- sect1on
o~ (Flgure Iv.1) reveals‘detazls of the 1nte§:al structure
| J;wh;ch govern the local den51ty\ Air bubbles and channels
are apparent, usually 1ncreasxng in Jlumber and stze toward .o
the lateral Giges, avay from the';tagnatxen lxne. At the "

extreme edges of the 3$§retxon are often found the

1ﬂaxv1dua1~elongdted or fan- shaped structures knﬁwn as*’ ' }t
. ;' ' ’ . S . =§ _" v v ’ Ty (o5 : Co ) e
N | ot e 7
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Figure 1V, 1 - A1, 5 cm. thzck cross section of a CItEﬁf:;_ )

cylinder tzme accret1on, vtevel in transm:tie‘

-

- . -light. The accretion conditions are those of «ﬁ i}’
L. ~a
".

Sample 1 in Table IV.1. -,‘_ .-
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5 .
‘rime feeLhe:s','whiéh gseem to merge into the accretion from

thé sides. Thesg are seen more easily in.a lateral view

(F1gute Iv. 2)

It is apparent even from such a cursory examination
that there should be a trend in the local ice density,
decreesxng from the stagnatidn line out toward the edges.
When averaged over intervals larger than the.typical air
chennel size, a smooth d1str1butxon should emerge. @Ke
actual shape of thzs distrzbutaon and how it arises pre of

interest to modelters of the 1c1ng process. -
. .
Numerical models have been devised which predict the

results of accret1on experiments performed in wind tunnels‘
R
-

"nder controlled condition‘s, e.g. Oleskiw (1982), Lozowski,
Stallebrass and Rearty (1983), ﬁcComber and Touzot (1981).

The parametets vhich determine the rate of ice growwh in
such'modele are the accretion object' 5‘51ze, the air N

temperature and pressure, air speed,‘ﬁiquid water content

and the sizes and relative number distribution of the water
LN [

droplets in‘the aip stream, These quantities are mﬁeded to
. e ~' ‘ ‘ *
. calculete the local and overall collision efficiencies on
' the collectlng object, wvhich together vith the local ‘ice

dens1ty determxnes the mass and. the shape. of _the modelled
. ~

ice deposit.,

a

Although collision effICIQnCY ‘and its local . . . .

' ¥

dzsttibutxon have been well studxed, at least. f%‘ c1rcular
L

cylinders (see for example, Oleskiw, 1982°, McCombe and Pl

Touzot, 19871, Langmuxr and Bledgett, 1946), the ens1ty of
, V - .
. ) ' . ’ 0 : g‘d ) l
o ) V' R
. , %

’ ' . '!"_‘
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a‘édté IV.2 - A typical circular cylinder accretion showing .

.« »

f rime feathers.
‘ \ )

. -/
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~ rime has not received as much attention. Somegstudies have
dealt vith the densities of ice accre'tions on rotating |
cylinders or hailstones (e.q. nacklin,.1962, List, Cantin
and Ferland, 1970, ,Makkonen and Stallabrass, 1984).

Bain and Gayet (1983) have attempted to adapt these
res‘ulta to the fixed cyii'nder case; their method hwill'be
coversd in the néxt ,section. P blems with this method, .«
very. gimilar to those outlined. “Ra_smussen and Heyqsﬁield

. .(1985)' 'a?: also discussed, and a new density'dietributionﬂ‘ .
"13 der%éd dzﬁ'r:tiy from experimental accretion ehapelt
Both dxstnbut;onﬂsare tested 1n the model," and a’o agamst

direct laboratory me’fsurements % l8cal density. : ~
B . ’
L7 ¢ = ‘ -
B. Rotating Cylinder Densities Applied to he Non‘got‘ati.g :
. - ) -
Case, » oo . [}

L4

. ~
Macklin (1962) made extensive measurements of the’'bulk. ,
densities of: rotatmg cylinder, 1ce depos1ts. The results

§ Vvere found to correlate best with the parameter, called R,

given by: T S
] e .

o . . |
R = rd‘Vp / 'I's 4 Iv.1 \

H

’.
o . .
where r,4 is the ragiius of +the medidm volume dropiet, Vo is
, N e
the impact sgeed of that droplet at th stagnation line, and
N t '

'l‘s is the mean surface temperature of thuaccretxon. 5 * .

Similar correlations were found for the experunental result‘s

“:

of Bain and Gayet (1983) and Makkonen and Stallabrass (1984)




\'temperature caléulated from the model of Lozowskz,
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on totatmg cylmders although the latter tound ’
{

ngnifihntly larger densztxes in the lower range of R.
l:-"‘s
.Nakkonen and Stallabrass attribute this difterence to-

tt‘xeir method o: mea‘uring droplet sizes with optical ‘probes.

~ .
Macklin's droplets were measured using the oil slide method,
/

which according ta Makkonen and Stall ves
underestimated sizes, in compar i sen | cal probe
n?ethod Raakkolen and Stallabrass ERADE «he

corr‘atx?n for the

p(R) = 0.378 + 0. (R)) - 0.0823(10910(R)72; Iv.2

é
L]

, : T
‘ Bair% and Gayet (19‘83) made an attempt to apply the
earlier correlation of Macklin to dens1t1es on a f1xed

cylmder accretion, by mtrod*qvlocal varxatxons into the

R parameter as follows: . W » ‘
L & | . .
R(6) = r v _(8) / T_(6), Iv.3
1 4 . ‘ . .
R

3

where now v (0) is the radxal component of droplet 1mpact
velocxty as a functxon ot the radws angle 6 (measured with
respect to tWtagnatxon lme) ’ Bem and Gayet derxve the
tqtal d et qued at impact £rom an assumed cosme .
dlstrberr of speed with cylmder radius angle, scaled to
the stagnation line value as calculated by Langmuxr and

Blodgett. 'I.‘*’(O) is the variation of local surface

» Y
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Stollobrass and Hearty (1983). S
;“;:{T An initxol objoction to this approach 'is philosophical.
Macklin's correlation is a purely ompiricql one; i; t:_nox a
physical model ond therefore shou;d not be extehded f§ a ’~ )
physical \situatipn'sogiffetent .from tha)t' wh.ich pro‘,j.r;jded chc‘ 3

8

K

original data.
On the' fixed cylinder, v.(6) xs not even analogous to

.V on the rotating cy11nder, whigh is the ma£1mum 1mpact

0 -
; spied felt at any one poxnt dukhig one rotation.

'ﬁ Purthermore, on the rotating c} inder, the°droplots arrive
at a given poxnt £rom a large tandﬁ of angles, which should

perhaps result in closef”pac‘;ng.of the dropiets and a

higher . wsxty. More importantly, - .the sh‘ing eff{edts of
air ‘

teathcr structures and the formatxon ot hannels between

. J
them is not accolnted for.  *
o,
: However, a more concrote objection is fou.d by
compar1ng this type of distribution to that ﬂ'.nd by- direct

measurement of the density, and by comparing gge model

accretion shapes and qaz§es'it'prdduces_to experimental
.profiles. The first comparison.will be discussed in Section 4
. D pf this Chapter: Fot the model comporison the simple rime
accretion model dobcribed in Cthtor I11 1s Used.
The expetxmental accret1on profile shown on the lgft in -
Fiqure IV 3 was grown, under the conditxons lxsted, 1h the
Unxversity of Alberta FROST tunnel.' Al%% shown are model
profiles produced by three different agptrzbutzous of local
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donoity. The profile at centre lctt resalts from a constant
dcnoity, that at centre right trom a Qistribution that is
‘derived following Bain and Gayet. The profile at the far
_ riqht uses a third distribbtion vhich 13"described below.
' ﬁQ%hno density distributions are'illustr‘ted above
" thcia}r.‘pcctive profiles. For easy comparison, each is
‘L plq ap p/po vs \/q ,"where p, 8 the local dené!k!"t
i s the st.gnlt*oﬁ ?1ne. a is the local angle of the surface

* .
with respect to the free stream direction, and @, is

Pih Chapter III. On the bare cylinder, al-iu
.‘ al with 6, but not tor subsequent ice layers. The
PR loil'é ig {sed vtather than 6, so that the ‘density
yéf‘nvttbugton' v111 be time-dependent, c@.ngmg as the ice
“' s\ sh.pe ehan”s.
The mtad
;" using v_(a) as cv lculatgd by Bam and Gayet, and Tg (a) .

‘o T o

ca‘lcuiuad by the moded of Lozowskx, Stallabrass and H

distribution is derived from Equation IV. 1,

The relu!.ting curve is fitted with a thn'd order *no 1al-.

