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SUMICULY 

Experiments conducted in an 
characteristics of a cylinder expoaed 
supercooled water droplets and "snow" 
show that the characteristics differ 
droplet ouly conditions or fron those 
snow crystals for the ice plume. 

REPORT No. LTR-RAPPORT NR. LT- 105

icing wind tunnel on the icing 
to sized icing conditions of 
smilax generated ica particles 

greatly from those of water 
of mixed conditions using natural 

Surface temperature measurements on the froatal part of the 
cylinder confirm in the dry growth regime of ice accretior the validity 
of a mathematical model of cylinder icing developed earlier, and shed 
some insight into the change in convective heat transfer that occurs 
with increasing wetness in the vet growth regime. Also confirmed is 
the existence of a nucleation delay at the start of au icing encounter, 
this delay being shown to occur at low water impingement rates and with 
total air temperatures approaching the melting point. 
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1.0 INTRODUCTION 

Icing wind tunnel studies of the icing characteristics of a cylinder 
in clouds of supercooled water droplets and in mixed clouds of supercooled 
water droplets and ice (snow) crystals were reported in Ref. 1. The lee phase 
particles used in that series of tests were natural snow crystals, collected 
in as freshly fallen a state aa possible, and injected into the icing wind 
tunnel. Such a technique is passible oely in locations, such as Ottawa, where 
& siguificant number of snowfalls are experienced tkroughout the winter. Else-
where a number of facilities have resorted to the use of ice crystal nozzles 
to sinulate atmospheric ice particles. Such "snow" is a poor simulation of 
natural atmospheric ice crystals, but in view of its use in mixed icing testi 
it was considered advisable to repeat the tests reported in Ref. 1 but using 
the product of an ice crystal nozzle instead of natural snow crystala. 

This report therefore presents the results of mixed icing tests on a 
cylinder using a "snow" nozzle to produce the ice phase. In addition, temper-
ature measurements were made at four angular locations around the cylinder 
surface, and so provide a more sensitive and reliable chock of the numerical 
icing model presented in Ref. 1. 

2.0 EXPEAINENTAL_ 

The experiments desceibed were performed on a 0.0254 a diameter cyl-
inder in the high speed icing tunnel at the Low Temperature Laboratory, National 
Research Council. With the exception of the cylinder and the method of produc-
ing aized conditions la the wind tunnel, the experimental equipment was the 
same as that used previously and described in Ref. 1. Only those areas of 
difference will be described here. 

2.1 The klinder 

The cylinder differed from that used for the experiments described 
in. Ref. 1 in being made of wood (yellow birch). The therma1 properties of 
yellow birch mire variously given as:- thermal conductivity 0.14 Whoa, specific 
beat 1.1 z 103 Jfka, and specific gravity 0.69 at a MOiStUre content of 12% 
(Ref. 2) or thermal conductivity 0.18 W/MK, and specific travity 0.64 at a 
noisture content of 10.82 (Ref. 3). Thus both the thermal conductivity and 
tha specific gravity may he assumed to be about one half of those for the 
bakelite cylinder used ia the earlier tests (Ref. 1). The specific heat is 
only slightly less thaa that df baleklite. 

Your flat-strip copper/constaatan thermocouples, .3.8 mm wide and 
0.05 mm thick, vere bonded Longitudinally to the surface of the cylinder with 
their junctions at the mi&-length of the cylinder. Arlaular locations of the 
junctions around the cylinder, measured froa stagnation, were -15*, 0', +30', 
and +606. The flat copper and constantan strips were ruu the complete length 
of tee cylinder. The cylinder surface was built up flush with the atrip 
thermocouples by successive coats of black enamel paint, rubbed smooth at 
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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 cvlinder in Ref. 1. 

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

-117J° T = -0.0290 + 11.1711D - 0.3360D2

O. T = -0.0441 + 12.1328D - 0.204292

@ +30. T um -0.0549 + 11.6040D - 0.128692 

@ +60' T me 0.0674 + 11.2757D - 0.184302

where D is the deflection 
strip chart was graduated 
erature in C. 

2.2 Ice Particle Nozzle 

from the galvanometer null position in inches (the 
in iuches and tenths of inchas), and T is the temp-

Ice particles were generated by use of a single nozzle, tbe config-
uration of which is shown in Fig. 1 at actual size. Such "snov" nozzles produce 
small frozen water droplets rather thaa crystals having hexagonal symmetry 
characteristics of natural ataospheric snow or ice crystals. Snow nozzles are 
desigued to promote the maximum cooling of the air as it expands through the 
nozzle, unlike nozzles used for producing the supercooled droplet spray where 
it is desired to mininize temperature drop. The air not oaly "atouises" the 
water injected through the ceatral tube, but elso cools the drops so produced. 
Should the cooling be sufficient, the water drops will nucleate spontaneously, 
and subsequent heat loss vill 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 frou the air, aud that these in turn assist 
iu the nucleation of the water spray. Whatever the mechanism, the high air 
pressures required to cause adequate cooling, also result in anall particle 
sizes; reduction in air pressure to produce larger particles results in incom-
plete freeze-out. This is undesirable in wind tunnel work where flight tiaes 
of the particles are fractious 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 evaporativm heat losses. 

