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INTRODUCTION

~
4ydnc eteor concentrations aloft are determined by radar

- . 
- 

and by airplane-mounted sam plers. Pada r measurements are ~tronqly

biased toward larger particle sizes , and do not discr i r - inat e between

hydrometeor types. Airplane samples can be used to calibrate the

radar measurements , identif y hydrometeor types , and fill out the

small-particle tails of the size distrib utions.

Jne of the problems with airplane sampling of hydro’-~eteors
is tr~at hydron~eteo r concentrations tend to be distort ed at sampling

po int s near the fusela ge sur~aa~ . Th is report is concerned with

theoretical assessment of this distortion for specific airplane-
moun ted ins tru ments . Theoret ic a l bases of the method used an d

several applications are presented in refs. 1 and 2. A summary of

the theor y is gi ven in the next sec t ion .

In this report, additional support for use of steady-

state drag coefficients for calculation of accel erative particle

motion is discussed. Assessments of sampling adequacies of several

instuments mounted on a Learjet 36 airplane are reported. This

includes assessment of a total water content ind i cator in the nose

of the Learjet that requires computation of flow into the airplane

nose: a new application of the n~ethod. Finally, results of a pre-
liminary attempt to prepare a generalized graph to be used to esti-

mate ‘safe ” samplin g distances for fuselage-mounted instruments are

compared with results obtained from a number of specific studies.

1. H.G~ Norment and R.G. Za losh , “Effects of Airplane Flowfields on
Hydrometeor Concentration Measurements ” , AFCRL -TR-74- 0602 (6 Dec .
1974 ). AD-A 006 690.

2. H.G. Norment , “ Effects of A irplane Flowfie lds on Cloud Water Con-
tent Measurements ” , AFCRL - TR-75-023 1 (30 April 1975). AD-A014 807 .
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F3A (. KGROUND

~ATURE OF THE PROB LEM

~drtic le samp lin j devices of interest here usually measure

particle flux throug h a small space adjacent to an airplane fuselaqe.

Unless the sam plin g space is distant enough from the airplane to be

in the free-stream , particles of certain sizes will interact with the

f low about the fuselage to cause f lux distort ion. The s i tuat ion is
illustrated in Fig. 1 for 100 ~m diameter water drops in airflow about

a prolate elli psoid of fineness ratio 2. Note the impaction on the

ell i psoid of the drop closest to the ellipsoid symmetry axis , and note
the substantial deflections of the next closest trajectories. Tra-

jectory deflection causes high particle concentrations and high con-

centrat ion gradients to be ob serve d a t a po i nt suc h as the one mar ked
® 1 in the figure. At point®2 , deflect ion an d impac ti on com b ine
to produce a region void of part i cles , a so-called “sha dow zone’ .

Smaller drops , with much less inertia , ten d to fo l low the a i r f low
more exac tly such tha t less distortion is observed . Drops larqe

enou gh to have ver y h ig h iner t ia su bstant ia l l y  ignore the a i rfl ow ,

an d again little distortion is observed. Therefore , distort ion is

significant over a limited range of particle sizes.

CONCENTRATION FACTOR

Pr incipal results of this work are expressed in a quantity

called concentration factor. Concentration factor , CF, i s de fi ned as
the rat io of particle flux at the sampling or target point , Ft~ 

to
the partic le flux in the freestream , F ,

F
C F~~~~~~

. (1)

- 2 -
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The ratio of the particle concentration at the target point to free-

s tream concen trat i on , CM, is

C~l CF V/V t (2 )

where V is free-stream airspeed and V t is airspeed at the target

point. Usually V/V t
Concen tra ti on factor i s determine d by com put i ng part i cle

trajectories from the freestream (initial plane in Fig. 2) to a

small area in the target plane (Fig. 2) tha t surrounds the target

point such as to define a particle flux tube. Since the particle
mass transfer rate through the tube is constant at a l l  cross sec-
tions , it is easily shown tha t

(3)

where A and A t are the fl ux tube cross sectional areas in the free-

stream an d a t the tar get poin t . In the l im it as A an d At approach
zero , eq. (3) becomes exact.

PARTICLE TRAJECTORY CALCULAT ION

We assume tha t the bul k air flow is not perturbed by the

particles. Moreover , s i nce part i cle dens i t y is lar ge com pare d to
tha t of air , we can neglect buoyancy and inertial reaction of the

f l u i d  to obta i n the three-d imens i onal , normalize d equation

= 
i ~4. 4. 

BNRN ,s 
- 4

dt N ~ 
a p N ,s N

- 4 -  
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Fi gure 2 . Perspective view of a particle flux tube.
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Non-dimensioned quantit ies are:

‘
~p ’ a particle and air velocities

v 5 sti l l -air term inal sett l ing speed
of the part ic le
un it vector in the z (upward)

direction

t ime

EN 
= V /(Lg) Froude Number

RN 
= 

~~ I~
a
~~

p V Reynol ds Num ber

BN CORN
2 Dav ies Number

C D part ic le drag coefficient

Dimensioned quantit ies are :

6 particle dimension
air density

n a ir viscosity

g gravity acce leration constant
V freestream a irspeed
L a cha racteristic dimension of the

-j fuselage

Here length is normalized by L , ve locity by V and time by L/V .
and BN ,s are for sti l l-air , terminal settling of the particles.

