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Climatic Chamber Tests of a Surface Ice
Accretion Measurement System

1. INTRODU CI JON

In this report, ice accretion, or icing , refers to ice accumulating on stationary

object s located near the earth s surface. It is one of the few meteorological condi-
tions not quantitatively observed on a routine basis by any national weather service

Because icing can totally disrupt transportation, cause power and communication
outages , and result in severe damage to structures bearing the burden of accumulated
ice, better observation of icing event s are required. A paucity of information on
icing can result in high construction costs in cases of overdesign, structural failure
when icing design loads are inadeq uate, and poor planning in locating structures that
could be placed in less susceptible nearby locations.

Most of the current information on ice storms was recorded only because of
extensive human distress, or a large amount of damage. Even then, measurements
have usually been made on tree branches, transmission lines, or just about any
other convenient surface. These observations are subjective, nonstandardized , and
difficult to .interpret. The most objective measurements have been made using a

cable suspended between two poles with a weight-measuring device , or tensionom et er ,
between one of the poles and the cable. This method has been used to collect data

in the Soviet Union. 1 The Bonneville Power Administration, Portland , Oregon has

(Received for publication 23 March 1979)
1. Rudneva , A. V. (196 1) Glazed Frost and Ice Formation on Cables Wit hin the

Territ ory of the USSR. Special Translation, No. ATD U-64-47 , Aerospace
Technology Division, Library of Congress, 28 J uly 1964.
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many years  of this type of data taken in mountain locations in the northwestern

United States. Two shortcomings of th is  i n s t rumen ta t i on  that preclude its use at
most observing sites are size and orientat ion,  which  result in ice amounts  being a

funct ion of wind direction.

Ice accretion studies have been conducted by independent  organizations such as

power and telephone companies. However , these invest igat ions have been limited

in scope , as well as in geographic applicabili ty.  M a n y  researchers, 2, 3 , 4 to cite

a few , have assimilated the available mate r ia l  on ice accretion and attempted to

delineate the ice accret ion hazard.  Other researchers, 5 , 6 , i . 8 have attempted to

relate  ice accretion to readil y available climatolog ical data . However , these

studies are not only l imited , but they fall  short of providing meaningful  informat ion

for design criteria .
The bulk of the work on ice accretion exp lores the theoretical  relationships

between ice formation and the parameters  affect ing its rate of accumula t ion, den-

sity , shape, and so on (fo r example. Chaine and Skeates , and Kuroiwa ’0 ). These

relationships are important to a complete unders tanding of ice accretion processes.

They are , however , based on ideal s teady-s ta te  atmospheric conditions and are of

limited use in calculating a realistic magnitude of ice accretion in the turbulent

natural  environment.

The importance of ice accretion design cri teria to the Air  F o r c e  is evidenced

by the large number  of requests from project offices requiring guidance in this

area.  In order to provide more reliable icing design values , it will be necessary

to establish a climatology of ice accret ion observations at a representat ive number

of sites where conventional observations are also available.  The f i rs t  step towards
this goal is the development of a method for objectivel y measur ing  ice accret ion.

2. DY~~.-~~1ICS OFI CE ..~CCRET ION

Measurements  of ice amounts  are ext remely  d i f f i c u l t  to make , since the shape

and size of the collecting surface and its or ien ta t ion  to the wind give rise to wide

differences.  Fu r the rmore, the conf igurat ion and densi ty of accumula ted  ice on a

sur face  are dependent on a number  of a tmospheric variables .  This section des-

cribes the basic relationships of these parameters .

2.1 Types of Ice Accretion

There are three basic kinds of ice formed by accretion in the atmosphere:

g laze, hard rime, and soft rime. Glaze is t ranspa rent and has a density with

(B ecause of the large number  of references cited above , they will not be listed here.
See Reference Page 49 . for  References 2 through 10. )
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respect to water  (units for densities are g cm 3) of 0. 8 t~ 0. 9 (the d e n s i t y  of p u r e
ice is 0. 917 ) .  It is formed when the t ime required for  f reezing of the drops on a

surface  is greater  than the t ime interval  of impingement of the drops. This occurs
most often dur in g  freezing rain or dr izz le , but it can also result f rom large super -
cooled cloud drop lets accompanied by high windspeeds and an ambient  temperature
near 0°C.

h a r d  rime is less t r a n s p a r e n t  than g laze and , at times, opaque, depending on
the q~ .~ntity of a ir  t rapped in the ice. It is for-med when the t ime required for
f reez ing  of the drops on a surface is approximately equal to the time interval  of
imp ingement.  The density varies  f rom about 0. 6 to 0. 9.

Soft rime is both white and opaque. It is formed when the t ime interval  for
f reez ing  of the drop lets on a surface  is less than the t ime interval  of impingement .
Soft rime is feathery or granular  in appearance , with a density less than 0. 6 . R ime
ice , both hard and soft , is most often formed by the freezing of supercooled cloud
or fog droplets. For this reason it occurs most f requent l y at mounta inous  loca-
tions . or on land areas adjacent to bodies of water.

The adhesive strength of accreted ice on a sur face  is greatest when the density
of the ice is high; this is because more particles are in contact wi th  the surface.
The adhesive strength of both glaze and hard rime is high , but as the ice density
decreases below about 0. Ii , its adhesive s t rength becomes low enoug h for the ice to
be shaken loose by a slight shock.

2.2 Meteorolog ical Parameters Affe cting Ice Accretion

The most significant meteorological parameters  which interact  to det  r n .  m e
the type of icing are: drop size, tempera ture .  windspeed , and l iquid wa te r  content

per unit volume of air. It has been determined exper im entaI l y~~ that  ice density
increases with an inc rease in each of these as long as the ambient t empera tu re
remains  below f reez ing .

Raindrops  w i t h  d i ameter s  grea te r  than about 0 . 5 mm and wi th  a maximum of
about 5 to 6 mm wi l l  a lmost  a lways  produce  glaze . Two main  reasons are : ( 1)  The
ra te  of t r an s f e r of l aten t  heat  from the f reez ing of these large drops to the air , and
the a cc r et i ng  su r face  is slow; and (2 )  f reez ing  rain occurs at re lat ively hi gh tempera-
t ur e s , rarely below -5°C. 12 , 13 D r i z z l e  drops , which  have diameters  be tween about

11. \Iack lin , \V . C. ( 196 1)  The density and s t ruc tu re  of ice formed by accretion,
Quart. J .  Roy . Meteorol. Soc. 88:30-50.

12. Bryson , R. .- \ . ,  and h a r e , F. K. (1974 ’) C l imates  of Nor th  Amer ica , World
Survey of Cl imato logy . Vol . II , Elsivier  Scientific Publishing Co. ,
A m s t e r d a m , 420 pp.

13. Bilello, M . A .  ( 1 9 7 1 )  1-’ rozen Precipitation: Its Frequency and Associated
le m per a t u r e s,  Cold Reg ions Research  and Engineer ing Laboratory ,
ITan ove r , ~~~. 11., 13 pp.
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0. 2 to 0. 5 mm, usually produce either glaze or hard rime. Freezing drizzle has
been observed at much colder temperature than freezing rain 14 so that the density
of accreted ice can vary more , depending upon the air temperature and windspeed.

Cloud, or fog droplets have diameters less than 200 j r  m, but drops in the 100
to 200 j.~ m range are rare except in clouds that are likely to precipitate. A review
of cloud droplet sizes measured experimentally 15 indicates that fog and stratus
clouds have droplet sizes in the 1 to 45 p. m range. Consequently, exposure to
supercooled clouds or fog will usually result in light rime. However, a combina-
tion of high windspeeds, temperatures just below freezing and , a high liquid water
content can result in either glaze or hard rime.

2.3 Aerod ynamic Factors Affecting Ice Accretion

Ice accretion measurements are extremel y difficult  to quantif y because of the
significant effect of size, shape, and orientation with respect to air flow of the
accreting object. This is because air is deflected around objects in its path , and
this influences the trajectories of supercooled drops in the flow. Basically, two
forces act on the drops: drag force and inertial force,  The drag force teads to
make the drops move with the air flow , whereas the inertial force tends to make
the drops move in a straight line.

The magnitude of the drag force FD is

- ii 2 2F D =~~~ p C D v r ( 1)

where 
~ a is the air density; CD the drag coefficient of the drops; v the relative

velocity between the air and the drops; and r the radius of the drop.
The inertial force F1 is

F1 = K p r 3 
~~ (2)

where  p ~
r 3 

is the mass of the drop, and dv/ d t  the rate of change of relative

veloci ty .

14. Young, W. R. (1978 )  Freezing Precipitation in the Southeastern United States,

L 

Master s Thesis~Texas A&M Universi ty.  Report Number  CI 78-24 ,
College Station , Texas , 123 pp.

15. Mason , B. J. (1971) The Physics of Clouds, 2nd ed. • Oxford Universi ty  Press ,
London, Eng land.

16 . Chaine, P. M. , and Castonguay,  C. ( 1 9 7 4 )  New Approach to Radia l  ice-Thickness
Concept Applied to Bundle-Like Conductors,  Industr ial  Meteorology - Stud y
IV, Atmospheric Environment Service, Toronto, Canada , 11 pp. 



From Eqs. ( 1) and (2) it can be seen that drop size has a greater effect on the
inertial force than the drag force. Consequently, larg e drops are deflected less
than smaller drops. As the size of the accreting object is increased , the deflect ion
of air becomes greater and °~ curs for a longer distance in front of the object. These
factors contribute to the drag force so tha t less drops per uni t area impinge on a
large object than a smaller one.

The term “collection efficiency, ” used to describe the effect of drop deflection,
is defined as the ratio of the mass of drops impinging on an object in unit t ime to
the mass of drops that would have impinged in the same time if there was no deflec-
tion. 17 The collection efficiency increases as obstacle size decreases , and drop
size increases.

3. THE ROSEMOUNT ICE DETECTION SYSTEM

The Rosemount Engineering Company, Minneapolis, Minnesota . markets a l ine
of ice detectors used primarily to detect ice formation in the intake portion of
tu rbomachinery . These detectors are aerodynamically designed for use on a i rcraf t ,
but they have been used to detect icing on towers. The ice detector works by t he
magnetostriction principle. An oscillator forces a small closed cy li nder (the
sensing probe) to vibrate longitudinally, parallel to its axis. It is driven at its
resonant frequency when dry , but accretion of ice will cause a shift in resonance
corresponding to the increase in mass of the probe. After a small preset amount
of ice has accumulated, the sensor is deiced,

Hill 18 and Chaine 19 conducted tests on earlier models of Rosemount ice de-
tectors in the natural environment. These tests were limited in scope , but they
indicated that the instruments operated satisfactorily. However , they did not deter-
mine whethe r they could be used to estimate accurately the mass and thickness of
accumulated ice.

The advantages of using a Rosemount ice detector for observation of ice
accretion are: convenient size , d urability, and the operation with limited human
involvement. These advantages are quite attractive when compared to other methods

17. Stallabrass, J. H . ,  and Hearty ,  P. F. (1967 ) The Icing of Cylinders in
Conditions of Simulated Freezing Sea Spray, National  Resea rch Counci l
of Canada , Ottawa , Canada , 50 pp.