The snow nozzle was located oa the centre line of the wind tunnel as 

far upstrema as possible to give maximum flight tine to the particles, as shown 
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in Fig. 2. Air was supplied at room teeperature at gauge pressures of up to 
650 kPa, while the vater was cooled close to 0.0 by a haat exchanger immersed 
in an ice/water bath. Water flow rotes of up to 6.8 es vere used. 

Calibration of the nozzle was performed at above frotexiag temperatures 
using a Johnsour-Williama Liquid Water Content hater. It WAS found that air 
pressure variation had uo significant iufluence on the water couteut in the test 
section, but did, as expected. 'modify the droplet sine. The droplet size (median 
volume diameter) ranged front about 10 en to *bout 20 gm depending an tee ratio 
of water flow rate to air pressure. 

OurinA actual nixed coudition tests. the air pressure was aet as low 
as possible consistent with comelete freezing of the particles under the condi-
tions of the test. 15eceese the snow nozzle was situated in the tunnel settling 
chamber, it was in an ambient air whose teeperatere was the test total tempera-
tura; thus for tests at -5.0 the female was ie a -Q.8% environment for a velo-
city of S1.5 m/s and +2.5% for testa at 122 m/s. Under the 91.5 m/s coudition 
freese-out was probably marginally complete. while at 122 m/s complete freeze-out 
was cleerly not ne'lleved, although it was not possible to assess its extent. 

Vor most tests the median volume eiameter of tae ice particles was 
about lb Pt. 

3.0 WERIMEATAL Pg.0k:,pti RES.

The same geaeral experimental procedures as uaed in the earlier series 
of tests aad described iu Ref. 1 were again employed. Conditions vere chosen to 
aatch as nearly as possible those of the earlier limed condition tests, thus 
tests were 'gado at working section static teeperftures of -5°C and -15.C, at 
nominal liquid vatar contents of 0.4 and 1.2 g/m/ having droplet median volume 
diameter of approximately 20 um in both cases, sad at airstream velocities of 
30.5, 61, 91.5 end 122 u/s. The ice crystal contents used were also chosen to 
approximate those of the correspoading 'mixed icing teats of the earlier series. 

About 10 seconds prior to each test the strip chart recorder was turned 
oa to provide dry air temperature readings as a hese lino for the subsioquent icing 
temperatures. About one minute of the icing run was recorded, since beyond this 
tiae the thermocouples were becomiag significantly insulated by the ice and no 
longer effectively measured the ice surface teeperature. 

As before, at the completion of a test ran, the tunnel wee stopped 
(and cooled if necessary to prevent melting of the accretion) and 'measurements 
were made of the stagaatioa line ice thickness and that ef the horns if appro-
priate. Photographs were made of the accretion on the cylieder, &ad its shape 
was recorded where possible by two metnods; the first (which was eot possible if 
the accretion was significantly wider than the cylinder diameter) was by neans 
of a plasticene moeld which vas subsequently photographed, and the secoed was 
to section the accretion at the cylinder mid-spen end to rose,: the ice froa the 
near half of the cyliader. Ihe eectioned ice vas then photographed at s shallow 
augle to the cylinder leading edge. Figure 3 shows a typical example of these 
two methods of recording the accretion profile. Finally, by optical projection 
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of these tvo profiles a composite lime drawing of the ice shape was produced 
(see Figs. 6, 6, 10 and 12), and from thia sketch the cross-sectional area of 
the accretiou was measured. 

4.0 MST RESULTS AUD DISCUSSION" 

Table I is a aummary of the test conditions and ice accretiou oe sure-
meets for both wator oely aud mixed conditions at a nominal static air temperature 
of -15*C. A similar sueeary for a nominal air temperature of -5*C is presented la 
Table II. 

