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Experiments conducted in an icimng wind tuunel on the iciang
characteristics of a cylinder exposed to mixed icing conditions of
supercooled water droplats and "snow” noxzle generated ice particles
show that the characterietics differ greatly from those of water

droplet oaly conditions or from these of mixed conditiens using natural
anow crystals for the ice phase,

Surface temperature measurements on the frontal part of the
cylinder confirm in the dry growth regime of ice accretion the validity
of a mathenatical model of cylinder icing developed earlier, and shed
some insight inte the change in conwvective heat transfer that occurs
with increasing wetness in the wet growth regime. Also confirmed is
the existence of a nucleation delay at the start of an {cing encounter,
this delay being shown to occur at lov water impingement rates and with
total air temperatures approaching the meltiag poimnt.
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1.0 INTRODUCTION

Icing wind tunnel studies of the ifcing charactoristics of a cylimder
in clouds of supercooled water droplets and in nixed clouds of suparceclad
water droplets and ice (snow) crystals wers reported in Ref. 1. The lece phase
particles used in that series of teats were natural suow crystals, collected
in as freshly fallen a state as possible, and injected into the fciny wind
tunnel. Such a technique is possible only in locations, such as Ottawa, where
a aigoificant number of snowfalls are experienced tikroughout the winter. Else-
where & nunber of facilities have resorted to the use of ice crystal nozzles
to simulate atwospheric ice particles. Such "snow"™ is a poor simulation of
natural atmospheric fce crystals, but in view of {ts use in mixed icing tests
it vas censidered advisable to repeat the teats reported in Ref. 1 but using
the product of an ice crystal nozzle instead of natural snow crystals.

This report therefore presents the results of mixed icing tests on a
cylinder using a “suoovw’’ nozgzle to produce the ice phase. In addition, temper-
aturs mesasurements were made at four angular locations around the cyliander
surface, and 30 provide a more seasitive and reliable check of the numericsl
icing model presented in Ref. 1.

2.0 EXPERIMENYAL EQUIPHENT

The experiments described ware parformad on a 0.0254 n diameter cyl-
iader in the high speed icing tunnel at the Low Temperature Laboratory, National
Ressarch Council. ¥ith the exception of the cylinder and the method of produc-
ing mixaed conditions in the wind tusmel, the exparimental equipment was the
sane as that used previously and described in Ref. 1. Only those areas of
differeance will be described here.

2.1 The Cylimder

The cylinder differed from that used for the experiments described
in Ref. 1 in being made of wood (yellow birch). The thermal propertias of
yallow birch are varicusly given as:~ thermal conductivity 0.14 W/mK, specific
heat 1.1 x 103 J/kgk, and speeific gravity 0.69 at a moisture coatent of 122
(Ref. 2) or thermsl conductivity C.18 /wK, and specific sravicy 0.64 at a
moisture centent of 10.82 (Ref. 3). Thus both the thermal conductivity and
the spocific gravity may he assumed to da about ome half of those for the
bakelite cylinder used in the earlier testa (Ref. 1). The specific heat is
only slightly less than that of hakelite.

Four flat-strip copper/coustantan thermocouples, 0.8 mm wide and
0.05 mm thick, were bonded longitudinally to the surface of the cylinder with
their jumctions at the mid-length of the cylimder. Anjular lecatioms of the
junctions around the cylinder, measured from stagnation, were -15°, 0°, +30°,
and +60°. The flat copper and coustantan strips were run the complets length
of tae cylinder. The cylinder surface was built up flush with the strip
tharseocouples by succesuaiwe coats of black eanamel paint, rudbded smooth at

FORM NRC 540 Cory NoO. 2 <
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each coat. About 12 coats were required until no discontinuity was noticeable
at the strips.

The cylinder was mounted in the wind tunnel in the same manner as
described for the bakelite cylinder in Ref. 1.

A C.E.C. optical strip chart re order vas used to record the output
of the thermocouples using C.E.C. Type 241 galvanometers. Reference voltage
was provided by a Kaye Ice-Point Reference Standard, Model 2150-4. A calibra-
tion of deflecticn wvs. temperature was made for each of the thermocouple/galvan~
ometer combinations by immersing the cylinder in an oil bath and allowing the
temperature to stabilize, first at room temperature and then at four sub-zero
temperatures in a cold Lox. The temperature of the oil bath was wmonitored by
measuring the resistance of a calibrated thermistor. Regression analysis
provided the following 2nd order fits for the thermocouples at the indicated
angular locations:-

¢ -15° T = -0.0290 + 11.1711D - 0.3360D2
a Q° T = -0.0441 + 12.1328D - 0.2042p2
@ +30° T = -0.0549 + 11.6040D - 0.1286D2
@ +60° T = 0.0674 + 11.2757D - 0.184302

where D is the deflection from the galvanometer null position in inches (the
strip chart was graduated in {nches and tenths of inches), and T is the temp-
erature in °C.

2.2 1lce Particle Nozzle

Ice particles were generated by use of a single vozzle, the config-
uration of which 1is shown in Fig. 1 at actual size. Such "snow" nozzles produce
small frozen water droplets rather than crystals having hexagonal sysmetry
characteristics of natural atmospheric snow or ice crystals. Snow nozxzles are
designed to promote the maximum cooling of the air as it expands through the
nozgle, unlike nozzles used for producing the supercooled droplet spray where
it 1is desired to miniwize temperature drop. The air not only "atomizes" the
water injected through the central tube, but also cools the drops so produced.
Should the cooling be sufficient, the water drops will nucleate spontaneously,
and subsequent heat loss will complete the freezing of the drops. It is possi-
ble that in the expanding air, small ice crystals are formed as a result of
the condensation of water vapour from the air, apd that these in turn assist
in the nucleation of the water spray. Vhatever the mechanism, the high air
pressures required to cause adequate cooling also result in smsll particle
sizes; reduction in air pressure to produce larger particles results in incoe-
plete freaeze—out. This is undesirable in wind tunmel work where flight times
of the particles are fractioms of a second, but is acceptable for such purposes
as snow making on ski slopes where flight times of many seconds permit addi-
tional freezing by virtue of convective and evaporative heat losses.