18. 1-till , A . N. ( 1973 )  An Objective Observation Technique for  Freez ing  Precipita-
tion , Laboratory Report No. 7 - 7 3 .  Sterling Research and Development

~~~~iter , Sterling, Virginia .
19. Chaine , P . M ., and Waymana , A . H. ( 1 9 7 4 )  .\ P r e l i m i n a ry  P e r f o r m a n c e

Assessment of Rosemount Ice Detectors, Depar tment  of Envi ronment ,• Atmospheric Environment Service, Toronto, Canada , 4 pp.
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and devices  that have been t r ied,  it was decided to test Hosemount  de tec tors  under
controlled conditions in a c l ima t i c  c h a m b er  in o rder  to ev a l u a t e  its c a p ab i l i t y  to
measu re  ice accret ion.  : \ccurding ly, fou r  model 872D( ice detectors,  a n e a er
model than  the ones tested previous ly , were  purchased  f rom Hosemount . The main
reason for the choice of th is  model is the long s t ru t  (Fi gure 1) . It was also neces-
sary  to purchase  a model 524H control ler , kept remote from the detectors , to actuate
the deic ing system . A m u l t i - c h a n n e l  event recorder was used to count deicing cycles.

- ;~~~~~~~~~~~~~~~~~~~~

i

~~~~~~~~~~~~

i

I L~~~In~~ 1. I i .  i — , n i i  n t  \ l  1 72 1J ( Ice J a t t ’c to i ’
I h e  — — .~ a - n bc  i t — z  ‘ tb. 25 . 1 cm 10 i i i .  I St rut.

l) u .  . .~.. . i  I - .n -a~~. - ’ :  rn: t ic top ~~. cm ( 3  in .
t : ,  —t • ‘ •. :. .

I i~~~~’ . r t cs .. re r~i l i h r ’ : i t d t b r -  I c b ’ r - \  I em i t  m ie l n g  si~~n . 1  w h en
0. 5 mm (0 . 02 in. ( of n .  i i ~~ a c cu m u i t cd on t h e  s r r s i n g  p i h. ; hr ~~’, -v - t- , le t I c —
x r t i r ‘ r i p  p ’) int s  p t 5 r r : r r r a r e  v a i l : i h l i . T b -  sen- - ’: . \ I i r : J i i r : i l w i t h  ,
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he mispheric top, ha s a diameter of 6 mm (0. 25 in. ) and a length of 2 .7  cm ( 1.  1 i n . ) .
Because of its geometry, it is a very efficient collector. Although the detectors
were calib rated to deice at 0. 5 mm , the actual  amount of ice required to trip the
deice signal varies , depending on the density and distribution of ice on the sensor.
A f t e r  the trip point has been reached , the sensing probe and top 7 . 6  cm (3 in. ) of
the at rut are  dej ced b~ an internal heater. Seven seconds after the start of the
deici ng cyc le, the uni t is read y to sense subsequent icing.

Al though we obtained an event recorder to use the discrete output (that is ,
count the number of deicing cycles) ,  a dc voltage recorder can be used to obtain

an analog voltage output that wil l  show the change in current as ice builds up on the

sensor. It should be noted that light coatings of oil , dust, w att - i - , or other materials
do not significantly affect operation of the ice detector.

4. THE CLIMATIC CHAMBER TESTS

Testing of the Rosemount ice detectors was conducted at the McKin 1e~ Cl imat ic
Laboratory of the Armament  Development and Test (‘enter (ADTC ) at Eglin AFB .
Florida . The goal was to evaluate  how accu ra t e ly  ice accretion amount ’~ on collec-
tors of vary ing sizes could be estimated with this system. Tests were conducted

during 3-week periods in May 1977 and J an u a i -v  1978.

4.1 The Ma~ 1977 Teals

The initial testing was conducted in the Engine and Eo- .iipment Te st f a c i l i t y .

With floor dimensions of 9 ° 40 m (30 130 f t )  and a heig~it of 7 . 6  m (25  It ) , it i s
the second largest test chamber at ADTC. Steel cy l inders  with diameters of 3. 2 mm
(0. 125 in. ), 12. 7 mm (0.5 in. ). 25. 4 mm (1 in. ) , and 50. 8 mm (2 in. I (hencefort h
rounded to 3, 13, 25. and 50 mm , respectively ) ,  and a ver t i ca l  flat p late 30. 5-cm
( 12 in . )  square were placed in close proximity to three Rosemount ice detectors.

Early in the testing, the Rosemount 872DC detectors ceased to function , owin g
to overheating during the deice cycle. These were returned for repair , and we
were loaned 871FA detectors. The only d i f fe rence  between these models is the

length and shape of the strut on which the sensor is mounted . These detectors  were
set to deice when 0. 5 mm (0. 02 in. ) of ice accumula ted  on the sensor. F igure  2

shows the arrangement of ins t ruments  and collectors. Three cyl inders  30. 5 cm
in length with diameters of 3 . 13 , and 50 mm ( fa r  left in Figure 2) were removable
so that the mass of accreted ice could be determined. Room was not available to
include vertically oriented cylinders , but previous icing tests 17 indicated that, in
spite of small differences in the shape of the ice accretion as a result of gravity
affecting the run-off on a vertical cylinder, no dif ference in collection efficiency

was apparent .
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One-hour  tests  w er e  run  for windspeed s  of 5 to 35 knots ;  t e i n p . i t r r c s  of - 1 °

to - 7 ° C ;  f reez ing  r a in fa l l  rates of 1. 27 and 5.08 mm hr~~ (0. 05 and 0. 20 in. hr

and 0. 2 g m 3 wate r  content of supercooled drop lets for  i n - c l o u d  icing condit ions.

Table 1 details the synoptic conditions. Tests were  moni tored f rom a booth on t l ~.-

floor of the test chamber , aside , and 3 m from the i n s t r u m e n t s  and col lectors  on

the test stand.
The wind was pr oduced  by a large e lec t r ic  fan with vent blades on the nt ke

side tha t  could be ad jus ted  ta control  the windspeed .  The windspeed ~~~ r e , S I : i - e d

at the  tes t  s tand  using a hand-he ld  3-cup anemomete r .  Observat ion of the a r I  - -

speed indicated a 6 - k t  f luc tuatkon  about the mean at 35 kt , which decre~~s.-d t . a

5-kt f luctuat ion about the mean at 25 kt.  about 3 kt at 15 kt , and 1 to 2 kt r t  5 kt .

The chamber tempe ra ture  was observed using a the rmocoup le  adj: c t - : r t  to tb .

test stand with a readout in the booth , and in the control  room for  r c f r i g r  r a t e d  a ir

l ocat e d  in another  par t  of the bui lding.  The t emp . ’  a t u r e  was adius ted  with the  win d

fan  on and coordinated via an audio  l i n k - u p  with t he  r e f r i g e r a t e d - a i r  control  coon, .

Vents for  r -efr igerated air  we t-c located in tb. wal ls  of the  t e s t  chamber .  i e n r p . r~r -

t u r e  f luc tua t ions  dur ing  the t e s t s  were observed to he l e s s  t h a n  1. 5°C about the

mean.

16
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Table 1. Synoptic Conditions for the One-hour Tents Duri ng the
May 1977 Test Period
(Tests for which data were obtained are Indicated with an X)

Precipit ation Rate
(mm hr - I)  or water Temperature

Wlndspeed content for in-c loud ( C )
(knots) Icing (g m 3) -1 -3 -5 -7

5 l ,2 7 mm hr~~ X X X X
5 5,08 mm hr~~ X X X X

15 1.27 mm hr~~ X X X X
15 5. O8 mm hr~~ X X X X
15 0.2 g rr( 3 X X
25 1. 27 mm hr~~ X X X X
25 5.08 mm hr~~ X X X X
25 O.2 g m 3 X X
35 1.27 mm hr~~ X X X X
35 5. 08 mm hr~~ X X X X
35 0 . 2 g m 3 X X

Rain was produced using a spray frame with nozzles chosen to yield drop sizes
comparable to those of natural rain. The frame had to be situated in the chamber
so that a uniform spray would be produced over the test area for each windspeed
increment . This necessit ated locating the spray frame upwind from the test stand.
Once t he spray f rame was in place , it was necessary to determine the flow rate of
water that would produce the desired vertical rainfall rate. Since vertical rainfall
rates could not be measured due to the effect of the wind sweeping the drops hori-
zozi tally across the test area , it was necessary to derive the horizontal rainfall
rate across the test area corresponding to the desired vertical rain rate.

The horizontal rainfall rate (RH
) can be determined fro m the liquid water

content (LWC) per unit volume and the wind velocity (V) using the expression

R H = L W C Y V .  (3)

The LWC may be estimated using the expression

LWC = Rv p w /V T

17
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where R is the vertical rainfall rate , 
~ w t he dens ity of wat er , and V T the ter-

m inal velocity of the drops. For drops of different sizes VT can be readily ob-
tained from several sources (fo r example , Ma son, 15 and Best 20).

The horizontal rainfall rate was measured in the chamber with a rain gauge
a nd a 15-cm diam pipe with a 90 bend . One open end faced hori zont all y into the
precipitation and wind; the other was attached to the opening into the rain gauge.
A flow meter, located in the booth on the chamber floor, was used to adjust the
ra te of water in a t r ia l -and-error  fashion until the horizontal rainfall rate measured
in the rain gauge agreed wit h the horizontal rate calculated using Eqs. (3) and (4) .
The flow rate was determined in this fashion for all the rain and wind conditions.
The use of Eqs. (3) and (4) and the method for measuring the horizontal rainfall
rate is subject to undeterminable erro r , bu t it was our intention to produce icing
conditions within the range of those occurring in nature. Since the ice detector
out put was compared wi th acc u mulate d ice on the collector s, it was not critical to
these tests that the precipitation rate be exact.

For the tests simulating in-cloud icing conditions , the water content of the air
was estimated wit h the use of a lase r particle nephelometer . The flow of water to
the sp ray frame was adjusted to produce a water content of 0. 2 g m 3. The most
frequent value of the LWC in all types of stratiform clouds is in the range of be-

-.~ 15tw een 0. 05 and 0. 25 g m
Drop sizes fo r the freezing rain and the in-cloud icing conditions were deter-

mi ned as follows : Silicone dielectric compound G-624 (grease)was spread over the
bottom of a 6- in ,  glass coLli ~ction dish.  Dow Corning 200 fluid , a clear silicone
li quid , was poured over the grease. The dish was then exposed to the preci p i t a t i o n .
The collected drops floated in the 200 fluid and were photographed , counted and
sized using a microscope with a camera a t tachment  and a back ground scale.

The droplet diameters for the in-cloud conditions ranged from 10 to 90 ~im  w i t h
a mean of about 35 ~.i m. This compares well with cloud and fog droplet s izes
measured under na tura l  condit ions (References 15, 20) . (See Section 2 . 2 . )  For th e
freezi ng r ain , the mean vol ume drop diameter (diameter  of the mean volume drop)
was appro ximately  0. 8 mm wi th  a range of about 0. 1 to 1. 8 mm. The mean volume
drop diameter (Dv) in natural rain can be estimated from the rainfal l  rate (1) using

0v = 0. 7 ( 1)
0. 25 

( 5 )

where  D is in m i l l i me t e r s  and I is in mi l l ime te r s  per hour. Equat ion  (5) was
derived from exper iment al data , 15

20. Best, A .C .  ( 1949 1 The size distribution of raindrops, Quart. J. Roy. Meteorol.
Soc. 76 :16-36 .
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From Eq. (5) , the mean volume drop diameters for the rainfall rates used in
th ese t ests , 1. 27 and 5.08 mm hr~~ . are 0. 74 mm and 1.05 mm . respectively.
which compares favorably with  the t est conditions. The range of drop diameters
normally foun d at these rainfall  rates is between 0. 2 to 3. 0 mm , so that the drop
sizes in our freezing rain tests do not conta in the full range of drop sizes found in
n ature . However , the cont ribution to the total  wate r  mass in natural  rain of drops
target  than 2 mm,  is small.

