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ABSTRACT

Icing measurements were carried out in Spain during the Precipitation Enhancement Project experiment

in 1979, with an instrumented DC-7 aircraft.

The energy balance at the riming surface of a cylinder allows the prediction of the ice growth regime
(wet or dry) for the present measurements with 85% success.

The mixed conditions encountered show that the ice phase plays an important role in the ice accretion
process. For a range of temperature from —21 to —8°C, the icing rate appears to be reduced ~50% by the
presence of large ice particles in concentrations above 5 L™'. The proposed explanation is that the ice
particles erode the ice deposit formed by the supercooled water.

1. Introduction

Icing is a meteorological hazard that may affect
any type of airplane and helicopter. Since the use of
the latter is becoming increasingly common for both
civilian and armed services, the possibility of making
them operational in any weather conditions including
icing conditions is of prime interest.

Helicopters flying in natural icing conditions have
occasionally experienced a sudden rise in the severity
of icing (Lake and Bradley, 1976). This effect has
been explained by the presence of ice crystals in the
supercooled clouds.

Previous experiments have been conducted in an
icing wind tunnel in order to study the conditions of
icing of a cylinder exposed to mixed icing conditions
such as supercooled water droplets and ice particles
(Lozowski et al., 1979; Stallabrass and Hearty,
1979). As opposed to prior expectations, icing under
mixed conditions does not lead to a greatly enhanced
icing rate, within the limited range of the conditions
investigated. In some cases, a small reduction in the
mass growth rate is even observed. However, the ice
phase of the mixed clouds artificially produced by
using nozzles or by injection of recently fallen snow
into the tunnel leads, in the first case, to an unknown
mixture of liquid water and ice; and in the second
case, to an inadequate simulation in the structure of
natural ice particles due to the breakup of the in-
jected snow crystals.

In order to study natural icing conditions, in situ
measurements were carried out with an instrumented
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DC-7 aircraft.! The instrumentation and mounting
location were as follows (Gayet and Friedlander,
1979):

o Three probes from Particle Measuring Systems
(PMS) which give particle spectra with diameter
ranges (FSSP) 3-45 um, (1D-C) 20-300 ym (1D-
P) 300-4500 um.

e A Johnson-Williams liquid water content probe.

* A total water content probe similar to the one
described by Ruskin (1966); These probes were
mounted on the radome on top of the fuselage, just
back of the wings.

e An icing probe located on the airplane flank in
front of the wing.

e A 3 cm PPI radar positioned under the fuselage.

This instrumentation was complemented by the
usual thermodynamic devices, namely, the Rose-
mount probe, a Cambridge probe and a pitot tube.
A Doppler radar and two inertial platforms provided
the dynamical and navigational parameters. The spa-
tial resolution of electronically recorded data was
~100 m for all the parameters (J =~ 100 m s™).

The experiment was carried out from Valladolid
airport in an area in the northwest of Spain during
the preliminary phase (SSP3) of the Precipitation
Enhancement Project (PEP) of the World Meteo-

' The AMOR DC-7 aircraft is sponsored and operated by the
Direction des Recherches Etudes et Techniques and by the Centre
d’Essais en Vol de Brétigny.
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rological Organization (WMO) from 27 March to
4 April 1979. The experimental area is displayed in
Fig. 1.

This paper describes some results of icing rate
measurements connected with meteorological pa-
rameters during penetrations into stratiform and cu-
muliform clouds.

2. Procedures
a. Icing measurements

The non-rotating icing cylinder consists of a rod
made of aluminum alloy 500 mm long with a di-
ameter of 25.4 mm. Its free end is covered by a disk
of 85.0 mm diameter as shown on Fig. 2, which is
useful in visualizing the cross section of the deposit.

The location of the icing probe suggests that the
end of the cylinder (at 500 mm from the fuselage)
is outside the airplane boundary layer which has a
thickness estimated to be less than 200 mm by the
aircraft engineers. A study relative to a C 130 E
aircraft (Norment, 1976) showed that a very light
perturbation in concentration (<20%) is found for
cloud droplets with diameter <50 um at a location
similar to the one of the icing probe. Therefore, no
effect of the airplane flow field on droplet concen-
trations has been taken into account.