4.1 pty Ileaburemehts 

Aaalysis of the temperature recorder traces obteined prior to turning 
oa the icing sprayu (and, as appropriate. the mow nozzle) provided a series of 
local recovery teeperature readings at four eneular positions around the cylinder. 
The WeaUUVEIM4UL3 at each antular location of all test* at the some air speed and 
nomival static teeperature %etre averaged, and are shovn in Fig. 4 compared with 
curves of cylinder surface temperature calculated using the following expression 
for the variation of recovery factor around a cylinder: 

r e 0.7 4. 0.3 cos 1.76 (1) 

The use of this expression ia place of that used in Ref. 1 results in 
a maximue difference iu surface temperature of 0.15*C at an angle of 45* at the 
maximum air speed (122 o/s) used in these teste. 

Fig. 4 demonstrates good agreement between the measured angular varia-
tiou of temperature and that predicted using expression (1); however, it also 
demonstrates that the actual tunnel air temperature deviated somewhet fros the 
nominal air temperature as sot on the tunnel temperature controller. 

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

4.2 IcinALCharacteristics 

A summary af the tests performed is presented in Tahles I and II. Tao 
test results fall into two categories, that relating to the physical dimensions 
and 'morphology of the ice accretion, and that relating to the temperature history 
of the cylledsr surface as the ice accretiou began to form. 

4.2.1 l':iltpholelical Aspects 

Figures 5, 7, 9 and 11 present oblique photographs which depict the 
overall physical characteristics of the accretione. Each figure presents tests 
at the same uomival air temperature and liquid water content and compares 
directly each mixed condition case with its correaeondine liquid may case. in 
a similar menuer, Figures 6, 8, 10 and 12 present liue dravings of the cross-
sections of the deposits, derived, us described in Section 3.0. from cross-sectional 
photographs and photographs uf the plasticene mould (Fig. 3). 
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Comparison of these figures with those presented in Ret. 1 shows :tote 
slight difference in the appearance and shape of some of the deposits in liquid 
droplet icing conditions. These differences are probably the result of alight 
variations in tunnel air temperature and liquid water coatent; however, little 
difference in stagnatior line icing rate was Observed, as indicated in Figs. 13, 
14 and 15, whith preeett the stagnation growth rate as a function of velocity. 

Treede in thc characteristics of the ice accretions with variations of 
the rrimary icing earaneters have been discussed at some leugth in acf. 1, and 
will not be discussed further here. 

In the eixed condition tests, renarkable differeccos are seea in the 
iCe ensile and appearance between these tests and those of Ref. 1. Sone selected 
conparisons are shown in Fig. 16. The moat striking characteristic in these 
tests was the pronounced stagnation line peak that &eve mane of the accretions 
a wedge-like profile. These vedge-like profiles aro seen to be more accentuated 
at lover velocities and with greater ice crystal to liquid water ratios. In 
addition, at low speeds generally, but at all speeds whee low liquid water con-
tent was associated with low temperature, the appearance of the accreted wedge-
shaped ice was very white with a rather soft, granular texture. in all cases, 
however, the accretions were drier in appearance teen the correspoudine Ref. 1 
caae. 

In general the wedge-shaped fore of ice waa very siailar to the classic 
streamline or knife-edge fora (Ref. 6) that is characteristic of the final form 
attained at low temperatures with low liquid water contents, and mcderately low 
air speeds on small collectors. It does seem hovever taat, in these mixed con-
dition tests, this streamline fora was attained sooner than would be expected 
with droplet conditions (see in particular the 33.5 m/s case in Tig. 6), since 
normally the profile has to proeress terougn ao increasiegly 'elliptical" form 
before the leading edge is of aufficiently radiva of curvature that the 
local collection efficiency beoones sufficiently high in this region to promote 
the streaeline fore of ice. One night suppose in this present case that some 
form of impact-sinterine process takes place in the rerion of near normal 
impingement wherein the snail ice particles, rather than I:ounce off in the eauner 
observed for snow crystals of about 1 me, tend to stick aud result in enhanced 
growth in this region. while in rerions of oblique tepireevent, i.e. he the 
flanks of the developing wedge, the ice particles, ever when wet, tend to bounce 
off. 

7he ice growth rate at the stagnation liee in mixee conditions is 

showu in rig.17 for tests at -15.C, and in Fig. ld for teats at -5*C. in eoth 

these figures comparison is made wit4 the correseondiee results from Ref. 1. 

At -15°C, the stagnation linc growth rate i3 stten riF. 17 to differ little 
froo that resultiug whau actuai snow crystals were used in spite of changes in 

tee ice shape. Only at 122 m/s with a L.W.C. of 1.2 g/m3 is a significant 

difference la the rates of icing betweeu the two series of tests evident. 

Teeee measured rates of icing are also compared in Fig. 17 with predicted results 

for liquid water only wane the mathematical model of Ref. 1. This comparison 
in4icatea that the presence of Ice crystals, whether large or small, aas little 
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effect on the stagnation line rate of icing at au air temperature ot -15.0 
(ses also rigs. 13 4 14). 

