| hd |

NRC Publications Archive
Archives des publications du CNRC

Wind tunnel simulation of atmospheric icing conditions
Rush, C. K.; Wardlaw, R. L.

For the publisher’s version, please access the DOI link below./ Pour consulter la version de I'éditeur, utilisez le lien
DOl ci-dessous.

Publisher’s version / Version de I'éditeur:
https://doi.org/10.4224/40003417
NAE Misc; no. 8, 1955-06

NRC Publications Archive Record / Notice des Archives des publications du CNRC :
https://nrc-publications.canada.ca/eng/view/object/?id=04228ebf-26a2-4a83-a020-2b6c6486d17¢
https://publications-cnrc.canada.ca/fra/voir/objet/?id=04228ebf-26a2-4a83-a020-2b6c6486d17e

Access and use of this website and the material on it are subject to the Terms and Conditions set forth at
https://nrc-publications.canada.ca/eng/copyright
READ THESE TERMS AND CONDITIONS CAREFULLY BEFORE USING THIS WEBSITE.

L’accés a ce site Web et I'utilisation de son contenu sont assujettis aux conditions présentées dans le site
https://publications-cnrc.canada.ca/fra/droits
LISEZ CES CONDITIONS ATTENTIVEMENT AVANT D’UTILISER CE SITE WEB.

Questions? Contact the NRC Publications Archive team at
PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca. If you wish to email the authors directly, please see the
first page of the publication for their contact information.

Vous avez des questions? Nous pouvons vous aider. Pour communiquer directement avec un auteur, consultez la
premiére page de la revue dans laquelle son article a été publié afin de trouver ses coordonnées. Si vous n’arrivez
pas a les repérer, communiquez avec nous a PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca.

 Ld

National Research  Conseil national de C d
Council Canada recherches Canada ana a


https://doi.org/10.4224/40003417
https://nrc-publications.canada.ca/eng/view/object/?id=04228ebf-26a2-4a83-a020-2b6c6486d17e
https://publications-cnrc.canada.ca/fra/voir/objet/?id=04228ebf-26a2-4a83-a020-2b6c6486d17e
https://nrc-publications.canada.ca/eng/copyright
https://publications-cnrc.canada.ca/fra/droits

NATIONAL AERONAUTICAL ESTABLISHMENT

OTTAWA, CANADA

smy( RECEARCH GOUNGIL
VoL 8 195

bPL:%l&L:E i._.a.‘ ARY

WIND TUNNEL SIMULATION OF ATMOSPHERIC
ICING CONDITIONS

BY

C.K. RUSH AND R.L. WARDLAW

PRESENTED TO

ADVISORY GROUP FOR AERONAUTICAL RESEARCH AND DEVELOPMENT
NORTH ATLANTIC TREATY ORGANIZATION

FIFTH GENERAL ASSEMBLY

OTTAWA, JUNE 1955

bk - o




National Aeronautical Establishment

Canada

WIND TUNNEL SIMULATION OF ATMOSPHERIC ICING CONDITIONS

by
C.K. Rush and R.L. Wardlaw

SUMMARY

The techniques of simulating atmospheric icing
conditions in wind tunnels are reviewed and the conditlons
for ldeal simulation are outlined. Departures from the ideal
which can occur in icing wind tunnelas are discussed and the
effects of these on the interpretation of experimental results
are described. Some consideration is given to methods of
improving simulation at high subsonic speeds where the provision
of ideal simulation is complicated because of adiabatic cooling

effects.

(1)

£




TABLE OF CONTENTS

Page
Summary (1) Dropl
1.0 Intrcduction 1 vel
2.0 Production of Water Droplets 1 Flow
3.0 Spray Nozzle Installation 2 Spont
4.0 Cloud Characteristics in a Varlable Area Duct 4
5.0 Temperature and State of the Droplets 6
6,0 Scale Effects on Ice Growth 10
7.0 Measurement Techniques 12
8.0 Conclusions 15
9.0 References 14
List of Tllustrations
Figure
Typical droplet size distribution for an
alto-gstratus cloud 1
Typical droplet size distribution for a
strato-cumulus cloud 2
Volume medlan diameters in natural clouds 3
Typlcal droplet size distribution for air-
atomizing spray nozzles 4
Calibration data for N.R.C. concentric nozzle
in still air for air pressures above 15 p.s.i. B
Arrangement of University of Michigan icling tunnel 6