.o pla/ag) / po = (1 - 0.303 (a/ag)” N
! ' : ' .

+0.936 (a/ag)? - 1.074 (a/ap)®).
m
The second modelled profile is”;vefy similar to the
first, cohstant density profile, which was too narrow in .

éompanson with the expenmem:al shape. Both of the

modelled masses are less than the observed mass, by 8 and 6

N
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percent, respectively, The resulf using the third
distribution shown is in better agreement with the
expd?fhentn;;lﬁlpe, by having a vwidening profile, and a mass
~wipthin 3 pereeﬁt of observation.: This distri?ution and its
derivation are described next. L

. . N
c. Pra;ile-nerived Density Distribution {,“

%he thickness (Th) of ice deposited in time r at a
given point on the bare cylxnder surface, which we delcrxbe
by its surface .angle @, is

- . »

Th(a) = Rla) U lwc r / pla), s
» — ~
where U is the free-stream speed, and lwc is the liquid‘
e T

. water conten This version of the dry-growth equation

ignores curva ce effecte, e.g. es described by. Lozowski,.
Stallabtess end Hearty (1983). This is e‘reason e ‘
simplifiq'tion given the very small séacing of the points °
whxch dqflne the 1c1ng "suftaée In the nodel. |

G1ven Iv.5 then, if both thes{?ca{ thxckness and the
local*collision e¥ficiency B(a) are known, and if ehe
interval r is assumed to be small enough that B(a) and.the.
density p(a) remain essentially constane,'lv.s may be solved -
for pl(a). TN |

Figure IV.4 shows agother experiﬁental accfetion grown

1n the FROST tunnel, and its growth conditions. The total

-accret‘.n time was 30 minutes. Every five minutes, a layer

\



\o 4 o > : .
. Pigure IV.4 - A circular cylinder ri{; deposit in profile,

vit® psint layers. marking "the surface at five
minute int:rvils. Conditions ."Jho"e of Case B

in Table III.1.

3
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of paint wvas sprayed onto the surface, alloving changes in
the shape of the ice surface to be followed with time. It .
also allowved local thickness measurements of thin layers to‘ﬂk
be obteined; vhich sare unaffected by the melting or
sublimation losses that must «ccur on the top eurtece,
betveen the time of the end of. the test and photography of
the profile. b

The distribution of local collision efficiency was
calculated from the neéien volume diameter, and an assumed
droplet size dietriburion, scaled to the mvd, based on(‘3
measurements taken in~the same wind tunnel. The mvd wvas \
origxnelly meesured g; the oil slxde method, whxch is ‘known \
from the work of Hakkonen and %}ellebraes (1984) to be an

P
overest1mate, but for Case B of Teble IV.1.the oil slide

evestxmate falls outside of the size renge for which Makkonen

and Stallabrass’ empirical caftection formula is valid/
Therefore, an mvd has been adopted whxchw was derived f&om

the stegnet1on line thickness measuremefit, the lxquid v.¢€} -
content meeeurement, and an agcume? local dengity for the .

stagnationvline of 890 kg /_m3 (a reasonable denq}ty inFthis ‘

case based on visual inspection of the accretion), The

‘method used to derive Ehxs estimate of the mvd 13 deecrxbed

>
v'.ffafr

in Xppendix II;, :-

For Case A of the same teble it was posnble t}
use of the cqrrection fokmule mentioned above to qp regt the

0il slide measured mvd’,

, (7 —
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‘ . In this ny the diltribution p(a) has bnn '°W.
nviul layers of two dittount accrotionn. The data p
ylisted in Tablo IV.1 and plotted in Figure IV, 5. K c
polynomial git (solid curve, Figure 1V.5) gives:

| p(a/cm)‘/ Py * (1 - 0.143 (a/am) ' !

- 0:246 (a/al;.)z - 0.309 (a/ag)?) | .

I - " v
’ i:;'ho relative distribution is thus asSumed independent
ot gvc and air tempgrature; this auuaption implies that

these tactcu only come into the deternination of the. -
’ *
‘ ocllinq pzuuter ’0‘ Normliution of the diltribution by

"+ thy tvo ]_I;t,-eters yﬁd a makes the cxpronion abowp easy

to us in an icing 1 aupming that it is generally

applicable.to a range- of accretion ‘condxtions. Evidence “for
this vas presented in Figure II11.3 of the last Chapter,

where the model results are conparod"to several independent

“wind tunnel expgriments'. ' . . :
° ot ' ' ’ ’ v

) ]

»

B. Laboratory uouun-outr,d! Local Density

;e POr further, evid q to suppott our propoud
e ' ' “”de"‘“ i

iv_'f'ﬂ\distributxon of Iocal ‘d:nlity, a serios of dirtct ‘ o "
L’ nusutomr\ta vere udb from wind-tunnel accrotions. ,
Folloving the techniques described by List, Cantm and »
f‘ctllnd (1970), local densities vere measured by drilling |
small holes (2'.5~-' 3.0mm dianctcé, less .than 1 cm depth) in
e’ "

"A -d/ "l;‘ ‘: \4 . . -‘ * . — ‘g:.h -. ‘
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(degrees) Th (mm) B (s) ﬁ(kglms)
Case A 0 3.3 0.407 767
: 10 3.12 0.393 792
20 3.25 0.33 - 646
30 2.9 0.249 * 540
. 40 1.7 0.155 574
50 0.9 0.069 s 482
Case B 0 1.48 0.842 890
10 1.48 0.825 87
20 . 1.48 0.776 850
30 «1.40 0.699 780
40 1.33 0.592 646
50 1.03 .. 0.458 635
_60 0.81 0.302 583

Table 1V.1 - Logal densi‘es as 8 functien of surface slope
derived from thickness measurements of shallow ice layers

. accreted at -10°C under the fol‘l.owing conditions:
.

Dd(mn) oc(m), lwc(g/m3) U(ntYsec) rksec)

.

Case A - 15.5  0.0254  0.38 0.7 . 600
Case B 51.0  0.0254 ° 0.4g 10.7 .. 300 ¢ .
_ %‘(c) is: calculated from Equations P11, 111.3 and 1.4, o
. o /
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- Al Legend
1, -\A\ A from thickness measures
Polynomtal 14, Ec{n WS
- . ®
0.8
63~ .
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0.4
0.214.
O i I
0 0.5

O /Otrm

Pigure V.5 - Lécal densitfcs derived from thickness

measurements of shallow ice liyers from Table
l

- IV.1. The solid curve is a polynomial fit to th

S
data (BEguation IV.3).
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cross sectional cuts fnom two different rime accret1ons (see
y
Figure IV.6). The locavxon, volume and mass loss vere

recorded for each hole: The mass was measured to within

: g
0.00005 g with a Mettler model H20 balance. For the data of

Sample 1, Table 1V.2, the hole depths and diameters from

‘three sections of & single accretion vere measured to within

.05 mm with a Vernier calipef. For sampie 2 of Table 1V.2,
, ;i ,

holes from twoSections of accretions grown under nearly

identical conditions were measured to 0.01mm in depth and

0.001mm in diametey, with the same bore ahd depth gauges —

- used by Lxst et al. (IQpO) to determine local densxt1es in

ha1lstones. The surface angles were approxzmated by the
. \
more eagily measuted radjus angles, since paint layers to
define the intermediate surfaces would have altered the

densities. This is a good assumption for shallow layers, at

any rate, and measurements have been used only from the

layef immediately above the cylinder surface. The error in
uéing the radius angle approximation is estimated to be
tfive degrees. : -—

Another source of error is mass foss from the enﬁire

- »

sample through sublimation and handling during the hole

drilling procedure. Several experimental estimates were

made of the size of this error, and the average (0.001 g)

was subtracted from the measured mass losses from the holes.
The resulting density measurements are shown in Table

I1V.2 and ih Figures IV.7 and 1V.8. The ;%lid and da§hed

curves shown in each of these figures are from Equations
7 .

-
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Figure IV.6 - An accretion section of about 1.5 cm.
thickness, showing the holes drilled for the local

density measurements. The condition are those of

.

Sample 1 in 'rab,e I1v.2 Co



A

o

Sample 1| . Sample 2
a p 3 a g p 3 /
(5°) (£60 kg/m) (#5°) (430 kg/m’Y
2 786 2 907
2 667 3 902
2 660 4 723
© 6 719 6 747
8 620 7 7 770
8 792 8- 909
10 Al 13 788
12 645 15 815"
12 688 17 766
12 685 19 724 . °
.15 629 23 823
18 519 24 683
20 718
21 - 630
27 675 .
28 427
30 681
30 733
30 701
35 539
~38 580
42 749
50 504

Table I1V.2 - Experimentally measured local densities

as a function of surface.slope taken from accretiors

9~

-

grown under the following conditions:

twe (g/m3)

Dd( m) - Dc(m) U(m/sec) T(*C)
16. 4 0.046 0.53 14.9 -14
; 14.0 0.0254 * 0.36 30.0 -10

»>

.