Starting at the initial plane , eq. (4) is integrated

- 6 -
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with respect to tim ’m e in three -dim ensiona l space via the code DVDfl

of Kroqh~
3
~ till the target plane is reached . The metho d use d to

compute at each time step is described next , and then draq coef-

ficients are discussed .

THREE-DIMENSIONAL FLOW CALCULATION

In performin g concentration factor calculations for sam-

pl i ng sites on particular airplanes , it is important to use three-

dimensional airflow . This is the only way to properly account for:

airplane neoinetrv and angle—of—attack , airspeed , altitude , and par-

t ic le  set t l ing .
Cloud physics airplanes are subsonic , samplin g runs heinn

made typically between 100-150 kts indicated airspeed (lAS) . Par-

t i cle ~easurerment points are beyond the skin -friction boundary layer ,

and should be placed to avoid regions of separated flow. Therefore ,
potent ial (i.e. , frictionless , inco~-~ressib le , la minar) f low calcula-

tions are quite adequate. We use a code developed by Hess and Smni th~
4’5~

for calculat i nri potential flow about arbitrary three—dimensiona l

bodies. The Hess -Smith code requires input of a di gital description
of the fuselage surface. This consists of the coordinates of the

corner points of a large number of contiguous , plane , quadrilaterals.

An example of the digital descrip tion of a fuselage is shown in Fig. 3.

Accurac y of the flow ca l cu la t ions  has been checke d w ith
excellent resu lts by Hess and Srnith~

4
~ for many bodies for which ana-

l ytical solutions are available. Norment and Zalosh~
1
~ have compared

compu ted trajectories around ellipsoids in analytical flow fields with

simi lar trajectories in Hess-Smith flow fields , an d they have compared
current trajectory resu lts with prior work; agreement is excellent.

3. F.T. Krogh , “Var iable Order Integrators for Numerical Solutions of
Ord inary Differentia l Equations ,” Jet Propulsion Lab Technoloay
Uti l izat ion Document No. CP-2308 (November 1970).

4. J .L. Hess and A.M.O. Smith , “Calculat ion of Non-Liftin g Potential
Flo w About Arbitra ry Three-Dimensional Bodies ,” McDonnel Douqias
Re port E.S. 40622 (15 March 1962). AD-282 255.

5. J.L. Hess and A.M.O. Smith , “Calculation of Potential Flow About
Arbi trary Bodies ,” Progress in Aeronautical Sciences , Vol .  8 , edited
by D. Kuchemann (Pergammon Press, New York, 1967).

. 7 —  
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(a)

~~~ I~i~11iI i i  I L 1 1 1
(b)

F igure 3. Computer prepared plots of the digit al description
of the Learjet 36 fuse lage: (a) Forward fuse l ,~je, (b) Compl etefuselage. Instrument locat ions are: ASP • , Replicator •Snow Stick v
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PARTICLE DRAG COEFFICIENT

Da v ies (6)shows that still-air termina l settlin g c~ soheres

dr be gener al i zed ~ifl terms of the di- -en si on less numbers ~ and

Ove r the range from the sm allest sp heres , which s t i ~ under
viscous flow cond Itio n~ and obey Stokes law , to spheres ~u c b  larac- m-

t hi n of interest here , and for any Newtonian fluid , a re oroduci b le

sing le-value d rel ati u n~hip between P., and B exists. Fu~~t ’~ ’r ’ - - n r ~ ’ ,N ,s
B.. is independent of settling speed , being a function o~ fluid and

sphere properties nn y; t hus for given sphere and f luid , ~~~~ and

he nce ,‘ can be calculated. Pol yno’”ials by which i- -
. can he con-

S
puted as a fjn~tion of were derived by Davies fror ’ a com oosi t-’

of ‘c an ,’ cots of experi -- ent al data .

Since the worr . of Davies , it has been found repeatedly that

tnis ~reatr ,ent is applicable to particles of ot he - shapes , provi d in n

settlin g is steady and particle orientation is stable.

For t o e t - .~jectory calcu l3t ions required here , the problem

mIdS t be turned around. In addition to grav ity settling , there is a

particle velocity co”o-~nen t (relative to air) caused by the d i s t u r -

bance of the passing airplane. At any ti n e step in the num erical

integration of eq. (4), 
~~~~ 

(and hence 
~~ 

is known , and B, must he

determined. For viscous motion (i.e. , Stokes flow , where RN
B, = 24 RN and eq. ( 4 )  can be integrated without question. However ,

for lar ge r RN the steady-state drag data determined experimentally for

term i na l settling must be used to compute accel erative particle motion.

Experimenta l measurements by Ke ini~
7
~ an d a theoretical analy-

s i s by Crow e, et al . (8) indicate that if the accel eration modulus ,

6. C. N .  Davies , ‘De finitive Equations for the Fluid Resistance of
Spheres , Proc. Phys . Soc. (London) 57 , 259-270 (1945).

7. S.R. Keim , “ Flu i d Res i stance to Cyl inders in Accelerated ~1otion , ’
J . Hydraulics Div ., Proc. Amer . Soc. Civil Eno ., 6, naoer 1113 (1956).

8. C.T. Crowe , J .A.Nicholls and R .B . Mo r r i son , “ Drag Coefficients of
Inert an d Burning Particles Accelerat ino in Gas Streams ,’ Ninth Symp.
( Int ’ l . )  on Combustion , Academic Press , op. 395-405 (19f3).