(11}




._\

(o2 T S A

10
ig
13

14

Figure

List of Illustrations (Cont'd)

Figure
Droplet median volume diameter vs. stream
velocity for constant water/air ratio 7
Flow in straight tapered duct 8
Spontaneous freezing temperature of supercooled
droplets 9

(111)




WIND TUNNEL SIMULATION OF ATMOSPHERIC ICING CONDITIONS

1.0 INTRODUCTION

Ieing wind tunnels are important in the development
of aircraft ice prevention equipment. Icing simulation in
these tunnels is provided by introducing water droplets of
predetermined size and number into a cooled alrstream to
produce a supercooled cloud. Ideally, a state of equilibrium
should exist in the test cloud such that: the supercooled
droplet temperature equals the ambient air temperature, the air
surrounding the droplets 1s saturated, the spatial distribution
of droplets 1is uniform;, the velocity of the droplets relative
to the air is zero and the air is non-turbulent. Ideal simu-
lation in a wind tunnel is difficult to achieve, and the de-
parture from the ideal conditicns must be understood in order
to interpret the experimental resuits and appreciate their
limitations. These difficulties may be appreciated by con-
sidering the usual icing tunnel scheme. Droplets are produced
by pneumatic spray nozzles located some distance upstream of
the tunnel working section, usually in a relatively low velo=-
city region. The air with i1ts suspended droplets then moves
along the tunnel to the contraction where a thermodynamice pro-
cess begins in which relative humidity, air temperature, droplet
velocity and air turbulence undergo rapid changes leading to
non-equilibrium conditions at the working section entrance. 1In
this report the problems are reviewed, existing and proposed
methods of study are outlined, and the effects of departures
from the ideal conditions are discussed.

2.0 PRODUCTION OF WATER DROPLETS

The required cloud properties must be based on data
gathered in flight through real clouds. This information 1is
statistical iIn nature and its wvalue 1s dependent on the accuracy
of the measuring techniques employed. The cloud properties used
in the N.R.C. tunnel studies are based on data obtained by the
icing research North Star (Ref., 1). It is shown that droplets
must be provided for a range of diameters from 5 to 100 microns.
Droplets of less than 5-micron diasmeter cannct be detected by
normal measuring techniques and in any event droplets of this
size would not have a significant effect on icing studies.
Natural clouds are not generally composed of droplets of uniform
size, and the frequency distribution of size is dependent on the




cloud type and history. Typical distributions for natural
cloud are shown In Figures 1 and 2, In order to simplify the
description of the cloud composition a volume median diameter
(V.M.D.) is used; droplets of diameter less than (or greater
than} the median diameter contain one half of the total fres
water. The range of volume median diameter encountered in
iecing clouds is shown in Figure 3 and for ninety percent of
icing encounters the range is from 11 to 34 microns.

Simulated clouds can be produced by several methods:
spinning discs, vibrating reeds, adiabatic expansion of air,
solid injection and gas~atomizing spray nozzles. The large
quantity of droplets required and the physical limitations of
the producing mechanism preclude all but spray nozzles for |
tunnel application. Spray nozzles of various types have been
examined for sultablility in producing the required sizes of
droplets (Ref. 2). In general it has been found that air-
atomizing nozzles fulfil the requirements of drop size and
distribution (Fig. 4) and this type of nozzle is in wide use. :
They produce clouds in which the V.M.D. depends primarily on |
the water and air mass flow through the nozzle, but each
nozzle design requires calibration.