At -5'C (rig. 18) on the other hand, a considerable iucrease in stag-
nation line ice growth rate is seen to result from the radical changes ia the 
ice shape (i.e. from rather flattened glaze ice to highly peaked rime as in Fig. 
16(d) and less flattened, smoother glaze) that occur when the small ice particles 
of these tests are uaed instead of actual snow crystals. 

It is uncertain whether, in this series of tests, erosion of tbe ice 
accretion by impinging ice particles was of much significance in view of the 
small mass of the particles. The ice particle* were about 50 times smaller than 
the natural snow crystals used earlier, hence their individual mass was about 
10-5 that of the snow crystals. 

At corresponding ice crystal mass contents the number of ice particles 
present in the air stream would have been about 105 times the uumber of snow 
crystals in the earlier tests. The effect of such a large number of ice parti-
cles (in most cases more than the number of liquid water droplets produced by 
the spray nozzles) would have been to nucleate a large proportion of the super-
cooled droplets. 

It is to be expected that the final cloud uould consist of particles 
ranging from all ice to all eater. Particles composed wholly of ice would 
for the nest part be particles from the snow soula that had aot coalesced 
vith vater 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 suet be only those droplets that had not come 
in contact with an ice cryatal. In betveen, the whole range of water/ice ratios 
might be expected within individual drops. The actual composition of the final 
cloud will depend on a number of factors, including: the initial total masses 
of ice particles and water droplets generated, the relative numbers aad individ-
ual lazes of each, the air temperature, the air speed (daterminiag the time 
available for collisioes to take place and for heat toss from nucleated drep-
lets), aad the turbulence in the wind tunnel. 

As a check on the hypotheses of dropiet nucleation and freeze-out, 
rotating cylinder(4) 'measurements were made under a variety of conditions, and 
tha weight of ice accreted vas converted in the usual vay to obtain an "equiv-
alent liquid vater coutent", i.e. that liquid water content that would have 
resulted in the same mass of ice as was collected on the rotating cylinder in 
the nixed phase condition. These rotating cylinder measurenents are tabulated 
iu Table III, and demonstrate that at low temperatures (about -15.C) the ice 
accreted on the small (2.5 mm diameter) cylinder in the aixed condition vas 
equal to that resulting from liquid droplets only having a L.4.C. of slightly 
over 0.5 of the actual L.W.C. used. At -5.0 the equivalent liquid water con-
tent was reduced to only about 3/4 of the actual liquid water content. Mese 
results suggest quite clearly that, rather than increasing the effective water 
content by adhering to the icing surface. the ice particles do in fact nucleate 
enough of the supercooled eater droplets that a significant nunber are suffici-
ently frozen as to take no part in tha icing process. 
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Referring once mare to Table III, au increase ia nozzle air pressure 
is seen to increase the degree of freeze-out alightly, either became of the 
larger number of (smaller) nucleating ice particles, or because the snow nozzle 
ice particles are themselves more completely froasn. At -15°C the sffect of 
airspeed on degree of freeze-out appears to be negligible. 

It must not be thought, however, that au arbitrary equivalent liquid 
water content based on such rotating cylinder measureuents can necessarily be 
carried across to bodies of other shapes and/or sizes. Reference to the ice 
accretion rate column in Tables I aad II shows a rather more complex state of 
affairs, although Test No. 49 (Table I) whose L.W.C. was chosen to be about a 
half that of Test No. 17 in accordance vith the rotating cylinder indications, 
does in fact have an ie* accretion rate close to that of Test 17 (beariag in 
mind the approximate nature of the iee cross-section measurements fro* which 
the accretionrates are derived). Also at -15% the accretion rates of Tests 
18, 19 aud 20 (Teble II) are in good correspondence with the rotating, cylinder 
tests at 61 ule and -S'C (Table III). 

Comparing actuai area accretion rates for the nixed tests vith the 
calculated accretion (impingement) rates for the liquid water component as 
shown in Tables I and II and rigs. 19 and 20, the amount of ice accreted at 
30.5 u/s is seen to be about 902 of the calculated amount, which might be 
interpreted to suggest that none of the ice particles took part in the accre-
tiou process, nor did an additional 10Z of the vater droplets vhich were coo-
pletely frozen out as a result of nucleation by ths ice particles. In fact the 
902 figure is probably too large since the density of the accretions at this 
speed was judged to be less than the 890 kg/a3 assumed in the calculated accre-
tion rate. 

At an airspeed of 61 u/s the actual accretion dropped to about 70Z 
of that calculated except for the case of high teuperature combined with high 
L.W.C. (Test 48, Table II, Fig. 20(a)) where 1002 was approachsd. Thus, 
except for Test 48, the effect was of even more frozen droplets. 