82
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IV.2 and 1IV.4, rospoctivoly} vhere th‘.choicc ot o has been
based on the density ﬁeasurements{.and ®nax is calculated
from the médian volumé diameter droplet, following the
methods of Chapters Il and 1III,

‘ The scatter of points én both fiqures is considerable,
" and is much larger than the measurement errors represented
by the error bars will allow., The most likely cause—bf the
~large scattet is in the nature of the rime itself, The
intq;nq; air chahnels ar: scattered at ranéom, and since
they are often of the same size as thetholes, this will
introduce a natural scatter. fAlso, in the very.fragile
rime, the drilling process may cause walls between adjacent
air channels to collapsé, resulting in additional mass loss.
This problem is especially bothersome near the edges of the
accretion, where the density is lowest. Here, walls between
the'holes ;hemselves will sometimes collapse, making it very
difficult to obtain density values at large surface angles.
Part of the problem might be alleviated by using accretions
samples grown on a laré r diameter cylinder, so.that the
holes do not have to be drilled so close together to get the
same interval of surface angle. Unfortunately, the'only
 accretions available ware grown on cylinders of one and two
inches in diameter. 9 | £
For vhatever reason, the results are too scattered to

allow a clear choice between one parameterized distribution

and the other. This is due, in part, to the lack of data at
* 7
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Legénd
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Pigure IV.7 - Local density vs. surface angle; experimental
measures and parameterized curves for the

conditions of Sample 1 in Table IV.2. The filled

symbols represent mean values for 10° intervals in

surface’ Siope.
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Figure IV¥8 - Local density vs. surface angle; experimental

measures and parameterifgd curves for the

conditions of Sample 2 i

Table 1V.2. The filled

symbols represent mean values for 10° intervals in

sur face angle.
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large surface angles. When avorgg‘d over 10 degree

_ intervals (filled symbols) the expofimontal data in both

v {t#igures favour the profile-derived curve up to a surface

angle of 30°, but for larger figure IV,7 thef lie
. . .

- i

d curve.
N,

c%qser to the rotating cylind?r-
there are far fewver points detining’thé éverage‘
larger angleé, and none at all for Figuré\iv.e.
Althﬁugh these direct density measurements have not
been conclusive, the modcl_resul}l and the pr#cticnl
advantages of the profile-derived distribution justify its
adoption over the other. The application ef this method is
etgicient,and inexpensive, qssuming that the scaling
parameters may be easily determined. One of these

, may be

parameters, the maximum accretion angle, @ rax

Quickly approximated according to the analytical function
given in Chapter 1II, but'p0 remains to be determined.

\
E. Local DonsifY‘tt-gho Stagnation Line .

Qualitative observations of many rime accretions show
that the stagnation line density also varies with the
environmental conditions. Since there are, at present,
insufficient quantitative data on this variation, the
correlation for rotating cylinder densities, Equation IV.1,
may perhaps be applied. The justification for doing so
here, but not for the entire density d}stribution, is that
there is no shadowing at the stagnation line, and the

conditions are ‘bre nearly analogous to «he rotating



8?

cylindcr.ca .

However, some important differences must be noted
between the two situations. 1In the rotatihg eylinder
correlation, the pnram:}cr VO is the impact speed of the
med}an volume droplet at the stagnation line onl@. Over the
remainder of the accretion sur face, dropléts impect at
speeds ranging between zero and VO’ s0 the average impact -

speed, at least for cases with large «a is roughly one

max’

half Vo, and perhaps soqevhat less if «a is smaly;' Thus,

max
v0 for the rotating cylinder is s twice the average speed of

impact. On the stagnation line of the non-rotaf}ng
cylindé?)\tiza::pact speed is constant and equal to Vo, 80
in order to titute into th% R parameter the gorrect ,
analogy for twice the average éﬁgzdw\ye use twice Vo. v0 is
estimated from Equatio I.11.

The R paramefet iis further altered by substituting for
the mean surface temperature, the vaiue at the stagnation
line (Ts,o) vhic@ is determined u?ing the model of Lozowski,

Stallabrass and Hearty (1983). The new correlation

parameter is then:
R' = 2rg Vy/ Ts, 0 ’ V.7

The results are shown in Figure 1IV.9,' for five
accretions for which Po has been experimentally measured by
the methods described in the last section. The fit to

Equation 1IV.1 is quite good, considering the size of the



messurement errors in p, (i.e., the same size as for rigure
1v.8). Until more expevimental data are available, this is

“an acccptabf\ lcfbod for estimating pof‘

"F. Summary _—

Previous methods for estimatipg the local variation of
rime ice density are examined, and found to be inadequate.
A nev method is derived @mpirically, and tcs;id in model
accritions, and against direct labofiéory measurements of
local density. The laboratory measured distribution .is
inconciusive, but model_results show the new method to be
more successful than the old for predicting the shapes and

masses of circular cylinder rime ice accretions.



Legend

A !;:porlmon’d
Makkonen and Staliobras s

R,R

Figure 1V.9 - Stagnagion line density measurements vs. R’
(symbols), and the rotating cylinder density |
correlation of Makkonen and Stallabrass, Equation
IV.2, vs. R (solid line). R and R' are defined in

Equations IV.1 and IV.7, respectively.



=y
. .

References

lain)‘h. and G‘yot, J.P. 1983: Btude de L'accretion de la.
Glace At-o;photiquo 11. uodclisatién Numerique
avec Parametrisation de la Qpriation de la Mass
Specifique du Givre en Fonction de la Poiitidn
Anqulairo sur un Cylindre. J. Rech. Atmos., 12,
299-311, ‘ |

Langmuir, 1I. aﬁd nlodqot;,_x. 1946: A Mathematical h
Investigation of Water Droplet Trajectories.
Collected Works of Irving Langmuir, Vol 10,

Pergamon Press, 348-393.

List, R. Cantin, J.-G. and rcriand, M. 1970: Structural

J/ Properties of Two Hailstone samples. J. Atmos.
// Sci., 27, 1080-1090.
Q\.

Lozowski, E.P., Stallabrass, J.R. and Hearty, P.F. 1983: The
Icing of an Unheated, Rotating Cylinder Part I: A
Simulation Mod Model. J. Climate and App. |
Meteor., 22, 2053-2074.

Ludlam, F. H. 1951: The Heat Economy of a Rimed Cylinder.
Guart. J. Roy. Meteor. Soc., 11, 663-666.

Macklin, W.C. 1962: The Density and Structure of Ice Formed

90



RS N
by Accretion. Quert. J. Rby.’nptcar. Soc., 8.

30-50. ' ////

.

h Y

-

Makkonen, L. and Stalb.brnslc J. 1984: lce Accretion on

Cylinders apd Wires. National Research Council

Technical Report TR-LT-005, NRC No. 23649, 43 pp.

McCamber, P. and Tou:o;. G. 1981; Calculstion of the
Inpingement of Cloud Droplets in a Cylinder by thg
Finite Element. Method. J. Atmos. Scil. 28,
1027-1036.

Rasmussen, R.M. and Heymsfield, A.J, 1985: A Gon;ra;izof//////’
Form for Impact Velocities Used to Dctcr-ig,/
Graupel Accretional Densities. J. Atmos. Sc/.42,
2275-2279.