The snow noxzle was located on the centre iine of the wind tunanel as
far upstream as possible to give maximenm flight time to the particles, as shown

I
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in Pig. 2. Air was supplied at room temperature at gauge pressures of up to
650 kPa, while the water was cooled close to 9°C by a heat exchanger immersed
in an {ce/water bath. Water flow rates of up Lo 6.8 g/s vere used.

Calibration of the nozzle was performed at ahove freaezimg temperatures
using a Johnson-¥illiazs lLiquid Water Content heter. It was fouad that air
pressure variation had no gsignificant influence on the water content in the test
section, but did, as expected, modify the drouplet size. The droplet size (wedian
volume diameter) ranped from about 10 um to about 20 ua depending or tae ratio
of water flow rate to air pressura.

huring actual nixed coudition tests. the air preseure was aet as low
as possible consistent with compiete freezing of the particles under the condi-
tions of the test, Becsuse the snew norzle was situated iz the tunnel settling
chamber, it was in an ambient alr whose temperature was the teal total tempera-
ture; thus for tests at ~5°C the noszxle was {a a -0.3°C envirounment for a velo-
city of 91.5 m/s and +2.3°C for tests at 122 m/s. Under tie 91.7 a/s coudition
freeze~out was probably marginally complete, while at 122 n/s complete frueze-out
was clearly net aciideved, although it was not possible to assess 1ts exteat.

Por most tests the median velume diameter of tae ice carticies vas
about 15 unm.

3.0 EXPERIMEATAL PROCEIURES

The same general experimental procedures a3 used in the earlier series
of tests and descrived iun Ref. 1 vers again eaployed. Conditions were chosen to
match as nearly as possible those of the sarlier #ixed coadition tests, thus
tests were made at working section static temperstures of -5°C and -15°C, at
nominal liquid water contants of 0.4 and 1.2 g/u’ having droplet median volume
diameter of approximately 20 um in both cases, sad at airstream velocities of
30.5, 61, 91.5 and 122 »/s. The ice crystal contents used were slso chosem to
approximate those of the correspoading mixed icing tests of the earlier series.

About 10 seconds prior to each test the strip ciart rvecorder was turned
oa to provide dry alxr temperature readings ay a base line for the subsequeat icing
temperatures., About one minute of the icing Yum was recorded, since bayond this
time the thermocouples were beconing significantly insulated by the ice and no
longer effectively measured tie ice surface temperature.

As before, at the coampletion of 2 test run, the tunnel was stopped
(and cooled if necessary to prevent melting of the aceretion) and weasuremsats
were made of the stagnation line ice thickness and that of the horns if appro-
priate. Phaotographs were made of the accretiou on the cylinder, and {ts shape
was recorded where possibvle by two matnods; the first (which was uot pessible {f
the accretion was significantly wider than the cylinder dismeter) was by msans
0f a plasticene mould whicia was subsequently photegraphad, and the second vas
to section the accretion at the cylinder mid-svan and to remove the ice froa the
near nalf of the cylinder. 1lhe sectioned ice wvas then photographad at & shallow
angle to the eylinder leading edge. Figure 3 shows a typical exampls of these
two methods of recording the acerctiom profile. Fimally, by optical projection
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of these two profiles a composita line drawing of the ice shape was produced
(sae Figs, 6, 5, 10 and 12), ané from this sketch the cross-sectional area of
the accretion was wzeasured.

4.0 TEST BESULTS AMD DISCUSSION

Table I ig 2 sumnmary of the test conditions and {ce accretion weasure-
ments for zoth water ouly and mixed conditions nt & nominsl static sir temperature
of -i5°C. A aiwflar suswary for a nomizal air temperature of -5*C is presentaed in
T‘hlu 110

4.1 ory Adr Heasurements

Analysis of the temperature reoorder traces obtainmed prier to turaieg
on the icing spravs (aud, as appropriate, the snow nozzle) provided a series of
local recovery tempersture readings at four angular positions arsund the cylinder.
The meaguremcnts at each angular location of all teste at the sswe aiy speed and
norins]l static temperature were averaged, and are shown in Fig. & coupared with
curves of c¢ylinder surface temperature calculated using tha fellowing expression
for the variation of recovery factor around a cylinder:

r=0,7 4+ 0.3 cos 1.79 1)

The use of this expression ian place of that used in Ref. 1 results iz
a maximue Jifference in surface temperature of 0,.15°C at an angle of 45° at the
saximum air speed (122 w/s) used in these teats,

Fig. & dexonstrates good agreement between the measured anmgular varia-
tion of temperature and that predicted using expression (1); howewver, it also
demonstrates that the actual tunnel air temperature daviated somewhat from the
nominal aly tamperature as sst on the tuunnel temperature coatroller.

Using, then, the mean difference between thse measured dry air surface
temperatures and tne corresponding calculated temperatures, the actual static
air temperature for each tusat was deduced. These are shown in Tables I and II.

4.2 lIeing Characteristics

A summary of the tests performed is pressnoted in Tablea 1 and 11, Tae
test results fall into two categorfes, that relating te the physical dimensions
and worphology of the fce accretion, and that relating to the tempersture history
of the cylindar suxface as the {ce 2ccretion began to form.

4.2.1 Horphological Aspects

Figures 5, 7, ¥ and 11 present oblique photographs which depict the
overall plysical characteristics of the aceretione. ILach figure presents tests
at the sawe uowmiual aiyr temperature and liquid water content and cowmpares
directly uwach mired condition case with 1ts corresronding liquid only case. In
a similar mannar, Yigures 6, 3, 19 and 12 present liae drawings of tiw cross-
sections of the daposits, derived, as descrihed 1in Section 3.0, from cross—sectional
photougrapha and photographs of the plasticene mould (Fig. 3).

g .
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Comparison of these figures with those presented in Ref. 1 shows some
slight difference in the appearance and shape of some of the deposits in liquid
droplet icing conditicms. These differences are probably the result of sligut
variations in tunnel air temperature and liquid water content; however, little
difference in stagnation line lcing rate was obsgerved, as indicated in Figs. 13,
14 and 15, which presect the stagnatlon growth rate 2s a fuanction of velocity.

