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Ice Accretion with Varying Surf'_ Tension

Alan J. Bilmlin

Continmun I)_aamic_ Inc.

David N.
NASA Lewis Research C_tcr

Cleveland, OH

Abstract

During an icing encounter of aa sircralt in flight, super-cooled
waterdroplas impinging on an airfoil may splash before freezing.
This paper rtpcm tests performed to determine if this cffect is
sigaificam and uses the rtsults to develop an improvod scaling

method for use in icing test facilities. Simple laboratory tests
showed that drops splash ou impact at the Rqa_lds and Wcb_
numbers typical of icing encounters. Further confimmfion of
dropletsplash_macficmicingternspcrfc_acdintl_NASA Lewis

Icing Research Tunnel 0RT) with a smfactant added to the spray
wmr to reduoethe surfsoe tmsion. The rmul_g ice shapes were

significantly different from those formed when no smfactant was
_kkd to _c wstcr. These results suggesUxl that the droplet Weber
number must be kept constant to properly scale icing test
conditions. Finally, the paper presents a Webez-number-basod
scaliag mc_l aad rqxa_ results from scaling tests in the IRT ia
which model size was reduced up to a factor of 3. Scale and
refaenoe ice shapes are shown which confirm the effectiveness of
this new scaling method.
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Air_ U-msfcrterm in energy equation, K
LaUmi beat of freezing, cal/gm
I.ment beat of vaporizatice,cal/gm

Density, dyne/cm3

V'_cosity, gin/era s
Surface tension of water against air, dyne/era

Icin8 time, rain
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Reference size and conditions
Surface
Scalc size md conditicm
Total
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Water
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U
V
We

Accmnulafion parameter, c_aensionless
Relative heat factor, dimensionless

Characteristicmodel length, cm
Specific heat, cal/gm K
Convective film heat-transf_ coe_cient,
oal/sec m2K

Thermal _tivity, cai/sec m K

Liquid-water content, g/m3
Mach number, dimensionless

Freezing fraction, dimensionless
Husselt number, dimensionless
Ambient static pressure, nt/m2
vapor pressure of water, nt/m2
Gas constant for air, 287.0 nt m/kg K

Reynolds number, dimensionless
Ambient static temperature, °C
Ambient static tanperature, K

Droplet velocity, m/s
Airspcat,m/s
Weber number, dime_onlcss

8

A
Droplet median volume diameter, gm
Film thicknessorice thickness, m

Droplet-energy transferterm in energy equation, K

Introduction

Wnxi tmmd icing tests of subscale aerodynamic ccaqxnm_ts have
been _ for decades Yet, scaling laws which relate tunnel

data to predict what would be anticipated during operation of the

compomm in the atmosphere have yet to be _t .u.lx___ This is
evident from reviews of scaling laws by Bilanm m 1988 and
Anderson2in 1994. There exist about halfa dozen methodologies

which bare competed over the years for international accepmace,
but in spite of years of validation testing, to date no mctlg_logy
has shown a clear advantage. One reason is that un61 quite
r_ently, tbe ability of a wind tum_ test mgin_ to set iciag t_
c_mdifionssuch as droplet size and liquid-water oontcnt,hasbeen
hk_=_d_th nxsmanenmtionaadcalibrationshort_ The

second, and probably more impcoant, reason isthat almost
without exception previous scaling methodologies have ignored
waterdropletimpactandfilmdynamicsin thescalinganab/sis.
This observation was brought to the attention of the icing
community in 1988 I. This paper reports oathe first attempt to
provideexpefia  evidoncethat dropletimpactandwaterfdm
dynamicscannotbeneglectedinthederivationof scaling hws,
especiallyundericingconditionswherelowfreezingfractionsam
amicipate_The resultspresentedhe_ aresignificantnotjustfor

scaling but they also sugg_ that ice accretion codes need to
implement droplet impact and liquid-film dynamic models to



improvethe accuracy of predictic_s. Discrepancies between
predicted and ram.tared ice shapes are often blamed on
inaccuracies in modeling the convective heat transfer coefl]cienL
We suspect that some of this discrepancy could be explained by
considaing droplet-surfaceinter_om.