Wate r entering the spray fra mes was refr igerated p rior to reaching the c l imat ic
cha mber so that  i ts temperature  on leaving the nozzles could be reduced as close
t o 0°C as possible. Unfortunatel y, the only te mperature measurement of the water
was made prio r to it s en t ry in to the chamber . However , th e water  was cooled
fur ther  upon flowing through hoses and the spray frame in the chamber. The magni-
t ude of additional cooling was dependent on the ambient temperature  in the chamber
and the ra te of water flow . There w as li t t le doubt that the water  leaving the nozzles
was very r iose to 0°C since icing caused some of the nozzles to restr ict  or stop the
110w. This was the major cause of aborted tests. When this occurred , it was
necessary to deice the nozzles and raise the temperature of the water prior to its
flow into the chambe r unt i l  icing ceased.

The spray fra me used to simulate in-cloud conditions employed steam jackets
around all nozzles to keep them from icing up, since the water flow was very low .
In sp ite of this , nozzles froze during the colder tests , had to be deiced , and the
tempe rature of the water to the chamber had to be raised until  the freezing of
nozzles  ceased.

The art ioun t of cooling of the drops from the nozzles unt i l  their impact  on the
collecto rs and ice detectors is not known. This actuall y varied , since the dista nce
that the drops traveled changed as the distance of the spray frames from the test
area was adjusted to suit the individual test requirements.  It would be safe to
assum e, however , that the temperature of the drops at the test stand was very
close to 0°C.

At the conclusion of each one-hour test , fo r the conditions outlined in Table I ,
the mass of ice on the three removable cylinders was determined . The maxim um
radi al ice thickness , f rom the su r face of the cy linde r to the edge of th e accreted
ice , was measu red for the removable cy l ind ers and the flat plate . The shape and
colo r of the ice was also recorded. In order to ascertain if icing was uniform on
all componen ts , ice thickne ss was measured at eig ht poi nts on a 25-mm diani pi pe

~I0 cm above and 38 cm behind the detectors (see Figure 2) and on a rectangular
a rrangement of 25-mm diam pipe shown just below and in f ront  of the detectors.

Mea surements of ice density were made using a 3-mm diam cvhnder connected
to the axis of an electric motor . The slowly rotating cylinder collected ice at a
fairly even rate so that the volume of ice could be estimated from simp le geometry .

19
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1’he ice coated cylinder was weighed in order to determine the mass of the ice.
This method was used by Mackim 11 to determine ice densities. Since the motor
frequently froze, and in some of the tests the deposit was lumpy, density measure-
ments were not obtained for most of the tests. However, enough density measure-

ments were made to indicate the range of ice-densities for our tests.

4.2 The January 1978 Test.

The f i rs t  round of testing involved several problems that limited our capability
to evaluat e the Rosemoun t detect or s. The most important of these problems
follows: ( 1) The strut  on which the sensor is located was not long enough to keep
acc umu lated ice on th e mountin g plate from interfering with the flow passing the
sensor; (2) the area of uniform icing in many of the tests was smaller than the area
covered by the collectors and the instrumentation; (3) the vertical flat plate (see
Figure 2) caused enough turbulence at windspeeds in excess of 15 knots to interfere
with  ice accretion on other components where ice amounts were measured; and
(4) f rictional heating of the air drawn through the wind machine at low windspeeds
caused erratic temperature fluctuations of up to 2°C.

The second round of tests were conducted in the main chamber at ADTC. which
has floor dimensions of 61 X 77 m (201 X 252 ft ) .  This enabled us to eliminate the
problem of frictional heating of air through the wind machine at low speeds, since
it could be moved further  from the test  stand; this was preferable to closing the
intake vent for the production of low speeds. Also , the wi n dspeed could be kept
more constant than in the smaller chamber.

In order to make certain that all components on the test stand were within the
area of uniform icing,  measu remen t s  of ice thickness and mass were made ott four
horizontal cylinders, 3, 13, 25. and 50 mm in diameter. These were located
approximately 30.5 cm (12 in.) behind and 15.2 cm (6 in. ) above the sensors on the
ice detectors. This arrangement elim inated turbulence caused by the clutter of
collectors in the f i r s t  round of test ing .  Figure 3 shows the arrangement  on the test
stand .

For the second test period , two 872DC detectors and one 87 1FA detector were
used. One-hour tests were run for windspeeds of calm to 35 knots, temperatures
of - l’C to -10°C, freezing rain rates of 1. 27 and 2.54 mm (0.05 and 0. 10 in.)
a nd 0. 1 and 0. 2 g m water  content for in-cloud icing conditions. Additional longer
t u r a t i o n  tests , some w i t h  vary ing  conditions , were also run . Table 2 details the

synopt ic  conditions for the 1-hr tests .
The ambient chamber temperature and the windspeed were determined in the

same m a n n e r  as the  May 1977 tes ts . Tempera tu re  f luc tua t ions  were observed to
be less than 0. 5°C about the mean. Windspeed fluctuations were about 30 percent
less than those noted during the earlier test period.
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Figure 3. Ar r angemen t  of In s t rumen t s  and Collectors for the
January 1978 Tests

R a i n  and associated drop sizes were produced in the same manner  as des - i h e - i
for the or r g inal t es t s .  R a i n f a l l  r a t e s  were  ca l ib ra ted  us ing  the same methods  as
previously , but at the lower- r a i n f a l l  rate , for  the low windspeed re s t s , the  ra te  0 as
d e t e r m i n e d  using the average of measurement s  from th ree  ra in  gauges placed in
the res t  area wi thout  the  pipe a t t a c h m e n t . This  a l lowed  d i r e c t  me a s u r e m e n t  of
r a i n f a l l  rates to cal ib ra te  the  f low of w a t e r  for these t e s t s .  W a t e r  c o n t e n t  du r in ~
the in-cloud icing tests  was  d e t e r m i n e d  as before .

Drop s izes  w e r e  measu red  in ‘ ( e  same manner  as the  May l t ’7 7 t e s t s .  Sin -c
the s am e  n o z z l e s  0 er e  used in he sp r ay  f rames , the  s i z e  d i st  r i bu t ion s  for the ra in
and the  n -  loud r c r r t ~ - j n d i t i o n s  s mr e  the  sa m e . The em p e r atu r e  of the  wa t e r
le~ v in ~ the i o z z l e s  was reduced  as close to 0 ~C as possible w i t h o u t  i c i n g  of t h e
nozz les , a l t h o u g h ~ii is  -on - t n u m i  to be a cause of abor ted  e s t .~ at the lower  am b i e n t
air  t emp e r a t u r e s .

At  the conclusion of ea~-~, e s t , m ea s u r e m e n t s  we re  made  of the  m a x ~~n t m n ~ r a d i a l
- -e t h i c k n e s s , the  v e r t i c a l  1 m n - c-- n s r o n  of t he  i ( -e - c ited  - n l j e i  t or , a r i  t h e  mass  of
me tee for each of the  oUr e v t i n l er s . The - -ol ~~r and shape  o~ the  -c f o r m a t i o n  ~vas

at s o  n~-~ed. M e a s u r em e n t s  ( If  C €  d e n s i t y  me r e  not made because of the h i g h e r ror
m o t e n t : a I  as well  as i d e  p rob lem s  ei1 m ) t t n t e r e d  in  t h e  ori g ina l  t e s s.
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Table 2. Synoptic Conditions for the One-hour Tests During the
Janua ry 1978 Test Period
(Tests for which data were obtained are indicated with an X )

Precipitation Rate
(mm hr ’1) or water Temperature

Windspeed content for in-Sloud (°C)
( knots) icing (g m~~~) -l  -4 -7 -10

Calm 2.54 mm hr~
1 X X X

5 1. 27 mm hr ’ X X X
5 2.54 mm hr~~ X X X

15 2 .54 rnm hr 1 X X X
-315 0. 1 g m  X X X
-315 0 .2 g m  X X X

25 1.27 mm hr 1 X X X
25 2. 54 mm hr~~ X X X

-325 0 . 1 g m  X X X
25 0.2gm 3 X X X X
35 2, 54 mm hr~~~ X X X

35 0 . 1g m 3 X X X X

35 0 . 2 g m 3 X X X X

5. A~~AL~ SIS OF TEST RESULTS

As point d out in Section 4 , the Model 872DC ice detectors mal func t ioned  at the
beginning of the first  test period . A Rosemount representative came to ADTC w i th
87 1FA ice detectors, the one model available on short notice for use as a rep lace-
ment . The dif ference between the two models is in confi gura t ion  only; other opec-
it i n g  charac ter i s t ics  are  identical.

Rosemount  gave a twofold exp lanation for  the 8 2DC detector  f a i l u r e ;  name ly .
the re  was no thermostat  for the protection of heater  coils and sensor e lement ;  and
the s tainless steel s t ru t  was an inadequate conductor  of the heat produced. These
def ic iencies  resulted in damage to the inte rnal heater .  However , changes have
been made which  incorpora te  a thermostat  for  l imit ing in te rna l  t empera tures ;  and
the  use of nickel  in p lace of stainless steel for the strut .  In the mean t ime , our
detectors were  repaired for use during the second test period.

5.1 The \Ia~ 1977 Te~.ts

Our choice of the 8?2D C detector  for eva lua t ion  as a potential  ins t rument  for

measur ing  ice accret ion was predicated on the a v a i l a b i l i t y  of the long s t rut  e levat ing
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the sensor 25 cm from the mounting plate. This should keep ice accumulat ions  on
the mounting plate from influencing the flow past the sensor. On the 871A ice
detector , the sensor is elevated only 5 cm above the mounting plate; as a result ,
ice accumula t ions  on the mounting p late f requent ly in terfered with the flow passing
the sensor.

~Ieasurements  of ice th ickness  were  made at eight d iverse  locations on the
2 5 - m n i  diam pipe discussed in Section 4. 1, which c i rcumscribes  the ins t ruments
and collectors . These indicate that  icing rates were  not uniform dur ing  many of
the tests . Two factors  responsible were: F i rs t , the  area within which icing was
un i fo rm was not quite  la rge enough to include all components; second , the three
removable  cyl inder-s.  and especially the flat p late , caused enough tu rbu lence  to
in f lucncn  the rate of accretion on the 25-mm pipe below the ice detectors. The net
restil t  was that this inf luence  degraded some of the measurements  on the collectors ,
but th i s  a us  minimized by avereging some measurements ,  and discarding those
that  were obviousl y erroneous.

In spite of these shortcomings , the l eas t - squares  l inear  regression of the
numbe r of d ,t ~ ctor cycles v e r s u s  the th ickness  of ice on the 25-mm cy l inder  (pi pe)
for th i r ty -e ight  I - h r  tests has an average correlat ion for the three  detectors of 0. 91,
al though the s tandard error  of es t imate  (SEE ) of 4. 0 mm is quite large. The ice
th icknc-ss  for each test  is the average  of the foti r measurements  jud ged to be the
most representa t ive .  The regression line and the scat ter  of the points are shown
in I- ’ i g u m - e  4 . The l inear  correlat ions of the number  of cycles of the ind iv idual
detectors versus  the average th ickness  of the same four  point s on the 25—mm
cy l in d e r  for the th i r ty-e ight tests are 0. 90 , 0. 92 , and 0. 90 , with respective SEE s - 

-

of 4 . 4  mm , 3. 8 mm , and 4 . 4  mm. Dif ferences  in the slopes of the regression
lines are negligible. Resul ts  fc ;  the other cy linder sizes were s imilar .