" ¥.. Rime Icing on Airfoils

-

‘A..lntfbducfion
A numerical simylation of ice accretion on an arbitrary
airfoil secglon involves greater computational difficulty
.than do:ﬁlfﬁb correspbnding probled.of icing oﬁ circular
cylinders. The major reason is thq';equird‘.nt for |
"gumé;ical integration®f the impinging droplet trajectories
in order to determine collision efficigncies. Unlike the
cylinder case, there is (eXsept for the Joukowski airfo}l)
no anélytical solhtion of the po \ntial flow to simplify the
task, nor are there convenient tables of previously '~
" calcplated collision effﬁcienc(és'as functions of the flow
and Shertia pat@mgterg.
) This requiremen;,adds considerably to the podel's
consumpt;on‘of computing time and resources. Previous
airfoil accretion models (e.g. Oleskiw, 1982, MacArthur et
al., 1982, Cansdale and Gent, 1983) have thus tended to be
expens{ve Eo run, and may be prone to numerical
instabilities. , ﬂ
However, from the resuits<bf one such model (Oleskiw

1982), siyple parameté?i?ations havé been derived for the -
local collision efficiency distribution with surface slope
on“NACA 0015 and.OOIZ airfoils. Three separate analytical
functions app;oximéte this distribution fr monodisperse or

average droplet spectra, or for any spectrum when the angle

of attack is non-zero. Use of these functions requires the
; .
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‘determination of only one value of local collision

efficiency, that at the stagnatfon line; thus considerably
reducing the computation time. This single value may then
be re-determined at intervals during the accretion to give
the model a true time-dependehce.. )
. | These paramgterizations have been incorporated into a
new, more efficient numerical icing model. Other

computational simplifications include the representation of -

— /’

the airfoil and ice surfaces by straight line segments
rgther than by a spline curve, and a strathtforward
algebraic method to determine the droplet's point of
collision with the surface. An approximate distribution
function for thé local density has also been introd'ced;
Again, rime icing only is considered, i.e. the aif
temperatﬁre is assumed to be below -10° C, and fhe impinging

"water is assumed to freeze immediately\énd completely. Most
of the parameterizations an§ simplificatioq§ could also be
used in a model for wét accretion, /

The model results are presented in comparison with
those of Oleskiw (1982) and with real accretions'grown in
wind tunnel experiments.

»
B. Model Outline
A brief outline of the model algorithm is as follows:

¥

Step 1. Specify the x, y coordinates of the original

o

airfoil surface. The coordinates are dimensional,

.
N
e



| 4
’ , | .

with the orig{n at the no;e of the airfoil.

L ¢

L)

Step 2. Find the local collision efficiency at the

-

stagnation line, ﬁo, by the following procedure:

1.

Solve for the potential flow field about
the airfoil or accretion shape by the
megpod of Kennedy and Marsdeﬁ (1976).
Intégrate two droplet/lrajecgories near
the .stagnation lipe'and find their
collision points:‘;i

Calculate B, frém Ay / 84, the ratio of
initiaI.separatioh normal to the
free-stream of ﬁhe trajectories to their

final separation in arc length on the

surface.

Step 3. For each surface point, calculate the 1’@ckness

accreted perpendicular to the surface during one

. layer time step r. The local coltision efficiency

~
at each point is approximated from one of three

parameterized functions. of BO and the local

surface slepe, «a, depen&i}g on the typ& of dgoplet

size spectrum and the aqfle of attack, ¢ (defined

as the angle between the free-stream direction and

the airfoil chord). The local density

distribution is also approximated from a

parameterized function of surface slope, a. .
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' Step 4. Calculate the mass and mean density of the accréted

ice layer.

*

Step 5. Repeat Steps 3 and 4 for the number of layers
requested. Repeat Step 2 only for every fifth
layer. The layer time step, r, should be chosen

so that the combined stagnation line thickness of
b

"five layers is not more than 1/10 of the original 4.

chord length..

Step 7. Plot the original airfoil and all accreted layers.

The sections below will disguss each of Steps 1 through

4 in detail.
C. Specifying the Airfoil Shape _

This version of the model employs the standard airfoil
’ /

sectioneknown as the NACA (United States National Advisa/y
Committee on Aeroqqutic57 f6pr-digit wing section, fo:/@hich

Abbott and von Doenhoff (1959) give the thickness

14

distribution in non-dimensional x,y-coordinates normalized

to the chord length, as:
N

\
LY

y = 0.05 h, (0.2969 x°5 - 0.126 x - 0.3516 x?

0 ,
\ V.1
+ 0.2843 x> - 0.1015 x*)

The number h0 gives the‘haxlmum airfoil thickness\ as a



) \‘ ' ? 9

' percentage of the chord 1ength a‘dshovn in rigure v. 1, and
also makes up the last two dxgxts~q‘,th¢ "four-digit"”
.designatzon. The first tvo digits represent Cn? the maximum
Caqbcr as a percentage of the chord, and cp, the abégissa of
the camber ordinate in tenths of the chord. All of the
paramaterizations"ﬁsed in the model are derived assuming
that both Em'\nd c, are zero. The maximum thickness hj is

entered as model input, but expressed as a fraction of the
." .

[

u ‘ R

chord, rather than a peEGZntage.
Alth gh defined above for non-d1mgpsienal coordinates,
the modelqsgtrzes the airfoil and accretion prof11es in
imensional céordinates throughout most of the calculations,
é//iecause the chord length (initial chord\plus accumulated ice
thickness) is cﬁ;nging wiéh every layer step§‘ Where a
non-dimensional profile is required for the potential flow
calculafion, the hggigiggbéS'are normalized using the
current chord length. |
Since the profile is alvays represented by a vector of
| coordinate points, the pointé must be of sufficiently high
* éensity to ensuye that the curved surfaces are well
~ #/ approximated by(s ight line segqents joining them, This.
‘avoids the expensive\gomput;iional process of fitting a few
surface’ppints with a spline curve, which may be prone to
instabilitigs. It also simplifies the determination of
ttajectory impact points, but it it does require more data
storage. However, even this can be minimized Sy using a

point distribution scheme which concentrates points in the

/
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regions of strong curvature at the ﬁosc and tail.
One such scheme is that suggested by Kennedy and
Marsden (1976), in vhich the distribdtxon of non-dimensional

x-coordinates is given by:

L]

x; = 0.5 (1 - cos(2ri / N)) V.2

vhere i lies b:tveen 1 and N, an even ;"eger. This scheme
was found to give good results with N = 600 to specify the
comélete airfoil section for plotting purposes, although
only half this number of points, def{diﬁg‘the front portion
of the aigfoil, is allowed to accrete ice. )

In the potential flow solution, a profile consisting of
a much smaller nu"cr of points is desired to reduce the
computational thﬁ}tcments, Kennedy and Marsden suggest that
40 points is an optimum number. Pthis can be simply
constructed from either the original airfoil profile, or
from subsegquent accretion shapes by taking every 15th point
~\of the denser profile. The new sparse profile will also
retain the desired distribution pattern of points.

Accretion thicknesses are calculated for each surface
point in thy’dxrection perpendicular to the local surface
slope. TH/; causes the point separation to increase near
the nose with each succeedlng laygé. After several layers,
the separation may have become too large for a reasonable
represéntation of the surface by straight ‘line segments, and

has destroyed thé original point distribution.



A vaf to remedy the situation. is to shift each
coordinafg point, after each layer is accreted, closer to
‘fhe nose along the straight line segment joining it and its
near#t neighbour (whose position has already been shifted).
The amount of‘;he shift must be carefully chosen to preserve
the desired distribution of points, aﬁd an accuratelprofile.
Because the original distribution concentrated points near
thé nose, and because pdints néaf the nose diverge faster
than elsewhere, those points mdst be shifted by larger
amounts (relative to the segment length) than points further
avay. |

A shift of half the segment length at the nose,
decreasing linearly to one eighth at about half the chord
length gives the desired results. To test that profiles
produced by this scheme are accurate, model profiles were
also made with four times the optimum péint density. There
was no noticeable difference in‘tﬁg resulting plotted

profiles.

D. Local Collision Efficiency

Pataméterizaéion schemes were derived in Chapter III
for local collision efficiency B on circular cylinders as a
scaled cosine function of local surface slope a. If ;;e
numerical results of Oleskiw (1982) for local collision
efficiency on a NﬁCA airfoil at 0° angle of attack are
plotted against surface slope, they also closely follow a

cosine curve, but one which is displaced negatively along

\
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the abscissa. The form holds for several cases computed by
Oleskiv, 'as seen in Figures V.2, V.3 and V.4, and is \

described by: | ' v e
P B(a)_f cos(a) - (1 - Bo), V.3

vhere B, is the value of B at the stagnation line. This is
the only parameter required to approximate the entire
distribution; since the majyimum accretion angle @ rax’ in

radians, follows from: _“. )

a = arcos(1 - Bo).

max V34

Appendix IV gives a geometrical derivation of Equation V.3.