Evidence that all is not well with past scaling methodologies was
presented in refenmce 1 whe_ it was argued that if both the

accumulatkm fac_, A¢, end the freezing fi'ectioo, n, were
_m_ly _ at_.,h _at alo_ m aerodym_ccompoee_
the prediction of ice _m_i_ and a compsrisco betwem this
predictio_ and test data must agree favorably. It was tben shown
us_ test data along with the scaling methodology in the $IMICE
scans code3 that seriouslymisund=r_ disc_sncies
TheSIMICEcode=_es thefreezingfra_oa a_ding _ _e
__y_'. r_el _om_ 1 _d _ow_
themeasured and_ ice thickness at the stagnation point for

two te_having_ freezingfractions, nr, of.15 end .5. The
stas_on-point ice e_ is exa_ propor_on_ toA_, and
thepredictions in figure 1 w_e based on this. The actual measured

freezing fractions, nw were .35 and .6, respectively. Ice
thicknesses for the lower freezing fre_ion were greater than
predi_ed by a factor of 2.3. Thus, either the freezing fraction
computation or the estimate of accumul_on parameter were in
error.

The suspidon that something may not be correct with the
mettxxtologyfor computation of the collection fact_ is motivated
by the obmvatim of _ impacting a shallow puddle. The
_ ofthis collision is shown in figure 2. Here, for the sake
of argungnt mdto good approximation during the interaction of
thedropletwith thefilm, we will neglect the shear forces of the air
ou the droplet. The_the dropletfilm dyn_cs arecontrolledby
ouly three nondimen_onal parameters:

A/8 filmthickness/dropletdiameter

Pw U 8/_ Reynolds number

Pw U_ _lcrw'a Webernumber

Also, we know from observations that rain drops splash upon
impacting a water layer. In Table I, we have computed and
tabulated the typical order of magnitude values of these
no_limemio_l _ for both rain end icing conditiom.
Quite surprising is the result that in 8eaefal the values of the
Reynolds snd Weber numbe_ for rain are typical of the values
dta_ ic_ngr Hen_, one can studythe impa_ of l-ram raindrops
moving at 10 m/s imping a l-ram film instead of studying the

/mpsct of a 20-_m_drople_ impacting a film at 500 kt_

Thispaperpresentstheresultsofsimpleexperimentsto_afirm

the_ ofd_pletsplaslfingrareendWe representativeof

icingencounters.I_ngtestsintheNASA LewisIcing
Tmmel are_ in which the surface tension of the spraywas
altered by the additionof a sm'factant. Finally, a practical scaling
method is described and tested in which the droplet We is
maintained the same between scale and reference condifons.

Droplet Spluhing Tests

The above discmssion meatiooed the use of slow-moving large

waterdropletsimpac_ awaU=f_ to determineiffilm dymmics
end splashingcan be neglected in the development of scaling laws
end in comput_ models of the ice accretio_ In this sectice, we
report on simple tests which have bern conducted to examine
droplet impact dynamics relevant to icing

Figure 3 is a sketch of the drople-imp_ rig used during testing
A burette is mount_ at _ h (h < 5 m) _bow a sm_ dish

siting on amilligremscale. By slowly allowingthewat_ to drop
fromtbe bereee end mun_g the numberof dropsprodeu_ p_
miililit_, one cen easily _te a typical droplet diemet_. From
_oes w_ inv_ _xay d_pe_oe _- ak_r_ vmex wa_e_
f_ wi= dropletsrekased fromrest into still air, the velocity of the
droplet as a function of release height, h, is know_ In tbe tests
reported here, the droplet diameter was 4.7 mm end the impact
veloc_ froma release height of 1 _d4.7 mwas4.2 andS.1 m/s,
resp_vely.

Theresults ere plottedon figure4 where drops impac_a film which
is 1/3,2/3,3/4 md 4/3 oftbeimpacfingdrop diameter. Plotted on
_heverticalaxis is thepcrcm_tof mass gained at_:rthe impact. For
example, ff the incoming drop's mass is completely added to the
film, the percent mass gain wonld be 100%. Eve_ atthe low¢_
m_pact velocities of 4.2 m/s, on the order of 25% of the in, rain8
mass is splashed away. At the highest _ velocities, a more
surprising result is obtained in that it is possible to lose mare c_
1/quidf_m the film. A mass loss of 100% implies that foreve_
incoming droplet, two droplets are splashed away. Note that the
results are strc_81y dependent on the film-thickness-to-drop-
diameter ratio, end film thicknesses which ere less than the
diamet_ofthe_ dropseemtoexperiencethemostmass

ejec6mfromtbefilm.Notethatew,h testoonditionwasrepeated

aminimumof threetime_andtberepeatabilityappean to be quite

Figure 4 gives the Weber and Reynolds nmnbers for the tests
conducted, lb:se can be competed to Table I where it cm be sem_
that these values are in fact typical of those enfcipated during
icing. The aboveresults_ se_nOy mggest t_ drop_e_
splashinganddropletimpactdynamicswith a liquidfilmmaybe
important in the development of scaling laws and also must be
modeled ff ice accretio_ computer codes sre to make physically
realisticpredictionsof ice accretion.