The least-squares  linear regression of the n u m b e r  of detector cycles versus
the  mass of ice measured  on the 3- , 13- , and 50-mm cylinders had correlations
of 0. 91, 0. 91 , and 0. 92 , respectively. The respective SEE s, 138. 3, 128 . 0, and
132. 9 g ceflect the large scatter of the points. This can be seen in Figure 5 which
shows the point s for  the individual tests of the mass of ice ‘n  the 50-mm diam
cyl inder  versus the numbe r of instrument cycles.

These statist ics indicate  that ice detectors are capable of assessing ice thick-
ness and mass for a wide range of icing rates. The large SEE’ s probably reflect —

the lack of homogeneity of icing conditions , and the in terference in flow to the
detectors caused by the ice buildup on their mounting plates.

A l inear stepwise regression program was run to determine if the variance of
the linear regression for the mass of ice could be significantly decreased by
tncluston of othe r parameters, in addition to the number  of ins t rument  cycles. In
the  equation
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Figure 4. Linear Least-Squares Regression of the Number  of
Detector Deicing Cycles vs Ice Thickness on the 25-mm diani
Cylinder

Y = a -t- bx 1 +cx 2 +dx 3 +.. . (6)

V represents an es t imate  of the mass of ice measured  on one of the cy l i n d e r s .
is the pa ramete r  most highly correlated with 1, x~ is the pa ramete r , amo ng the
remaining  parameters, which in combination with x 1

, contr ibutes the most to
decreasing the variance, and so forth.

Given a choice of 17 parameters, the number  of ins t rument  cycles was chosen
as the one most highly correlated for  all three cy l inders  for  which measurement s
of ice mass were made. F rom among the r ema in ing  parameters, —windspeed .
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t em p e r a t u r e , l iqu id  water  cont ent , and o ther  f o m ’m n t s  using these th ree , the wind -

speed t sa s  chosen as x 9 . I n c  n e d u c t i  ii in va r i ance , however, was not s ign i f i can t

enoug h to warrant  the nse of more t h an  one predictor , namely , i n s t r u m e n t  cycles ,

in E q. (6)  to obtain V .
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Nu MBER OF INSTRUMENT CYCLES (AvQ. of Three Model 871 Detectors)

Figure  5 . Linear Le st -S~ u \ r e s  Regression of the Numbe r of
Detector -  Deic in g  ( vcles  vs  the Mass of Ice M easured  on the
50-mm diam Cy l inde r -

Measurements  of ice l t e n ~~j t v  were made w i t h  some d i f f i c u l t y  as noted in Section

4 . 1. The density , calculated for seventeen of the t h i r t y -ei ght 1 -hr tests , ranged

from 0. 63 to 0. 89 g cm 3. These measu remen ts  were not considered precise

enough to be included in any of our a n a ly s e s .  J l owe~-cr , the appearance of the ice ,

directly related to the d e n s i t - , was categorized as e i ther  clear , cloudy , or mi lky ,

~t the conclusion of each test. Results  show tha t  c lear  ice fo rmed  for all tests run

at a tempera ture  of - 1 ° C .  At  -3° C , the appearance of the ice a i s  equall y divided

between clear  and cloui y. At -5°(  , cloud y ice resul ted for  all the f reez ing  rain

t o s ts  except one which was milk y. At -7° L , milk y ice resul ted  for all the freezing

rain t m s t 5  except one which -va s  cloud y. F o r  the in-c loud icing tests , which were

run - i t  _ 5 0  ~ind -7 c , the appearance of the ice was milky. These results exemp lif y
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the ti-end toward lower-  density ice at lower tempera tures  and smaller drop sizes
used for the in-cloud icing tests.

In summary ,  several  problems were encountered during the May 1977 tests.

The most significant of these was the ice buildup on the mounting plate of the
detectors which caused them to respond errat ical ly. However, the high linear

correlation between the number of instrument cycles and the mass and thickness

of the ice measured on the cylinders was encouraging. Accordingly, plans were
made for fur ther  test ing,  ut i l izing the 872DC detectors .

5.2 The Januar y 1978 Tests

During this test period a total of forty -two  1-hr tests were run , one half with

freezing rain; and the other half with in-cloud icing. The synoptic conditions for

the tes ts  are contained in Table 2 . Linear leas t -squares  regression information

fo r  the mass of ice per  30-cm length on the 25-mm diam cyl inder  versus the

numbe r of ins t rument  cycles for each of the three detectors is contained in Table 3.

P resented separately in the table are the regressions for the in-cloud icing and
f reez ing  rain tests. The informat ion provided in Table 3 reveals the marked im-

provement  in correlat ions and SEE’ s by separat ing the in-cloud icing and f reezing
rain dit i .

Table 3. L i n e a r  Le, st -~’quare s  Regress ion Informat ion for the Mass of Ice on
the 25-mm diam i -  k i n d -c vs the N u m b e r  of Ins t rument  Cycles for Each Detector
(Resu lt s  are given for -  al l  t h e  test  point s and for  the freezing rain and in-cloud
icing conditions sep~ r,~t , - 1 \

t . )~- t i -  ct o r N umber
N u m b e r  f T e st  Y Correlation SEE

Conditions Model F o n t -  slope Intercept  ( r )  (grams)

Al l  l / 8 7 2 D C  42 3 . 4 4  10 . 29 0. 80 29. 2
All 2 / 8 7 1 F A  41 3 .66  7 . 4 2  0. 80 29. 6
Al l  3 / 872 D (  42  4 . 3 2  8. 94 0. 7 9  29. 8
In-c loud  icing l/ 8 7 2 D C  21 1. 89 9. 52 0. 92 8. 9
In -c loud  icing 2 / 8 7  lF. \  20 1. 94 8. 12 0. 93 8.3
In-c loud  icing 3/ 8 7 2 D C  21 2. 38 8. 99 0. 94 7. 9
Freez ing  rain l / 8 12 D C  21 5. 33 11. 43 0. 99 9. 4
Freezing rain 2/8711- A 21 5.75 5. 11 0.99 9.9
F reezing rain 3/872DC 21 6.97 6.61 0. 98 11.9

The regression l ines and sca t ter  of the ind iv idua l  test points for the mass of
ice on the 25-mm diam cy l inder  versus the number  of cycles for detector 1 (see
Table 3 for  detector numbe r) are shown for  all fo r ty - two  1-hr tests ( F i g u r e  6) for

the 21 f reez ing  rain tests  (Figure  7) ,  and for  the twenty-one  in-cloud icing tests
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(Figure 8). There is little difference in scatter diagrams for the other two detectors.

The results of the linear regression analysis for the mass of ice on the 3, 13, and

50-mm diam cylinde rs were virtually the same and are, for this reason, not pre-
sented

I I , I / 1  l~~~~~~~I
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I 
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C
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NUMBER OF INSTRUMENT CYCLES (Detector I)

Figure 6 . Mass of Ice on the 25-mm diam Cylinder vs the
Number of Detector Deicing Cycles (Detector 1) for all
one-ho ur Tests
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Figure 9 shows the lines for  the freezing rain and in-cloud icing regression
information in Table 3. It is readil y appare nt that , for a specifi c number  of instru-
ment cycles, a much  gr e a t e r  mass of ice would accumulate  on the cy linder during
freezing rain than dur-ing in-cloud icing. One reason is the difference in collection
e f f i c i ency  for  f r eez ing  rain and in -c loud  icing due  to d i f fe rence  in drop size distribu-
tions.  The smal le r  drops associated with in-c loud icing are deflected more by the
2 5 - m m  diam cylinde r than  the 6 -mm diam sensor on the detector. During freezing
rain ,  the dr-op d i a met er s  - ‘ x e  about 20 t imes greater  than during in-cloud icing.
These l a r g e r  drops a l - c not easil y deflected due to the i r  much greater mass. The
net resu l t  would be a l a x - g e t -  proportion of drops striking the cylinder during f reezing
ra in then d u t -ing in-cloud icing. If this were the onl y reason for the dif ference in
the regress ions  for  f reez ing  rain and in-cloud icing, then one would expect the
regression lines lot- the 3-mm diam cyl inder  for both types of icing to be quite
close Isee l- igux-e 10). This is not entirely the case. Actual l y, the ratio of the
mass  of ice  fo r  f r eez ing  u - a m to that for in-cloud icing for a specific number  of
in s t r u m e n t  cy c l e s  is not too different  for both cy linder sizes. For example, at
10 cy c l e s , the r -r t io of the  mass  of ice for f reez ing  rain to that  for in-cloud icing
f o r  the 2 5 - m m  dma m c yl i n d e r  j~ 2 . 24 , as opposed to 2. 23 for the 3 -mm cylinder.
At 40 cy c l e s , the cit ies a re  2. 85 and 2 . 45 , r e spec t ive ly .

Ic e ar - c u m u l a t i n g  on the 3 -mm diam cy l i n d e r w il l  increase its over-all  dimen-
sions , caL i s in g  a decr ease  in collection e f f i c i ency.  At the same t ime , the sensor on
the detecto r ma in ta ins  a constant collection e f f ic iency .  This will explain in part,
the d i f f e ren c e  in the regression lines for - the 3-mm cy l inder  in Figure  10. In addi-
t ion , it appeal - s l ikely that the d i f ference  in the regression line for both cylinders
can be f u r t h e r  explained by considering the f r eez ing  fract ion , t h a t  is , the  ra t io
of the amount  of ice that ac tual ly f reezes  on the collector , to that amount which
could accumula t e  if all the drops impinging on the collector freeze . During in-cloud

ic ing,  drops  f reeze  quickl y to the collector since the heat loss , especiall y the trans-
fer  of latent heat from the f reezing of these small  drops , is relatively rapid. The
la rge r -  drops , dur ing  fr e e z i n ~ rain , f reeze  more slowly. This allows part of the
w a t e r  to run off or be blown off the surface.  The f reez ing  fraction is influenced by
the ambien t  t e m p e r a t u r e  and the v uxer concentration.  l u  \V ith these factors  being
equal , a l a rger  surface area will allow a greater  proportion of the imp ing ing drops
to f r eeze .  This is p r imar i ly due to the increased time the drops remain on the
sur face  and the larger  ice s u r f a c e  to which heat can be imparted. It seems likely
t hat , du r ing  f reezing rain , many of the drops impinging on the sensor will splatter,
run  of 1, or- b’3 blown off . The rapidl y expanding ice surface  on the 3-mm cylinder
wil l  g radual ly allow a larger percentage of these drops to f reeze.
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• Figure 9. Least-Squares Linear Regression Lines for the
Mass of Ice on the 25-mm diam Cy linder vs the Number  of
Detector Deicing Cycles from Information in Table 3 for
Freezing Rain and In- cloud Icing

Referring back to Figure 9, one can see that the regression lines for Detector 3

have a diffe rent slope than those fo r De t ectors 1 and 2 . A rep resentative of Rose-
mount Engineering Company stated that this was probably the Pesult of an error in
calibration at the factory. Detector 2, the same model used in the May 1977 tests.
performed well, since ice accumulations on the mounting plate , which would have

caused any int erference, wer€ removed manual ly.
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Figure  10 . Least-Squares  Linear  Regression Lines of the
\ lass  of Ice on the 3- and 25-mm diam Cyl inder  vs the
N u m b e r  of Detector Deicing Cycles (Detector 1) for  the
f reezing Rain and In-cloud Icing Tests Separately

Linea r l eas t- squares  regression information f o r  the maximum radial ice thick-
ness (from the su r face  of the cylindet -  to the ed ge of the ace reted ice) on the 25-mm
di-am cy l inde r  versus  the number  of i n s t r u m e n t  cycl es  for each of the three detectors
is contained in Table 4 ; also presented in Table 4 are the regressions for  the in-
cloud icing and f reez ing  ra in  tests. The regression lines and sca t ter  of the individ-
ual points for all tests , for  the 21 f reez ing  rain tests , and for the 21 in-cloud icing
tests for detector I are shown in F igure  11.
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Table 4. Linear Least-squares Regression Information for the Maximum Radial
Ic r -  Thickness on the 25-mm diam Cylinder vs the Number of Instrument Cycles
fo r- Each Detector

(Results are given for all the test point s and for the freezing r~in and in-cloudicing conditions separately)

Detector Number
Number  of Test Y Correlation SEE

Conditions Model Points Slope Intercept (r )  (m m)

AU 11872DC 42 0. 34 1. 88 0. 88 2. 0
All 2/87IFA 41 0.35 1.61 0.87 2. 1
All 31872DC 42 0.44 1.62 0.90 1.9
In-cloud icing l/872DC 21 0.29 1. 39 0.89 1. ‘~
In-cloud icing 2/87IFA 20 0.31 1. 19 0.90 1.6
In-cloud icing 3/872DC 21 0. 38 1. 28 0. 92 1. 5
Freezing rain l/872DC 21 0.39 2. 29 0. 93 1.7
Freezing rain 2/871FA 21 0.42 1.89 0.92 1.9
Freezing rain 3/872DC 21 0.53 1.82 0.95 1.5

I I 1 1
0)

20 - .