So far, a mon§dispetse droplet population has been
assumed. In pfattice, of course, a spectrum of droplet
sizes is present. Often the collision(ef{iciency of the
entire population is madelled by a single droplet size at
the median volume diameter of the spectrum. This is
generaliy a good approximation to the weighted average g(a)
distribution calculated according to the relative volumes of
the droplet’sizes in the spectrum, as discussed in Appendix
V1. ,

In real populations, when relatively large numbers of
very small droplets are'present in the population, they can
change the shape of the B distribution, as well as force the

mvd-based maximum accretion limit to a smaller value
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1
approx. !romEjr;, V’3
Q. 0.5
'
JA
A
N — —
0 50 10

Figure V.2 - Comparison of Oleskiw's numerical results and -
”Equation V.3, for collision efficiency of a single
drop size. Airfoil is a NACA 0015, U = 61 m/sec,

Chord = 0.213 m, Dd = 20 um.
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Legend

& Oleskiw

approx. from Eqn. V.3

Q. 0.5

{

Figure V.3 - Comparison of Oleskiw's numerical results and
. .
Equation V.3, for collision echiency of a single
drop size. Airfoil is a Joukowski 15%, U = 78.2

m/sec, Chord = 0.33 m, Dd = 25.5 um.



Legend
s Ologkiw

approx. from Eqn. V.3

_Pigure V.4 - Comparison of Oleskiw's numerical results and
Equation V.3, for collision efficiency of a single
drop size. Airfoil is a Joukowski 15%, U = 78.2

m/sec, Chord =.0.33 m, Dd = 13,2 um,
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than actually occurs. Por sirfoils, the effect becomes

':1-portant for ﬂo less than about 0.8. Por these cases, an

altirnitivo parameterization is prop@sod. 1t is derived

from a polynomial fit to an average of several

lpoctrun-voiqht;d Bla) curves calculated by the author for

droplet spectra observed in the FROST tunnel at the -

Uni;orsity of Alberta. Tﬁd form, of Shc parameterization is:

‘ . | ‘ 'I
B(a/am) = B (1 + 0.039(«/«.) - 1.8‘2(¢/¢m)2

e -
-

-

- 0.543(a/ay)’ + 1.792(a/ay)* V.5
- 0.444(¢/an)5,

vhete ﬂo - Bo,mvd' and

+ 0.13 exp(-mvd / 70). V.6

-
“m * ®max,mvd

Here a is again in radians, and mvd is in um. 1In Figures
V.5 and V.6, the approximation of Bguation V.5 is compared
vith spectrum-veighted distributions for two other observed
droplet spectra, vhich appear in Table A.!1 as "Battan and
Reitan stratus” (Battan and Reitan, 1957), and "FROST 3", a
spectrum measured in the FROST tunnel. These figures also '
show the difference in ﬂo betv’en the spectrum-weighted

value and that derived from the mvd for these cases.

4 ¢
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When the angle offqttack (®) is non-zero, Oleskiw's
numerical results have been fitted with the following

function: : D )
B(a') = 0.95 Bo CO“’(C'), * V.7
where Bo is calculated as for the ® = 0 case, and

' = ((n/2) (ag - ) / (/2 - & .. v.8
‘The position of maximum collision efficiency has been
designated by @y and may be approximated by:
o

ag = 7 log,, ((180 ®/x) + 1) / (0.180 exp(30.5 hg)), V.9

where ay and & are in radians.

Un%ortunately, there are only two numerical cases
currently available (from Dleskiw, 1982) to test this fit,
as illustrated in Figures V.7 and V.8. Further calculétions
at some time in‘the future may help to refine the ®
approximation. In the meantime, it does give a rough

estimate for the B(a) distribution when ¢ is non-zero, which
+ : .

is otherwise very costly to compute.
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E. Integration of Droplet Trajectories ~
The equations of motion of a cloud droplet carried by

the air stream, in a more general form than for the cylinder

problem (Equation 11.6), are:

qu/dt‘- -3/4 (ps/ Py (Cd/Dd) v (vy i uy)

In this steady-state formulation the additional term
due to gravity has been neglected, as has the "eistofy"
" ‘term, arising from the droplet's acceleratiomn vith respect
to the flow. Nejiéct of these terms is justified by the
results of Oleskiw (1982), ‘and al#o bf examination of the
"acceleration modulus", (Norment, 1980):

N, = Dy Ig%l /vi RY

If this quantity is less than about 0,01, the history term
may be safely neglected. TLe résults of Oleskiw and of
Norment showed that this limit is not exceeded in most
aeronautical modelling situations.

_?he drag coefficient is again estimated from the the
expressions of -Beard and Pruppacher (1969), EquatioE'JI.S.

The droplet trajectories are integfated by the Heun method

(Mesinger and Arakawa, 1976), similar to the calculations in



1T

-

Chapter II, except for the determination éflthe ai; speeds

u, and uy. ’ '

The streamfunction ¢ of the potential flow field about
the current accretion shape is numerically,calculated
following the method of Kennedy and Marsden (1976). This is
a versjon of the surface singularity method originated by |
Hess and Smith (1967), in which the airfoil surface is |
represented by a set of point vortices, Kennedy ana Mafsden
have slightly altered, at the trailing edge, the usual
boundary condition of a constant streamfunction aiong the
airfoil surface. .They claim this gives a very accufaté
result with a minimum of computing time, Full details are
available in their paper. The air speeds may then be
approximated from a finite-differéﬁce calculation of the
streamfunction derivatives, with the spatial differences
equal to the droplet diameter. '

o The droplet's initial x-coordinate is five chord
lengths upstream of the nese, and\the initial separation of
the two trajectories, Ay, is 10-8 metres. An optimum time
step was found to be At = 0.0025 (U/chord). The
justification for these choices is given by Table V.1, which
examjnes the sensiﬁivity of the model results éo changes in
these parameters. . |

As the droplet approaches the airfoii, the model begins
testing for its position with respect to the current

accretion surface. At each time step At, the array of

accreting surface points is searched for the pair of



N

At

{chord/U)

Bo
(xo-xD-chord)

Bo

(xo-vS « chord)

4

0.005
0.0033
0.0025

0.002

Table V.1 - Sensitivity of the integration results to the

0.787
0.794
0.796
0.798

0.812
0.804
0.801

0.799

112

time step size At, and the initial x-position Xg-

Trajectory is for a 20 micron drop impinging on a

NACA 0015 airfoil of 0.213 m chord, in a 61 m/sec

airstream.
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adjacent points which bracket thp current y-coordinate of
the droplet. The droplet's x-c;oféinate is then compared to
the x-coordinates of these two points. If either or both of
them are greater than the droplet's x:EOQrdinate, the
current droplet positidh lies inside the acocetion surface.
The collision point is then estimated by solving for
the intersection of the straight line segments, one joining
the two bracketing surface points, and one joininq.the
current anﬁ immediately previous droplet positions (see

Figure V.9). The arc length Ai separating the two collision

. points on the surface is also approximated as a straight

line..ﬁo is then just Ay/A4.

All of these straight line approximations, and the
simple integration method, are sufficiently accurate because
of the very small distances between surface points near the
nose, the small At and initial Ay of the trajectories.

A comparison of the integration results with those of
Oleskiw for his Case 55 shows very good agreement. Oleskiw
calculates ﬁo = 0.805 for a 20 um drop impinging on » -

m chord NACA 0015, at 0° angle of attack and 61 m/se e

present model result is 0.801 for the same initial‘

conditions. The small difference is easily account
the use of a slightly different formulation for drag
coefficient and by Oleskiw's method of approximating By-
This is from a spline fit to several B(a) points that are
distributed along the surface, away from the stagnation

line,



point of

Figure V.9

impact.

t
droplet

positions

~

dense profile
surtace points

- Determination of droplet impact point on the

surface.
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F. Local Density Variations

Once B8, has Scén determined, @nax 8Nd the distribution
of local collision efficiency may be approximated from
BEquations V.3, V.5 or V.7. The local ice thickness (Th)
accreted over a layer time step 7 at each surface point is

then given by the dry growth equation:

Th = B(a) U lwc 7 / pla), V.12

P \
where now a suitable distribution for p(a) must be found.

This would ideally be done using the same techniques
that were used in Chapter IV, to investigate circular
cylinder accretion densities by direct measurement of local
densities and of layer thicknesses. However, the wind tunnel
éxperiments on airfoils which were performed in the FROST
tunnel\fér this study, were grown on airfoils with
thicknesses less than one inch. This is too small to allow
effective measurements by the hole drilling technique, and
the layers outlined by paint spray for some of the
experiments were too thick to allow good results using the
layer method.

Therefore, an approximate distribution was derived by
plugging the above-mentioned circular cylinder curve into
the model, and adjusting it until it could produce

reasonable profiles. The result works best when used with

the 'simulated spectrum' parameterization for local
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collisidﬁ officioncy. We emphasize that this disiribution is
not yet suppor§od by any empirical evidence, and that it
should be adjusted further vhen such evidence is available.
For the present q?wcvcr, a good estimate for the density

distribution is:

plasay) = py (1 - 0.163 (a/ay) + 0.235(a/am)2
V.13

‘- 2.357(¢/¢m)3 + 1.37¢(a<gm)‘ + 0.019(¢/am)5),

where Po is asdﬁﬁid, for simplicity, to be always 890 kg/m3.
In certain conditions, the maximum density may be less than
this value, but the model has capability to delermine
this, at present. . )

The mass and mean density of each layer are caltulated

in the same vay as for the circular cylinder described in

Chapter III.