Icing Tunnel Experiments

If dropletsplashinghas an effect on the ice-accreti_m process, then
varying the surface tens/on of the spray water will chanse the ice
shape. Two tests were performed in the NASA Lewis Icing
ResearchTtmnel (IRT) to evaluate the effec_ of surface te_n on
iceshape.For the first test, Liqui-Nox,a _mm_er_d cleaning
solutim, was added to the spray-bar wate_ supply so that tbe e_tire
IRTsprayhadreducedstuface tension. For the second test, Kodak
Photo-Ho 600 was added to the spray of a single nozzle directed
at thecet_ of thetest _ while the IRT spraybarsmaintained
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theirnormal spray of demineralized water.

The results of these tests led to the development of a scaling
method based on the requiremo_ that the Weber number, We, be
matched between scale and reference tests. Additional tests were

performed in the IRT to evaluate this method. The surfactant-
addiU'onrests, theoonstsm- We scaling methocl and the scaling tests
and results win be described in this sectio_

NASA Lewis Icin_ Research Tunnel. The IRT is shown in figure
5. Ithasbem desm_l in refevmce 6. The IRT has a test section

width¢_ 2.74m(9fl) and aheightof 1.83 m(6tk) It is capable
ofoperafionaltest-section airspeeds up to 160m/s (350mph) A
refiigm'afion system pe_nits accurate conU'ol of the test-section
temperature from 230 to 278 K (-40 to 40°F .) A water-spray
system7 with 8 spray bars provides the ability to control
test-s_tion liquid-water content from .2 to 3 g/m3 and droplet
median volume diamet¢_ from 15 to 40 ttm

Two sets of spray nozzles, known as the rood-1 and standard
nozzles, are used in the IRT to provide different ranges of
liquid-water content and droplet size7. For these tests, only the
mod-I nozzles were usecL

For tests using a single nozzle to add suffactaat, a mod-l nozzle
was mouated ou the spray-bar supp_ and aimed so that its spray
str_ tl_ modd at the _at_li_ ofthctcst s_ti_ This nozzle

was suppliedwith airfromthe spray-bar manifold while it received
wa_ froma trek independmtof the spray-bar supply. The single-
no_e waterpressurewas controlledto the same value as the water
pressure for the spray bars. When the single nozzle was used,
surfactant was added to its water supply while the main spray

system used demimndized waterwith no additive. It was found by
ice shapecomparisonswhen demineralizedwaU:rwith no

surfactant was sprayed titan the single nozzle, that of the total
waterreachingthecenterofthemodel,about10%came from the
singlenazzle and the rest lh_a the main spray bars. Consequently,
for all the single-nozzle tests the spray-barpressures were set for
a liquid-water content of 90% the desired value.

The tests of the constant-We scaling method were performed
without surfactant

Test Hardware. Ice accretion was measured on hollow circular

aluminumoylindcrs. Each cylinder was mounted vertically in the
center of the test section. Cylinders with 15.2-, 7.6-, 5.1- and
2.5-cm (6-, 3-, 2- and 1-in) diameters wo-e used. Figure 6 shows
how each cylinder was positioned in the IRT test sectio_ A
xeUaaableshield was positioned in front of the cylinder to protect

it from spray during the spray-bar start-up period when the water
and airpressures were stabili_ng. The shield could be retracted
rapidly into the tunnel ceiling by remote operation of a hydraulic
aotnator.