- 9 -
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dV
A = ~ —i’- IV ’N dt ‘ p

is sm aller than about 10-2 , steady-state drag coefficients can be used

without significant error to compute accelerative motion. A N has
never been found to exceed 1O~~ in our trajectory calculat ions.

For sccall water drops , whic h are s pherical , the polynomial
equations of Davie s(6) are used to compute V , wh ile for larger , dis-

torted drops , the equations of Foote and du Toit are used . To com-
pute R .~ f roc ~ i nve rse pol yno mi a l s  have been develope d , using the

data set given by Davi es for sma l l  d ro ps an d Gunn and K i nser (1~~ for
large drops.

Conc ent ra ti on fac to rs a l so  are ca l cu l a t e d for a va ri ety of
ice crystal forms and for broad ranges of ice crysta l sizes. Ice

crysta l drag and dimensiona l data are described in refs. 1 and 2.

9. G.B. Foote and P.S. du Toit , “Terminal Velocity of Ra i ndrops Alof t ,”
J. Appl . Meteor. 8, 249-253 (1969).

10. R. Gunn and G.D. Kinser , “The Terminal Velocity of Fall for W ater
Drop lets in Stagnant Air ,” J. Meteor. 6 , 243— 248 (1949).

- 10 -
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LEARJET 36

IN STRUMENT LOCATIONS

A Learjet 36 airplane (Fig. 4) has been instrumented for

cloud phy s i cs research by Meteorolo gy Res earc h , Inc. (MRI) as shown

in Fig. 5. Instruments of interest here are:

Tota l Wa ter Con tent Indi ca tor (T W CI)
Particle Measuring System’~s (P!.15) 1-D Particle Spectrometers

Snow St ick

Formvar Re p l icator
PMS Axial Scatterina Probe (ASP)

En g ineer i n g d ra w in gs of sur face con tours of th e fusela ce
were obtained from the Gates-Learjet Corp. The engineering coordi-

nate system is as follows for this airplane:

FS Alon g the fusela ge a x i s , increasing in the aftward

direction , with origin 86.75” forward of the nose tip.

BL Hor izontal direction perpendicular to the fuselage

ax is  with origin at the axis.

WL Vert ical  direct ion , increasin g upward , with or igi n
at the lowermost level of the fuselage.

For the ca lculations reported here , the origin is shifted
to the nose tip (actua lly to the center of the TWC I or i f i ce) an d a l l
coordinates are norma lized by dividing by the radius of the upper

port ion of the cyl indrical fuselage section (32”) .  Coor di na tes o~

_ _  ~~~~~~~~
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TW C I
PMS I-D PART ICLE
SPE CTROMETER

ASP

S~O~ STICK 
~ REPL I CATOR

Figure 5. Learjet 36 with instruments mounted .

- 13 -

- -—  ~~-~~~~~- - - --~~~~~~~~~~- - -



— - -——-——5 ———— -5 - —“5- - —.~~—,-————--- —5-—-- ——-—- —---5——- —“ -5-- - __nfr— — -_-- _ 

I 

- 
-

the instrument sampling points are given in Table 1.
An accurate d igita l description of the fuselage was devel-

oped from the engineering drawings. Fi g. 3 shows com puter plots of

the fuselage , which is represented by 1104 quadrilaterals.
Part icle trajectory calculat io ns were done for 30 kft

altitude , for wh ich flight conditions are:

Indicated airspeed 165 kt (84.9 m sec~~)

True airspeed 270 kt (138.8 rn sec~~ )
Angle of attack 4.5 deg
Temperature 228.8 K
Air density 0.45904 kg m 3

RESULTS FOR THE SNOW STICK , REPLICATOR AND ASP

As sho wn i n F ig . 5, these ins truments are mounted through

the cabin windows. Distances from the fuselage skin are 13 or 14

i nches , an d considering the slenderness of the fuselage (radius 32 in.)

are well clear of shadow zones. Table 2 shows concentration factors

as a function of water dro p diameter at the instrument samplin g loca-

tions. To bracket the shadow zones , concentrat ion factors were com-

puted at points successively closer (by 2.54 inch increments) to the

fuse lage relative to the instrument sampling points. Results are
shown in Table 3.

Consistent with being the furthest aft , the snow stick has

the highest concentration factors and the deepest shadow zone. To

determine whether or not the snow stick is shaded for ice , concentra-
tion factors were computed for solid and hollow ice columns and for
hexagona l plates . Tables 4 and 5 give the ice crystal properties