Golitzine et al (Ref. 2) suggest that the V.M.D., is
a funetion of water to alr mass flow ratio., This is illustrated
in Figure 5 which shows =& typical air-atomizing nozzle together
with plotted results which indicate that, in still alr, water
to alr mass flow ratios of 0.1 are required to produce a V.M.D.
of fifteen mlierons. As a result the air flow requirement is
quite large and is therefore & major consideration in any
installation.,

5.0 SPRAY NOZZLE INSTALLATION

Generally the sprays are located in the low velocity
region upstream of the tunnel nozzle. Unfortunately the
nozzles produce an uncontrollable high lewvel of small scale
turbulence. In an attempt to eliminate this type of turbulence
a tunnel was constructed at the University of Michigan (Ref. 3):
the sprays were located at the top of a large vertical chamber
(Fig, 6) so that the turbulence could decay before the cloud
antered the tunnel bellmouth at the bottom of the chamber. It
states in Reference 3 that this eliminated turbulence due to
tre spray nozzles but no results are presented to indicate
wnether or not this arrangement was otherwlse satisfactory for
i2ing simulation.,
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In most tunnels no special provision is made to
reduce the turbtulence caused by the nczzle air biast. However,
it has been shown that in icing conditicns and even for wet
surface ccnditions, the boundary layer transition peint moves
forward and as a result the importance cf the turbulence in-
duced by the nczzles is minimized.

In the design of the spray array the number of
nozzles may be decided by the spray coveracge provided by a
single nozzle at the maximum tunnei velocity. Each spray
nozzle must be capable of passing sufficient water to satisfy
liquid water content requirsments. Some water may evaporate
in the tunnei nozzle but this quantity wiil be small compared
to the design maximum i1iquid water content and in general can
be neglected from a design standpoint. The maximum liquid
water content must be sslected tc satisfy design requirements
such as those proposed by Fraser {Ref. 4j.

Nozzle sir requirements may be based on calibration
dats such as given in Figure 5, For nozzles located where
the local stream velocity exceeds 50 m.p.h. it has been shown
{(Ref, 5) (FPig. 7) that the air requirement for a given drop
size decreases with incressing velocity. Also the area of
coverage of a single spray installed in a high veloeity region
will be affected by changing velccity so that at lower speeds
there will be some spray overlap.

It should be ncted that the air pressures used with
the air-atomizing nozzles lead to very large adiabatic tempera-
ture drops at the nozzle exit, so that starting with room
temperature air, the expanded alr temperature may easily fall
below =40°C. Undsr these conditions 1t has been observed that
solid ice particles rather than supercooled droplets may be
produced, There are two hypotheses that might account for this
phencomenon: {3} ths expansion of the air to very low ftempera-
tures produces large numbers of ice nuciel which act as sseding
agents on the supercoocled droplets, or (ii} the droplets are
cooled by convection and evaporation tc a sufficlently low
temperature for spontanecug freezing to ccsur.

In practice 1t has been found that the problems of
'freeze~out' at the nozzles can be avoided by przheating the
high pressure air so that its temperature after expansion will
be above 0. When very low total temperatures are required,
heating of the water supplied tc the spray may also be
necessary.




4,0 CLOUD CHARACTERISTICS IN A VARIABLE AREA DUCT

After emerging from the spray nozzles the droplets
are subjected to an environment which causes them to cool to
the ambient temperature at a rapid rate. Hardy (Ref. 6) deals
with the cooling of a droplet in a constant area duct and
shows that the temperature of the droplet approaches that of
the air exporentially. Spray droplets tend to reach equilib-
rium rapidly and Hardy gives the following example: droplets
of 25-micron diameter and having a temperature of +5%C. upon
entering saturated air at -10°C. will cool to =-9°C. in 0,017
second,

However in a variable area duct the changing con-
ditions of the accelerating airstream prevent the attainment
of equilibrium conditions. Of prime importance is the adia=-
batic temperature drop, and for low apesd tunnels (say 200
m.p.h.) where this is small, the effect on droplet equilibrium
may be neglected, However at higher velccities significant
changes of temperature do occur and droplet equilibrium cannot
be assumed. Figure &8 is an example of conditions existing in
a straight tapered duct with final velocity of 600 ft./sec.
It can be seen that the rate of temperature drop increases as
the working section is approached and for this type of duct
B0 percent of the temperature drop occurs in the final 2 per-
cent of the time required for a small parcel of air to pass
through the duct (for above example., 8.5°C, in 0.0015 sec.).
Therefore, despite the extremely high droplet cooling rate,
equilibrium will not be reached and it must be assumed that
the droplets are above the stream temperature. The procvigion
of a long working section cor a very low accelsration contrac-
tion could alleviate this problem. Both energy and space
requirements 1imit the practicability of this apvroach.
Fortunately considerations of the heat balance of an icing
surface {Ref. 7) indicate that the sensible hsat present in
tha incompletely cooled droplets iz small compared to the
gvaporative and convective heat losses,

An additional consequencs of adiabatic cooling is
that the saturation vapcur pressure may drop below the initial
vapour presgure, so that condensation of water vapour may
cccur or supersaturation of the alr may exist.