Test Procedure. Testswereperformedbyfirstestablishingthe

desired velocity and temperature. Water spray conditions were
thenselec_xi,andwhentunnelconditionshadstabilized,thewater

spray was initiated. The shroud protecting the test cylinder from
the spray was lifted when the sprayconditions had stab_ and

thegraytimerwm stmzdatthistime.When theprescribedspray

period was completed, the spray was shut off and the tunnel
broagla to idle to pcmit pcrsot_ retry imo the test seotioa. The
ice shapewas recorded by first mdting a thin slice through the ice
normalto the qdindu exis. The shapewas traced e.to a cardboard

template; these shapes wm'e later digitized and recorded on a
computer disk After the ice shspe was reoxded, the modal was
cleaned andtheprocedurerepeatedforthenextspraycondition.

Results: Su_ace-Tenaion F.x_riments

SurfaceTensi_ Measurements The surfacetensionof the
demineralizedIRT water,two dilu6om of watcr:Liqui-Nox

mixtures,two dflufio_ of water:Plm_Flo200 mixturesanda
water:Photo-Flo600 mixturewas measured.Photo-Flo600 isa

more _form ofPhoto-Flo200 sothata600:1mix of

water to Photo-Ho 600 is _luivalezR to a 200:1 mix of water to
Photo-Flo200. _ wen: made oa thr_ occasiom using

m g_3eralmwhich employedthe ring-detachnmat method, and the
results are given in Table I. The published values of surface
ten,on f_ water at 20°C is 73 dyne/c_ When the_ are

impurities preseat, however, the surface temic_ will be less
this. Itis not surlxising, then, that the surface tension of water was
found to be lower than the published value. The addifioa of
surfactant in the form of Liqui-Nox or either of the Photo-Flo
conc,eatratiom reduced the surface tensioe of the IRT water to
abouthalf its untreatedvalue. Fmthe=more, increasing the dilution
of the water:surfaotant mixture had virtually no effect on the
surface temio_

Eff____of Reduoed Surface Tension on Ice Shape Initial tests with

_t additioaweremade withLiqui-Noxaddedtotheentire

spraybarwatersupply.At theconolusionofthesetests,itwas
necessaryto flushtheestirespraybar systemthoroughlyto

removemy tracesofthesurfactantforsubsequenticingtestswith
demineralizzdwater.To avoidtheinconvenienceofthispurging

procedure, a single spray nozzle with its own water supply was
mounted on the sgray-bar array in a such a position that its spray
would strike the model at the center of the test scetioe. Thus, the

singlenazzk couldbe operatedwith stafactant-treated water while
the full spray-bar system operated with untreated demineral/zed
wmr. Beomseke shapeswereonlymeamred attl_cemu ofthe

model for this study, this arrangcm_ would be effootive if it

producedthesineke slmpesasresultedfi'omaddingsurfactmtto

the f_l spray-barsystem.

To test the singlo-naz_ system, KodakPhoto-Flo 600 in a mixture
of 600:1 water:Photo-Flo was used in the single-nozzle water

supply. A (xm_parisonof centedine ice shapes using the single-
mzzle and full-spray-bar smfactant add/tim methods is shown in

f ae 7. Thesotidlinerepreseatstheshapere  ng fr n adding
Liqui-Nox to the spray-bar water supply. The dotted line indicates
the ice shape accreted whea the single nozzle operated with the
wat_:Photo-Flo mixture. The shapes oftl_ ice formed by dtho"
method of delivering surfactant agree within the normal
rel_atability of the tunnel. This result verifies that the simpler
single-nozzle method of surfactant addition 8ives results at the
centerline which are equivalent to the less-desirable method of



adding suwfactantto the full spray-bar system.

Asnoted above, the singk ncgzle c_ntn_outed only abont 10%of
the total water _ the model ccmtedine. Thus, most of the

inmming drops would not have tbe reduzed surface temion when

the =agle mzzle was reed to add surfactant Appmmtly, the_ the
impacting droplet surface tension was of less _ to the

phys/cs of the process than the surface tens/on of the unfrozen
wa_ontbestaface _lhemodel. Because dilmic_ has little effect

on smCa_ tension, once the treated droplets mixed with water on
the surface, the =uface temion of the surface mixture would be

expected to be about the same for eith_ method of adding

To test the effect of surfaotant on ice shape, cond/ticm were rum

wh_hhadprevio=tybernusedwith_ deninentized
water. The results are shown in flgure 8. Tbe solid line gives tbe

drape= tbe=m=']ine Imxhmedwith deminera]izedwater,endtbe
dotted line represents tbe shape when surfa_ was added to the
spray. In figure _a) results are given f= tests in which 1 pertof

Liqui-Nox clean_ was added to 400 per_ (by vohune) of
water. The edditi_ of surfa_tant totally changed the

shape of tbe lxns and reduced the horn angle.