G. Model Results

Available data for model validation include the
numerical results of Oleskiw, and a number of wind tunnel
experiments cariried out in the University of Alberta FROST
tunnel, at NASA/Lewis and described in Olsekiw (1982b), at’
the National Aeronautical Establishment by Stallabrass
(1958), and at the National Research Council Low Temperature
Laboratory by Lozowski and Stallabrass (1978). In all of the

experimental cases, the droplet sizes were determined by the



Jﬂ) ' 17
oil slide method, and gavc been corrected by us according to
the calibration of Makkonen and Stallabrass (1984) dilcuog;d
in Appendix 1I11. An exception is the case taken from
Stallabrass (1958), for which the liquid vater content given
by Stallabrass was derived from the observed ice thicknoll
and the o0il slide measurement of mvd. Stallabrass' numbers
have thus been retainod\to; both the droplet size and lwc.
In all other cases, howvever, thebeccretion cénditions vere
measured independcntf} of the resulting thicknesses.

Figure V.10 illustrates the modelled profiles of
Oleskiv and of the present model for identical accretion
conditions. Since a constant local density was used, the
agreement in shape of the layers between the two models \
reflects the accuracy of the parameterized collision

~efficiency distribution, for this case Equation V.3, The
present model also lacks the surface instabilities which are
already appearing in the Oleskiw model profile, arising from
the spline curve approximation to the layer surfaée. Most
importantly, the bottom profile of Figure V.10 represents a
reduction in computational costs of a faftor of ten over the
Oleskiw model.

‘ Thé conditions of Figure V.10 were chosen to agree with
thos: of an experimental case grown in the NASA/Lewis
tunnel. This experimental profile appears in Fiqure”vfii,
together with a corresponding model simulation using a
constant local density, and one using the 'simulated

— spectrum’' version of the local collision efficiency
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O leskiw

present
model

~Figure V.10 - Compérison of present model results with those
of Oleskiw (1982b) for a constant density
accretion on a NACA 0015 at & = 0°, U = S8 m/sec,
lwe = 1,02 g/m3, chord = 0.533 m, t = 5 min., A
monodisperse droplet population at 12 um diameter

is assumed, and an air temperature of -15° C.



mode! with constant
local density

mode] with variable
local density and
'simulated spectrum
B(a) distribution

experiment

Figure V.11 - Comparison of present model results with an
experimental accretion grown in the NASA/Levis

tunnel and described in Oleskiw (1982b), for the

“

same conditions as in Figure V.10, but for a NACA

0012 airfoil, t = 15 min. Intermediate profiles at

t = 2

and 5 minutes are also marked.
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distribution, Equation V.5, togethet>gxih the local density

/
d15tr1bué¢on o Equation V.12.

' Thi two modelléd profxles demonstrate a great
tmprovement 1n terms of : realistic accret;on shape, in
usxng ‘the new local density and 'simulated spectrum’

e distributions over the old constant dens1ty and monodisperse
- spectrum versions. The model profxles are also seen to be

free of surface finstabilities and thus capable of accreting .

many more layers than the Oleskiw model.
'Except for the forward surface of the experimental

1

accretion, which seems to contain a small central trough,
: §

Ll

‘the agreement in Shape is very good. Central troughs and
)ridges are features uhicﬁ are often seen to form on

w1nd tunnel accretions. They most probaply arise from
t'd1sturbancgs in the -laminar flow pattetn near the nose, as
the 1cg;1ayer‘alters its shape. The simple, potential flow
'model 5695 not inclﬁde such effeéts, and such features are
not expected to ;how up in these simulations.

The experimental results of Lozowski and Séallabrass‘
(1978) and of Stallabrass (1958) allow a test of Equation
v.7, for local collision efficiency at non-zero angles of
attdck. Figﬁre V. {2 shows four experimental ‘accretions and
the corresponding model profiles, all'including density
varratlon and local co{}zsldn efficiencies estimated for the

® ¢« 0 case from Equat1on V.7. Since the method of

approximating accretion limits for ¢ # 0 is somewhat crude,
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'hl
) model experiment
chord = 0.417 m

®=57°
Dd = 30 um

3
lwc = 0.22 g/m
U= 60 m/sec
t = 14.3 min

~\;ii:2’= 0.213 m -
_Dd = 14.2 um ; : {/
¢ 'wc = 0.40 g/m

U= 61 m/sec
t =5 min
‘ \ 1
chord = 0.213 m N
d=4° - *
Dd=ll4.2pm ’
lwe = 0.36 g/m> . _ |
U = 91.5 m/sec ’
t = 4 min :

«

chord = 0.213 m ’7,r”’—”—_‘__—_-

¢ = 8‘° ’ .

D, = 14.2 um . :
lwe = 0.41 g/m3 .

U=261m/sec, t = 5 min
1.
Figure V.12 - Comparison of present model regults with
experimental profiles from Stallabrass (1958, top

\\\\\ profile, NACA 0012) and Stallabrass and Lozowski

(1978, lower three profiles, Air temperature is

- -15° C.
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comparison in this region shows only rough agreement.
However, the general agreement in shape and stagnation line
thicknesses is encouraging. ?hese cases at least illustrate
that the approach taken in Equation-V.9, to approximate the
position of maximum collision efficiency @ is worth
pursuing and refining, especially given the large
computational costs of determining this position from a
series of droplet trajectory integrations.
| For all of the cases mentioned so far, accretion masses
have not been available. However, a series of wind-tunnel
experiments were carried out in the-University of Alberta
FROST tunnel,. for which was measured the mase of ice
‘accreted on a 15 cm length of a NACA 0012 airfoil under
vaPious conditions. These results, with intermediate layers
as marked by paint spray, are shown in F1gure V.13 together
with the modelled masses and profiles. ‘

The differences between the model masses and the
experimental masses for the two cases are 11 and 16 petrcent.
This is of the same order as typioﬁl measurement errors for
1nput paramQters SUChql; droplet size and liquid water
content. ' L <o .

These examples have shown the usefulness of a simple
approach to;ard numerical methods for ice accretion ’
modelling. The pre;ent results are oomparable to and much

less costly than those of the Oleskiw model, and are of

R
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Dd‘ 15.9 um

3 model mass = 6./ g
lwec = 0.6 g/m
U=11.0 m/sec
t = 30 min
expt. mass = 8.) g
D, = 15. .
g = 1>-3pm ; model mgss = 12 g
lwc = 0.91 g/m '
« 1O
U= 11.2 m/sec *
t = i
30 mdp
expt. mass = 13.4

Figure V.13 - Combarison of present model reéulps with
experimental profiles and masses of accretious
grown in The University of Alberta FROST tunnel on
a NACA 0012 at & = 0°, chord = 0.176 m, aidir

temperature = -10° C,
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sufficient accuracy to allovw practical and realiétic
} comparisons with rime experiments. Such methods will alsg
help to make the modelling problem for wet 1cing more

tractable.
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"VI. Concluding Remarks °

In the four separate, but interrelated studies of this
thesis several improvements have been put forward for
physical models of ice accretion. Since conclusions were
given within each chapter, these remarks will summarise the
~results, and give suggestions for future research.

Chapter fI presented a re-calculation of the
long-established work of Langmuir and Blodgett on collision
efficiencies and other impingement parameters of ci:cular
cylinders. High-speed digital computer results for droplet
trajectory integrations have provided a small improveﬁent

over the old analog computer results, but a larger

improvement has been made in the application of a non-linear

regression fit to the tabufbted numerical values of
collision efficiency, impact speed and accretion limit,
This nev analytical approximation could be very useful to
modellers, who presently use a variety of functions to
approximate the sahe thing, none of which is as accurate as
the new expression.

These results are equally applicable to all types of
icing, wet or dry, from transmission lines to marine
structures, as long as it occurs on circular cylinders. A
possibility for future work here is to extend the
re-calculations to the spheres and flat ribbons also
considered by Langmuir and Blodgett.