and Table 6 gives the concentration factor results. No shadowing is

i nd i cated .
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TABLE 2

,-~1i ER DROP CONC L’~TP1-~”5ION FA CTORS

AT T E  L~~-P~ET 36 ~~O -J ~cTIC~’ , FORMVAR REPLICATOR a nd A~P

~‘a ter
Drop

ia .ceter CONCE NTRATION FACTOR , CF
~~~LS5fl~± ~~pj i cato r  ASP

50 1.148 1.155 1. 151

80 1.203 1.173 1.134

100 1.194 1.153 1.116

300 1.046 1.032 1.023

500 0.987 0.988 0.998

800 0.984 0.985 O.9°7
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TABLE 5

PROPERTIES OF HEXAGONAL PLATE (Pla) ICE CRYSTALS

D i ame ter of
Water Drop of Densit

Dia: eter Thickness Mass Equal Mass
(am) _______ 

( -.)m) (kg/rn 3)

10 5.68 ~ 2.582 x 10” “~ 7.9 ~ 700.

30 9.30 “~ 3.591 x iO~~ ‘
~ 19 ~ 660.6

50 11.70 -~ 9.203 x 1O~~ 
-
~ 26 -c~ 484.0

100 15.97 ‘~~ 3.351 x 10- 2 ‘~~ 40 ‘~~ 323.0

300 26.16 0.4779 97 312.5

500 32.~ O 2.145 160 401.5

1000 4~ .91 20.22 338 693.1
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TABLE 6

:CE :‘ E - ~ TP A TI9 ~ ~~i uP: AT T~ E LEA RJET 36 ~,‘~~~~~
- ‘ ST ICK

a. CDL U’-”

Corce r:tration Factor , CF
L erv~t~

( . C )  So l i’~ 
Ho1lo ~-

20 1.032

3S 1.048 1.039

53 1.08 9 1.f l 6 ~
100 1. :81 1.116

300 1.241 1.211

500 1.2 21 1.242

1000 1.154 1.251

3000 1.086 1.178

b. HE~A GO~AL PLATES

Diameter
( r n )  ——

30 1.050

50 1.053
100 1.062

300 1.122

500 1.190

1000 1.262

- 20 -
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-‘A kT :ULE T-A U L U TORY A~~’~1 E AT T~~[ 1-0 PAP ~ ICLE SPECTROMETERS

As - r ~~~~r in Fig. ~~~, a pair of PMS particle spectro’-’eters
,~re -oun t ed above the fusela ne nose. The sa- -pl i nq volumes are 18”

a f t : y- € - ”  se ip and . r~ - s l i qh ’ ly more tha n 8” fr- oi’ the nose .ur fac n .
-.e - ‘ .

~~ - e ’ 5 t ~~~i no s ign i f i can t  concentrat ion d istort ion anc 1 foun’l
none , but there was int o r ’ — ’~t in deter m ininc trajectory ang les relat ive
t i  the horizontal ~ t the sampl ing points. Figure 6 shows a short sea-
ment of t ra jectory for - 300 ~m dia ceter  water drops to one of the spec-
trometers. The airplane axis is tilted at 4~ 5U The traiectory
is almost horizontal. bein q tilted in the same sense as the airplane

ads at an ang le less tha n 0.5 at the sampling point.

TOTAL WATER CONTENT I N DICAT OP

The intake orifice of the TWC I cons ists of a 2 inc h diameter
hole in the nose t ip of the fuselage. Intake air ve loc i ty  is about
30 ft sec 1 , but will vary somewha t with flight conditions. For the

calculat ions reported here , we have used an intake of 5. of the free-
stream airspeed , which corresponds to 23 ft sec~~ at 30 kft al t i tude.
A 6° angle of at tack was used for the TWC I calcula tions.

As i l l us t ra ted  by Fig. 3 the fuselaqe is represented by a
larqe nu-her (1104) of p lane , cont iguous quadrilaterals. Usuall y the

fuselage symmetry is used so that only half  of the to tal number of
quadrilaterals need be specified . However , this requires that quad-

rilatera l boundaries be defined along the symmetry plane , an d un for-
tunatel y this plane bisects the TWC I orifice. Since flow accuracy is

h ighest at quadrilateral centers and l owest at boundaries we consid-

ered it unwise to use the fuselage symmetry and ha ve quadrilateral 

At the time the TWC I calculation s were done , the best informati on
avai lab le indicated a 6 ~4O,4 , whereas a va lue of 4.5 should have
been used to be cons istent wi th the other calculations reported
here . However , we f i nd that the AOA di scre pancy produces ne g l iqi-
ble differences in the C~ resul ts.

- 21 - 
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Figure 6. Computer prepared plot showinq a segment of
tra jectory for a 300 ,m diameter water drop to one of

the PMS 1-0 partic le spectrometers. T he a i rplane ax i s
is incline d at 4.5 degrees to the horizont al.
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boundaries run ning through the orifice center. Thus a special ver-

sion of the nose was developed for the TWC I study whi ch does no t
use the synir-etry. This version , shown in Fig 7a , al lows the center
of the orifice to coincide with a quadrilateral center. Since not

us in j  the syrnnretry essent ia l ly doubles the time for each air ve loc-
ity computation , the fuselage is described fai thful ly only as far —

aft as the base of the cockpit windshield.  Beyond this point the

fuselage cross section is kept constant as shown in Fig. 7a. This
descript ion of the nose requires 471 quadri laterals.

Figure 7b shows an enlargement of the nose tip of the
Learjet fuselage. The 2 inch diameter orifice is represented by

a plane cons i sti ng of 21 q u a d r i l a t e r a l s .  The a i r flow com puter cod e
was modified such tha t each of these 21 quadrilaterals ‘leaks ”

inward a specif ied portion (in this case 5’S .) of the freestream flow.

F l ow fi e ld Stu di es
S ince we ha d not prev i ousl y computed flow into and around

an or i f i ce , we performed a detailed study of the flow field in the

vic in i ty  of the nose tip. Calculat ions were done for zero , 5 and

100 - intake relative to freestream airspeed . Flowfields in the fuse-

la ge syn~iietry plane (i.e. , plane y=O) are shown in Fiq . 8. (Note

that there is little apparent difference between the zero intake and
5’ intake cases.) Careful study of the numerical results indicate

tha t the intake is accurate and uniform over essentially the entire

surface of the orifice.
Figure 9 shows a stereo -view of 100 urn diameter water drops

to the nose with 5”l intake into the orifice. In the case of these

particles the trajectories deviate little from straiqht lines.

Concen tration Factors, Concentration Ratios and Concentration

Correc tion Factors
Concentration factors were ca lculated in the usual manner

- 23 -
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(a)

S

(b)

Figure 7. Special digital descr iption of the Learjet 36
nose fcr the TWC I study : (a) Com plete nose description
(b) Enlargement of the nose tip. The center of the TW C I
orifice is mark ed .
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Fi gure 9. Stereo view of 100 m diameter water drop 
-

trajectories to the Learjet 36 nose. Intake of the T\-~C I
orif ice is 5~ of the freestream flow.
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~~~~~~~~~~~~~ ~~~~~~~~~ Y; C t a r - ;-~t p i lne (Fig. 2) was constrained to lie parallel

to t ’ ~ orrd ce plane- ~t a distance 1.6 mm ups tr 5-eom fro-- - it .  Part ic le
- t~~es .-.~•re c- -ntered at the o r i f i ce  o r- n ter .

To e~[ior~ the effect of flu ,- tube radius on water drop
CO oen ’ri ’ion i.l c t: -f - oult s , calculations were done for’ tarqet

~la ne ‘
~~~~~~~