Results for the single-nozzle surfat_mt-addition tests ere given in

figureS(b).Again, s=fa:tmt addition had a dramatic effect on tbe
shspcofe=kc A_egh ck_ptetspl=_nsh=b== shownine=
beach-topexperimentsdesaibedprevionstyin thispapertobe
s/gnificant, an additional effect of the surfactant on ice shape may

also result from a reduction in droplet size. When the surface

tension is halved, the droplet s/ze cam be exlzx:ted to decrease by
about 25% 9. For the single-nozzle tests only about 10% of the

droplets have reduced mrface te_ion, howev_, so the median
volume dim=_ cfthc total spray should be close to that for water

without s='factanL The freezing _ of the
water:Photo-Flo mixture was tested and found to be the same as

water. Althoush the mixture latent heat was not measured for this

study, it shonld be the same as water because of the exUtanely

small emonnt of surfac_mt used. Thus, the primary reasm for the

diff_ in ice shape with and without suffactant is apparently
the change in the surface tensi_ of unfrozen water on the surface
of the model. This observation reinforces the etmelusion of the

droplet-splashing tests that droplet-surfaceintengtion plays a

sign/tic,antroleintheice-accretionprocess.

Implications for Sealing

The strong effect of droplet-surface interaction demonstrated by

both the sp_ tests and the ic/ng-Umnel tests suggests that the
Weber numbea" needs to be camsidered in developing sc,alin 8

methods. Rigorous scaring would requ/re that the Reynolds and
Weber numbers be matched between scale and reference

conditions ]. To do this it is necessary that, approximately,

vs = v_ o)
¢$

and

ca
%= %-- (2)

Thas, for a half-=ze model, for example, both the einpmi ead the

s=faoe tmsion oftbe spray need to be ronshly donbled over their

desired refetmoe values. While it is relatively easy to red=ce

staface temim by adding stafactant to tbe spray watt, iacreming

the surface tmsion of the sprey to satisfy equation (2) does not
appeerto be pr=ti_. Furthmnore,the=_,eeds req_edby
equation (1) for smetl-sude models will 8rectally l_duce
unacceptably hish Mach nmnbe_ It seems, then, that this
approach to scsl_ is likely to be unusable f_ most seal/rig
s/a_,_on_ _, a pr=t/cai sca_ng m¢_xi can be _
by relaxing the need to match Re between scale end reference

situations. This is a reasonable simplification, for the Re should

have liUle effect on the flowlield, provided the flow becomes

turbuleat over =mac part of tbe body. W'ah 81aze ioe shapes, the

point of seperation ead traasition are determined by the Joe shape

ratber thin by tbe Re. _, a suding method was
developed which is based on maintaining the same We for beth
scale and reference _mffttions and isnodng the Re. Tl_ method

is discussed in the following seetion_

Constant-Weber-Nmnber _ The method isontlinedhere.

Results from weliminary tests to verify tbe method in the IRT are
described in the next section.

unto=oe_pebm_heds=_ngmee_s2,tins=ee_odp=_tso_y
the choice of scale model size, c_. The refcrcnoe model size, cR
md an reference conditions are, of com_, known. The following

four equations are first solved simulUmeonsly to 8ive the scale

airspeed, Vs, scalestafictemperat_, Ts, scadestaficprcssta'¢,

p_ end sudedropsize, _:

O)

TS = :T_ +
2 e2o,._f 2 ¢j.,w,a_

(4)

pg --
P_t,s

rs (5)

2R,T s

(6)



Equation O) results from matching the scale and reference We,

andeq. on(4)isobtm dbym hingd oi,l 
tmns(seeequation(9),below)intheMessingerenergybalance

atthemodelsurface.Thereisno fumlameamlnecessitythatthe

dropletmergytermsbematched;however,enequationisneeded

tosolvefor the statictemi_ature,andequation(4)isconvenient.
Equation(5)simplyrelatesthestaticpressureinthetunneltothe
known ambientpressure(tunneltotalpressure)andequation(6)

resultsfrommatchingthedroplettrajectories.