Tribus and Klein (Ref. 8) and Rush {Ref. 9) suggest
that, of these two vpossibllities, supersaturation predominates
and condensation is normally negligible.




If the alr is saturated in the low velocity region
£ the tunnel and if no condensation occurs, then conditions
< a high speed working section will not simulate natural
cnditions. Consider, for example, the stagnation region of
3 non-conducting body passing through a cloud at high speed.
In natural cloud there is a wet kinetic temperature in the
stagnation region which is less than the dry kinetic tempera-
zare because of the evaporative cooling; in an icing tunnel,
1L there is full supersaturation, there will be no evaporation
totentlial and the temperature will be equivalent to the dry
Zzinetic,

This deficlency in simulation will also have a
significant effect on the ice accretion shape (Ref. 10) and
ne Ludlam limit (i.e., the limit of water concentration
ceyond which some of the water impinging on an unheated body
®¥ill not freeze) {(Ref. 11). The amount of heat requlred just
o prevent ice formation (wet anti-icing) will be significantly
Zess than in natural icing conditions because of the reduced
2vaporative heat loss. If it 1s required to supply sufficient
neat to svaporate all impinging water {dry anti-icing), the
iifference between tunnel and natural conditions becomes less
significant since a high surface temperature is required;
zonsequently the vapour pressure difference 1s large compared
to that between supersaturated and saturated conditions. For
lce shedding, good similarity exists except that the ice shape
=2y bhe slightly affected for a particular meteorological con-
iltion.

The degree of supersaturation could be controlled by
regulating the dryness of the alr upstream of the spray
nozzles. The required dryness could bes easily predetermined
! no evaporation from the spray occurred. The extent of
avaporation cannot be precisely estimated so that in practice
It would be necessary to measure the vapour pressure and
tsmperature of the air surrounding the droplets at the working
sactioen, As far ag 1s known such a technigue has not bheen
zuccessfully employed, but studles are currently in progress

in this field at WN.R.C.

It is probhable that some condensation will occur on
iroplets 1n supersaturated alir, but due to the short time
Iuring which such conditlons normally exist in tunnels it can
2 expected that the effect of condensation on droplet diameter
¥ll1l be insignificant {(Ref., 8). Under some circumstances the
Ziration of supersaturated conditlons could be zufficlent to




produce significant condensation on the droplets and an in-
creagse of liquid water content. The energy release accompany-
ing condensation would result in non-adiabatic flow, thus
leading to difficulties in the calculation of airspeed and
temperature from upstream measurements. It becomes necessary
to make all measurements at the working section with the
attendant difficulties agssociated with icing.

5.0 TEMPERATURE AXND STATE OF THE DROPLETS

5.1 The rate at which a droplet cools to the stream
ambient temperature has been discussed in section 4.0, where
it was suggested that for high speed tunnels a state of
temperature equilibrium would not be established, but never-
theless the droplet temperatures would approach ambient
temperatures. The state of the droplets after they have been
cooled below the freezing point is of prime interest. It 1s
the phenomenon of supercooling which mekes icing a problem,
for if a change of state always occurred at the freezing point
the ice particles which would exist at sub-freezing temperatures
would be relatively harmless.

5.2 8pontaneoug Freezing of Droplets

Hacker anéd Dorsch (Ref. 12) and others have investi-
gated the temperatures at which supercooled droplets freeze
spontaneously. Their findings show that the spontaneous
freezing temperature is a function of drop diameter and the
resulting curve is given in Figure O,

These results ares of considerable importance when
cecngidering cloud simulation. For exampls, consider a spray
which has cooled to =30°C., has a median volume diameter of
20 mierons and has the following compositione

Droplet Size Percent by
{microns) Weight
Sed 3
11,0 8
i6.6 20
22.0 30
27.6 20
3360 10
58.4 3

44 .4 4
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Z=2Terring to the curve of Figure 9 it will be noted that 1t