- t~:e r adii of 0.5, 0.8 and 0.9 inch. (The orifice radius
is 1 i ’ ch. ) Ue q l igib l e differences in results were obtained over a
i r ~~~ i - -i ter - - -in~e of 50 t 800 i-i . All results reported below are

~-oe- r - ~~~ t plane fl- j~ tube radii of 0.9 inch.
r , r ~~ ( , S r , .

~~~~~~ i~~~~fl factors , CE, for water drops are qiven in
ab le 7 . F i :~~ r -~ 1? shows a f b i  t~rh~- of 10 -rn diameter waterdrops

to toe % .  As seen in the ~iqure , the tube f lares open as it ap-
Oroaches toe 5- /dc :; t h e r e~~~r~- ~~ ha -ip —

~~~ 

- A , an d CF 
‘- 1 (see eq. (3)).

El ~--e 11 soov~s t b -it -e - - - - - s e  t~~-re is little flux tube distortion.

Concen trati on ~~‘ter does not provide an approximation to

o ‘~~ic le conce nt r~ t ior _ C d istortion in the same way that it does for
‘‘-e more conventiona l cases i n - vnl ,H n o  sa r- r . ing ins t r i -e nt s  protruding

fro--’ the f-jsela-o~- a~~ o~ thp nose. ‘~‘ is is because the TWC I orifice

is very ne~ir ly a ota nn at ion area , and ~-~e cannot assume , as usual ,

that the particle velocity is ~-n~ent i a ll y the same as the air velocity.

The ratio of particle concentr ation at the TWC I orifice to the free-

s tr ea m concen tra t ion i s

CM 
= C F V/V p~~ (5)

wnere V
P ~ 

is the particle speed into the ori fice and V is freest~eam
a irspeed : Table 7 also contains the ratio V/V

~~t 
an d C~,1. Exc ept

* Water drop concentration factors also were calculated for zero
intake into the TWCI. C F values are not significant ly different

from those given in Table 7.
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I NITIAL
PLANE

Figure 11. Target and initial plane flux tube cross sec-
tior is for 10 om diameter water drops to the TWC I orifice.
The marked points are trajectory inter sections with the
planes. (Cf. Fig. 2 above and Fig. 8 of ref. 1.)
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or tee smallest water drops there is little concentration distortion

at the orifice. Obviously, this comes about because flux decrease is

compensated hy concentration buildup in the staqnation reoion.

V Though particle concentrations at the TWCI orifice are

nearly the same as freestrearn concentrations this does not mean that

hydroineteor concentrations measured by the T~-!C I are free of distor-

tion. The T~CI measures the throu nhput rate of bulk particle --~ ss ,

r~i. This is

= C~A0V~~~ (6)

where C~ is the actua l concentration at the ori fice , and A0 is orifice

area . From the definition of concentration ratio , the freestreani con-

centrat i on , C , is

C = 
CMA V t

and substitution of eq. (5) into this q i ves

(7)

Thus for the TWC I, distort i on i n hydrometeor concentration measure-
ments is proportional to the reciprocal of concentration factor , and

equation (7) should be used to compute freestream particle concentra-

tions from the TWC I data .

Concen tration facto r calculations also were done for soli d

and hollow ice columns , hexa gona l p lates , plane dendrites and aqqre-

gates of unri med radiating assemblages of plates , side p lanes , bullets
and colu mns. Properties of the ice hydrometeors are given in Tables

4,5,8,9. (Explanations of these tables are in ref. 2) Results areS given in Tables 10-13 and Fig. 12.