Thefreezingfrection,n, was defined by Messinger4 as the fraction
of impinging water which freezes inthe impingement zone. The
scale LWC is found by equating the scale and reference freezing
fraction. From the Messinger energy equation, the freezing
fraction is

f " /n=_e- ¢+e (7)
AS _ LWC VI3Oc,.-

Thus,

LWC# =

ORh_vsP°% " LWC VRPo%"

InequationsU) and (8), ¢ is the dropletenergytransferterm,

V 2

(9)
2 ep.w,

Itwas notedaboveinreferencetoequation(4)that_ and_ are

equated in this scaling method. Furthermore, the collection

efficiency, flo, must be the same for scale and refevmce tests.
Thus, equation (8) s_mptifies to

es _ vR
LWC s = LWCR (10)

vs

From the Messingerequation,Ois the airenergytransferterm:

1:2 gmK A Pw,_l- P l,
0 = T_- T- r--+ £93 -- (11)

2e_ joule " p

wherer is the reoav_ factor, taken as .875 in this analysis, pw,_ f

is the vapo¢pressure of water at the surface of the model (i.e., at

7at_ m dpwis tbevapor pressure of water in the atmosphere (i.e.,
• The vapor pressures for this study were from Pruppacher

andrOeO.

The scale and reference convective heat transfer coe_dents, hc_s

and he,s, in equation (10) were evaluated using the following
empirical expression from Gelder and Lewisl°:

_( v¢ p,) .era
02)

Thcfiml scale _ needed is the spmytime, r. It wmfound
by matchingthescaleandreferenceaccumulationpmmneters:

L_ sVsxs Lm_ _V_xs

Pies Pic_
(13)

Table m ax,ws remits _catmdations applying this scaling method
to frverefereme conditions. Inrefca'tace 2 anumberofpublished

scalingmethodswereslzzvntoworksax:cessfifllywithrimeJoebut
not for glaze. Forlhis reason, reference conditions were chosen to
test this new method with the more-diflionlt-to-scale glaze ice.

Verification of _t-Weber-Number Scaling Method. The

proposed scaringmetixxi wm applied in a series of tests in the IRT
using the ice-accretion test techniques dis(rased eadier. Scale
sizes of 1/2 aad 1/3 the refe:ence cytinder diameters were used.

Due toa tmmducer c_ibration m'cf, both re_m_ and scale

droplet_ _ md liquid-w_r o0tsmt, L_, were found after the
completionofthe test to differ from those pleaned. Table HI gives
thereferm_oomlitiom(firstlineofeachtestc4tse)whichresulted

whea the test conditions were om-reaed to give the true droplet
size ,,,_ LWC for thefive test cases. The scale conditions listed in

Table Ul then were obtained by applying the constant-We scaling
method to these _ reference conditions. The actual scale

zonditions tested are givea in Table IV. Comparing the scale
conditiom in Table IV with those in Table HI, one can see that the

scale airspeeds testedwere as much as 8% lower and scale droplet
sizes we_ up to 18% lower titan_e values requked by this scaling
method. Other scale test conditions were close to those requirecL
The scale Weber nmnbers tested were lower than the reference

values fc¢ these tests by as much as 28%.

Figure 9 shows the ice shapes for the conditions of case A in Table
IV. The solid line represonts the ice shape which resulted from
testing at the refereace zonditions. The dashed line is the scale
result. Thescale ice shapecoordinates have bee_ multiplied by the
inverse of the scale factor so that the shapes can be compared

directly. The scaletestfor case A was performed on a 7.6-cm
cylindermd resul_ in horn-glaze ice very similar in overall shape
and quantity of ice to the reference conditions tested on a 15.2-cm



cylinder. Figures 10m_! 11 are also for rofercace trots with 15.2-

an cylimkrs but with txmditiom giviag diffeamt forms of glaze ice.
In esch case the scale t_it, using a 7.6-ran cylinder, gave shapes
very close to the _ shapes.

Figures 12 m_d 13 present results for testing with a 7.6.ran
reference cylinder end 5.1-cm and 2.5-cm scale cylinders. The
results for the 5.1-¢m cylinders m'e shown in dashed lines smi the
ice shapes for the 2.5-¢m cylinders are represeated with dotted
lines. Figure 12 shows results for horn glaze ice, md figure 13 is
for gi_¢ ice at a warmer tempersa_. In each case, the two scale
tests faithfully reproduced the rofa_ce ice shape.