10 -l

i

2 O

S*x~
0
~~~~~

O
NUMBER OF INSTRUMENT CYCLES (DETECTOR I)

Figure 11. M ax i m u m  Radia l  Ice Thickness  on t h e  2 5 - m m
(11am Cyl inder  vs the  N u m b e r  of Cycles (De tec to r  1) :
(a)  for all 42 one -hour t e s t s ;  (b) for the 21 f r eez ing  ra in
t e s t s ;  ( r )  for t h e  21 in -c loud  i c ing  t es t s

32

-_-~~~~ . - --



From the information in Table 4 and Figure 11, it can be seen that there is
an improvement in the fit of the regression line by separating the freezing i-sin and
in-cloud icing tests. However , the difference is not as prominent as (or the mass of
ice. Figure 12 shows a comparison of the least-squares regression lines of the  3-
and 25-mm diam cylinders for the maximum radial ice thickness & - r - s u s  the  r u u r i i h -r
of instrument cycles. During in-cloud icing, the ice thickness is greater for- t h e

3-mm cylinder as to be expected from icing theory. During freezing rain , ho~~ -v e r ,
the ice thickness is slightly greater on the 25-mm cylinder.

I I I I I

30 - 3mm diom CYLINDER—DASHED LINE — -
/ -

25mm diom CYLINDER — SOLID LINE .. ‘ ‘IN-CLOUD

NUMBER OF INSTRUMENT CYCLES (Detector I)

Figure 12. Least-Squares Regression Lines of the Maximum
Radial Ice Thickness on the 3- and 25-mm diam Cylinders vs
the Number of Instrument Cycles (Detector 1) for the Freezing
Rain and In-cloud Icing Tests Separately

Another measlfre of the ice thickness observed after each test is the vertical
dimension of the cylinder plus the ice. Subtracting the cy linder diameter f rom this
measurement, one obtains the resultant vertical ice thickness. Table 5 contains
the linear least-square regression information for this parameter versus  the
number of instrument cycles for detector 1. Figure 13 shows the regression lines.
The results were very similar for the other two detectors.
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Table 5 . Li near  I eas t  — ‘ lu . i  i- t-~~ hle~ re~ssj on In fo rmat ion  for  t i -  R e s u l t a n t
‘. ~‘rtical l ie  Thi i - k i i , -~~s on lii I our - (~~ l i i i de i - - i

~ s ( I t -  \ u i i h&- j -  of Inst i- - c  at
L y r - les (l~~- tect t i r 1)

(R e s u l t s  a i r  g i _ e t i  for  thc t i -t~t - / i t ; ~ i i i r  ; i i l c l  t he  i n — - l i a ~ ) .n~ a’ i l i a c —
sep .i i i t e l ~

( y lin de i- N in  - I i i  - r at I ( i i  l~ t i  1 ) 1 1  - -
uIid it i i i f l~~ diar ii et o  r- t - -  ~t i m t  Slope lo t  i i  I i~~) l i l t  11

1- r eez i r ig  r a i n  3 nun  2 1 I t . ( I I .  24 I i .  U I.

I r t i i i n g  r a i n  13 21 1) • 4 5  U. lb 1. 7
I r e e l i n g  - c i i i  25 2 1 I I . 1 0. 1)) U . 0 -5 1. 1
I i-ev~ ing i - a m 50 2 1 U . 4 2  1). 0. 02  0
I n — c l o u d  icing 3 2 1 U . l b  - 0 . ( - . 1 a .
In— - loud ir -i r 1~ 13 21 U . UT U . ci u .  8; o ,
I n — c l o u d  ~ -ing 2 21 1 . 0 0  1 , ( I , ( ‘U  ‘I
I n —  lou d i i i i ~ 5 11  21 ~~~1) 2  U. ‘ - 0, ~r, U .

rum I i t~i i I e  1~ 1 c al l  h i  -a  U t  i n a~ - I - i -  ~- i n g  i- - m n  ‘ -  ‘ -  i - _ o h : —

t l ~ ~~ l t i i i l i ) ’ : a t - : ~ --o ci o i l  II  h t , i i i  i ( 1 1 1 t h - i - , . - i l -  - t I ~ i - n  !1- - r  r V ! I I I 1, r - i i ~i n i —
- 1 , 1 , - i  C e - t i e i - i U \  L i \ o r  l aw-i - ~~ - r 1 i -  1 l b . 1 ) ’ i r i i l ( ’ i — u i 1 i~~~’ t b .  ~, - a  - ‘ ~ i u  tub

i — . r - v i i b e r i t .  l i t ,  t ~ I , ‘ ii  I i , .  - 2 ,  — n i  ci i l l ’  I 50— ram ‘, h i  ‘ i d e  I ( - X J J i  1~ L t ~ 11’ - a 1 )  i1. i h l

~~t - i - t i i  - 1  )~ i o \ ~~)l in U t -  . i u - u - , - ’ i i u r i .  I I - - , , -  i - s u I t ,  ar t -  - f l s i~— ’ , - n t  w i t h  t i i - . i - i - t i u - a I

. i r i e t ’pts  (if i ’ l l t - , t i i i t i  - I i i i i i - n r - v ;  I I ;  t r~~ . d u r i i i ~ i r e t - t i n g  i n , t he -  I - u  gi : i i ~ i - ~ a ,

Oat cj .,i l~ d t - t l , a  t t d ,  -
~ i - n  U t h e  5 0 — m m  ( i a l i i  l i n ; h i - . - . D u r - in g  i n — c l ’  i i i  1 ui~~. t h u

i-i n~aI l t - r drops ur e  def1~~et ed n-,nc fi more  a ith in - i - t a,  s i ne  ( - v lj nde  i- b i- u i - ~ i~. ( l i i i —

-~e q i i i - r i t l~~, ve r t i c a l  g r o w t h  of the ice i s 1 - ~~s in  - i t  i .  d i t i - in g  i i  I i i ;_ I l u - l a g t I i  i i

d u r i n g  f reez ing  r ’ain.

The r -elation ships of cy linde r S i l t - . ~ i i i i h - 1 t - i - d , a c h i t - nt a - p - -  t i  i i  , and  I \

and intensity of ice ocr - i - e t i on  to  the  measured  ~n .us~ a rid l i j O ~s l l  - i i i ,  i - i L l t , ; i ,  k c i - ~~~
of the ice were analyzed i t-i o rder  to U i - t i -  i - a un t -  t i l l I r . - ) t i  i i-  i i i  11( 11 i . ) i~~ i t - i -  14

shows the ratio of ice thickness and m i s s  m c;  , - i u i u - d  on the ~- nini rh - - rn  - l i rn l i - i -
that on the 5 0 — m m  diarn cy l inder-  ve r sus  i n d s p i - i - d . am b i ent t -  n i ~n - i t  . r  - , il d i i i ’

type and intensity of icing. 1- rom Figure  14 , it a~~p t- - i -s t h at  the  i - t i . ’  of the mus~
of the ice accumulation on the b-mm diam cy lindet- to that  on t k i t -  S O - m m  i h i ; i n i

cy l inder  shows lit t le var ia t ion  and w i t h  no appa rent  t r end .  l4y compsr l son , t h e

ratio of ice thicknesses for the same cy l i n d e r s  show i g r - -at  d i - . )  of v a r - i h i l i t - . .
\ lost  significant , though , is tha t dur ing  f reez ing  r • - u in , th e  rat io if h a  I t .  t hn ~- L i i , -  s, - s

for  the two cy l inders  is f r e q u e n t l y  less t h a n  I .  I h e  n i t - i n  of t he  i n d i v i d i i . I  - . t i , ’ - ~

f o r  f reezing rain is 0. 90 , so that the l a rge r  - v l i n d i - r  apr . ,  u - n t )  - has  - i c - - l i - i

collection eff iciency.  Since i l l  oh the s t i i ( I I i - ~ on ( - o h l . - . - t i o r ’  r i f e  : t - r i -~ it i - i t -  c a r - i  i . - 1

out wi th  cloud sized drop lets , the im p l i c a t io n  here  is I h ; - t  t h i -  I h i i - i n - . -~ m u - a l  - - L I  -

ship of the collection e f f i c i e n i - i  of oh j e i - t s  of l i f t i - r e n t  s l i t -s  is  I t o  i t t - i )  ( i i  t h e d i - . :
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size; that is, once drops reach a certain mass, their inertial force is great enough
so that the influence of the drag force is not sufficient  to deflect a significant number
of these large drops.

— 
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Figure 14. Ratio of Maximum Radial Ice Thickness and Mass.
Measured on the 3-mm diam Cylinder to That on the 50-mm
diam Cylinder vs Windspeed, Ambient Temperature, and the
Type and Int ensit y of Icing

In order to study more completely the performance of the ice detectors , six

climatic chamber tests were run with durations from 2 to 17 hours , some with
varyi ng conditions. Test conditions and results are contained in Table 6 for the
in-cloud icing tests, and in Table 7 for the freezing rain tests. As a result of these
longer tests, a major problem area was brought into focus. During the 15- and
17-hour freezing rain tests (test numbers 5 and 6 in Table 7), the detectors cycled
erratically even though synoptic conditions remained unchanged. This was caused
by melt water from the sensor accumulating on the flat surface area on the top of
the strut, and held in place by surface tension. During test 6 , with the tempera-
ture at -4°C, the puddle froze rapidly. The sensor , which was partially submerged
in the puddle , responded by returning to the deice mode. This account s for the large
number of cycles for Detectors 1 and 3 in this test. Because of the narrow strut on
Detector 2 (M odel 87 I FA), melt water drained more readily and no puddle formed.
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I )  t ang  a t  i , it ith the t - in ~~t - i t  i i .  t — l~~( . the puddle  iscis sl i ,  - t o  f r- e e z.- .

It is  r iot  : ippu - i -n t  w h a t  phy s ica l  r - f f u - r - t t h i s  h~~d ni  t b .  - v e l i n g  of t h u  det u  - i . : -

Di - ic i r i g  m t i -  r c i l s  w e r e  i r i t g u l ; t  r ;  h o w e v e r . i x t , - ,S l i  .- c - v i - l i n g  di d ii’ t i c u - u r  as with
t he  c a S t  of the 17 — h o u r -  t i - s t .  1- igure  15 shows t b t e  I t -a--i ’ — s qu ar e s  l in e : u r t - g . r - t - s i -  ion
l i nt - s  fo r  the mass of ice  on the 2 5 - m m  dian -u u ’.l inder  versus  the nun ber  of i n , t r - i , -