Trends in the characteristics of the ice aceretions with variations of
the primary icing parameters have been diseusszed at some leugth in 2wf. 1, aad
will not be discusased further here,

Ia the mixed condition tests, femarkahle differeucos are seen in the
ice shape and appearance betweesn thase tests and those of Ref. 1. Some selected
conparisons avre shown in Pig. 16, The wmost atrikinp characteristic in these
tests was the pronounced stagnation line peak tiat gave manv of the accretions
a2 vedge-like profile. These wedge-like profilesz arec ssen to be more accentuated
at lower velocities and with greater ice crystal to liquid water raties. In
addition, at low speeds generally, but at all speeds whea low liquld water con-
tent was associated with lov temperature, the apgearance of the accreted wedge-
shapad ice was very white with a rather soft, granular texture. 1In all cases,
houaver, the accretions were drier in appearance tiaz the correspoundimg Ref, 1
case.

In general the wvedge-shaped fore of ice was very sinmilar to the classic
streanline or knife-edpe form (Ref. 6) that is characteristic of the final form
attained at low temperatures with low liquid water contents, aaud moderately low
air speeds on sumall cullectors. It does seem however taat, in these mixed cou-
dition tests, this streamline forwm was attained soozer than would be expacted
with droplet conditions (see in particular the 33.5 wm/s case in Fig., &), since
normally the profile has to proaress tarougin an increaasingly “ellintical” forwm
before the leading edge is of sufficiently small radius of curvature that the
local collection efficiency beocomes sufficiently high in this region to promote
the stresmline forrm of ice. OUne might suppose in thig present case that sowme
form of impsct-sintering procesa takes place in the repioa of near normsl
impingement vherein the smell fce particles, rather than Lounte off in the mauner
observed for sucvw crystals of about 1 um, tend to stick aud result in euhanced
growth in this region, while in regions of ohlique i{mpinrewment, i.¢. on the
flanks of the developing wedge, the {ce particles, even when wet, tend te bounce
off.

The dce growth rate at the stagnation liae in mixed conditiona is
shown in Fig.l7 for tests at -15°C, and in Pig. 18 for teats at ~5°C. Im Loth
these figures comparison is made witi the correspondirg rcsults from Ref, 1.

At -15°C, the stagaation line growth rate is aaen in Tie. 17 to differ little
frow that resulting whau actual snow crystala were used in snite of cnanges in
tae ice shape. Oaly at 122 a/s with a L.W.C. of 1.2 </m3 18 a significant
difference ia thas rates of icing Letweeu tha two series of tests evident.

These aeasured rates of lclog are also compared in Fig. 17 with predicted results
for 1iquid water oaly usiang the msthematical model of Ref. 1, This comparison
indicatea that thz presence of Lce crystals, whether large or small, has little
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effect on the stagnation line rate of icing at au air temperature of ~15°C
(see also Figs. 13 & 14).

At -5°C (Fig. 18) ou the other hand, s comsiderable increase in stag-
nation line ice growth rate is seen to result from the radical changes in the
ice shape (L.e. from rather flattemed glaze ice to highly peaked rime as in Fig.
16(d) and leas flatteped, smoother glaze) that occur when the small ice particles
of these tests are used instead of actual suow crystals.

It 1is uncertain vhether, in thia series of tests, erosion of the ice
accretion by impinging ice particles was of much significance in view of the
snall mass of the particles. The ice particles were about 350 times smaller than
the natural snow crystals used earlier, hence their individual mass was about
102 that of the snow crystalsa.

At corresponding ice crystal mass contents the number of ice particles
present in the air stresm would have been about 10? times the number of snow
crystals in the earlier tests. The effect of such a large number of ice parti-
cles (in most cases wore than the number of liquid water droplets produced by
the spray noxzzles) vould have been to nucleate a large proportion of the super-
cooled droplets.

It is to be expected that the final cloud would consiat of particles

’-\ ranging from all {ce to all water. Particles composed wholly of ice would |

for the most part be particles from the snow nozxle that had not coalesced |

with water droplets, together with those resulting from collisions between

larger ice particles and smaller droplets. At the other end of the scale, |

droplets composed wholly of water must be only those droplets that had not come

in contact with an ice crystal. In betveen, the whole range of water/ice ratios

might be expected vithin individual drops. The actual composition of the final

cloud vill depend on a number of factors, including: the initial total masses

of ice particles and water droplets generated, the relative numbers and individ-

ual sizes of each, the air temperature, the air speed (determining the time

available for collisions to take place and for heat loss from nucleated drop- 1

lets), and the turbulence in the wind tunnel.

As a check on the hypotheses of droplet nucleation and freeze-cut, |
rotaticg cylindnr(‘) neasurenents wvere made under a variety of conditions, and |
the weight of 1ice accreted was converted in the usual way to obtain an “equiv- i
alent liquid water content", {.e. that liguid water content that would have |
resulted in the same mass of ice as wvas collected on the rotating cylinder in |
the mixed phase condition. These rotating cylinder measurements are tabulated |
in Table III, and demonstrate that at lov temparatures (sbout -15°C) the ice |
accrated on the small (2.5 mm diameter) cylinder im the mixed condition was
equal to that resulting from liquid droplets only having a L.J.C. of slightly
over 0.5 of the sctual L.W.C. used. At -5°C the equivalent liquid water con- |
tent vas reduced to only about 3/4 of the actual liquid water content. These |
results suggest quite clearly that, rather than inereasing the effaective water |
content by adhering to the icing surface, the {ce particles do in fact nucleate

f'\ enough of the supercooled water droplets that a significant number are suffici-
ently frozen a2 to take no part in the icing process.

|

i
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Referring once more to Table III, an increase in nozzle air pressure
is seen to increase the degrec of freeze-out slightly, sither becauss of the
larger number of (smaller) nucleating ifce particles, or because the snow nozzle
ice particles are themselves more completely frozen. At -15°C the effect of
airspeed on degrec of freeze-out appears to bec negligible.