TABL E 8

PROPERTIES OF PLANE DENDRITIC (Pie) ICE CRYSTAL S

Diamete r Of - -

Dendrite Water Drop Lgui va lent Disc
5 Diameter Thickness Mass Of Equiv alent Density Diame ter

~ m) (rn) Mass (~irn) — 
(kg/rn3) (~m)

500 29.16 0.7356 112 334 341.0

600 31.24 1.0981 128 357 389.4

800 34.82 2.1850 161 402 490.3

1000 37.87 3.6484 191 450 574.1

15 00 44.13 8.2800 251 556 720.8

1800 47.27 11.494 280 607 785.4

2500 53.50 21.129 ~ 343 ~ 712 924.1

TABLE 9

PROPERTIE S OF AGGREGATES OF UNRIMED RADIATING ASSEMBLAGES OF

PLATES , SIDE PLANES , BULLETS AND COLUMNS

Diameter of
Wat er Drop of

Dimension Mass Density Equivalent Mass
(pm) (jig) (kg/rn 3) ~jim)

300 3.756 265.7 193

500 9.914 151.5 266

800 24.21 90.3 359

1000 37.0 70.7 413

2000 138.1 33.0 641

3000 298.3 21.1 829
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TABL E 11

HEXAGONAL PLATE ( Pla ) CONCENTRATION RATIOS AT THE LEARJET 36 TWC I

Pla te 
*

Diameter ** C C 1

J in ) F / p,t M F

10 .401 3.448 1.383 2.492

30 .533 2.433 1.299 1.875

50 .560 2.320 1.297 1.787

100 .601 2.137 1.283 1.fEY~

300 .761 1.558 1.185 1.314

500 .836 1.348 1.128

1000 .919 1.151 1.057 1.088

* See Table 5 for hexagonal plate properti c~- ,.
** See footnote in Table 7.
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TA F LE 12

PLANE D N E iRI T E (Ple) ~~~ ~Hs~A TI 1 Y~ RAT 105 AT THE LEA PSJiI T 3~ ~ -~LI

*
Dia eter — , 

/
~~ S ** ~- -5 - F ‘ n ,t M F

500 .789 1.472 1.161 1.267

600 .810 1.413 1.145 1.234

800 .842 1.330 1.120 1.187
1000 .866 1.273 1.102 1.155
1500 .900 1.190 1.071 1 .111

1800 .912 1.164 1.062 1.fl°~
2500 .930 1.125 1.046 1.07€

8 for plane dendrite crystal propert ies.
See footnote in Table 7.

TABLE 13

CRYSTAL AGGREGATE C0NC C~TPAT IUN RATIOS AT THE LEARJET 3€ TY C I

*
Angrenate
Di - ~ensi on c v iv ** c C ~ m) F F

300 .951 1.058 1.006 1.052

500 .959 1.046 1.002 1.043

1000 .967 1.033 .999 1.034

3000 .975 1.021 .996 1.026

See Table 9 for crysta l aggregate properties.
** See footnote in Table 7. 
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GENERALIZATION OF THE CONCENTRATION FACTOR
METHOD FOR FUSELAGE-MOUNTED INSTRUMENTS

INTRODUCTION

The concentration factor calculation method described above
and in refs.1 and 2 is designed to be specific with respect to air-
plane , sampling site and flight conditions . its application requires

development of a detailed digital description of the airplane fuse-

lage followed by a rather demanding computational effort on a large
computer. Frequently it is desirable to make a preliminary estimate

of the suitability of a sampl i ng location without resorting to this

deta iled analysis. To accornodate such need , the analysis described

below was done. It results m a  gra ph that can be used to
roughly bracket the edge of the shadow zone for samplin g points near
any fuselage.

CONCENTRATION FACTOR RESULTS FOR POT ENTIAL FLOW AROUND AN ISOLATED

POINT SOURCE

A single point source in a potential flow field affords
a simple , easily computed approximation to flow around an airplane

fuselage. Thus , this approximation was used for the extensive con-
centration factor calculations required for the generalization.
Figs. 13-15 show water drop trajectories around two point source
bodies. The smallest drops (10 urn diameter ) fol low the streamfiow
very closely and Fig. 13 essentially shows air streamlines. Fig. 14
illustrates the increase with distance aft of the depth of the
shadow zone -for 100 urn diameter drops , and Fig. 15 shows the rela-
tively unaffected trajectories of large drops. The point source
body definition and the flow fiel d equations are given in the Appen-
dix.
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Figure 13. Trajectories of 10 rn diameter water drops in poten tial -
‘

a irflow around a single poin t source which simulat es a fuselage ofradius 0.8 m with veloc i ty 130 ri sec 1 at 20 kft altitude. Thesetra jectories virt ually coincide with airflow streamlin es.
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Fi gure 14a. Trajectori es of 100 .m diameter water drops throuqha pote ntial flow field around a sin gle poi nt source. These cal-cula tions simulate a fuselag e of radi us 0.8 m with veloc i ty130 m sec 1 at 20 kft altitude.
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F igure 14b. Trajectories of 100 urn diameter water drops througha potential flow f ield aro und a s i n g le  point source. These cal-culati ons simula te a fuselage of radius 2.0 m with veloc ity130 m sec ’ at 20 kft altitude.
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Figure 15. Trajectories of 1000 urn diameter water drops in
potential airflow around a single point source. These calcula-
tions simulate a fuselage of radius 0.8 m with velocity 130 m sec ’
at 20 kft altitude. The tilt of the trajectories is caused by
gravity settl i ng.
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Concentration factors were calcula ted such as to bracket

the location of the shadow zone edge at nine x/D values rang i ng

from 0.25 to 4.5. Here x is distanc e aft from the nose tip and D

is the body diameter at x = - - . Calculati on geometry i n the p lane
norma l to the fuselage axis is shown in Fig. 16. The full three-

dimensional concentration factor code for water drops was used .