Only oue aixed condition test WAS wadi at 91.5 m/s, that being Test 38 
at -5.0 and L.W.C. of 0.4 g/u3 (Tabls II, Fig. 20(b)). Under these conditions. 
50Z sore ice was accreted than was contributed by the water component alone, 
suggesting that about 202 of the ice crystal content was now incorporated into 
the ice deposit. 

At 122 a/s and -15% (Fig 19), the accretion is only 501 of that 
calculated for a L.W.C. of 0.43 g/ui, ant 752 when ths L.W.C. is 1.18 g/a3, 
indicating that oven at this high speed, fligbt times were still long enough 
to ensure complete ice particle freesias and substantial nucleatiou and freeze-
out of the spray droplets. 

At -6.3'C and 122 m/s (Test 39, Fig. 20(b)), with a total temperature 
Above freezing (+1.2'C), the theruodynamics vere such that a considerable part 
of the front of the cylinder remained free of ice, although two large horns 
grev at about 170* from the stagnation point (Figs. 9 and 10). The quantity 
of ice accreted vas about 35Z of the liquid component impinging, but in this 
case the water vas lost more by water blow-off thaa by ice particles not satking. 
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4.2.2 Temperature Measurements 

Cylinder surfacs temperature measurements were nade on each run at 
the stagnation point (4 e 0), at 15* below stagnation (a e -15*C) =A at 30* 
and 60* above stagnation (a e +30* and +6041. tecause the origimal temperature 
recordings were not of sufficient quality for reproducing here. those of several 
tests have been traced and are presented is Figures 21 through 25. These fig-
ures show a snalI section of dry air rum followed by the first 20 or 30 seconds 
of icing. Shown too are the ealvanometer sere positions from which defleetions 
of each of the four traces were measured and converted to temperatures using 
ths relations gives in Section 2 1 

The use af the relationship between recovery factor end angle around 
the cylinder to confirm the validity of the dry air temperature measurements, 
and thus to determine a more precise air temperature far each test, has been 
described in Section 4.1. 

Frequently at the start of icing in liquid only conditions, a nuclea-
tion delay had been visually observed. The teuperatura records confirn this 
pheuomenon, examples of which are shown in Figs. 21(a), 22(a) and 24, where, as 
the cylinder is wetted by the supercooled spray droplets, the surface tempera-
ture initially drops slightly as a result of evsporative cooling, and subsequeutly, 
as nucleation occurs, rises towards the equilibrium icing temperature. Table IV 
lists the delay times at each of the four thermocouple positions for all of the 
liquid only teats. These delay tisos hays been aeaanred from spray initiation 
until the recorder trace again rose to the initial dry air value. More correctly 
necleation would have commenced at the point where the temperature began to 
increase from its minimum (evaporative) value; however, this point was not 
always easy to determine, and the difference in most cases vas not large except 
perhaps at an angle of 60*. 

It is noticeable that, other coeditions being the sane, the nuclea-
tion delsy vas greater for low eater concentration than for high. Also, with 
one notable exception, the delay decreased as velocity increased. It seems 
probable therefora that the greater the quantity of water imringing, the greater 
the probability of heterogeneous nucleation occurring and henee the sooner freez-
ing would likely occur. 

The exception noted above is Test 21 (rig. 24) vhere, at 91.5 m/s, 
-4.6*C and 0.4 ji/s3, the nucleation delay at the stagnation point vas 11 sec-
onds. A possible explanation of this is contained in the dry air temperatures 
which ware measured 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 60* respectively. Far fever active nuclei 
would be expected at these teeperatures, and dendritic growth rates froa the 
nucleatioa sites would also be considerably glowed. A better comparison of 
the effect of veloeity would likely have been obtaiued by keepiug a constant 
total temperature rather than static temperature, as in these tests. 

Premature nucleation may occur au some occasions, particularly at 
hirher speeds, because of the preaence in the air stream of a few ice (frost) 
crystals blown off the heat exchanger tubes in the wind tunnel. Such ice crys-
tals era pot considered sufficient to effect norual icing characteristics. 
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They may however be responsible for the difference in nucleatiou 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. 

Figures 21 and 22, besides showing the nucleation delaye in Teats 36 
and 31 respectively, alao show the elimination of any delay when ica crystals 
were present in significant numbers, as in the corresponding sized condition 
Tests 37 aad 32. 

The ripples seen during the temperature riae porticos of Figs. 21(a), 
22(b) and 23(b) are artifacts of the simulation method, in Fig. 21(a) caused 
by iustability 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(b) 
caused by instability in the operation of the snow crystal noasle. The ripples 
seam in Fig. 24 may be caused by spray nozzle instability, but this is not 
considered likely at the water flow rate used in Test 21. A more probable cause 
ia this case is suall nucleated ice crystals in the eater film, aot adhered to 
the cylinder aael flowing over the thermocouples with the water film. 