It must not be thought, however, that an arbitrary equivalent liquid
vater content based on such rotating cylinder measurements can necessarily be
carried across to bodies of other shapes and/or sizes. Reference to the ice
accretion rate column in Tables I snd 1l shows a rather more complex state of
affairs, although Test Ho. 49 (Table 1) whose L.W.C. was chosen to be about a
half that of Test %o. 17 in accordance with the rotatieg cylinder indications,
does in fact have an ice accretion rate close to that of Test 17 (bearing in
mind the approximate nature of the iee cross—section measurements from which
the accretion rates are derived). Also at -15°C the accretiom rates of Tests
18, 19 and 20 (Table II) are in good correspondence with the rotating cylinder
tests at 61 m/s and ~-5°C (Table III).

Comparing actual area accretion rates for the mixed tests with the
calculated accretion (impingement) rates for the liquid water component as
shovn in Tables I and I and Figs. 19 and 20, the awount of ice accreted at
30.5 m/s is seen to be about 90X of the calculated smount, which mfght be
interpreted to suggest that none of the ice particles took part in the acere-
tion process, nor did an additional 10X of the vater droplets which were com-
pletely frozen out as a result of mucleation by the ice particles. In fact the
901 figure 1s probably too large since the dennity of the accretions at this
speed was judged to be less than the 830 kg/m? assumed in the calculated accre-
tion rate.

At an airspced of 61 m/s the actual accretion dropped to about 702
of that calculated except for the case of high temperature combined with high
L.W.C. (Test 48, Table II, Fi{g. 20(a)) where 100X was approached. Thus,
except for Test 48, the effect was of even more frozen droplets.

Only one mixed condt:ion test was madd at 951.5 m/s, that being Teat 38
at ~5°C and L.W.C. of 0.4 g/m> (Table II, Fig. 20(b)). Under these conditions,
502 more ice was accreted than was contributcd by the water component alone,
suggesting that about 203 of the ice crystal content was now incorporated into
the ice deposit.

At 122 =/s and -15°C (?1;3 19), the accretion is only 50X of that
calculated for a L.W.C. of 0.43 g/m>, and 75% vhen the L.W.C. is 1.18 g/w3,
indicating that even at this high speed, flight times were still long enough
to ensure complete ice particle freezing and substantial nucleation and freesze-
out of the spray droplets.

At ~6.3°C and 122 m/s (Test 39, Pig. 20(b)), with a total temperature
above fraezing (+1.2°C), the thermodynamics were such that a considerable part
of the frout of the cylinder remained free of ice, although two large horms
grev at about ¥70° frow the stagnation poiut (Figa. 9 and 10). The quantity
of ice accreted was about 35I of the liquid compoment impinmging, but in this
casc the water was lost more by water blov-off thaa by ice particles not sticking.
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4.2.2 Yemperature “easurements

Cylinder surface temperature measurements vere rmade on each rum at
the stagoation point (a = ), at 15° below stagnation (a = -~15°C) and at 30°
and 60° above stagnation (a = +30° and +60%). Secause the origiral temperature
recordings wera not of sufficient quality for reproducing here, those of several
tests have been traced and are presented as Yigures 21 through 25. These fig-
ures show & snall section of dry sir run followed by the first 20 or 30 secounds
of icing. Shown too are the galvauometer zerc positions from which deflections
of each of the four traces were measured and comverted te temperastuxes using
the relations gives ia Section 2.1.

The use of the ralationship between recovery factor and angle around
the cylinder to coufirm the validity of the dry air temperature measurements,
and thus to determine a more precise air temperature for each test, has been
described in Sectiomn 4.1.

Frequently at the start of lcing in liquid only conditions, & nuclea-
tion delay had been visually observed. The temparatura records confirm this
pheunomsnon, examples of which are shown in Figs. 21(a), 22(a) and 24, where, as
the cylinder 1s wettad by the supercoolad spray droplets, the surface tempera-
ture initially drops slightly as a result of evaporative cooling, and subsequently,
as nucleation occurs, rises tovards tha equilibriom icing temperature., Tahle IV
1ists the delay times at each of the four thermocouple positions for all of the
liquid only tests. These delay timos have heen aessured from spray irnitiation
uatil the recorder trace again rose to the initial dry afir value. More correctly
nuecleation would have cowmenced at the point where thae temperature begaa to
increase from its minisun (evaporative) value; however, this point was not
always easy to determina, and the differance in most cases was not large except
perhaps at an angle of 60°.

It i3 noticeable that, other conditions being the same, the puclea-
tion delay was greater for low water comcentration than for high. Also, with
one notable axception, the dalay decrsased as velccity incressed. It seems
probable therufore that the greater the quantity of water impinging, the greater
tae probability of heterozeneous nucleation occurring and heree the soover freez-
ing would likely occur.

The exception noted sbovs is Test 21 (Fig. 24) where, at 91.5 m/s,
-4.,6°C and 0.4 g/x?, the nuclestion delay st the stagnation polnt vas 11 sec—
onds. A possible explanation of this is conteined in the dry air temperatures
which vere measur2d as -0.35°C at the stagnation point and -0.4°C, -1.0°C and
-2.2°C at angles of 15°, 30° and 69° respectively. Far fever active nuclei
would be expected at these temperatures, and dendritic growth rates froa the
nucleation sites would alsc be considersbly slowed. A better cowparisor of
the effect of velocity would likely have heen obtained by keeping a constant
total temperature rather than static temperature, as in these tests.