i c r i t  i- i  i - l i - s  for -  each detector (fi -om h - i g u i - € -  44 . The  v a lu e s  f o r -  t hu mass  of U on
I he  2 5 - m m  diam c y l i n d e r  v e r s u s  t h e  n u m b e r -  of - v c l t s for  each d u - t . - - t ’ i r  for -  the long
ci - t i ci t € - s t s  in 1 .  h i t - s  6 and 7 a re  a l so  s ho w n .  ~‘i l et’  t h e  n u m b e r  of cyc le s  fo r -

i- I t t  . i - ~ I ari d 3 in t i - s t  n u m b et -  6 a re  not ~
- . p r , - s i - n t ; t i  c-c- , t h ey  h i v e  not b eer  p ho t t c U .
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i- igux-e 15. Leas t -Squares  L inea r  Regress ion Lines for the \ Ioss
of Ice on the 25-mm diarn t yl inder ~s the N : i i n h t - r  of i n s t r ume n t
uv c l e s  for  Each Detector f i -om I- igure  9. \ aloes for  the long
d u r a t i o n  b at s  a re  ou t l i ned  w i t h  a c i rc le  fo r  I ) - t i - - t r 1, a t r i ang le
f o r  [Jet i - , bar 2 . and a squa re for  Detec tor  3

3,1
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Table 8 ‘- c l u t u n s  the  per - i - r l t i gt - d i f f e  r i - r n - u -  l i t  i i - i - n  t i n - mass of ic-c m t - - i — n r i - I l

on th e 25 — ru m d iam  t - v l i n d u ’  r in  the  long clu - t i on  t i - - i t -; and t h a t  i - - i t t  l i t i - I l  f r om  the
reg r e s s i o n  l ines  li i- i - u i - i l  - h i t . - - t , i , .  l i t -  pi n - i -  i I t i l 1 i -  d i f f t -  r i - i c -s  a r - i t t I I -  l a r g t - r -
for-  t i l t -  I r - c - &- .~irlg r a i n  t 1 — t s  \ Iso t b I i -  is a t i - n b c - n t - i  for  th e  - i - p  n t - s s i or l  l ie - s fo r
fi - u-e ~ ing r a i n  to n r i e & - r - i - st t : r t i -  l i i i -  mass of - , w h i c h  I u a p j l i - r l - d  in a l l  i l — I  r n  -~~
b ut one. t h e  m c i i i  of t h e  I l - u j in t i -  va l ue - s of t i i t - s t -  d i f f e r - i - u i  -~~ fi r -  i - i - i - . u n g  rai n is
37 pt- r- , -~ -w for-  i n — c l o u d  icing it is I l l  p n i  - ( ) tue -  exp la n a t i o n  I i ,  t h i s  i s  t i , -  g i ~~~

-.- t h
in t i re  s iz e  of the- c l inde n -  p l u s  i i- , i - s p e c i a l l y  l i t  t he  c i -  nt i 1 p la ne . I t - i  ‘- log  f r - i - ’  ing
i-am . \ s n i d i i - t i - d  p r - ev n c l i n s I \  , t h i -  l a rg e r-  t i n - i - v l i n d e i - , t i -  g i - t i - i -  t h i in  -i -i of

acc u m u la te d  ice. I-~c- i d en t l v , ‘s u n g  the reg r - . - s s j i , n  l m n e ~ li - i - i l  on U -  1 — h o u r -  U - s t . s

can lead to sign i f i can t  undt  i 5 t i r i ~~~t e~ of t i .  - m a s s  of ice d u r i n g  pr -o longe- c) s - c - i - n - i-
icing s u c h  as our -  long d u r - t io n t i - — I — . I ho~ i s  r io t a p m - o b l i - n  du r i n g  i n — i - loud  r i ng
hec - iu s e  c e n t r a l  g I-o\c -th i n  t i n -  c - c l i n d t - r -  is sm - i l l  and  t h i t -  f i - o r t~~I p r - i n -  t i on  r e n , i r r s

e f f e c t 1  c- e ly  unch anged .

I F I l e  B l’e i t - &-o t ge I ) n l r i - r - c - n -,-  i t t - c t - i - u  t hu  ~u I i s s  of l i -i- h i - ~~~~~n - ,-d
on lb 2 5 — r n u  dr ~im I c - i n r n i i - i -  i i i  t h e  Long D u r a t i o n  l c - it s  ar id  l h t
b— i t n r r i , t i - ch  P r o m  t i i t -  I l t - g r i - s I I . r l  L i n i - ~ f o r -  E c-h Det c-ctoi-

l’ e r c - t - u I t ~ .g i -  Di ff t -  n - i l l - ,-

Fc~ t
N u n i h n - r  ~~ pt of ri - i n c  I ) . - t ~~- , t ,  1 2 3

1 I n — - loud  to 25
2 1 n i — n l o ~ d — 2  — 1 2  — 2
a I n — e I , I I I C I  22 — 3
4 1- i - i - i - m ug i- - o n  ~ O 4 2  4 P
5 i- i- u - u - i - r i n g  r a i n  411 25 31
4 I r t - e t n r I g  i l i r l  - - . —6 - . -

N l - g t U e  ~ i g n  in ch i~~~ i i ’  t h e  m i - s i  I - - i  m s s  is l ess  t w n  t i c
I tb i i i i  ~ i f r - I mi  ( l i t  - i - t - g  i l s S 1 I  i i  I i  a - -

5 . 1  F t .~Iu1t~on u t  h-SI

The c i l f f i e ; 1 t i i - ~ - u t - ow ‘ - - h  b a r - t r i g  o l i n  o r - i g r i l t n — t  p c - r i -il , i - s p i - c i a l ] v  \ \ l t ! i
r -egaru ti the l a i l u r t-  t i f  t h i .  h i s - ount  \ I o d c - F  -7 2 1 ) I . ~~ b l - t c - i t l , i -~~ , p 1- I -  1 , -b ~u r -
j udg ing  thc t l I i t c  of t h is I C C  t i e h l l r  a S  a I n t l  - 1 r n - u  . l r I l I I I g i ~~~;l  i n s t n - u n - r .t for-

i b j e - . t i c i - l i  m e r l s c i r i r r U  l i e  n c t - r i - ( l l i r r , l i o n , - . e r , i i ; , -  ~ s€-  of a s u b s t i tu t e  cl e-t - c b a n -
I \ I o d t - l  17 1 1-  \ I  s n i l u , - I i  t h u t  t u e  sc~~t i - r i i ’~~ p r ’ I I u i S i i w .  f l  ~ p u t c  of i - r n l t r ~~ i l h I J f l L t

f r - o n i  i l i t l i  i l l  I t r i g  on ( o l } l I l r i l r i t s  i r s t i t 1 i f l i ’ u s i l i e  ( C o r p  r i : r : n nb a .  \\ ~th  t i l e  I X pe  i i -

ence p o r n - t i  f l -n m  t h e  i l l i p l r i l t e s t s , and t h t  l e t i l l - r I  i f  ( i i , -  i n -  h c tn  t o n - s  w h i c h  \ i C i e

nb C - u - i n i t p t ’ b l i -  to n u n -  g I~~, cit  — ‘ - c i - - t i r -  ~~~I c or u h c-t a m i - c - t f i - - t I v , -  - u -  onci t i - ~~I

3 
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p r o g r - i r i 1 . ij e _- a c r a t -  , i t  t i m - , t i n e -  - ( - t i  COll ~~m 1.- b d u n - l o g  t he  l i ii ‘ ‘ - i  p u - r i ~ sb~ 1 i. r i  not

-o r r i b i r i e d .  l low e - ve- i- , one . 1  t i n , -  s i tb~~t r t t t -  d - 1 - t~ , 1 5  u I - , H — ’ -  1 i l l  t h i . - I i u l l ( t  l i -b

nt - r j Ob t u b , fo r  i o i u u p c u r u r - c o r r , I - 1 11i l i- 16 - i ln i cs  - ‘ b i u -  r e g r t - s — ~ in  I n i - s  l i u r -  u t -  n e t — .— i f
ice n i l ea su l -el i  l u l l  t h t  5 0 — m m  ( m i t -  - v h i n r d e r -  c u - r - s u  l i i i  l u i I i r h& n of u n - - r un -n t  , -~~i - b u - . —

cler r - ing f r - t ’ t - z i n g  r a i n  r e s t s  l i i i -  t i r e  t w o  u t - .,u  i 1 r i o n i s .

The co r ru p l ex i tv  ‘‘I i - - i- a c c r e t i o n  j u  r - u u - t - s s e - .a i~~ i - u i d t ut l re,ni t a t -  I n i - I F r - a l  i — —

cussion in i-,c-ct i orl 2 . and fn -om the  - i - — e l b a  i t  on e -  t . - ~~t .  b i o n i c u . t i n -

dt - t , - t u r n s  i t t - u - c h ighly  eor - - e - l n t t - c I  - . i t u r  n u e - c u s r n - i - n u e - m , t s ‘i i  ju t.- ru — s  and t b i  cO l a I ’ l l

cy l i n d e r s . z- e’g i r - d l c - s i-. of the r u b  I f  a e u n i  t i o n  ( i l l - l i  i n c l u d e s  the u r u f l - m u - r i -e - i f

w ind sp eed , ambient  t empe r - t n  u t -  and p l -e - e ip i t : ut i on  r i t e ) . \ I t i r o igh I i -~ i - i , r t . - r r t  I c  -

~ p i r i s t -  was  s t - i I s l t l c  e to the t u  pe i i i  i ce  i c c -  r et i u ,n  due- t i  t i f t e  ‘ - ( u i  c -s  in l o p  ~ i i e~~~,

t h i s  should not he a m aj on -  p rob l em in n e -I  1 usc- t~~- an i se- d n-op s i7t -~ a i i -  i - I  i -p  ‘ u - i _ i i - i

c ucopt P.r conditions i-elated to the  I \ } ‘  - of i c i n g .

000 r - r - -y i y -

~~~~~ 

- - - 

~~~~~~~~ 

- - -— - 
I

/ /
MAY 977 TESTS

800 H Y~~ 6 6 3 + 9 O x
ro 089

700 ~ JANUARY 978 TESTS SEE— 162 6g

y’88+93i
r o Q 9 S

0 600 — -~SEE 2O 5g -

itt
-~

Lu~o -
a,

~~ 40O — H

300 —

2O0~— -

IOo~ —

~~~~~~~ 0 .__L_ _ _L ~~~~~~_ _ L _ _L _ a _ ~~~~~J
0 20 40 60 80 00 120 140

NUMBER OF INSTRUMENT CYCLES

l - I p u r e  16 . 1 o nu p a r - i s o n  of t l i t ’  b r i n e - a r  l e a s t  - S q u a r i - s  I b e p r , n s sj o n
I l u l l S oF l i t -  ~Iass  of I n - c  M u - a s u i - t - i on t h u  S O -m m  d i a n u  ( u h i n u h e l -  Vs

l u -  \ ‘ , u - - h v n i i i  l n s t r - n r n , u e - n t  ( c - u - l e s  ( \ I c b ’ I  97 l I _Au , ~ u - n - i a h  \ i u u r - h i - r  34)
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The a p p l i c a t i on  of Ice  ac- c - n e t  j on -i n n e a s c n r e  r u u t - u l t s  i s p I - i m a  ril y in the  a i-es of
c -i n c  i r -onmental  c i t - s i g n  c - r i t e - n a .  The t w o  c m c h n i - t - l  of n- n- a c t-r e t  ion t h a t  a re  impor tan t
in t h i s  regard ar - c - : ( l b  w ind  load ing  n iu t - r t i n  tu e P i e r -e as ed  s u r f ac e  area of the
-it  r -c i c tu t - e  n - i  a r e s u l t  < i f  a c c u m u l a t e d  ice ;  arid (2 1 the ’ mass  of ice on the s t r u ct u r e .