Agreement between scale and re:ference ice shapes was
K_fic, mfly better u.qmgthe ctmstant-We seaFmgmethod than has
bean dcmoastrated in past studies using other scaliag mctht_ in
the IRT2.

Concluding Reauu_

Thisstudylu_ &:mtmstrm_dthe _ of droplet splash to the
ice-_ou process. Simple tests perRmned with Re md We of
masnitudmtypicaldthose in icin8 e_c_nters showed that droplet
splash can have a s/gnificsnt effect oa suffsce dynamics. Tests
were alao peffccmed in the NASA Lewis Icing Research Tunnel
which demonstrated that altering the su_ce tensica of the spray
canhave a drmmt/c effecton the ice shape. These observsficm led
tothe _ of a new scaling method in wtfich the scale and
reference We are the same.

This metixxi was tested in the IRT using cylinders. Because of a
transducer calibration error, the scale We was as much as 28%
lower than the reference value. Nevertheless, scale ice shapes
closely matched the reference shape when cylinder s_.es were
scaled by as much as a fsctor of three. These preliminaryresults
suggest that it may be possible to scale adequately evm when We
is not held exactly ctmstant Additioaal tests am _ to vcti_
tlfs scsling nmhod with a wider tense of coadificm, with different
geometries and with greater size ratios.

pred_oa mtxicls cmzgatly include no ¢xms_dcratioa
of _oplet spl_ _ aady _ that=_=idmaioa of
drop__ _ m-eimportanttoiceaccretionendneed

tobe tx,miderednotjustinscalingmethodsbutinmslytical

models_icesccmkm m well.TheReynoldssndWeber mmabers

needto be investigatedcerefid_ to morefidb' mgiersta_ their role
in the ice-accretion process.
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Table L Order-of-Masnitude F_,stima_ ofNtmdimenskmal

Parameters Coaa-olliag the Dymma_ of Impact of a Droplet
With a Film

Rain Icing

A/8 Oto® OtolO

PojU2 _/O'w/a 103 103 to l O4

pmU_/_w 103 103



Tablc II. Surface Tcmion of Spray Mixtures

Mixture (Conceatr_c_s are by Volume)

Tap Water (20°C)

9-2-93

IRT Deminendized Water 48.6

400:1 IRT Demimmdized Water : Liqui-Nox 28.7

560:1" IRT _ Water : Liqui-Nox 30.2

200:1 IRT Demineralized Water : Photo-Flo 200

400:1 IRT _ Watea- : Phot_Flo 200

600:11RT _ Water : Photo-Fio 600

28.4

28.3

"E,_imated Dilmioa

a, dyne/cm

12-13-93 12-8-94

63.1 59.2

65.1 59.8

29.8 **

28.6 **

** 29.6

"Not Measmed

Case Mode

Ref.
A

Scale

Ref.
B

Scale

Ref.
C

Scale

Ref.

D Scale 1

Scale 2

Ref.

E Scale 1

Scale 2

Case Mode

Ref.
A

Scale

Ref.
B

Scale

Re£
C

Scale

Ref.

D Scale 1

Scale 2

Ref.

E Scale 1

Scale 2

Diam,

15.2

7.6

15.2

7.6

15.2

7.6

7.6

5.1

2.5

7.6

5.1

2.5

Di_m.,

gin

15.2

7.6

15.2

7.6

15.2

7.6

7.6

5.1

2.5

7.6

5.1

2.5

Table In. Examples of Scaling With _ We

K

263.7

263.3

266.5

266.1

260.9

260.2

263.7

263.5

263.0

266.5

266.3

265.8

Tt_,

K

265.9

267.2

268.7

270.0

264.9

267.1

265.9

266.6

268.2

268.7

269.4

271.1

V, 8, LWC, t, M Re x 10 .5 Wesx 10 .3
m/s jan g/m 3 rain

67.0 40.8 1.10 42.9 .206 7.73 2.36

87.6 23.9 1.30 14.0 .269 4.97 2.36

67.2 40.8 1.11 42.8 .205 7.62 2.39

88.0 23.9 1.26 14.4 .269 4.90 2.39

89.5 40.7 .884 40.3 .276 10.28 4.18

117.4 23.7 .993 13.7 .363 6.54 4.18

66.7 61.0 .897 26.6 .205 3.85 3.50

78.1 44.6 .988 13.8 .240 2.98 3.50

102.3 26.0 1.12 4.6 .315 1.90 3.50

67.4 58.0 .887 26.7 .206 3.82 3.41

78.8 42.4 .963 14.0 .241 2.95 3.41

103.3 24.7 1.05 4.9 .316 1.89 3.41

Table IV.