Premature nucleation may occur ot some occasione, particularly at
higher speeds, because of the presence in the air stream of a few ice (frost)
crystals blown off the heat exchamger tubes in the wiod tuzmnel., Such ice crys-
tals are not considereé sufficient to effect normwal icimg characteristics.

FORM NRC 540 CorPy ND. 2 A
FORMULAIRE NRC 540 COPIE NR.




PAGE 17

PAGE

REPORT NO. LTR-LT~105

RAPPORT NR.

They may however be responsible for the diffarence in nuclaation delay between
Tests 21 and 44 (Table IV), although another factor is that dry air surface
temperatures were some 1°C cooler in Test 44 than in Test 21.

Figuraes 21 and 22, besides showing the nucleation delays in Teats 36
and 31 respectively, also show the elimination of any delay when ice crystals
were present in significant nusbers, as in the correspending mixed condition
Tescs 37 and 32.

The ripples seen during tha temperature rise portion of Figs. 21(a),
22(b) and 23(b) are artifacts of the simulation mecthod, in Fig. 21(a) caused
by instahility of the water spray nozzles at the very low water flow rate
necessary at the low speed, low L.W.C., condition, while in Figs. 22(b) and 23(v)
caused by instabilicty in the operation of the snow crystal vozxle. The ripples
seen in ¥Yig., 24 may be caused by spray nozzle instability, but this £s not
considered likely at the water flow rate used in Test 21. A more probable cause
in this case is small nucleated ice crystals in the vater film, not adaered to
the cylinder end flowing over the thermocouples with the water film.

It is noticeable in Table IV that the delav is generally least at the
stagnation point and increases with angle around the cylinder. If this was {n
fact the case, it is not easy to explain, as one would expect that vater flowing
sway from the stagnation region would nucleate more readily than the fresh supply
of water {mpingivg there. Fowever, perussl of Figs. 21(a), 22(a) and 24 suggests
that, for at least angies up to 30°, if nucleation is taken to occur at the point
vhere the temperature begins to rise from its miniwmum value, the nucleation delay
tiee is ahout the same at each angle, about 4 seconds for Test 135, 0.8 secounds
for Test 31 and about 3.5 seconds for Test 21, The longer nucleation delay
observed at 60° may in fact be more apparent than real and may in part be due to
the lower droplet impingement rate at this asgle together with the streswing of
runback water, resulting in incomplete or intermittent wetting of the thermocouple
Junction,

Filgure 23 compares corresponding liquid only and aixed condition tests
at -15°C wut at high velocity, 122 m/s. ¥No nucleation delay is cvident hers,
nor in Pig. 25 which compares two liquid only cases at -15°C and 91.5 m/s with
liquid water comteats of 0.4 g/m3 and 1.2 g/md.

Fvident in Pigs. 21, 22, 23 and 25 is the contributien of tihe thermal
capacity and thermal conductivity of the cylinder and/or thermocouples to the
heat balance during the initial transient respounse to the icing process. As
proportionately more heat is adsorbed by the cylinder relative to the resultant
of the other heat sources aud sinks, the time constant of the temperature
response increases. This {8 seen by comparing Fip. 21(a) with Fig. 22(a), and
Fig. 25(a) with Fig. 25(b), where the change in both cases L{» caused by a change
io liquid water content. Correspondingly, a change in wvelocity is seen to nave
2 similar effect, c.f. Pig., 25(a) and Fig. 23(a).

From these recordings, the maximum temperature achieved at eacn
thermocouple location was measured for all tests. As long as this saximum
tenperature occurred sufficiently early ia the run, i.e. before a significaat
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ice thickness had built up which could have inszulated the thermoceuple lunctionms,
than this measured temparature snonld have approximated closely to the iclng
surfaca temperature. In actual fact tihc maximum tenperature occurred for all

tests within 30 seconds from the atart of the tast, and in mo3t caszs sooner

than 20 seconds. It is worthy of note that for all testis resulting in rates of

ice accration greater than 1.0 amzfs, the maxiuua temparature <as recorded

within 2 to 3 maconds frov tha start of fcini, eaa for instance Teet 42 (Fig. 25(L))
where the maximom occurred at a little over one second, the temperature thereafter
decreasing as the insulating effect of the ice became felt.

Taase waximun {(Jce surfacc) temperaturcd are tabulated la Tatlee V and
VI for 14quid only and mized coaditions respectively. Temperature errors of
up to about 10.3°C are apparent from these results, possibly szs a result of
galvanoseter zero errors, thermecouple calibration errcrs, trace reading errors
(as a result of a broad trace or ncise on the trace), the insulating effect of
ics, copduction into the sabastrate, or a combination of some or all of these.

The results for liquid water only at a nominal temperature of -15°C
and L.W.C. of 2.4 g/s’ are presented 1a Fig. 2§, together with computed results
using the mathematical model of Ref, 1. The results for -15°C with L.W.C. of
1.2 g/n3 are shown in Fig. 27, while Fiz. 28 presents all liquid water only test
results at a nomianal -5°C.

Ia these taree flgures, the sclid lines are tae model results computed
at the nominal temperature aud liquid water content; using either the swooth eor
rough cylinder heat transfer coefficlient formulation (see Ref. 1) as {ndicated.
Where broken lines are shown, these are the wmode) results usicg tae actual air
temperature and liquid water content for the particular test.

Test 14 (Pigs. 5, 6 and 26(a)) is clcarly, botk in appesrance and shape
and in:its surface temperature profile, entirely within the dry ice growtn (riwme)
regire. 1t seems reasonable to use the smooth usat transfer coefficient im this
case (except peraaps in the feathery region beyond 60°), and in fact when actual
paraxeter values are ewployed in the model, extraordinsry good agreement betveen
experirental and meodel-pradicted temperatures are achieved. If this agreement
is real and not fortultous, it suggests that wind tunnel turbulence effects are
not significant.