It is noticeable in Table IV that the delay is generally least at the 
stagnation point and increases vith angle around the cylinder. Zf this was in 
fact the case, it is not easy to explain, as one would expect that water flowing 
away from the stagnation region vonld nucleate sore readily thaa the fresh supply 
of water impinging there. However, perusal of Figs. 21(a), 22(a) and 24 suggests 
that, for at least angles ap to 30', if nucleation is taken to occur at the point 
vhere the temperature begins to rise from its minimum value, the nucleation delay 
time in about the same at each angle, about 4 seconds for Test 36, 0.8 seconds 
for Test 31 and about 8.5 seconds for Test 21. The longer nucleation delay 
observed st 60' aay in fact be sore apparent than rsal and may in psrt be due to 
the lower droplet impingement rate at this eagle together with ths streaming of 
runbaek water, resulting in incomplete or intermittent wetting of the thermocouple 
junction. 

Figure 23 compares corresponding liquid only and mixed condition tests 
at -15'C Umt at higb velocity, 122 a/s. No nucleatioe delay is evident here, 
uor in Fig. 25 which compares tvo liquid only cases at -15'e and 91.5 nla vith 
liquid water contents of 0.4 g/a3 and 1.2 g/m3. 

Evident in Figs. 21, 22, 23 and 25 in the contribution of the thermal 
capacity and thermal conductivity of the cylinder and/or thermocouples to the 
heat balance during the initial transient response to the icing process. As 
proportionately mare heat is adsorbed by the cylinder relative to the resultant 
of the other heat sources stud sinks, tbe tine Coastaint of the temperature 
response increases. This is seen by comparing Fig. 21(a) with Fig. 22(a), and 
Fig. 25(a) with Fig. 25(b), where the change in both cases is cauaed by a change 
in liquid water content. Correspondingly, a chaage in velocity is seen to have 
a similar effect, c.f. Fig. 25(a) and Fig. 23(a). 

From these recordings, the maximum teuperatere achieved st each 
thermocouple location was measured for all tests. As long ae this maximum 
temperature occurred sufficiently early in the run, i.e. before a siguificaat 
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ice thickness had built up which could have insulated the thermocouple junctions, 
than this measured temperature seoeld iave approxiested closely to t:ie icing 
serfeca temperature. In actual fact tee eaximum toeperature occurred for all 
tests within 30 seconds frost the start of the test, and in nest cases sooner 
than 20 seconds. It is worthy of note that for all tests resulting in rates of 
ice accretion greater teen lel em2is, the naximum tenrerature eas recorded 
within 2 to 3 aaconds fray the start of icing, fine for instance Teat 42 (Fig. 25(b)) 
whore the maximum occurred at a little over one aecond, the temperature thereafter 
decreasing as the insulating effect of the ice became felt. 

These waximue (ice surface) temperature.) are tabulated la Tables V and 
VI for liquid only and mixed conditions respectively. Temperature errors of 
up to about ±0.3*C art appereut from these results, possibly as a result of 
galvanometer sere errors, thermocouple calibration errors, trace reading errors 
(as a result of a broad trace or noise on the trace), the insulating effect of 
ice, couduction iato the sabatrate, or a combinatiou of some or all of these. 

ihe resultsfor liqUid water only at a nominal temperature of -15*C 
and L.W.C. of 0.4 gie are presented in rig. 26, together with computed results 
using the mathenatical model of Kof. 1. The results for -15*C with L.W.C. of 
1.2 g/m3 are shown in Fig. 27, while Fig. 28 presents all liquid water only test 
results at a nominal -5*C. 

rs In these three figures, the solid lines are tee model results computed 
at the noninal temperature and liquid water content, using either the seooth or 
rough cylinder heat trensfer coefficient formulation (see Ref. 1) as izacated. 
Where broken lines are shown, these are the model results usice, the actual air 
temperature aad liquid water content for the particular tcst. 

Test 14 (Figs. 5, 6 and 26(a)) is clearly, both in appearance and shape 
and ineits surface temperature profile, entirely within tile dry ice growth (rime) 
regire. It seems reasonable to use the snooth heat transfer coefficient in this 
case (except perhaps in the feathery region beyond 60*), and in fact when actual 
parameter values are erployed in the =del, extraordinary good agreement between 
experts:entail and model-predicted teeperatures arc achieved. If this agreement 
is real and not fortuitous, it suggests that wind tunnel turbulence effects are 
not significant. 