T ls probable that all drops exceeding 17 microns in diameter
w.ll be frozen. These represent 69 percent of the total volume.
Zt is also noted that if 100 microns is selected as the maximum

4 iroplet size of interest in spray simulation then the lowest
temperature to which drops may be chilled without danger of
‘reeze~out is =24°C. PFurthermore, since a relatively few large
iroplets represent a large percentage of the total volume, the
zonsequence of dropping below the spontaneous freezing tsmpera-
ture of the largest droplets is immediately serious insofar as
the extent of freeze-out I1s concerned,

A

McDonald (Ref. 13) shows that the nucleation event
leadling to spontaneous freezing depends statistically on the
- droplet diameter, temperature, and time of existence at the
temperature of interest. The experimental cbservations of
Zacker and Dorsch involve relatively long existence times at
sach temperature, and because of the short period during which
Zroplets exist in a tunnel there will be a tendency for the
*nt spontaneous freezing temperature to be lower than suggested by
tures their data, particularly for larger droplet sizes.

A1
o

2.5 Transition from the Supercooled to the Freeze-out
Condltion

ti- As the temperature drops through the freeze=-out zone
it may be expected that the transition from normal to freeze-
out conditions will occur quite guickly because of the rela-
tively narrow range over which the larger size droplets will
freeze combined with the fact that the larger droplets in a
clecud contain the major portion of the velume. Thus for the
spray discussed in section 5.2 a temverature of ~26°C. would

¥ not cause any freeze-out but a drop to =30°C, would result in
69 percent of the volume being frozen out. Therefore the rate
of ice accretion in a spray which is dropping in temperature
will show a marked decrease immediately the freeze-out zone is
entersed. FPreeze-out also ocsurs in natural cloud and 1s a
factor in the low liquid water contents encountered at tempera-
tures below =-25°C,

5.4 Freeze=-ocut Due to the Presence of Ice Crvstals

When a supercocled droplet contacts ice 1t immed~
tately starts to freeze. Thus if the airstream intoc which the
iprays are discharging contalns ice ceryatals, some freeze-out
will occur. The effect is serious only when very large




gquantities of ice crystals are present because each cloud drop-
let must individually contact a particle of ice. Experience
with closed=-circuit tunnels has shown that no difficulties
arise in this way. The presence of visible snowfllakes will
have a very minor effect because only a few droplets will come
in contact with themn,

5.5 Shapes of Frozen Droplets

The shape of an ice particle formed by the freezing
of a supercocled droplet is of considerable interest because
it iInfluences the drag and hence the trajectory of the ice
particle. In Reference 12, where a study of tne spontaneous
freezing of drcplets on a metal plate was made, it was found
that the droplets remained the same shape affter freezing as
before. References 14 and 15 describe expsriments in which
freely falling droplets were studied. Here also it was found
that the droplets remain unchanged in shape except for
occasional small protuberances on the surfaces of the frozen
droplets, It may be concluded that frozen droplets are
essentially spherical in shape and will have the same tra-
jectories as unfrozen droplets after allowance for density
changes.

B.6 Conditicns in a Mixed Cloud

Since the vapour pressure over lce is less than that
over water at a glven temperature, ice particles in a cloud
which 1s saturated with respect to water will begin to grow
at the expense of the water vapour., This In turn will reduce
the vapour pressure in the cloud below that of the water drop-
lets, which will therefore evaporate. Hence, in a mixed cloud
the frozen droplets grow at the expense of the supercooled
droplets. The process cccurs in a relatively short time (say
in the order of minutes). Thus in nature it should be an
infrequent oceccurrence to encounter a2 mixed cloud.

In practice, however, when flying through a series
of cloud tops or cloud cells it may be that some centain ice
particles and some supercooled droplets. This leads to an
icing condition which must be treated in a manner similar to
that of a mixed cloud. In icing tunnsis the time interval fron
sprays to test area is extremely short and it is doubtful if
growth of the frozen droplets (if they exist) at the expense
of supercooled droplets would occur to any sxtent. Thus if the
cloud is partially frozen at the nozzles or at the entry to the
working section its ice content will remain unchanged.