Teats 41 (Vigs. 3,5,6 and 26(b)) end 40 (¥igs. 7,8 and 27(a)) are by
sppearance and shape of intermediste form whereln the stagnation region is of
marginally wet growth, and the question arises as to whether a smooth or a rough
heat transfer coefficient aliould Le empleoyed in the model. Figs. 26(b) and 27(a)
both suggest that the smooth cylinder coefficlent alizhtly underestimates the
convective and evaporative loeces, =lille the rough cylinder formulation assumed
rather seriously overestimates these losses,

All other liquid only testa at ~15°C are elearly in the wet growth
(mushroom) vegiwme, and it appears from Figs., 27(b),(c) mnd (d) that as thae
wetness increases the effcetive heat transfer coafficient incresses froz something
less tham the rough cylinder value used to greatar tihan that used in the model
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predictions. Ou the other hand, on an icing growth rate basis, Fig. 13 suggests
that ir the wet growth vegime the stagnation point heat transfer coefficient
should Le greater than that assuwed In the model if hetter agreement with observed
grovth rates in to be achieved. Another reason for this latter discrepancy that
was put forvard in Ref, 1 was the possible existence of "apongy"” ice, and the
cracks which occcurred in the ice daposit at the end of several tests at tha two
higher speeds (FPirs. 6 and 8) might perhaps be taken as evidence of this. How-
ever, 1t is helieved that thesme cracks are more nrobably the result of tue 3light
drag induced daflection of the cylinder belny relieved by the reduction of air
speed at completion of tha run, together with the cooling and consequent contrac—
tion and embrittlanent of the {ce on cessation of the fcing sprays.

Sinilar comparigsons hatyeen cxperimental tewperature measurements and
those predicted by the model for the liguid only tests at ~5°C nominal tempers-
ture arc ahoun fn Fig, 28, All of these tests are in che wet zrowth regiwe, amd
the rough eylinder heat transfer coefficient has been assuwed in the model pre-
dictions.

It should be rememhered that all these temperatiure measurements vere
within 30 seconds of the start of sach test (in fact, within 3 seconds for Test
25, FPip. 26(c) and for Tests 16,42 and 45, ¥ig. 27) 3o that the ice accrations
had rvot developed to the extents shown ia Figs. 5 through 12. The profiles
would 3t11]l te essentially cylindrical, although the nsture and degree of rough-
ness would not necessarily be uniform sround the eylinder.

The tewperature profiles for the various mixed condition tests are showm
in Figs. 29, 30, 31 and 32, 1In Fig. 29 the results for the three tests at
nominal corditions of -15°C and 0.4 g/m3 L.¥.C. ave shown; the smooth cylindrical
profile that was assuned in the model results im over-prediction of the tempera-
turca, not because this assumption was necessarily wrong, hut because the physical
procegses assumed in the nixed 1eing model were incorrect. When the model was
run using an equivalent lilquid water content (hroken lines in Fig. 29) basad oa
rotating eylinder measurcrents (Section 4.2 and Table I1I) good sagrecment, perhaps
fortuitoualy, was achieved hetveen actual and modal temperatures, particularly at
a velocity of 61 n/g (Yiz. 29(b)).

Agreenant {5 again achieved between measured and model temparatures at
61 m/s with ~15%C air temperature and 1.2 g/u3 L.W.C. (Test 17, Pig. 3G(a)) when
an equivalent 1..¥.C. basad on Table 1II 48 used. However, at 122 n/s (Test 47,
Fig. 30(b)) the measured temperatures seem to agree with the mixed condition
rodel-prediction, presumably coincidentslly hecause of the false assumptions in
the model.

Figures 31 and 32 ghow the results of mixed condition teasts at & oominal
air tewperature of -5°C. Most of these tests were observably in the wet growth
regime (Figs. 9 and 11) and this is coufirmed by the temperature measuremcats
vhich with 2 few exceptions lndicated 0°C (within the general accuracy of the
neasurements). Of the exceptions, Tast 37 {s clearly dry growth as both the
photegraph (Pig. 9) and the temperaturc wseasurements (Fig. 31(a)) indicate. One
might suspect from the profile shapes that Test 20 (¥ig. 10) and Test 32 (Fig. 12)
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are both ia tue dry growth regime; nowever, the piaotographs (Figs. v and 11)
sugyest and the temparature measurements (Figs. 3i(c) and 32(a)) confirms that
wet growtii actually prevailea.

Fig. 31(c) shows tiat in Test 39 the fromtal part of the cylinder to an
angle of at least ¥30° was at a temperature above 0°C ia conformity with the fact
that no ice formed on the cylinder at angles up to about ¥70°C.

5.0 CONCLUSIONS

1. The most siguificant conclusion from these experiments is that the

size of ice particles. used in mixed condition icing tests has a significant
effect om the characteristics of the xesuiting ice accration., Swall ice parti~
cles, such as produced by & "snow’ noxzle, act as efficient freezing nuclei for
the supercocled vater druplets that provide the liquid phase of the mixed condi-
tion, resuitiog iu an unknown mix of liquid water snd ice at the wind tunoel test
suction. It is clear that if such a condition could occur in natura, it would
be a highly transient event and the likelihood of exveriencing the type of ice
accretions observed in these tests would be negiigible. Oue must therefore
question the validity of usiug snow nozzles for the simmlation of mixed phase
clouds wnless the particle size can be made significantly larger than that of

the supercooled watar droplets, while at the sams time ensuring complete freezing
of the parxticles.

2. The cylinder surface Lemperature measurements threv considerable light
on the nature of the icing process, and io particular coufirmed the validity of
the wathematical wodel developed iu Ref. 1 Lin the dry growth repime of {ce accre-
tion in ligutid phase clouds.

3. In the wet growth regime, i¢ has beeu seen that the heat transfer coeffi-
cient around the cylinder varies witih the degre¢ of wetness, sven before sufficient
ice has been formed to siznificantly wodify the basic eylindrical shape. Consid-
erable work appears necessary in this srea.