Teats 41 (Figs. 3,5,t and 26(b)) and 41 (Fits. 7,8 and 27(a)) are by 
appearance and shape of intermediate form wherein the stagnation region is of 
marginally wet growth. and the question arises aa to whether a smooth or a rough 
heat transfer coefficient should Le employed in the model. Figs. 26(b) and 27(a) 
both suggest that the smooth cylinder coefficient slightly underestimates the 
convective aad evaporative loseee, ehile the roueh cylinder formulatioe assumed 
rather seriously overestimatea these losses. 

All other liquid only tests at -15'C are clearly in the wet growth 
(mushroom) regime, and it appears froa rigs. 27(b),(c) and (d) that as the 
wetness increases the effective heat transfer coefficient increases from soaething 
less than the rough cylinder value used to greater than that used in the nodal 
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predictioes. Ou the other hand, oa an icing growth rate basis, Fig. 13 suggests 
that ie thc wet growth regime the stagnation point heat transfer coefficient 
should be greater than that assumed in the model if better agreement with observed 
growth rates ir to be achieved. Another reason for this latter discrepancy th*t 
was put forward in Ref. 1 was the possible existence of "spongy" ice, and the 
cracks which occurred in the ice deposit at the end of several testa at tha two 
higher speeds (Figs. 6 anti 8) night perhaps be taken as evidence of this. how-
ever, it is believed that these craeke are more erobehly the result of the alight 
drag induced deflection of the cylinder beine relieved by the reduction ef air 
speed at completion of the rua. together tilth the cooling and consequent contrac-
tiou aad enbrittlenent of the ice on cessation of the icing sprays. 

Similar coeparisons between experimental temperature measurements and 
those predicted by the node' for the liquid only tests at -5°C nominal tempera-
ture are ahown in Fig. 28. A1I of these tests are in the vet :meth regime, aad 
the rough cylinder heat transfer coefficient hes been assumed in the model pre-
dictions. 

It should be remembered that all these temperature measurements were 
within 30 seconds of the start of each test (in fact, within 3 seconds for Test 
25. Fig. 26(c) and for Tests 16,42 end 45, Vie. 27) so that the ice accretions 
had not develoeed to the extents shown In Pigs. 5 through 12. The profiles 
would still be essentially cylindrical, although the nature and degree of rough-
ness would not necessarily be uniform around the cylinder. 

The temperature profiles for the various mixed condition tests are shown 
in rigs. 79, 30, 31 and 32. In Pig. 29 the results for the three tests at 
nominal conditions of -15'C and 0.4 g/m3 L.W.C. are shown; the snooth cylindrical 
profile that was assumed in the model results in over-prediction of the tempera-
tures, not because this assumption wee necessarily wrong, but because the physical 
processes assumed in the mixed icing nodel vere incorrect. When tbe model was 
run using an equivalent liquid water content (broken lines in Fig. 29) based on 
rotating cylinder meanmrcrents (Section 4.2 and Table III) good agreement, perbaps 
fortuitously, was achieved between actual and model temperatures. particularly at 
a velocity of 61 n/s (riF. 29(b)). 

Agreement in again achieved betweer.measured and model temperatures at 
61 m/s with -15'C air temperature and 1.2 Owl L.W.C. (Test 17, Fig. 30(a)) when 
an equivalent L.W.C. based on Table II/ is used. Uovever, at 122 mis (Test 47, 
Fig. 30(b)) the measured temperatures seem to agree with the taxed condition 
model-prediction, presunably coincidentally becauee of the false assumptions in 
the model. 

Figures 31 and 32 show the resulte of nixed condition teats at a nominal 
air temperature of -5°C. Most of these tests were observably in the wet growth 
regime (Figs. 9 and 11) and this is confirmed by the temperature measurements 
which with a few exceptious indicated 0.C. (within the general accuracy of the 
measurements). Of the exceptions, Test 37 is clearly dry grovth as both the 
photograph (Fig. 9) and the temperature measurements (Fig. 31(a)) indicate. Ons 
might suspect from the profile shapes that Test 20 (Fig. 10) and Test 32 (Fig. 12) 
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are both in the dry growth regime; nowevey, the photographs (Figs. 9 and 11) 
suggest and the tenparature measurements (Figs. 31(c) and 32(a)) confirm that 
wet growth actually peevailee. 

Fig. 31(c) shows that in lest 39 the froatal part of the cylinder to an 
angle of at least 1.:30. was at a temperature above (rC in conformity with the fact 
that no ice formed on the cyliuder at angles up to about ±70.C. 

5.0 coticulsIoNs.