K

263.7

263.7

266.5

266.3

260.9

260.4

263.7

263.4

262.9

266.5

266.2

265.8

Trot,

K

265.9

267.2

268.7

269.8

264.9

266.6

265.9

266.3

267.5

268.7

269.1

270.3

Scaling Test Conditions

V, 8, LWC, t, M
m/s tun g/m 3 min

67.0 40.8 1.10 42.9 .206

83.9 20.7 1.24 15.4 .258

67.2 40.8 1.11 42.8 .205

83.9 20.8 1.21 15.7 .256

89.5 40.7 .884 40.3 .276

111.8 20.7 .964 14.8 .346

66.7 61.0 .897 26.6 .205

76.7 38.5 .960 14.4 .236

95.6 21.3 1.08 5.1 .294

67.4 58.0 .887 26.7 .206

76.2 46.4 .967 14.4 .233

95.3 21.5 1.05 5.3 .292

Rex 10. 5 We,_x 10 -3

7.73 2.36

4.76 1.88

7.62 2.39

4.68 1.89

10.28 4.18

6.27 3.32

3.85 3.50

2.93 2.92

1.79 2.51

3.82 3.41

2.86 3.49

1.76 2.52
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Figure 1. Stagnati_Point IceAccreticalc_a2.5-cm-diameter

Cir_ularCy_der. DropletVdocity,60m/z (Ref. l)
Fipre & _ Setupfor Studyof Droplet-Film-Impact
Dyna_

WamFam

00 ___

-100 - _" ---- 4.2 1138 9800

0 -- 8.1 4234 19000

-150 I I I
0.0 0.5 1.0 1.5

WaterFilm Thickness / Drop Diameter

Figure2. RaindroptmpactingaShaUowPuddle.4-8, uis
much less tlum l_e acoustic speed in water.

Figure 4. Mass Gain By Water FilmDue to Droplet lmpa_
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Figure5. NASA Lewis Icing Research Tunnel (IRT).

Figure 6. Test Cylinder and Shield M<xmted in IRT.
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"....o...
.......

. ...-.."

Fixate 7. Icc Slmpc at Modcl _ far Rcduccd-Surfacc-
Tension Spray. Cylinclardimnet_, 5 cm; Static T_,
266 K; Airspcai, 47 m/s; Mcdien Volumc Droplet Dimnctcr,
40_un; Liquid-Water _ 1.17 g/m3; Spray Time, 16 mi_

400:1 Wsscr'.Liqui-Nox Mixture in Spray Bar System
............... 600:1 Wat_r:.Photo-Flo600 From Single Nozzle

(b) Static Tcmperauuc, 268 K; Airspeed, 47m/s; Malian

Volume Dropl_ Diame_, 4O _ Liquid-Water Coateat, .86
g/m3; Spray Time, 18.7rain.
_.___ _ Water Spray
............... 600:1 Watt. Fnoto-Fio 600From Single Nozzle

Figure g. (concludai)

:..... ,, :"°_.._:

(a) Static Tanpcrat_, 261 K; Airspeed, 94 m/s; Mcdim

Volume Droplet Dimnetcr, 30 _ Liquid-Wat_ Contc_ 1.17
g/m3; Spray Time, 16 rain.

Danism'ellzai Water Spray
............... 400:1 Warn=Liqui-Nox
l_jare & Effca of Surfactent _ Ice Shepc zt Modal
Ccn_line. Cylinder dimnetcr, 5 c_

10

Fll_re 9. Scaling with Constant Weber Numbs. Case A,
Tablc IV.

Rcfacncc
........ . ...... Sc_i_



Figure 10. Scaling with _ Weber Numb_. CaseBin
Table IV.

._._._ Refea'enc¢

............. .. Scale

Figure 12. Scaling with Cetmtant Weber Numbe_. CaseDin
Table IV.

___.-- Refesence
Scale 1

............... Scale 2

F'_gure II. Scaling with Conmant Weber Numb(%: CaseC in
Table IV.

Reference

............... Scale

Figure 13. Scaling with Constant Weber Numbe_. Case E in
Table IV.

__ Refetet_
_ _ Scale 1

............... Scale 2
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