The icing probe is filmed sideways, with a 16 mm
movie camera, in order to provide an overall picture
of the nature of the icing, its shape and the type of
ice. The framing rate of the camera is about one
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The icing rate R is deduced from the measure-
ments of the increase of the ice deposit cross section
AS near the end disk: R = AS/At. The sampling
time interval At is chosen from 40 s (3 frames) to
350 s (27 frames) in order to obtain a noticeable
growth of the ice deposit, leading to a relative error
of less than 20% of the icing rate, estimated from
calculation of the error on the measurements of the
cross section area-of the ice deposit.

b. Meteorological parameters
1) TEMPERATURE T,

The air temperature is obtained from the total
temperature given by the Rosemount probe after the
adiabatic correction from the total pressure to the
static pressure is applied. These two latter parame-
ters were provided by a Pitot tube and a static pres-
sure probe respectively. A simple estimate shows that
the absolute error in the air temperature is ~0.5°C..
The information on air temperature is reliable only
for flights in dry air or in cloud with a small liquid
water content (Guillemet and Isaka, 1979).

2) CONCENTRATION OF LARGE ICE PARTICLES C;

On the DC-7 no direct measurements of ice par-
ticle concentration were available. However some
estimates can be made by comparison of the present
measurements made with the 1D-C and 1D-P probes
to the microphysical measurements performed by the
University of Wyoming team with their instrumented

frame every 13 s.
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Fi1G. 2. Drawing of the cross section of the icing probe.

Queen Air aircraft during the same period of the
PEP experiment.

Using an impactor device and a 2D-C probe, Vali
(1980) shows that, in all the studied clouds and dur-
ing the whole period, no raindrop with a diameter
>200 um was present in the supercooled part of the
clouds, implying that all such particles were ice par-
ticles. Assuming that the orientation of the ice par-
ticles was random, the concentration of particles with
an apparent diameter >200 um (as measured by the
1D-C and 1D-P probes) can be considered to be of
the same order of magnitude as the concentration
of ice particles of comparable size. Despite the fact
that the true ice concentration cannot be measured
accurately due to the probe limitations, the 1D-C
and 1D-P measurements defined above can be used
to relate the values of the icing rate presented in this
paper to the different cloud microstructures.

3) LIQUID WATER CONTENT W

The liquid water content (LWC) is available from
the Johnson-Williams probe and from integration of
the FSSP spectra. In fact, the JW probe is considered
more reliable than the FSSP, due to errors created
by the electronic circuitry of the FSSP in case of
droplet coincidence in the laser beam. According to
Heymsfield and Parrish (1979), these errors should
not influence the size spectra or the median volume
diameter, but they will decrease the concentration.
The accuracy of the JW is ~20% and recent results

show that this probe underestimates the liquid water
content for droplets of diameter >30 um (Personne
et al., 1980).

4) CLOUD DROPLET CONCENTRATION C

The cloud droplet concentration is given by the
FSSP probe (without any correction) corresponding
to droplets with radius between 3 and 45 um.

5) MEDIAN VOLUME DIAMETER d

The median volume diameter is such that half of
the liquid water is contained in particles of diameter
smaller than d,, and the other half is in particles of
larger diameter. This parameter is estimated from
the FSSP spectrum.

To illustrate these definitions, Fig. 3 displays an
example of the time variation of the icing rate cor-
related with the microphysical parameters. This ex-
ample is relative to a flight performed in the northern
part of the experimental area, over the Cantabrique
mountains. The flow in the low layer was from north
to south indicating a maritime origin of the air mass.
The sampled clouds were cumulus congestus. The
flight level was near the cloud top where the tem-
perature was between —21 and —19°C and the pres-
sure ~621 hPa. The fluctuations in the concentration
of large ice particles, in the liquid water content and
in the droplet concentration are large, while the
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F1G. 3. Time variation of the median volume diameter d,, the cloud droplet concentration
C given by the FSSP, the liquid water-content W, the concentration of large ice particles C;
and the icing rate R. The cloud penetration lasted six min which corresponds to 36 km of
distance. The clouds sampled were maritime cumulus congestus. The flight level was near the
cloud top where the temperature was between —21 and —19°C, and the pressure ~621 hPa.
median volume diameter has a more constant value for the spectra 50-200 ym is 0.39 g m™> assuming

during the presented period.