1. The most significant coaclusion from these experiments is that the 
size of ice particles. used in mixed conditiou icing tests has a significant 
effect eu the characteristics of the resultiag ice accratiou. Small ice parti-
cles, such as produced by a "snow' noxxim, act ae efficient freezing nuclei for 
the supercooled eater dreplete that provide the liquid phase of the nixed condi-
tion, resulting iu an unknown tax of liquid welter amd ica at the wind tunnel test 
suction. it is clear that if such a condition could occur in aatura, it would 
be a highly transient event mad tee likelihood of experiencing the type of its 
accretions observed in these tests would bs negligible. One must therefore 
question the validity of usiug snow sossles for the simnlatioe of mixed phase 
clouds uuless the particle size can be made significantly larger than that of 
the supercooled water droplets, while at the same tise ensuring couplets freezing 
of the particles. 

2. The cylinder surface teeparature measurements threw considerable light 
on the nature of the icing process, end in perticular confirmed the validity of 
tbe mathematical modal developed iu Ref. 1 in the dry growth regime of ice *CCM-
tion in liquid phase clouds. 

3. In the wot growth regime, it has been seen that thc heat trausfer coeffi-
cient arouud the cyliader varies with the degree of wetness, even before sufficient 
ice has been formed to siguificantly uodify the basic cylindrical shape. Consid-
erable work appears necessary in this area. 

4. The teoperature measturements have helped to confirm the ezietence of 
the aucieation delay which had previoueiy only beeu observed in a very quelitative 
sort of way. This delay appeared to be greeter the Lower the water iapingeaant 
rate and the higher the total temperature. Such delays ere probably uot very 
significant in the final outcome of su icing encounter, and in any event it should 
be remembered that distilled vater is used ia the wind tunnel; the comparative 
nucleating characteristics of natural atmospheric water are not known. 
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TABLE I 

SUMMARY OF TEST CONDITIONS AND ICING RESULTS 
AT A NOMINAL AIR TEMPERATURE OF -15°C 

Test Air 
No. Speed 

m/s 

Actual
(1) 

L.W.C. 
Air Temp. 

°C g/m3

I.C.C. 

g/m3

Icing 
Duration 
min. 

Staga 
Growth 
Rate 
pm/s 

Ice 
Cross- 
Section 
mm2

Ice 
Accretion 

Rate 
mm2/s

Calcd (2)
Accretion 

Rate 
mm2/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(5)total collection efficiency data for droplets of 20 pm 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 II 

SUMMARY OF TEST CONDITIONS AND ICING RESULTS 
AT A NOMINAL AIR TEMPERATURE OF -5°C 

-- 

Test Air 
No. Speed 

m/s 

Actual(1) 
Air Temp. 
°C 

L.W.C. 

g/m3

I.C.C. 

g/m3

Icing 
Duration 

min. 

StagE 
Growth 
Rate 
pm/s 

Ice 
Cross- 
Sectlon 

mm 

Ice 
Accretion 
Rate 
mm2/s

Calc4-(2)
Accretion 
Rate 
mm2/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(5)total collection efficiency data for droplets of 20 pm 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 
Speed 
m/s 

Static 
Air 
Temp. 
°C 

L.W.C. 

g/m3

Ice 
Crystal 
Contqnt 

g/mj

Snow 
Nozzle 

Air Press. 
kPa(ga) 

* 
Equiv. 
L.W.c. 
g/mj

Ratio: 
Equiv. L.W.C. 

True L.W.C. 

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 
No. 

Air 
Speed 
m/s 

Air 
Temp. 
°C 

L.W.C. 

g/m3

Nucleation Delay, s 

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 
No. 

Air 
Speed 
m/s 

Air 
Temp. 
°C 

L.W.C. 

g/m3

Icing Temperature - °C 

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 VI 

MEASURED ICING TEMPERATURES AROUND CYLINDER 
FOR TESTS IN MIXED CONDITIONS 

Test 
No. 

Air 
Speed 
m/s 

Air 
Temp. 
°C 

L.W.C. 

g/m3

I.C.C. 

g/m3

Icing Temperature - °C 

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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(a) Ice Profile by Plasticene Mould Method 

(b) Ice Profile by Ice Section Method 

FIG. 3 METHODS OF RECORDING ICE PROFILE 
(Test No. 41) 
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TEMPERATURES AROUND CYLINDER AT -15°C AIR 
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Points are experimental results, lines are model 
predictions. 
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FIG. 30 EXPERIMENTAL AND MODEL-PREDICTED ICE SURFACE 

TEMPERATURES AROUND CYLINDER AT -15°C AIR 

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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FIG. 32 EXPERIMENTAL AND MODEL-PREDICTED ICE ST.TFACE 
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Points are experimental results, lines are model 
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