4, “Le temperature aeasuretments have haeiped to confirm the existence of

thz aucieation delay which had previcusly only been observed in a very qualitative
sort of way. ‘tThis delay appeared to be greater the lower the water {mpingement
rate and the higher the total temperature. Such delays are probably not very
significant in the final ocutcome of an iciag encounter, and in any event it should
be remembered that distilled water is used im the wind tunnel; the comparative
nucleating characteristics of natural atmospheric water ave not known.
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TABLE 1
SUMMARY OF TEST CONDITIONS AND ICING RESULTS
AT A NOMINAL AIR TEMPERATURE OF -15°C
: (1) n d(2)
Test Air Actual L.W.C. I.C.C. Icing Stagh Ice Ice Calc
No. Speed Air Temp. - Duration Growth Cross-  Accretion Accretion
m/s °C g/m3 g/m3 min. Rate Section Rate Rate
um/s mm mm2/s mm</s
24 30.5 ~-14.1 0.40 1.2 5.00 9.5 44 0.15 0.18
40 30.5 -14.9 1.21 - 4.00 24.3 119 0.50 0.56
14 61 -15.6 0.39 - 2.50 22.0 72 0.48 0.44
15 61 -15.6 0.39 0.4 2.50 13.9 47 0.31 0.44
16 61 -15.4 1.24 - 2.50 49.1 224 1.49 1.40
17 61 -15.5 1.24 0.6 2.50 48.6 141 0.94 1.40
49 61 - 0.60 - 2.50 30.8 118 0.79 0.68
41 91.5 -15.4 0.40 - 2.50 31.3 112 0.75 0.73
42 91.5 -15.2 1.19 - 2,00 58.4 196 1.64 2,18
25 122 -15.6 0.43 -— 2.50 38.1 177 1.18 1.10
26 122 -15.2 0.43 0.95 2.68 30.6 86 0.54 1.10
45 122 -15.6 1.20 - 1.00 63.5 125 2.08 3.07
47 122 -16.0 1.18 0.95 1.00 76.6 138 2.31 3.02
Notes:

(1) Actual Air Temperatures were deduced from the cylinder surface temperatures
in dry air immediately preceding the start of icing. Where no actual
temperature is shown, a dry air measurement was not made.

(2) These Accretion Rates calculated for the liquid component only using Langmuir
and Blodgett(s)total collection efficiency data for droplets of 20 um diam-
eter, and assuming an ice density of 890 kg/m , and that all impinging water
is retained as ice.
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TABLE II
SUMMARY OF TEST CONDITIONS AND ICING RESULTS
AT A NOMINAL AIR TEMPERATURE OF -5°C
Test Air ActualD) L.w.c. 1.c.c. Icing Staghl Ice Ice Calcg(z)
No. Speed Air Temp. Duration Growth Cross-  Accretion Accretion
m/s °C g/m3 g/m3 min. Rate Section Rate Rate
pm/s mm mm2/s mm?/s
36 30.5 -5.2 0.40 - 5.00 7.6 62 0.21 0.18
37 30.5 -5.1 0.40 1.0 5.00 20.9 53 0.18 0.18
31 30.5 -4.3 1.18 - 5.00 14.9 160 0.53 0.54
32 30.5 ~4.4 1.18 1.2 5.00 39.5 156 0.52 0.54
18 © 61 -4.5 0.39 - 4.00 13.8 122 0.51 0.44
19 61 -5.2 0.39 0.3 4,00 19.7 87 0.36 0.44
20 61 -4.,8 0.39 0.6 4,00 25.2 75 0.31 0.44
46 61 -5.8 1.20 - 2.52 18.2 155 1.02 1.36
48 61 -5.8 1.17 0.6 2.50 51.3 195 1.30 1.32
21 91.5 -4.6 0.40 - 4.00 8.1 60 0.25 0.73
38 91.5 - 0.40 1.0 2,50 42.8 164 1.09 0.73
44 91.5 -5.8 1.19 - 1.50 11.3 84 0.94 2,18
39 122 -6.3 0.38 0.95 2.50 0 50 0.33 0.97
Notes:
(1) Actual Air Temperatures were deduced from the cylinder surface temperature
in dry air immediately preceding the start of icing. Where no actual
temperature is shown, a dry air measurement was not made.
(2) These Accretion Rates calculated for the liquid component only using Langmuir

and Blodgett(s)total collection efficiency data for droplets of 20 um diam-
eter, and assuming an ice density of 890 kg/m3, and that all impinging water
is retained as ice.
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TABLE III
EFFECT OF ICE PARTICLES ON THE EQUIVALENT
LIQUID WATER CONTENT DERIVED BY THE
ROTATING CYLINDER METHOD

Air Static L.w.C. Ice Snow Equiv.* Ratio:
Speed Air Crystal Nozzle L.W.C. Equiv. L.W.C.
m/s Temp . g/m3 Content Air Press. g/m True L.W.C.

°cC g/m kPa(ga)

30.5 ~-13 0.40 1.0 480 0.22 0.55

61 -15 0.42 0.4 345 0.24 0.57

91.5 -15 0.40 1.0 480 0.19 0.48

122 -15 0.38 0.95 480 0.21 0.55

61 -15 1.15 0 - 1.15 1.0

61 -15 1.15 0.6 345 0.62 0.54

61 -15 1.15 0.6 480 0.57 0.50

61 -5 0.42 0 - 0.40 0.95

61 -5 0.42 0.3 345 0.32 0.76

61 -5 0.42 0.6 345 0.33 0.79

61 -5 0.42 0.6 480 0.30 0.71

* The Equivalent Liquid Water Content is the L.W.C. given by the
Rotating Cylinder Method assuming that the accreted mass of ice

was the result of supercooled liquid water droplets only.
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TABLE IV
NUCLEATION DELAY TIMES FOR LIQUID ONLY TESTS
Test Air Air L.W.C. Nucleation Delay, s
No. Speed Temp .
m/s °C g/m3 a=-15° a=0° a=30° a=60°
40 30.5 -14.9 1.21 0.3 0.8 1.2 1.5
14 61 -15.6 0.39 0.1 0 0.1 0
16 61 -15.4 1.24 0.1 0.1 0.1 0.1
41 91.5 -15.4 0.40 0 0 0 0.1
42 91.5 -15.,2 1.19 0 0 0 0.1
25 122 ~-15.6 0.43 0 0 0 0.15
45 122 -15.6 1.20 0 0 0 0
36 30.5 -5.2 0.40 4.7 4.4 5.5 8.0
31 30.5 -4.3 1.18 1.5 0.85 1.4 2.5
18 61 -4.5 0.39 0.8 0.6 1.0 2.5
46 61 -5.8 1.20 0.1 0.25 0.5 0.8
21 91.5 -4.6 0.40 11.2 11.0 11.3 18.0