We note here that some justification is required
for (i) the use of the JW probe for liquid water con-
tent (which only takes into account droplets with
diameter <30 um), rather than the LWC calculated
for droplets with diameter from 3 to 200 um (this
latter value being the assumed limit value between
droplets and ice particles); and (ii) the use of the
median volume diameter limited to the range 3-45
um, rather than from 3 to 200 um.

For the penetrations of stratiform clouds, the max-
imum value of the liquid water content calculated
by integration over the spectra of the 1D-C probe,
and limited to the diameter range 50-200 um, is
~0.01 g m™3, assuming that all the particles are
cloud droplets. This value is 10-90 times smaller
than the liquid water content measured by the JW
probe which receives droplets of d < 30 um. Under
these conditions, the median volume diameter cal-
culated over the spectra from 3 to 200 ym is 15 um
and is not very different from the median volume
diameter calculated over the spectra of the FSSP
(3-45 pum), which is 13.7 um.

For the cumuliform cloud penetrations, the max-
imum value of the liquid water content calculated

that all the particles of these sizes are cloud droplets.
This value is large and the global median volume
diameter (3-200 um) -is then 50.3 pm, while the
median volume diameter (3-45 pm) is 28.7 um.
However, the assumption that all particles between
50 and 200 gm are cloud droplets is not realistic and,
in fact, both cloud droplets and ice particles are prob-
ably present. Unfortunately, the measurements do
not allow one to state precisely the proportion of the
two types. The temperatures at flight level ranged
from —21 to —8°C in the cumuliform clouds and
most were near —20°C. Under such conditions, there
is not likely to be much water in the form of large
drops. Moreover, the variation of the concentration
of large ice particles with median volume diameter
presented in Table 1 indicates that ice multiplication
processes are active in the sampled clouds. It is there-
fore reasonable to assume that the larger particles
in the range 50-200 um are ice particles, that the
part of the liquid water content in droplets of di-
ameter greater than 50 ym is small, and that the
water content contributed by ice particles of diam-
eter greater than 50 um is also small due to the small
value of the ratio of the weight to the apparent vol-
ume of the ice particles. Therefore, for the present
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TABLE . Meteorological parameters. From left to right: Az the sampling time internal; T, the air temperature; P the pressure; V
the air velocity; dy the median volume diameter; C the cloud droplet concentration; W the liquid water content; C; the concentration
of large ice particles; R the icing rate; S the observed growth regime for dry growth (open triangles) and for wet growth (circles); W,
the calculated critical liquid water content.

At T, P 14 do c w G R W,
(s) (°C) (hPa) (ms™) (km) (em™) (g m™) ¥ (mm?s™') S (g m™)