Fit e t I c - t i  m - n u u r i r l t i o n  of s u n - f a c e  i r e - u is r u t - c c ’ s r r i  ru  f or -  the t -ng irr eer to i - alc u l at e

the-  ha - c - cc i f  t h u -  u i - s i g n  windspeed on the  s tn -u u _- t u u - t- . ‘i b i s  c h i t  i - t - i u u i n : , t i o f l  is s t u c , n n i h t  —

P u - un -a i-el nv ite- n i c - i ’  i s  r u n n t  p r e s e n t , si nce l i i , - r~u rf -a c c-  a I - c-a  c-an h 1- i - c i s i l c -  c ak - u l a t e d ,
ar ld  i i  i t  I o u t  in i n d sp et - d  d i s t r i b u t i o n s  are  mu - a i l ab li- fo r -  a Lu r ’g i -  n i imh e  r- of II ie t i o i i s .

\\ itt - nt l i i  ns  p i n - s e n t , it n - i  r u i n  u - s s _ u  cv to know the d i st r -j b u t i o n i  of c -or le -u r r - en t  obs - cvii  —

t ions  n i i  m u nnd sp ec - d c r u m b  n~ . - t i u l t -k nic-s1 . Din m- in g r i a t i n u - a l  ic -c ri c e- n - c - t o n I c , i i -  t hP . -k rwss
- n i t ’S r i nd l 5 S 1 i t i I e u ~ ci - - - i n i - F  i ol s h a p - c , depending on t i n - o i - i en t at ion  and s i / n -  of

t i c - I l I l t  t n r i g  - i i i h  ~~~~~ a r r d  th e - synopt ic  condi t ions .  This  ca i n  be fu rt h c-n- comp licated
I I - . t i u t  ~ u . 1 O m i of i c i e i i - s . wh i t -it  a n - c -  not u s u a l ly  inc luded  in m e a s u r e me n t s  of i c - n -

l i i  k r m i - .ss.
l ) n r  i - m ug t he  i l n i t u a t i n - i - i t .  u m u h i ’  n t e s t s , m e a s u r e m e n t s  nt-cr c made of the ice t h i c k —

u r sa n c r  I i i , -  v i -  t i ,  I a-i w i - i l  as t i t e ’  m a x i m u r m  r a d i a l  ice t h i cknes s.  I bouc e v i c t - , these-
r r I i - ~~~~1 l i - c-s u n f  t l i n , -k n t - —cs a r t -  I j , - h i - m , I ( l u r t  cnn cv l i n d eu -  o r i en tat ion  and t he  nt -m d d i u - t - , - f j u r u .

I b n u ’ t I -cm  -- i - j u t e !  l i i  t h i c k n e ss ’ b r a s  f n - e ’ q i u c n t h c -  been used in the l i t e r a t u r e  to des —

n i h i -  i l l -  t h m i - k n i c - s s .  This  t i m-rn imp lie s a u n i f o r m  coating of ic -n ’ on a cy l i n d e r  such
1 u t he t a r  c u r c s s  of th e  ice is the - u - m n i i u s  of t it e  c vhj n d e  r and ice m i n u s  the  r a d i u s
i i i  I l l , -  c Unde r - , The t nn ie i - p t  is i t t  u - n m - I  in1 ’  j ut i ts  si ntp l i c i t v , even though  it does not
I i i - , e  - n t ~~ - t u n -  ~hJpe n i l  i c er - e t ed  ic- c- a c t u a l l y  occur r - ing  in n a t u r - i- . This approach  to
l u - i -  n k n . - s s  w a s  exp lor -ed using the ,I mt , f ron t  the  c l i m at i c  c h a m b e r  l i s t s .

n out s ider  ci c-~ l u n d -n  w i t h  Ic-ngth  I and ru t d i c ns  r 1. L i t  r
1 

be- t he  r a d i u s  of the
cc h i r t d e n p l u s  a u n i f o r m  i - i i m t i u t g  of icc - on the cy l i n d e r .  T h i - i t

= I-
! 

- r - 2 ( f l

ii b i t - u - i ’ I is ’ h r - t l ~~- i n  ‘i - t i e - a l  r a d i a l  ic -i -  t i c j c k n t - s . I ’ ront s imple  geomet ry , the volume
of R u -  \ - i n  be c i  l i - u l i t i - i l  f n - o n t

-) -_)

= H 
- 

- r
2

) , ( 8 )

_— ; u i  t l  I

I~ l 2
i

1 ~~~~~~~~~~~~~~ -c n
2 - ( 5)

4 1  
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ill
I ~~~ 10)

w h e m - u -  u s  the IlLu Ss ot ice on the cc l i n d u - i  ar id is t b . ’ -  I t -  i l ’ - i l . l t - - . c l i t u i n i n m n r u g

Eq s. tI )  arid ( 1 0)  arId  s u b s t i t u t i n g  for  r 1 in Eq.  I ~t , i l u m u -  , I t nt  - r t m s

TM 1 -)

p 1 r r ,  ~~ r~~ - 1 1 1 1

The t u n i  inc rease m u t he  t i m . k n e - a s  u t  t he  i v l n r r i l u - n -  p li u s l i i  n~ 2 1 .  I o n  ci 2 5 4  cm

d i i n c  cy l i n d e r -  wi th  ci l t - r m g t l r  ‘1 3 0 . 4 8  cm ( 1  t I , f u l l  i b a su r n n np an  n i -  l i l - r i s i t .  on

o. it p  I - t i  ~~~ t he  t ht ’ en ’ .-t  c m - a l  ui t i e s ’ ’ i n  t i l t -  c - - i — u n - — s  i t  t i n ’ , -v l u r c h - u  I b—u

= 2 ( 
~~~86 18 1. 6 1  - 1 . 2 7 )  ( 1 2 )

The l e a s t — s q u a r e s  l i n t - c u r  r ’ e g r - i - s s i o n  oF I ‘, i u l c c c l  - t . -d I . si n p I t o -  t u n a s  ot icc ’  or:

th u  2 5 — m m  diam cvlinc ier , c c  r - 5 U t i r e -  i n , t m l t  r u t  c e - n t i c - 1  ice t h j l L u n i - -,s ou t t h  - scone

cy l inder  for  the 2 1 J a n u a  i v  l h I S B  f r e e - m r ig u - in  t i s tS  ii -- she en in i - ) g i m  c c  17 . I ii ’ —

U cc 18 shout ’s the l e a s t — s q u a  u - c s  l ine- a l- n i - g  n i - a s  l i f i  n ‘ 1 f ’1’ ‘ c c  u - a d s  the  - :u ~ , x r : u c l u r : u  - , n b i l

ice th ickness  for  the sna re ’  t ’- s t s .  It c a r t be s e - i - r i  th  ‘t 1 S t - u - i i S  a -~ i p - t i  a ct  i - 1 i t i e u u —

ship between T ’ and both t u e  r e s u l t a n t  -
‘ i - u - t h a i !  ic ’~ t i uj ck n e s s  - u t i b  t h u  m x i  : u r u :n

radial  ice thickness.  I b o w e - . e n - , it E q. ( 1 1 )  p rov id . - u i  l u r e -  b e st  possl h l n -  i-e c , l t i - , t i te
regn-ession lines in 1-’igu i-es 1 and 18 w o r l d  S i c  n- r i i n t - i - - ‘ -at  of i -ru  and  a slo pe

of I; t h a t  is .

V = T ’ . ( 1 3 )

If we use r u e  va lue  0 . 8 g cr-n for -  t he  ic-c d e n s i .  v , t h e n

T ’ = 2 ~~~~~~~~~~~~~~~~~ + 1 . 6 1  - 1. 2 7 )  ( 1 4 )

- 
I for the 25-mm diam cyl inder .  The leas t-squan-es  l inea r  r-egi’ession l in e-s  for  T ’

calcula ted  from Eq. (14 1  v e r s u s  the resultant  - ; i ’r t u i .- i l  ice t h i c kn e ss , a n d  u l so  v e r s u s
the  m a x i m u m  radial ice th ickness  ,i re shown in l-’i g e n r - e 19 . I - q u a t i o r i  131 , shout - n 

-
as a dashed line , p rov ides  a good e st ir n ut n  of the ic- c th ickness .  The use of 0. 8 g cnii - )

fo r  t he  der r -n s t t v  of n e - c -  f o rmed  by f reez ing F u n  is  reasonable , since t h e r e  are  u su ci l lv
omc’ a ir  bubbles  t r apped  i i i  t h e -  ice and the  m c t n a l  m i e r : s i t v  would he in the range of

0.8 t I  0. 5 g cm 3. The , t i - r t sj t v  of pure  ice is 0 . 9 17  g cnt~~~. There fore , Eq. ( l i t
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(- u n  t o r m s i - i t  t o  i , u l c - n i l n i t t -  Uii- n ’cu d r c u l  m u  t i l i c k n t t - i - i s f r ’tj n u  I i i , -  n i tass  ui l e t -  101 th e -  2 5 — r u m n c

u t i , u r u m  cy l i n d e r doe- to f r - i ’e i i ng m a i n , c u s s u n i r i n m g  nu n i n -  i i t - n i i t c  of 0. 8 p t m  ~~. -\ ni, u l v-

su ’  n i t  t h u  Lu - i  t i l m c-k n t ’ s s  i n  t i n t ’  3— , 13— . c un t d 5 0 — m u m  t i t e r - u t u - v l i n d t ’n ’ a u n s i r tg l - q .  ( 1 1 )

ci i t h  i i  i t - c ( l e n s l t u  of 0 .8  g c-nm c i t - l i h - i i  s i n n i l a r ’Ic  g ood i - i - s u i t s .

I - o n i n n — c - l o n u d  i n - n i p . .i d e r u s i t v  of 0. 6 g u - n tu ~~
t w a s  u s e d  in Eq. ( 1  1) r i - s u l t in i g  in

th e -  e-xpr esslont

1 . 6 1  - 1. 2~ . ( 1 5 )

I lmis  m h t - n u c - c i t c  t s  t l t t -  : u p p m - i x n u u i a t n -  loin- c- n - l i m i t  f o n  ha rd n n u u u e - , a u u n l  n t c  u i — l u -  u n t I l  r r m u x n —

m u , -  ( i t t ’ t h t ’on - e -t i c - a l  r u i l i u l  ic- c’ t h i c k n e- ss  t - : nP . - u !c u t e -d u c~n u i g  i-~q. ( 1 1 ) . Ic- u -  — u i t i u  a

leu w e n -  de-nsi t  c has l it t le -  a d h n ’ s n v i -  at  u - e - r r g t h ;  it is riot cm i m p o u t i u u t  d e s ign  c-orn side i - u t —

n o n . s i n u c u ’  it wou ld  he- h l own  elf t i c  i--t t ong  ci i nds,  l h c -  I i -  1 s t —  squa  r n - s  l i n e n  r i- c - —

g n c ’ s s n n n r l  of ‘I’ ’ (
~~~