The circular cylinder rime model of Chapter III makes

use of these new collision efficiencies, as well as of new

128
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parameterizations for the distribution of l?cal collision P
efficiency under various conditions, The efficiency and
accuracy of these methods was well demonstrated in that
chapter, by model results which reproduced realistic
profiles, and accreted masses to within 10 percent of
observation. The speed of the model; a few seconds on the
University of Alberta Amdahl 580, and about 90 seconds on an
IBM PC;: make it highly practical,

The cylinder model also represents an improvement on,
older models in its versiop of local ice density
distribution, derived in Chapter 1V. Based on empirical
data, this distribution is more realistic than previous
versions, based on rptating cylinder correlations, have
been. Sinc; an attempf to validate the density distribution
by direct measurement was inconclusive, further work,
perhaps using different measurement techniques, would be
valuable.

A logical extensions to the circular cylinder model
would be the addition of gravitational and aerodynamic
torque calculations in order to determine the correct rate
of rotation. Another would be the,determination of
stagnation line density, following the method described in
Chapter 1V, The-stagna;ion line density is required as a
scaling parameter of the empirical density distribution,
This would require a simple heat balance calculation at the d
stagnation line in order to determine the surface

temperature there,
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The airfoil model of Chapter V shows that.
parameterization methods similar to those of Chapter II! may
also be found for more difficult shapes, where the potential
saving in computational costs is much larger. Here the
parameterization for p(a) is in particular need of empirical
validation, and the collision efficiency approximations
would benefit from further verification and refinement using
numerical results for a wider range of conditions.

The airfoil model has the capability to update the
potential flow approximation, from wh?chathe B, parameter is
derived, at ihtervals throughout the accretion period.
Although a suggestion was made for the length of this
interval, it was only an estimate. More numerical
experiments should be carried out to discover the opt imum
interval, since’khis prscedure is an expensive one.

Both models fail in the prediction of the troughs and
ridges which sometimes form along the stagnation line of
experimental accretions, often after the formation of a flat
forvard surface. An interesting exercise would be to
investigate‘the flov patterns and drbplet trajectories about
these flat surfaces, in an attempt to understand how such
features are formed. Experimen;al data should be gathered
on the conditions under which troughs and ridgesvform, since
they are not always present. Such studies may discover ways

to model their formation.



Appendix 1

Program Listing: GRAZE
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‘;‘ Scattering Spectr meter Probe, or FSSP, manufactured by .

Appendix 111

- \ o v
I : .

O e N . .
Appbogmation 6£ tho mvd from -Stagnation Line Thickness

o LI

*

i;in' g‘udxes. The very common measurement technigue, known

o ,.*(ili éll 8}ide method, has been shown by Makkonen and
‘

ﬁﬁfillhragc (1984) to overestimate the. gedian volume
vdxametcts.oﬁgobserved droplet spectrf in comparison to
measurempntt ma v:th an opt1ca1 sizing probe, the Forward
Paftttie Measur:ng Systems and descrxbed by Knollenberg
(13%1) Makkonen and Stallabrass provide an empirsdiid
correctian formula for oil slide measured mvds in the rang
M, . . : ) . ,/\\
10 to 40 um, as fo}lovs: : ¢ ' AN K
' ' ’ » .

mvd = 8.8 + 0.27 mvd

FSSP 0il slide ' A.1

All of the wind tunnel‘experimenﬁs'performed in the
PROST tunnel and describéd in this thesis have had droplet .
size distributi§ns determined by the oil slide method. Thg
'mvds derived from this datQ appear to be too lirgé, not only
in light of Makkonen and sgallabrass' results,’but also
becausg the theoretical.cdllection efficiencieg calculated

70
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for these mvds ipply a minimum stagnation line thickness
\much Yarger than that observcd.

- In order to supply the most accurate inut data
possible to the model, these oil slide ‘measurement should by
cortect‘d. However, some of the circular cylindcr cases lie
outside of the range given for Eguation A.1, For these
cases an approximate mvd has been derived from the ohserved
sta'gnation line thicknesses of accreted ice, using the
‘method outlined $elov, similar to the rotating cylinder -
methods which have b.een used for the same purpose,

For cases which lie inside the range of validity, t'heSe
' approxunate mvds agree well (within about 10 per cent) w1th
. the results Equation A.1, The correlatxon ®of Makkonen
and Stallabras s therefore been used for all cases within
the appropriate r;hge._ ‘ ' ‘
Outside of that range, however, it is"important to .

: e
remember that the approximagiarn dliven here is derived

-

ifndepehdently'of the actual size spectrum, and represents a
4 e
dropleg size correq:ondmg to the average value of ﬂo for

the tlme period of the accretion layer. It has been used -
here only because of the absence of a reliable calibration
for oil slide measuremgnts of droplets lafger than 40 um,
The method is as follows: .
1. The stagnation line thickness (Th) of the chose,n
- ’layer is measured from a photograph of the |
accretion in cross-sectign.

2. A first estimate of B‘O is calculated from applying
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‘lﬁhn dry growth equatiQn to the stagnation line:

“

-e

30 - (Po Th) / (U lwec 1) A.2

. /

/

- o
A best estimato of Py may be made as in Chapter 1V. For_////
}vc, the first g‘fss is made using the\011 slxdo mvd, and
. the measured rate of mass collected on a small rotatxng

cylinder, and calculated by theghlgorithm qivcn by )

Stallabrass (1978) o ’
W Calculate the Stokes patamet‘ . . ,

v oy *% l.‘ ) ' .‘

2 .
". 9 p‘ DC U / (“ pd)r . ' A.3

thenZread from Figure I1.3, a value of Ks.corresponding to ¢

and Bo.

4. Derive a new value of mvd from the definition of

S
\

K = (pg / 18 w) Ymva? u / D) A4

‘gicalculate lwc using the fnew Jvd.
Nl

/ Repeat steps 2

Recaﬁ:uiaet Bo from new lwc{
- through 6 unEilithe“values of By, mvd and lwc
~ appear to have converged. ' ? )
For the examples given below, the rota? ng cyliﬁder

-

diameter was 2.46 mm,



Example 1:

r

0il slide myd = 24.2 um

‘Example 2:

Th = 1,49 mm d

U= 10.7 m/sec '

r = 600 sec

Py = 750 ué)mi'

rotating cyliqd;r mass = 0.029 g/min
revised mvd -’hJ.B ﬁm .

mvd from Equ&!?on A.1 = 15,3 um

-

0il slide mvd = 136 um .

Th = 13.5 mm \ w\
U= 10.24 m/sec |
r = 1800 sec ’

by = 890 kg/m’

]

‘romwating cylindet-m@ss = 0,122 g/min

revised mvd = 62 um

173
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Appendix IV

A’ Geometrical Derivation of Equation V.3

\

_ Pigure A.1 illustrates two droplet tiajoctorio:
impinging on an airfoil, at zero angle of attack. If the
initial separation of the trajectories is by,‘thcn.the
distance separating thcm‘(in the directioﬂ normal to the
lower trajectorx) will have incrgasod at Jhe point of ;mpuét
to, say, (dy + a). Referring té Figu;e A.1, if the aqgle Y .

™ is the departure from hor‘ontal of the tangent t§ th{tls upper

trajector; at the point X, it follows that for smallfAl:

v

¢ » ,/ \

° cos{a + y) = (Ay + 8) / &L = B+ (a / 595. A.S
using the defznxtlon of ﬂ gx:en in Chaptet I1. B L
' For a1r£oxls, y is always << &, s0: ‘ R

Now if it is assumed that (a'/,Al) is approximately a
constant, and dpplying the boundary tondition at a = 0, this

. ‘ ‘ Y
. gives: : . , .

175

. }ec(a + y) = cos a . , A.6

e
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Figure A.1 - Droplet tra}'ectories impinging on an airfoil.



p = cos a - (1 - Bof,v

vhich is Equation V.3. The above’approximation

‘hold when the impinging trajectories have small

L 4
<

4 ‘

‘ - yi

B o | _/x.

e . 1 )
. V -

-

177

A.7

iy _
should then

curvature.

-



Appendix V
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Program Listing: OMNIFOIL
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Appendix VI

The MVD Approximagion for Collision Efficiency

The task of computing volume-veighted averages of
collision efficiencies for a droplet size spectrum is often
simplified by substituting a monodiSpgtse size spectrum, at
the median volume diameter of the distribution. As
dﬁscussed in Chapter III, this can lead, in some cases, to a
significant underestimation of the maximum accretion angle,
Hovever, it has often been assumed that the weighted overall
and stagnation line collision efficiencies are vell
approximated by the mvd values. In this Appendix the
validity of that assumption is examined.

Table A.1 lists a variety of atmospheric and marine
droplet size spectra, as relative numb!rs of droplets in 10
or 3um wide size bins. These spectra vere either measured
in the field, or in icing vifld tunnels, or estimated from
empirical parameterized distributions, and cover a raﬁge of
types and mvds.