Cumuliform clouds

88 -8.9 743 99 12.2 144 0.29 1.3 0.34 A 0.42
46 —18.8 621 115 18.0 87 0.33 129 0.29 A 0.71
1t —-19.2 621 112 21.9 93 0.29 48.5 0.22 A 0.69
92 -19.1 621 106 28.7 54 0.26 112.2 0.23 A 0.66
120 -19.4 621 111 16.8 129 0.29 8.9 0.21 A 0.80
107 -20.8 621 109 21.2 141 0.51 371 0.30 A 0.80
107 -19.8 621 112 23.0 89 0.22 20.6 0.18 A 0.71
107 —-19.8 621 108 29.4 S5 0.18 36.3 0.08 A 0.68
134 -19.6 621 109 24.3 40 0.13 15.3 0.06 A 0,71
154 -1.6 748 99 21.8 61 0.29 35.3 0.17 A 0.24
225 -8.2 741 101 23.0 40 0.13 24.1 0.21 A 0.25
67 —13.8 655 120 20.2 24 0.15 0.0 0.18 A 0.42
81 -14.6 651 112 20.5 25 0.17 0.0 0.16 A 0.50
95 -13.5 676 105 14.0 129 0.19 0.6 0.32 A 0.60
4] -13.0 680 101 15.9 139 0.34 3.0 0.44 A 0,55
122 —13.8 672 97 14.8 151 0.23 4.1 0.44 A 0.66
67 -13.3 681 106 15.4 54 0.12 0.0 0.23 A 0.55
68 -10.6 699 106 14.6 150 0.22 15.0 0.28 A 0.42
41 -13.6 675 107 17.6 160 0.66 40.3 0.40 A 0.52
41 -12.1 683 112 16.9 132 0.59 28.2 0.46 A 0.43
Stratiform clouds
237 -11.3 697 104 15.9 157 0.46 0.6 0.58 O 0.45
78 —-8.4 751 102 13.1 294 0.33 2.2 0.59 A 0.35
79 —8.7 751 101 12.9 285 0.40 0.5 0.60 O 0.38
40 -9.1 753 102 15.1 325 0.90 1.2 1.14 O 0.36
80 -7.2 756 94 14.0 344 0.64 1.5 1.00 o 0.31
134 —6.5 757 99 13.9 178 0.33 1.1 0.51 e} 0.25
134 -3.1 810 99 11.5 142 0.14 0.4 0.28 (e} 0.06
122 -6.0 761 99 144 96 0.14 2.7 0.12 A 0.21
298 —6.8 698 101 11.8 81 0.12 0.5 0.13 A 0.28
353 -34 725 104 13.4 188 0.41 0.7 0.38 e} 0.05
96 -10.7 - 670 929 14.5 233 0.45 0.1 0.64 (o] 0.47
91 -11.2 672 101 12.8 92 0.12 0.0 0.38 A 0.53
53 -10.4 683 107 10.9 133 0.11 0.0 0.23 A 0.50
119 -10.3 685 108 12.0 159 0.19 0.0 0.16 A 0.45
107 -0.5 685 101 12.4 154 0.21 0.1 0.23 A 0.44
94 -9.4 685 99 12.0 144 0.18 0.1 0.23 A 0.45
54 -9.3 685 98 14.6 177 0.35 1.1 0.45 A 0.40
67 -9.6 685 97 16.0 219 0.92 0.2 0.95 e} 0.40
68 ~10.2 690 100 14.8 137 0.55 0.1 0.67 O 0.43
68 -9.9 696 102 13.0 181 0.40 0.1 0.50 O 0.44
81 -9.7 700 103 11.6 168 0.25 0.1 0.43 (e} 0.46
87 -9.5 700 108 13.1 187 0.41 0.1 0.56 O 0.41

study, the cloud droplet spectrum is limited to the 3. Icing characteristics
range 3-45 um for both stratiform and cumuliform
clouds. a. Morphological aspect
The parameter C,, the concentration of large ice
particles, underestimates the true ice concentration,
but that does not influence the qualitative result pre- The ice morphology is mainly governed by the ice
sented in this paper. In Section 3 the results of the surface temperature which depends upon the heat
calculations will be discussed on the basis of these budget at the riming surface (Ludlam, 1951).
assumptions. With the assumption that heat conduction into the

1) CALCULATION OF THE CRITICAL LWC
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interior of the ice deposit is small, the equilibrium
equation is (Lozowski et al., 1979)
G+tgt+atqtgtq,=0, (1)

where by using the symbols defined in the appendix,

we have

qr=R.l, the latent heat of freezing
due to the impinging
water droplets

the kinetic heat gain due to
the air stream, where r is
the recovery factor, # the
convective heat transfer
coefficient

the kinetic energy of
impinging water droplets

the convective heat loss

the evaporative heat loss

g, = h(r¥?/2C,)

qk = Rw(Vz/z)

qc = h(Ta - Ts)
4. = h(P,]S.)°®
X (flv/PCp)
X [l.r(Ta) - ls(T:)]
q.= R,C(T,— T,) the sensible heat loss due to
the warming of the
impinging water from T,
to T..

In the case of ice particles, when other terms of
smaller magnitude must be added to the balance
equation. R, is the rate at which water mass is caught
per unit area on the front half of the cylinder, and
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is a function of the liquid water content W through
the relation

R, = (2/m)E(d, D, P, T,, V)VW [kgm?s™'].