The calculations were done for a standard -atmosphere alti-

tude of 20 kft (T = 248.6°K , ~ = 0.653 kg m-3), t rue  a ir speed of
130 m sec 1 and two fus’~Iage radii :  0.8 m and 2.0 in . T he sma l l e r
fuselage radius represents the smaller , more sl end er airplanes such
as the Cessna Citation and Learjet. The larger radius represents

lar ge airplanes such as the Lockheed C130. The only significant

difference between results for the two fuselages is that the concentra-
tion factor vs. drop diameter curves pea k at about 50 urn for the
fuselage of smaller radius while they pea k at about 80 urn for the

larger fuselage.
It is not possibl e to precisely determine the shadow zone

edge via this method . This is because as the shadow zone is ap-

proached concentration factors increase shar ply and numerical prob-

lems ensue . Thus , it is only possibl e to rather broadly bracket the

shadow zone edge. The stippled region of Fig. 17 represents the

bracketed region: r-r5 values (r
~
r
~ 

correspond s to y-y5 in Fig. 16)
above the stippled area are clea r of the shadow zone , values below
the stipple d area are within the shadow zone , and values within the

stippled area may or may not be within the shadow zone but if not S

will have extremely high concentration distortion . The graph brack-

ets the maxima of the concentration factor vs. water drop diameter

curves. Dista nces are normalized by dividing by maximum body
diameter , 0.
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z A X I S

s~
y Ax i s  ~ fL

~ I 5 °

Fi gure 16. Cross section of simulated fuselage showing concen-
tration factor calculation geometry used for the generaliz ation
calcula tions. SP is the sampling point. y—~y 5 is the d i stance
of the sam pling point from the fuselage surface measured along
the hor izontal (y) axis. The z axis is vertical .
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0.2 ____________________________________________________________________________________

1 .3 4

x/D

Figure 17. Surnary of concentration factor results that bracket the shadow
zone edge. x is distance aft from the nose tip. r-r 5 is distance from the
fuselage surface. (For the flow around the point source body, r-r 5 - y-y5
as in Fig. 16.) 0 is maximum fuselage diameter. The stipp le l area brackets
the shadow zone edge for flow around the point source body. Case Study
po i nts are:

PMS Precipitation
- Particle Spectrometero C13OA Formvar Repl icator essna 1 ation 

P115 Cloud Particle
o C13OE Form-jar Replicator Spectrometer

- 
- ~ C1308 Lymlan—ci Total Water  I Learjet 36 Snow Stick

Probe - -• Learjet 36 Formvar Replicator
9 CI3OB Fo i l I mpacto r 

~ 
Learjet 36 PMS Axial Scatterina

Probe
See text for additional description.
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MuAR ISO N WITH CASE STUDY RESULTS

Ta b le  14 surtinarizes pertinent results of the case studies
performed to date. Only for the Cessna Citation are the results for
the instrument samp l inq points ; for the other cases the results are
for points closer to the fuselages along the instruments ’ axes . Where
ava i la b le , resul ts tha t bracket the shadow zone edge are q~ven .
(For the C13OA formvar replicator and Cessna Citation PMS probes ,

shadow zone edges were not bracketed and results for single, clos-

est points are given.) These data also are plotted in Fig. 17.

Plotted points that bracket the shadow zone are connected by ver-

tica l l ines in the figure. The number above the upper point of a

pa i r , wh i ch i s clear of the shadow zone , is the largest concentra-

tion factor calculated.

Figure 18 shows normalized fuselage radii values as a

function of normalize d distances from the nose tip for the various

air planes and for the point source body. For the airplan es , the y5
values are for plan -view projections of the fuselages. The figure

shows that the point source body is the bluffest obstruction to

flow , but affords a reasonable approximation to the fuselage shapes

with the exception of the Learjet.
That the point source body has the bluffest nose shape may

at least partly explain why the case-study data all fall below that

for the point source body for nose-mounted instruments (x/D < 2).
The generalized and case-study data for instruments mounted on the

sides of the cyl i ndrical sections of fuselages (x/0 > 2) a gree very
well .

F i g u r e  17 shou ld be considered as a prelimi nary r e su l t ;
more exhaustive calculations are necessary before the generaliza-
tion can be considered to be complete. Nevertheless , the figure

may be used to provide rough estimates of “safe ’ water drop sam-

pl i ng distances from fuselage surfaces.
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SL’MMCRY OF CA SE-STUDY C ~ Y ~T-f .~ )~ FA ~~~ R ES U L T S

4irpla ne r(Fuselaqe - r
Ha- ete r ( 1 ) ) 

- - - ~ns trLl r ~nt - - - - - - - - - 
D 

- - -

C130,n Hrnvar 0.682 0.061 1.7
(0 .32)  Repl icator

(Ref . I)

- i3O E
(0 .32) ro r iva r  1.627 ~.1Q4 2 .5

Rep licator 0.081 0
(Ref. 1)

C 13OB Lyman- - 7. 1.277 0.075 1.0
(4.32) Total Cater 0.057

Probe (Ref . 11)

C1308 Foil I -’ pactor 1.~~-2 0.085 2.0
(4. 32) (Ref. 11) 0.065 S

Cessn a PMS Prec i pitation 2.632 0.142 1.c
C it a t i o n  r article Th-ectr-o eter
(1.61) (Ref. 1)

Cessna OMC Cloud 2.632 0. 1~ ?Citation Particle Spectrometer
(1.61) (Ref. 1)

Lea rjet 36 Snow Stick 3.133 O .i~4 l.a
(1.62) 0.124 0

Learjet 36 Formvar 2.7~O P.1~4 1.3
(1.62) Replicator 0.124 S

Lea rjet 36 PM S Axial Scattering 2.384 0.140 1.3
(1.62) Probe 0. 100 5

*
Concentrat ion factors are pea k values for water drops.