44 91.5 -5.8 1.19 0.1 0 0.1 0.4
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TABLE V
MEASURED ICING TEMPERATURES AROUND CYLINDER
FOR TESTS WITH LIQUID WATER ONLY
Test Air Air L.W.C. Icing Temperature - °C
No. Speed Temp,
m/s °c g/m3 a = 0° a = 15° a = 30° a = 60°
14 61 -15.6 0.39 -4.3 ~4.,6 -5.9 -10.6
41 91.5 -15.4 0.40 -0.9 -0.9 -3.0 -9.1
25 122 -15.6 0.43 -0.3 ~0.25 -0.6 -8.1
40 30.5 -14.9 1.21 -0.5 -0.5 -1.8 -8.4
16 61 ~-15.4 1.24 -0.3 -0.3 -0.35 -6.4
42 91.5 -15.2 1.19 -0.3 -0.1 -0.6 -6.8
45 122 -15.6 1.20 +0.3 +0.1 -0.3 -5.6
36 30.5 -5.2 0.40 -0.35 -0.4 -1.2 _ -4.0
18 61 -4.5 0.39 +0.3 +0.25 +0.1 ~1.4
21 91.5 -4.6 0.40 +0.3 +0.25 +0.1 -0.6
31 30.5 -4.3 1.18 -0 -0 +0.1 -0.2
46 61 -5.8 1.20 -0 +0.1 -0.1 -0.4

44 91.5 -5.8 1.19 -0.2 -0 +0.2 -0.2
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TABLE V1
MEASURED ICING TEMPERATURES AROUND CYLINDER
FOR TESTS IN MIXED CONDITIONS
Test Air Air L.W.C. I.Cc.C. Icing Temperature - °C
No. Speed Temp.
m/s °C g/m3 g/m3 a=0° a = 15° a = 30° a = 60°
24 30.5 ~14.1 0.40 1.2 -8.5 -8.7 -9.0 -11.3
15 61 -15.6 0.39 0.4 -7.8 -8.1 -8.8 -11.9
26 122 -15.2 0.43 0.95 -1.0 -0.7 -3.0 -8.0
17 61 -15.5 1.24 0.6 -0.35 -0.4 -1.5 -8.6
47 122 ~16.0 1.18 0.95 -0.3 -0.5 -3.7
37 30.5 -5.1 0.40 1.0 -2.5 -1.7 -1.8 -3.1
19 61 -5.2 0.39 0.3 +0.1 +0.3 0 -1.9
20 61 -4.8 0.39 0.6 +0.3 +0.3 +0.1 -1.4 to -0.3
38 91.5 - 0.40 1.0 -0 -0 -0.1 -0.5
39 122 -6.3 0.38 0.95 +0.9 +0.6 +0.4 -0.2
32 30.5 -4.4 1.18 1.2 -0 -0 +0.2 -0.7

48 61 -5.8 1.17 0.6 -0 -0.4 -1.1
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Fig. 3

(a) Tce Profile by Plasticene Mould Method

(b) 1Ice Profile by Ice Section Method

FIG. 3 METHODS OF RECORDING ICE PROFILE
(Test No. 41)
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Stagnation icing growth rate - um/s
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FIG. 13 STAGNATION LINE ICING RATE AT -15°C

AND L.W.C. OF 1.2 g/m3, LIQUID ONLY

Solid points are experimental values
from these tests. Open points are
from Ref. 1. Solid line is icing
model prediction.
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LIQUID ONLY

Solid points are experimental values from these
tests. Open points are from Ref. 1. Solid line
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FIG. 17 STAGNATION LINE ICING RATE IN MIXED
’ CONDITIONS AT -15°C

Solid points are experimental values from these
tests. Open points are from Ref. 1. Lines are
icing model predictions for liquid only. Ice
crystal content (g/m3) shown in parentheses.
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19 CYLINDER ICE ACCRETION RATE AS A FUNCTION
OF VELOCITY AT A TEMPERATURE OF -15°C

Solid circles are for liquid only at L.W.C.
of 0.4 g/m3. Open circles are for mixed
conditions with L.W.C. of 0.4 g/m3,

Solid triangles are for liquid only at L.W.C. of
1.2 g/m3. Open triangles are for mixed condi-
tions with L.W.C. of 1.2 g/m3.

Ice crystal content (g/m3) shown in parentheses.

Lines are calculated liquid only accretion rates
assuming complete freezing.
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Solid circles are for liquid only.
Open circles are for mixed conditiomns.

Ice crystal content (g/m3) shown in
parentheses.

Lines are calculated liquid only accre-
tion rates assuming complete freezing.
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TEMPERATURE UNDER MIXED CONDITIONS WITH
L.W.C. = 1.2 g/m3

Points are experimental results, lines are model
predictions.
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FIG. 31 EXPERIMENTAL AND MODEL-PREDICTED ICE SURFACE
TEMPERATURES AROUND CYLINDER AT -5°C AIR
TEMPERATURE UNDER MIXED CONDITIONS WITH

L.W.C. = 0.4 g/m3

Points are experimental results, lines are model
predictions.
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