‘ = 2 1 )  u i - n - s o s  t itc ’ n u a x i m u n i  r ’ c m i h i ~~l Li e- t h i c k n e s s  on t i c , -  2 5 - i ~~u~
c i i n n n i u  i - n ! i r c c i u - n -  for’  th e - 21 in-  c-loud i c ’ iu t p  t i - s t s  f r -urn  th e  I - n i n e  n - _ v I S  ~8 t i - s t  b m c - n i O d  is

r i’ n-~i e - u i t t - d  in i - i gurc’ 2 ( 1 , I . i~ u I t  n o n  U 3)  is ci iso sho wut  as c m c i -  shed l ine.  I or 1 S t -

a n ,  n u n  l i s t s , the ’ m-eg - u - a s  r i t e  l u re’ l i i i ’  t h e  r e s in i t an t  v e r t i c a l  u -c- t i t t i -k u m e s s  on t he

— n i muic  u l i i m  i -v lj r t c i t -  n - e r  s u m s I ’ is ri ot s hy . ’. u c h e e c u r se ’  the-  n t s c i l t c n r t t  u e m~~i i  c l  th ick-

ness  - a s  c-lose ’ t i n  i i ’ i l l . nu l t h u u i c c p h sm i t h  y e i - t i .  c i !  p r ’ owth  o i r r u l r l - e d  urn t l t i -  srna !le’ u-

( 3 —  ar i d 1 3— m m  d iam)  c c l i n d i - r  ( s i - i -  i - i g u m - n ’ 13h) . US e - i n c r t ’ u m s e d  su n - f a c r e ’  a r - i - c u

ci t i e  t i i  t i r e -  r u w u x i m n i m  u - c d n c I n t - i  - (hi  cknie ’ s s dep c-nd .s on t h e  o u- ic -  mit ci t  io n o f  t ine  ice- coated

t r I m I - t u r e  to the  m ind . The cisc ’ of i - q .  I 1S t  I n n  c : u l c - u i i  t i -  t he  t l i c o r e ’ t it -~, l  l n m d i ~u l  ice

t lm i c -k n c ’ ss  on tlte ’ 2 5 — m a t  cit ,  ru  i_- v l n m n c i n - n -  Ion i t t —  c- Iocnd ic ing is -I c O n i l p u - c t f l l i i - c -  for ’  a l l

pe s s ihle  0 l i i  n t _ i  t i u u l s  t i l  ( l i i ’  i

1 s c r p g e -ct~ -d ncethoci f t i n  I n t i l i z i n i g  the- o u c t p - t i i i  t h i l -  b ’2 1) ( j e t  de’t u- u - t , . u  i n  ce -I ccc l

ci sc- i ;ou l c l  b i t -  to  u i - i n ’  th e -  u r u u : u u i I i - r  of i - ec- ~. i - u i u - d  u b - i m - i ng cvc i i - s t i  d i - t i - u - n c i i n u c ’  t h e  m i s s

of i c i -  b o- ~ uni t  l e n g t h  on a cy liride ’ r .  If i n -  Sept I n -  mass  of ice p i - l ’  :10. 5 ~ nt t 1 f t )

t i n  r i te ’  2 5 — n t n c  dj c m n i  c c l i n d c -  r c s  ci b as i  fo r -  dc - s i - u i i u i : c ~ b - - i -  :ncc n t ’t ion i  n i t u s u - r u  a t i n i n i s .

the-n th t -  m a s s  of ice’ on the 3— , 13— , ~n i t d 5 0 — m m  chic ’  r n i - v l i n d i -  n-s c -a tm  he de t en -n c i n ed

cc n t c~ t hu  t n  c t ( m i s  in T c ih ln  I t , t h e  r - _ I l i l c u l  P - c  t h i c k r n c -~~s c n n  then her c c , l c u c l c , t e d  for

~‘ac h - - - l i n d e n  s i / i ’  usi n g Eq. ( 1 1 )  w i th  the  c u p p r ’ o p u n t i a  ic e -  d e n s i ty  for  the type of

i e i u l r n

4 - ;

-~~ i_~_ ____ - -

L - 
_ _ _ _ _ _ _  ~, .



r 1  — ‘ l I T I ‘T I Y ’
0K

cci
- it_n 

~N ~- -
EN e

- 
4 P ’ N c i i i

a i m
N o o c u

I- ~~ in 0
- N ( > - - ( 1 )  -

~~~N
- N -~~~ ~~~~~~N i ~~~~~~~~~~N ,g
- N ~~~. N  .

‘N
N c~- 

~‘1- 
~~~~~~~~~

i-r i?

(WUJ) SS3NNOIHJ. 30) lVtQVb

in
>~~~N ti--I— - ui_n ~~~ CI

N-. -c E O n
E -~~~ c - ~°‘~ -=

a s

u. u u 1,j ~~ C.)

N (>-~~~~~ i) - c~j

N
N,,

~- 

~N -
~~~~~ ~~~~(i ntl

N‘N E
- N .

. ‘ ‘ N  I
N

- ‘N -I~ ~~ a

- N -

~~~N

~~~~~~~
‘ % -  ~~

- .—,-
~~~~

1 __~I_ l i_ j _  L__ I I ~ 
‘
~~ in

~ 0
I-

ww sS~ N iot’u 30 1V0I1~ 3A 1N~J.1flS3d

4 1



I I I I I I ~

N
- . ‘  .~~o

E 4.t~~~~

:~ 
e

- iii 0 ’
- ‘, - 3 ~~O N

— o w
\ ~~~~~~~

N N
- ~c* .‘N.

N
a- N -

~~~~~

N 
~~~~~ 

IN ~
- 

‘. ~~~~~ ~~~~~~~~

4l
~
Q_

~~~~_ \
- vb~,.., “ 

-
~~~~~~ ~~E’~ wa’

~N N
- “-~ ‘

N \ in

-

ci UII i I I I 0 ~~~ ‘-‘ +‘

tO N ~~ ‘~~ 0 (0 N ~~ ~~ 0
ti_n it) N iii CU — — -

~~~~~~~~~~

(WW) SS3N)13(H.L 33’

I I I I I ~

0 t iN  UI
N” N

-~~~~~

N ‘N- ‘~
“ _

,(‘
~~
‘ O~~~~ rum ’a

‘~v’,, ‘-“ - in
- -b” ~~ 

-
~~~~~4 ‘

‘1 ‘~

- 0
N

_(
+tI_ I,i_> E

- -~~~~~~~~~

r-. E-~- -~~~~ ci~~~~
Cv’ ~ in ,,,, ,a’ 1) insy

- -
~~~~~

- 4..\ 
-

~~~~~ ~~~~~~~~~~

I I I I I _ I I~~~~~ ’~~~ ~~~~~~~~~
~~ °

( (11W) SS3N)IDI H .L 331 — —
45

- -.,,-..---- -- ‘~t’,c.-__ -lu-—-—— —_ —I-_-

- - - --- -_ ~— -- — -- — - _~~ f l — ~~~ 
- L -  ~~~~~~~~~~~~~~~~ - -—



—,--- ‘ a L ~
__ -

Table 9. Mean and Standard Deviation of the Ratios of the
Mass of Ice on the 3-. 13- , and 50-mm diam Cylinders to
That on the 25-mm diam Cylinder for the January 1978
Test Period

Category Cylinder diameter Standard
(mm/inches) Mean Deviation

In-cloud icing 3.2 / 1/8 0 .21 0. 059
In-cloud icing 12.7 / 1/2 0.59 0.062
In-cloud icing 50.8 / 2 1.47 0,116

Freezing rain 3 , 2  / 1/8 0.18 0.041
Freezing rain 12.7 / 1/2 0.54 0.056
Freezing rain 50. 8 / 2 1.65 0. 091

Both combined 3 .2 / 1/8 0. 20 0. 054 i
n

Both combined 12. 7 / 1/2 0. 57 0. 063
Both combined 50,8 / 2 1.56 0. 139

7. CONCLUSIO N

Based on the analyses of the climatic chamber test data , the Rosemount Model
872DC ice detection system has proved an effective tool for dete rmining the mass
and thickness of ice accretion on cylinders. At the time of this writing, seve ral
items remain to be resolved before utilizing the B72D C ice detectors for icing
observations. They are as follows:

1. Modification of the Ice Detector

It was pointed out in the discussion of the long duration tests that melt

water accumulated on the flat surface area on top of the strut on which the sensor

is located. This altered the response of the detectors during prolonged icing with
light winds (5 15 kt) . At higher windspeeds, the melt water was blown off. This
problem could be eliminated by tapering the top of the strut to facilitate drainage.
Representatives at Rosemount were consulted about this, and they felt that the
modification could be accomplished at a reasonable cost per detecto r, depending on
the number of modified detectors ordered.

2. Detector Calibration
It was apparent from the analysis of the climatic chamber test data that

there was a significant difference in the response time of the 872DC detectors. A
representative of Rosemount stated that the difference in response time between
detectors can vary by as much as 15 to 25 percent. He indicated that greater
attention to calibration at the factory should reduce the variance to about 10 per-
cent, possibly less,
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3. Proper application of detector output
The major factor affecting the detector response, other things being equal .

is due to the type of icing. This is a result of differences in drop size. The re-
gression lines for the mass of ice versus the number of cycles for freezmg rain
and in-cloud icing represent limits of the detector response to icing. What re-
mains to be evaluated is the response of the detector to icing conditions with drop
sizes between those for in—cloud icing and freezing rain, in particular freezing
drizzle,  or a mixture of freezing rain and drizzle. This is not as formidable a
problem as it might seem, beca use each type of icing is a discrete entity that can
be easily identified by an observer. What remains to be determined -is a method
for int e rpolating the detector response for conditions , such as freezing drizzle ,
which have drop sizes between in-cloud icing and freezing rain. Also, the long
duration tests indicated that the regression lines for freezing rain underestimated
the mass of ice during prolonged severe icing. Observations of the detectors in
the natural environment should provide a better understanding of what adjustments

have to be made to these relationships. Section 8 describes a program for this
purpose that is currently under way at AFGL.

4. Keeping track of residual ice
The main emphasis in this report has been on observing the quantity of ice

resulting from a period of ice accretion. In engineering design, it is also important
to know the distribution of concurrent observations of wind and ice. Since the
strongest windspeeds could occur subsequent to the period of icing, especially in
cold locations, it is necessary to develop a method for determining the quantity of
residual ice remaining on structures after the icing has stopped. Techniques for

doing this will be explored during our tests in the natural environment.

8. ON-GOING EFFORTS

A program is currently under way at Air Force Geophysics Laboratory where-

by Rosemount 872DC ice detectors will be mounted on a stand and installed at four

sites in the northeastern United States , Two of the sites will be at Hanscom AFB,
and Blue Hili Observatory, both in eastern Massachusetts. Both sites will be
operational by November 1979. On each stand a cylinder 30. 5 cm in length with
a diameter of 25 rum will be mounted on a vane 90 cm from the ice detector. The
cylinde r, which will be kept normal to the wind direction, will be removable so
that the mass of ice can be determined.

Detector output will be compared with ice measurement s on the cylinder , in
order to evaluate the regression lines of the number of instrument deicing cycles

versus the mass and thickness of ice determined from the climatic chamber test
data.
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