They are derived from the following sources: Bain and
Gayet (1984), Battan and Reitan (1957), Best (1951),
Khrgian-Mazin, as reported by Pruppacher and Klett (1980),
McComber and Touzot (1981), Preobrazhenskii (1973), ané
Squires (1958). Those marked FROST vere measured by the~oil

<
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relative number of drops per unit volume

,}y'
b4 €
= o
5 z z gz £ 3 :
S, a & & > =
- — - - 1}
R &g A S
[} 1 [} X ]
mid-band ¥ = ° P ¥ ” 1
droplet = o = N = S 2
. , 3 ) S5 - ‘W
diameter > w ~
- ~N w = E) ‘_ﬁ @
Gu{ 0.724 0.069 0,014 0.002 0.25 6.5 9
15 2.397 0.340 0.082 0.012 0.65 6.0 16
25 | 2.449 0.518 0.148 o0.024 1.0 5.4 29
35 1.766 0.557 0.189 0.035 0.8 S.1 21
45 | 1.074 0.505 0.203 0.043 0.8 2.5 . 3.5
55+! 0.590 O0.414 0.198 0.047 0.7 0.5
65 | 0.303 0.317 0.180 0.049 0.35 0.2
75 | 0.149 0.232 0.156 0.048 0.15 0.1
85 | 0.070 0.164 0.131 0.046 0.10 0.05 o
95 | 0.032 0.112" 0:106 0.042. 0.06
105 | 0.014 0.075 0.085 0.038 0.05
115 | 0.006 0.049 0.066 0.034 0.0k
125 | 0.003 0.032 ©0.051 0.330 0.03
135 | 0.001 0.021 0.039 0.026 0.0k
145 0.013 0.029 0.022 0.0}
155 0.008 '0.022 0.019
165 0.005 0.016 0.016
175 0.003 0.012 0.013
185 0.002 0.C09 0.011.
195 0.001 ©0.006 0.009
205 0.004 0.007
215 0.003 0.006
225 o 0.005
235 . 0.004
245 0.003

Table A.1 - Droplet size spectra from many different sources

(see text for references). -
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Table A.1 - continued. N
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relative number of drops per unit volume

A i
g E © ¢
g 3 > =)
mid-tand : mid-band | & e s
droplet 0 droplet s P P
.- diameter N diameter - P -
5.lum| 945 1.5 20 7 13.0
15.3 1093 L., L 12 16.5
25.5 481 7.5 30 23 15.5
N 35.7 211 10.5 7.5 33 18.0
45 .9 74 13.5 2.5 18 15.6
. 56.1 38 16.5 ) 5 12.5
66.3 30 19.5 2. 6.0
¢ 76.5 13 22.5 2
86.7 19 25.5 -2
96.9 1
107.1 10
g 11773 3
127.5 T
). 137.7 1 N
percent volume
mid-band > ® ® & ®
droplet bt -, = it it
diameter _ ~ AW =~ W
Sum| 63.2 22 4 3 3¢
15 36.¢ i 24 31 47
25 26 39 53 15
35 9 26 . 13 2
45 2 6 .
55 1

A ]

Table A.1 - continued.
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slide technique in the FROST icing wind-tunnel facility at
The University of Alberta. \

For each spectrum, the mvd was calculated following the
meé%pd derived by Lozowski (1978). ﬂssuming a uniform
distribution of droplets within each:bin, the partial volume

of each is given by:
vi = (ni/24) n W (i4 - (i-1)4), A.8

where ni:is the number of drops in the ith bin, and w is the
bin width, say 10 um. Then, if V isgthe total volume of all

droplets, let

2

u; = (ZVi) / V. A9

Now find U, such that U < 0.5, and u, > 0.5. Finally,

/ ,
« . 4 4
mvd = w (((0.5 - u,_,) / (uy - u_q)) (k7 - (k = 1)7)

A.10

+ (k - 1)4)0-25' * 22

'1% B
]

Overall and stagnation-liﬁé collision efficiencies have

%

been calculated for the mvd of each spectrum. For the
complete spectrum, vgighted average cgllision efficiencies
are calculated using the fractional volume of each bin as
the weighting factor ggr the collision efficiency of the mvd

of that bin.
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All of the collision efficieﬁcies are calculated
according to Table I11.6, and for the same conditions, i.e.

U = 10 m/sec and D, = 0.0254 m. The results are shown in
Table A.2 and Figures A.2 and A.3,  For a different type of
~ comparison, the conditions have been varied for a single
spectrum (labelled as Bain and Gayet 2 in Table A.1) to give
a,complete range of collision efficiencies. These results
are compared in Table A.3 and in Figures A.4 and A.5.

| Also calculated are collision efficiencies for the
droplet at the 42nd volume percenéile (d42), on a suggestion
made by'Lozowski and Makkonen (private communication,‘}986),
based on a theoretical analysis using Gaussian‘éuadraturé to
estimate the overall collisioﬁ efficiency for a droplet
spectrum. These data are included in '(igures ahd tables
listed above. T !

Comparison of Figure A.'E}ith Figure 1 .0f Makkonen
(1984), whigh shows the same type of calculations for the
same spectrum used here as well as two other spectra éiven
by Bain and Gayet, 1982), reveals a major disagreement in

the sign of Eg Q- The disagreement is due to a

- E
pec. mv
misinterpfetation of the original droplet spectrum diagram
in Bain and Gayet (1982) on the part of Makkonen (private
communication, 1986). Figure A.4 reflects the correct

interpretation.
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0.5-

Espec

Legend

A mean = mvd

(a3

X mean = d42

] 14

0 0.5 - 1

| Em.oan

Figure A.2 - Overall collision efficiencies calculated for
many different drop size spectra vs. E's
‘calculated for the mvd and d42 of each spectrum.

In each case U=10 m/sec, DC=0.0254 m.
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0.5+

ﬁgo.spcc

Legend

A mean = mvd

X mean = d42

Figure A.3 =~ Stagnation line collision efficiencies
calculated for many different drop size spectra
vs. Bo's calculated for the mvd and d42 of each

speetrum. In each case U=10 m/sec,>DC=0.0254 m.



v Ospec  spec B°mvd mvd aod‘oZ di2
Sm/sec  0.121 0.037 | 0.121  0.922 | 0.089 0.010

7 0.202 0.072 | 0.208 0.062 | 0.175 0.044
10 0.284 0.123 | 0.301 0.118 | 0.267 0.096
15 0.383 0.194 | 0.403 0.196 | 0.370 0.169
20 0.448 0.250 | 0.470 0.257 | 0.439 0.228
25 0.496 0.295 | 0.518 0.305 | 0.489 0.275
30 0.532 0.331 | 0.555 0.344 | 0.527 0.314
4o 0.586 0.389 | 0.608 0.405 | 0.582 0.374
50 0.624 0.432 | 0.646 0.450 | 0.622 0.420
80 0.693 0.516 | 0.713 0.536 | 0.692 0.508
200 0.790 0.648 | 0.806 0.668 | 0.791 0.6u6
350 0.830 0.708 | 0.844 0.726 | 0.832 0.708
700 0.865 0.765 | 0.877 0.781 | 0.867 0.766
1500 0.892 0.811 |0.901 0.825 | 0.894 0.812
standard error 0.012 0.013 0.011 0.011

Table A.3 - Overall and stagnation line collision

efficiencies as plotted in Figures k.4 and A.S.
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Legend

A mean = mvd

X mean = d42

-

0 0.5 1
Emcon

Figure A.4 - Overall collison efficiencies calculated for a
single drop size spectrum (Bain and Gayet 2) at
many different wind speeds, vs. E's calculated for
the mvd and 442 of the same spectrum for the same

wind speeds. DC = 0.0254 m,
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Legend

A mean = mvd

X mean = d42

[ 4

Figure A.5 - Stagnation line collision efficiencies
calculated for a single drop size spectrum (Bain
and Gayet 2) at many different wind speeds, vs.
ﬁo's calculated for the mvd and d42 of the same

spectrum for the same wind speeds. Dc = 0.0254 m.
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The conclusion vhich may be made from this exercise is
that, although the standard errors are not significantly
different over the entire range of collision effizqencies
(see Tables A.2 and A.3), in the range of E or Bo less than
about 0.2 the mvd approximation is ;referable. Above that
range, for most types of spectra, the d42 approximation
gives better agreement vwith the spectrum-weighted collision
efficiencies. However, for certain types of spectra which
depart significantly from a Gaussian distribution (e.g. the

double peaked spectrum from McComber and Touzot) even the

d42 value may be in error by more than 10 percent.
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