~Only for the Cessna Citation PMS probes are the results given for the
instrument sampling points. In all other cases the concen trati on factor

F 
results are for points closer to the fuselages along the instruments ’ ax€s. 5

**S denotes that this sampling point lies inside the shadow zone.
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/ / ,“/ Point Source

0.2 .11 ,“ ,/“ C 13OA 
—

Ifi ,‘/ C13OE

I, ‘,/ — . —. Cessna C i tat ion

0. ~ 
x x Lea rjet 36

O _ O  I I I I I I

0 1 2 3

x/ 0

F i- -~re 13. F selacic radius , vs. distance aft t~’~ the nose tiD,

-i , for variou s airpl ane fuselages and the point source hoc~~. P is
maJ r i~~~

-i f usela ge diameter . See text for acM itiona l ‘ir-ccrioHon.
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- ‘Jnfortun ate ly there are not enouqh ice hyd ro rneteor resul ts
~tv uila b 1 e to warr a nt constructi on of s i r : i l a r  graphs for ice. How-

- ever , t ’ -~ read er s houl d be aware that s ha dow zones are d ee per , exten d
to la~-o e,- particl e casses and span broader ranges of sizes for ice as
compa red with water drops (see refs. 1 and 2) .
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SUMMAR Y AND CONCLUSION S

Concentration factors for water drops were computed at the

sampling points of three instruments mounted through the cabin win-

dows of the Learjet 36 airplane : a PM S axial scattering probe , a snow
st ick and a for mvar replicator.  The largest concentrat ion facto r is
1.2 for 80 ~m diameter drops at the snow st ick , which instrument is
the furthest aft of the three. To determine if the snow s t ick is
shadowed for ice hydronieteors , c o n c e n t r a t i o n  fac tors fo r ice co lumns
and plates also were computed for tha t instrument; no shadowing was
indicated. The distance of the shadow zone edqe from the fusela ci e

surface was determined approxi mately for each instrument .
Col lect ion eff iciency for hydrometeors of the Tota l Water

Content Indicator ( TWC I )  mounted in the Learjet 36 nose was evaluated .
To accomplish this, the concentration factor code was modified to

al low intake of a specif ied fraction of the freestrean f low by the
fl/Cl ori f ice . Detai led examinat ion of the air f low f ie ld  into and
around the orifice showed that the computed flow is hinh ly accurate.

Hydrometeor flux tubes were calculate d into the TWC I orifice for water
drops and various ice crystal forms. Concentration factors substa n-
tially less than unity are found for s-al l hyd rorneteors of all types

except for ice crystal aggregates . Since freestream hydrometeor
concentra t ions determ i ned by the TW C I are pro por ti onal to rec i proca l

concentrat ion factor (eq. ( 7 ) ) , larci e correct ion factors are reauired
for most small hydrometeors (F~ q. 12) .

A preliminary version of a general ized graph by which “ safe
water drop samp lin ri distances for fuselage-mounted instruments can be

est imated was prepared (Fig. 17). Potential a i r f l ow around an idea l
point sourc e was used as a convenient model of an airplane fusela ne
for the extensive concentration factor calculations required . Re-

sults for the point source body are compared with available case

study results. Agreement is good for instruments mounted on the
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cyl indrical portions of fusela ges. For instruments mounte’~ on the

forward (taperino ) parts of fuselages , case study results indi cate

more shallow shadow zones than do the point source body results.
Thi s latter -- a y be caused , at least in part , by the fact tha t the

nose of the point source body affords the bluffest obstacle to

f low of all shapes considered .

I

I
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APPE N DIX

- 
VELOCITY F I ELD EQUA TI O NS FOR P (TENT IOL FL0~-

AROUND A SINGLE POINT SOURCE

The followin g is developed from chapter 16 of the book by

M ilne_ Tho tlp son (12) . T he stream func t i on , -~ - , for un it f rees t rean

flow abou t a source of strenqth 1/4 at the origin is

— x r-~-
~~ 

- - -~~~~ - -~~~~~-- (A .1 )

where -

= x- + y2 + z

= y- + z 2

an d freestrearn flow is parallel with the x axis and toward the posi-

t ive x di rect i on.
The ve loc ity equations are

V~ 
= 1 + 4- -53

~ 
(A .2 )

(A .3)

The body surface (defined by i~ 
= — 

~~
-) is given by

r 2 = ~~~ + -~~
S 2 ~

12 . Milne -Thompson , Theoret ical H drodypamics , fifth edition
(The MacMil lan Co . ,  i9€~)T.
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-~~ich can ce so l - -~ d :- i ive r as s i r :~~e v~ i-j e~ f nc t i on o x :

~ : ( x \ x  ~
- C - - x ,~ ; - - - -

~
- . (

~ - . ‘i)

Eu~at io n (A. 4 )  is ~seci cc c a l c c l a t e  the s u rface contour of toe Lcd i.
T ? -Le nose or stagnat ion point is at x = - and the body b~ s unit
radius ft

5 
= 1) at x =
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