Here V is the air velocity and E the collection effi-
ciency of the droplets of diameter d impinging on
the cylinder of diameter D, at a temperature T, and
pressure P.

For the purpose of critical LWC calculation, it is
assumed that the stagnation line value of the heat
transfer coefficient

o 0V 1/2
n=k(27)

is representative of the whole cylinder.

The collection efficiency was estimated from the
formulation presented by Lozowski et al. (1979), by
using the median volume diameter d, rather than the
complete droplet distribution function. This param-
eter is most representative of the liquid water content
of the droplet distribution, which is a significant pa-
rameter for the icing study. This simplification does
not significantly affect the result of the calculation
(Ackley and Templeton, 1979). A more complete
discussion of the value of the collection efficiency will
be given in the next section.

Under these assumptions, the critical liquid water
content below which the droplet can be completely
frozen (dry growth) is determined by the following
relation, obtained by setting the surface temperature
T, equal to Ty = 0°C:

Wo =

A plot of the critical liquid water content versus
air temperature is shown in Fig. 4 for various values
of the median volume diameter, covering the range
of conditions met in the present experiment (i.e.,
from 10 to 30 um, with ¥ = 100 m s™!, D = 25.4
mm). The values of the constants used for the cal-
culation are given in the appendix.

When the liquid water content is greater than the
critical liquid water content, the ice grows wet and
run-back and run-off of water may occur. In this
condition, the resulting ice is glassy and hard (so-
called glaze ice). On the other hand, when the liquid
water content is lower than the critical liquid water
content, the ice grows dry; the supercooled droplets
may completely freeze during the impact leading to
a white and more fragile ice (so-called rimed ice).

These two types of ice growth have been observed
during the experiment, the first characterized by a
horned shape of the deposited ice and the second one
by an elliptical shape. This characteristic has been

used to discriminate between the two types of ice

_h (Ta - TO) + (Pr/Sc)()ﬁ}(flv/PCp)[ls( Ta) - l:( TO)] + er/ch
EV(2/DCAT, — To) + I+ V?/2) :

(2)

growth since the color and aspect of the ice were not
apparent on the frames.

2) EXPERIMENTAL RESULTS

The values of the parameters in Table 1 are mean
values calculated over the sampling time interval of
the icing rate measurements, indicated in the first
column. As the icing rate is proportional to the LWC
and as the median volume diameter d, is almost con-
stant during any penetration, this procedure does not
lead to large errors. The cumuliform and stratiform
cloud penetrations were made over temperature
ranges of —21 to —8°C and —11 to —3°C; the liquid
water content ranged from 0.12 to 0.66 g m™ and
from 0.11 to 0.92 g m~>, respectively. Fig. 5 shows
the measured values of the liquid water content ver-
sus the critical liquid water content. The area above
the 45° line corresponds to wet growth; the area be-
low to dry growth. A good agreement appears be-

Unauthenticated | Downloaded 06/08/21 12:32 PM UTC
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tween the observed and the predicted types of icing
regime for 36 measurements out of 42 (~85%).
Three of the six exceptions are very close to the the-
oretical limit and they can be attributed for the most
part to the difficulty of evaluating the shape of the
ice deposit, to the poor accuracy of the liquid water
measurement, and perhaps also to the various as-
sumptions made during the evaluation of the critical
liquid water content. The discrepancy for the three
other penetrations is more noticeable and it should
be noted that all these observations occurred im-
mediately after long periods of growth of the opposite
kind. Since the change of shape associated with the
change of growth regime is not immediately observ-
able, this explains our difficulty in correctly identi-
fying the new growth regime.

b. Quantitative comparison
1) EXPRESSION OF THE ICING RATE

The dependence of the icing rate upon the param-
eters presented in Table 1 can be expressed by using

20}
= 2
IE 3
(&)
30
1.0}
S
3 2
(2
“o,’
0.
-30 -20 -10 0
L (°c)

F1G. 4. Critical liquid water content as a function of the air
temperature for various droplet diameters. This plot is established
for an air velocity ¥ = 100 m s~', pressure P = 730 hPa, and for
a cylinder of D = 25.4 mm diameter.
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Fi1G. 5. The measured liquid water content versus the calculated
critical liquid water content. Solid or open triangles correspond
to an observed dry growth, open circles correspond to an observed
wet growth. Dark symbols are relative to cumuliform clouds and
white symbols to stratiform clouds. The bisector separates the wet
growth regime (above) from the dry growth regime (below).