5.7 Effect of Ice Particles or Mixed Clouds on Test Results

It 1s convenient here to define a f'freezing fraction?,
n, such that

_ welght of ice formed on an unheated surface
- total weight of Impinging water

Thus if n = 1 all impinging water will be frozen, whereas for
n less than one; the surface will be wetted, as is the case
when there are high water contents and/or high temperatures.

Experience at N.R.C. has shown that ice particles
will stick to a wetted surface but not to a dry surface,
except when large particles strike a2 heated dry surface.

For a body in a cloud consisting of a mixture of lce
particles and supercooled droplets, where the freezing fraction
is less than one, at least part of the surface will be wetted
and as a result all ice particles impinging on the wetted region
will stick to the surface., On the other hand if n = 1 in the
mixed cloud there will be no wetted surface and the ice par-
ticles will not bhe caught.

Because of the nature of the spontaneous freezing
phenomenon, the ice particles will generally be of larpger size
than the liquid droplets. Conslderations of impingement
patterns on a body show that smaller particles will impinge on
a narrower region about the stagnation line than will larger
particles. Therefore in a mixed cloud many of the 1ce particles
would strike the surface outside the wetted area and would not
affect the ice growth on the boedy.

The heat requirement for wet anti-icing when ice
particles must be melted is much greater than normal due to the
necesslty of supplying the latent heat of fusion. For dry anti=-
icing this requirement is less significant because the latent
heat of vaporization is large compared to the latent heat of
fusion., When de=icing the effect of mixed c¢louds 1s dependent
on the neture of the individual scheme,

Because of the difficulty of measuring the degree of
freeze=out it is best to avoid the condition in simulated tests.
If such conditions are uncontrollable or required for the test
ourposes then a determination of the degree of freeze-out must
be made to evaluate the results precperly.




- i0 =

The circulation of snow in a closed-=circult tunnel
can lead to the same difficulties as freeze-out. The snow may
originate from the sprayed droplets freezing in the diffusing
ducts of the tunnel or from frost formation on the refrigeration
coils, For the former case, after the spray droplets have
passed through the working section into the lower velocity
regions of the tunnel, snow flakes may grow by the same process
as in nature. These snowflakes tend to settle out on the floor
and accumulate in patches where local conditions are favourable
for settling. This snow may occasionally swirl up into the
airstream and be carried to the working section. The result is
a perlod of unknown characteristics, Snow originating from the
frost on the refrigeration ccils usually ocsurs after an upward
change in airstream velocity or when the coils are bombarded by
ice shed from the test models. Most of this trouble can be
avoided by a preliminary run of the ftunnel at an airspeed above
that to be used for the test. A method that eliminates snow
blowing up off the {lcor and which curtails the dblowing of frost
off the coils to some extent is the spraying of a water-glycol
mixture into the airstream just after the working section. This
mixture tends to settlie iIn the same regions as the snow and com=-
bines with 1t to form slush which does not blow away.

6,0 SCALE ErFvFBECTS ON ICE GROWTH

In general it is necessary to conduct ieing studies on
full scale models if similarity of droplet trajectories i1a to be
realized. It can be shown {Ref. 16} that there are two dimen-
sionless groups that influence the droplet trajectories as they
approach a body. These groups are:

9 L py
Scale Modulus =
a Py
2a py Uy
and Reynolds number Rey = —
a
where a = droplet radius
L = reference length
UO = free stream wvelocity
B = air viscosity

sca,
st
tum
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p. = air densit
nnel a v
-OW may Pq = droplet density
~asing
;iiratlon From these two moduli it is clear that for a half
i:; scale model; the droplet radius must be halved and the free
;iocess stream velocity doubled. This is not practicable for most
:;‘floor tunnel instellations.

ourable
r:h:a Heat and mass transfer considerations show that,
=gult 1is
f-om the Nu = f(Rer, Pr)
n upward
2rded b h
. be I where Nusselt number Nu = j{L

. a
e < above

snow h = heat transfer coefficient

2f frost
-zlycel =
o i s _ k, thermal conductivity of air

and com= L o, Uo

R =
er, ™
Sp ta
) Prandtl number Pr = "

tudles on a

is to be _

dimen- Cp = sgspecific heat of air at

z= they constant pressure

If, as in the previous example, the scale is halved
and the velocity doubled, Rer will be unchanged. Since the

Prandtl number will not be affected, then it can be concluded
that the Nusselt number will be constant. Hence the heat trans-
fer coefficlent (and by analogy the mass transfer coefficient)
will be doubled. Therefore; if similarity in trajectories could
be achleved there would still be dissimilarity in heat and mass
transfer. It is therefore lmportant that wherever possible
tests should be conducted at full scale.