a relation between the mass of the ice Am accreted
on a cylinder of diameter D (assuming complete
freezing of all impinging drops) during a time in-
terval At

Am = E(D, dy, T,, P, V)VYWDIAt, (3)

where E(D, do, T,, P, V) is the global collection ef-
ficiency of the rod. The accreted ice mass may also
be expressed as

Am = (AS)lp,

where (AS), is the theoretical increase of the cross
section of the ice deposit during the same time in-
terval.

The calculated icing rate R, can be expressed as

R, = (AS),/At = EVDWp™!,

where E is evaluated by using the formulation of
Lozowski et al. (1979). In fact, the flow field and the
apparent diameter of the fixed cylinder change with
the increasing cross section of the profile S, implying
a change in the collection efficiency. Therefore, in
order to express the mean icing rate corresponding
to a long time interval At¢, an integration over the
apparent cylinder diameter would be required; such
a calculation, however, is not practical because of
the complexity of the relationship between E, D and
the flow field. According to Ackley and Templeton
(1979), the collection efficiency decreases with the
increase of the ice deposit for the case of the growth
regime corresponding to an elliptical profile. On the
other hand, the increased surface roughness tends to

Unauthenticated | Downloaded 06/08/21 12:32 PM UTC
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enhance the collection efficiency, but as shown by
Stallabrass (1978), this effect cannot be easily quan-
tified.

During the present experiment, no measurements
of the density of ice were made. Therefore, this quan-
tity must be estimated by using the wind tunnel
measurements made by Macklin (1962) for air ve-
locities <15 m s~!. Macklin has shown that, for his
experimental conditions, the density of ice is a func-
tion of the ratio (#oV,/T,) (his Fig. 8), where 7, is
the median volume droplet radius and 7, the surface
temperature. The impact velocity ¥, of the droplets
depends on the size of the droplet and on the cylinder
diameter. The values of ¥, are computed using the
method suggested by Langmuir and Blodgett (1946)
and for the present experimental conditions range
from 43 to 78 m s™* (airplane velocity of 100 m s~").
The surface temperature T, may be determined using
the equation of the energy balance at the riming
surface [Eq. (1)]. For negative surface temperature,
the ratio (roVy/T,) may reach values greater than
50. Since Macklin’s results indicate that for this con-
dition the ice density takes the limiting value p
= 914 kg m™3, it is reasonable to adopt it for the
measurements in both the dry and wet growth re-
gimes. Since the air velocity is high, the real density
of the ice deposit should be close to this assumed
value.

2) COMPARISON BETWEEN THE MEASURED ICING
RATE AND THE CALCULATED ICING RATE

Figs. 6a and 6b represent the measured icing rate
R versus the icing rate R, calculated from Eq. (5)

15| a
(0]
1.0 o
'Tl{, .
"E
E
= |
0.5,
0. 05, .10 15
R.(mm’s’)
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for each penetration in clouds with the concentration
C; of large ice particles less than 5 L™' (29 penetra-
tions) and with C; greater than 5 L™ (13 penetra-
tions), respectively.

Most of the values plotted on Fig. 6a concern strat-
iform clouds and all of the values plotted on Fig. 6b
are relative to cumuliform clouds. On each diagram,
the 45° line represents the equality between the
measured and the calculated value.

Fig. 6a shows that half of the measurements cor-
respond to a dry growth regime (open triangles) and
the other half to a wet growth regime (open circles)
and the points corresponding to the growth regimes
are not neatly separated, suggesting that the two
characteristic profiles (horn shape and elliptical
shape) have similar collection efficiencies, since the
formulation given by Lozowski et al. (1979) does not
take this difference into account. However, most of
the points fall below the 45° line, as the icing rate
increases, that is to say when the liquid water content
of the cloud increases. Consequently, the greater the
liquid water content, the greater the difference be-
tween the measured and calculated value of the icing
rate. The discrepancy may be due to the variations
of the collection efficiency, but as suggested by Car-
ras and Macklin (1973) and List (1977) a loss of
water may occur by shedding under such conditions.
Such shedding seems to increase proportionately to
E(W — W,)V as suggested by wind tunnel experi-
ments made at a speed of 30 m s™' by the former
authors.

In the two growth regimes the loss of accreted
water may be due to the splashing of droplets. La-
tham and Mason (1961) have shown that splashing
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FIG. 6. The measured icing rate R as a function of the calculated icing rate R, [from Eq. (5)}, a) for concentration
of large ice particles <5 L' and b) for concentration of large ice particles >5 L™,
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may occur when the product of the diameter d (um)
of the droplet and the velocity V, (m s™') of impact
exceeds 1000 for their experimental conditions. For
most of the present measurements, the product Vod
exceeds this value which would imply that some
water is lost by splashing. However, according to the
results of Stallabrass (1978) about measurements of
liquid water content made by monitoring the ice
formed on rotating cylinders, this effect is in fact
negligible in most of his experimental cases where
the maximum value of the air speed was 125 m s™'
and the maximum median volume diameter of the
droplet was 33 um. (These latter conditions include
the present experimental conditions where V' ~ 100
m s”! and the maximum value of dy, ~ 30 um). Thus
we will adopt this assumption.

3) REDUCTION OF THE ICING RATE UNDER MIXED
CONDITIONS

Fig. 6b shows a much greater difference between
the measured and calculated values than in the for-
mer case. For measurements relative to penetrations
in mixed clouds with a concentration of large ice
particles greater than 5 L™, the measured icing rate
is about half the calculated value. We cannot explain
this by simple shedding because all these measure-
ments under mixed conditions were made under the
dry growth regime. These observations lead to the
suggestion that the reduced growth rate is due to the
erosion of the ice deposit by the impinging of large
ice particles.

In their wind tunnel experiment Lozowski et al.
(1979) observed a smooth aerodynamic streamlining
of the lateral surface of the accretion which sug-
gested a possible erosion process wearing down the
feathery rime that might otherwise grow outward in
this region. The introduction of an ice crystal content
(ICC) of ~1.0 g m™? reduced the overall mass
growth rate by ~25% for their experimental
conditions (V = 122 m s™!, T, = —15°C, W
= 0.4 g m™3).

In Fig. 7, the relative reduction in the icing rate
(R, — R)/R, is plotted versus the concentration of
large ice particle C; for the measurements shown in
Fig. 6b. The horizontal axis has two scales corre-
sponding to the particle concentration C; (L™') and
to the ice crystal content ICC (g m™). For these
measurements the temperature ranged from —8 to
—21°C and under these conditions, the main crystal
habit is planar. The maximum dimension of the sam-
pled ice particles varied from 500 to 1000 um. By
using the mass-dimension table given by Locatelli
and Hobbs (1974), the corresponding mean mass of
a crystal is 15 ug. This value allows us to get an idea
of the ICC and to compare our measurements with
the results of Lozowski et al. (1979). Most of the
present flights made with C; > 5 particles L™' show
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FiG. 7. Relative reduction in the icing rate versus the concen-
tration of large ice particles and the ice crystal content of the
cloud.

(Fig. 7) a reduction in the icing rate of ~60%. This
figure suggests that the erosion observed from mea-
surements in real clouds appears greater than the
erosion observed from wind tunnel measurements
made under similar microphysical conditions. This
statement can only be made tentatively because the
real effect of the ice particles on the ice growth is
not well known and may be obscured by the fact that
during the sampling time the concentration of large
ice particles go through important fluctuations (see
Fig. 1) and that the type of ice and the mass of each
crystal may also vary. The precise relationship be-
tween the icing rate and the ice particles may well
depend upon these parameters which have not been
determined in the present study.

As explained in Section 2, in order to express the
calculated icing rate, we have used the liquid water
content estimated from the JW values rather than
the total water content, which would take into ac-
count the water in the larger droplets (d > 30 um)
and in the ice particles. Taking into account this total
water content would have increased even further the
difference between the calculated icing rate and the
measured icing rate for the penetrations shown in
Fig. 6b, without much difference in Fig. 6a.