In some instances a reasonable compromise can be
effected by distorting the model to keep only sections of most
interest at full scale., For example the leading edge region
of a wing model may be full scale, whereas the rest of the
model may be reduced in scale.
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7.0 MEASUREMENT TECHNIGUES

7.1 The required measurements in an 1lc¢ing tunnel are
droplet size and spectrum, liquid water content, temperaturs,
velocity, local static pressure, and vapour pressure.

7.2 Droplet Size and Spectrum

The rotating multicylinder technique has been widely
used in the past for obtaining droplet size data. However,
because of limitaticns imposed by measuring accuracy and blow-
off there may be large srrors in the obtalined results, A more
direct method such as the oiled slide technique as described
in Reference 17 is advocated. This method, which removes the
droplets from their environment, has been questioned on the
grounds that drops may bz splattered on the slide or otherwise
disturbed. A method using a direct photographic technique
which does not disturb the cloud particles 1s described in
Reference 18, With the squipment described the analysis of
the sample is much more difficult than in the case for the
oiled slide. A comparison of limited extent between the two
methods has shown good agreement.

7.5 Liquilid Water Content

igquid water content may be calculated from ice
aceretion on small diameter rotating cylinders provided the
'udlam limit' is not exceeded. ¥For high water contents
heated wire techniques (Ref. 19) may be used. It should be
noted that the heated wire is unable to distinguish between
liquid droplets and ice particles which are melted and
evaporated by the heated wire,

Another method 1s to measure the vapour pressure
of a sample of the cloud in which the water droplets have
been evaporated by heating. Xnowing the initial wvapour
pressure and the temperature of the air in the cloud the liguid
water content can then be calculated.

The water flow rate to the spray nozzles may be used
to determine the cloud water content; however under some con-
ditions an unknown amount of water freezes on the walls of the
tunnel and in addition water may be lost by evaporation or
freeze~out, It 1s therefore essential that water contant )
meagurements be made in the working section. In the case of -
large tunnels this also hag the advantage that lccal measure- :
ments can be obtained as opposed to the averags values that
are obtained when using the flow rate to the nozzles.
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7.4 Temperature

4 satisfactory measuring device for temperature In
zn ilcing cloud has not been developed. The best method 1s to
Zleagure total temperature in a low velocelty ice-free region
eand calculate the temperature at the working section on the
casis of the particular flow process in the tunnel duct.

For low working section velccities adiabatic pro-
cesses can be assumed, but for high speeds where significant
snergy exchangss with the droplets can occur this assumption
would lead to error, the limits of which can be estimated.

7.5 Veloclty and Static Pressure

The velocity at the working sectlon can be calcu-
lated from pitot-static measurements. The accuracy of this
is limited by the temperature measurements. In practice the
sormon method of using the total pressure measured at the
spray section and the static pressure at the working section
is convenient, but it should be remembered that, due to the
effects mentioned in section 7.4, significant errors may be
introduced at high speecds.

7.6 Vapour Pressure

A promising technique for measuring the vapour
pressure of the alr around the droplets, is to draw from the
airstream a droplet-free sample, and pass 1t through a dew-
roint indicating hygrometer taking the necessary precautions
to avoid condensation. Practical d4ifficulties exist in
ebtaining an uncontaminated sample,

8.0 CONCLUSIONS

The simulation of natural icing in wind tunnels may
be accomplished with considerable success especlally for lower
air apeeds where adlabatic cooling is unimportant (less than
200 m.p.hi). At higher speeds departures from ideal simulation
are introduced and their importance in particular studies nmust
bhe appreciated to avoid mislezding results., -

Possible methods of improving icing simulation at
higher speeds are apparent and these should be lnvestlgated in
small scale tunnels. A good deal of effort in this direction

is warranted because of the saving in time and expense realized




by the use of a controllable ground icing facility, as com-
pared to flight tests in natural icing.
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