The use of the median volume diameter limited
to the range 3-45 um in the calculation of the icing
rate R, seems to be justified by the agreement be-
tween R and R, in Fig. 6a. A greater value of d
corresponding to diameters between 3-200 um would
have increased R, and then induced a disagreement
in Fig. 6a and an increase of the difference between
R and R, in Fig. 6b.
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4. Conclusions

The present study is based on the energy balance
at the riming surface of the cylinder and leads to an
adequate prediction of the growth regime of ice, de-
spite the limitation of the probes used during the in
situ experiments (relative error of ~20% on the
measurements of the liquid water content).

The measured values of the icing rate are in rea-
sonable agreement with the calculated values for the
penetrations in supercooled clouds with few ice par-
ticles, taking into account the relative error of ~20%
in the measurements of the icing rate.

These measurements also suggest that the net ef-
fect of the mixed conditions (ice crystals present
among supercooled droplets) is to reduce the icing
rate by more than 50% possibly because of the ero-
sion caused by the large ice particles impinging on
the ice deposit. This effect is observed in cumuliform
clouds at temperature ranging from —21 to —8°C
with most of the values near —20°C and for ice par-
‘ticle concentrations greater than 5 L™ (only particles
with a diameter >200 um are considered to be active
ice particles for the erosion process).

According to the argument of Stallabrass (1978),
the possibility of loss of water by splashing is con-
sidered as negligible under the present microphysical
conditions (small cloud droplets with a diameter
ranging from ~10-30 pum). The loss of water by
shedding is observed under a wet growth regime. The
mixed conditions encountered were observed under
a dry growth regime, and therefore no shedding may
have occurred under these conditions.

The reduction in the icing rate under mixed con-
ditions which we observed contradicts the conclu-
sions of Lake and Bradley (1976) who attributed the
high icing rates they observed to the high concen-
trations of the ice particles in a mixed cloud.

The mixed clouds studied in the present experi-
ment existed for temperatures ranging from —8 to
—21°C. Our conclusions cannot be generalized be-
yond these limits. It may be possible that, at higher
temperatures, some ice particles with low density
may stick to the surface when the temperature is
such that a wet growth regime occurs.

Further experiments must be undertaken in order
to study the effective role of the ice particles on the
icing rate for a range of temperatures covering all
the natural icing conditions and for various diameters
of the icing probe.

It has been shown that the ice phase has to be
taken into account for icing severity forecast, and
that the direct effect of the possible erosion should
be included in the modeling of icing, under the con-
ditions described above.
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APPENDIX

Nomenclature
cloud droplet concentration

measured by the FSSP cm™
; ice particle concentration L
G, specific heat of dry air at
constant pressure (1.005
X 10%) J kg K™!
C., specific heat of water (4.27
X 10%) Jkg™!' K™!
D cylinder diameter mm
d, median volume diameter of
the droplet pm
€ ratio of the molecular weight
of water vapor and dry air
(0.622)
E water droplet collection
efficiency
convective heat transfer
coefficient
[=kdpaV/Dua)"?] W m2 K™
ICC ice crystal content ‘gm™
k, thermal conductivity of air
[=2.47 X 1072 + 7.3
X 107% T,] kg m!s™!
I length of the cylinder m
I latent heat of freezing [=3.34
X 10° + 2.2 X 10° T,] J kg™!
I(T,) vapor pressure over water at
T, . Pa
1, latent heat of vaporization at
0°C (2.50 X 10°) J kg™!
Ma viscosity of air [=1.718
X 107° + 5.1 X 1078 T,] kgm™'s™!
P free stream pressure Pa
Pr Prandtl number (0.711)
p ice density kg m™3
Pa air density
R icing rate mm? ™!
R, calculated icing rate mm? s~
r recovery factor (0.9)
ro median volume droplet radius um
R, rate of water mass caught per
unit area [=EVW2/7] kg m™2 ¢!
Sc Schmidt number (0.595)
AS cross sectional area of the ice
deposit mm?
T, air temperature °C
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T, surface temperature °C
vV air speed ms™!
Vo impact velocity of the droplet m s™!
w liquid water content measured
by the JW gm
W, critical liquid water content gm3
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