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ABSTRACT
There is still little known about the droplet size-erosion rate

patterns for wet steam turbine stzges. It has been already proved that
the structure of the droplet stream may influence very rmuch some of
the impact parameters govefning the erosion of the turbine blading (ref.
In order to shed more light on the problem, a series of experiments
was initiated at IFFM, § In the test stand of IFFM the structure of the
droplet stream may be readily controlled. The aim of this report is to
present the algorithm relating the structure of the droplet stream in the

mentioned stand with some impact parameters, Also an attempt is

made toward preliminary evaluation of the experimental results presented

in (ref, 3).

“Institute of Fluid Flow Machinery of the Polish Academy of Sciences,
Gdansk, Poland,
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1. NOMENCLATURI

Co 0B e

Al = 5 o
r,oPe C
¢y air velocity, m/s
Cy droplet velocity, m/s
D . mean diameter of the rotor, m
Ds mean diameter of the sample, m
Yo
E = D /2 coefficent of droplet separation
S

Er rationalized erosion rate

F see Fig. 3, m
3
G constant,m /s
a1 Ames) e .

f = number distribution funct].on,l/m
n Ar, N

k factor of proportionality, sece Fig. 4, mg/m
1, see Fig. 3, m
n (1‘*; Cl) number of the droplets of a given size r, per unit area
n number of all droplets per unit area

Na normalized erosion resistance
N s

1,2,3 constants

Ty droplet radius, m

u circumferential velocity, m/s

U 3, 2
a water flux over the sample surface, m /m’ s

UA see (18) and (B7)

. 3, 2
mean value of U , m™/m’ s
a

el



UA see (19) and (139)

UeN maximum instaréta,nc‘zous value of the volumetric material less per unit arca
l . 3
and unit time m /m S
UFM see (23) and (11])
T 3
Uey mean value of U M m /ms
e

UEM see (24) and (B12)

Wy droplel-s velocity in the relative frame of reference, m/s
\ - et
*[ normal component of W rn/s
W, W, 5 W W
1 A RS VAR
AR AR M M mean values of WN? m/s
v air velocity in the relative frame of reference, m/s

o
A, 7 see Fig, 2
Am - loss of material eroded, mg

AM, amount of water supplied onto the trailing edge of the flat plate per its
length L\Rl, kg/s

ARl the length element of the trailing edge of the flat plate, m

A(am) /AT the maximum slope of the curve A m = [ (T ), mg/min.

K parameter , see B1)
H viscosity of air, kg/ms
o
P50, see Fig. 3,
o
Pu see Iig. 8,
P ; ; 3
dengity of air, kg/m
. 3
Py density of water, kg/ln
T time, minufes

iv



2., INTRODUCTION

There are some characteristic features of the kinematics of a droplet
motion in the axial gap of a steam turbine blading.

The neighborhood of the leading edge of the rotor blade is
exposed to the impact of droplets whose radius is a function of the location
of the blade surface element, The further away from the leading edge
of the blade the surface element is located, the smaller are the maximum
and mean value of the droplet radius., Also the angle of attack, which is
a function of the inclination of the blade surface element and the droplet
size, changes,

Another characteristic feature of the droplet imiaact intensity
is its strong dependence upon the structure of the droplet stream. This had been
proved in (ref. 1), where the correlation between droplet stream structure
and the impact parameters was considered,

In the experimental investigation of the material removal-time
patterns for different material, these characteristic features of the droplet
stream are usually not taken into account:

1. The droplets, no matter what theiqf size, collide with the samplc

of the material under the same angle of attack., Usually this angle
is 90 dcgrees.

2. The structure of the droplet stream is usually relatively homogeneous,

In general, little is known about this structure and often not

even the droplet stream is uscd in tests, but rather a liquid jet.



It appears, however, that both the angle of attack and the
droplet structure have substantial influence upon erosion rate patterns. As far
as the influence of the angle of attack is concerned, some information is

already available. One comes roughly to the conclusion that the normal compon-

AL
=

ent of the impact velocity governs the erosion, Much less is known about
tte influence of the droplet sizc. Only recently (ref, 2) an attempt was
made to draw some preliminary conclusions from the meager experimental
data; it is there assumed that the drop size effect can be represented by
a factor of the form
WE‘ r, = const
X T *

where the constant represents a critical or threshold combination of velocity
and droplet size, such that, for \VZ*N ro £ constant no significant erosion
occurs,

In order to shed more light on the droplet size effect, among others,
a test rig with rotating s:mple was built in the Institute of Fluid Flow
Machinery of the Polish Academy of Sciences, The sample intersects
once per rotation the droplet strecam generated in the aerodynamic wake
of a flat plate. The particular feature of the stand is that the droplet stream
structure may readily be controlled by changing the air velocity in the test

section, the amount of water per unit time and unit width of the plate, the

length of the plate, the shope of the trailing edge of the plate, etc. Mr.

B, Weijgle designcd the stond; he and Mr, H, Severin are in charge of the

A
e

See extensive reference data in (ref, 2).



experiments. The outline of the stand is shown in Fig. 1. More details
are available clsewhere, (ref. 3).

The aim of this report is to present the algorithm relating the
structure of the droplet stream withmean values of some selected impact
parameters., The structure lof the droplet stream is defined by the
droplet size distribution function. This function is assumed to be known, and
to depend upon the droplet size and air velocity. Particular attention is
paid to t’he mean value of the amount of water impinging upon the unit area of
the sample per unit time, the mean value of the product of this amount of
water and (W*N/255O)5 , and the mean value of the impact velocity.
A preliminary evaluation of the experimental results presented in (ref. 3)

is made.



3. FORMULATION

Before we formulate the conditions of the droplet impact with the
rotating sample of the IFF'M experimental stand, let us consider the
kinematics of the individual droplet,

In some prior authors' papers, it has been indicated that the
droplet motion in the aerodynamic wake may be described with sufficient

accuracy by the equation:

Cx 1
i— = 01-8 1— h - 2 2 2
1 . [1 +A'z + NA' "z + 2A'2]

. is the droplet velocity in the absolute reference frame of

coordinates. The relationship between this velocity, the gas velocity,
and droplet size is shown in Fig. 2. The group of parameters is relevant
to the IFFM stand., The droplet velocity w,, in the relative reference

frame of coordinates:

and the droplet path in this reference frame are also shown.

The conditions of the droplet impact may be easily calculated
under the assumption that the droplet path shown in Fig. 2 does not
change its shape in the neighborhood of the sample, This assumption has
been evaluated in Appendix B in more detail,

Let us now consider first the amount of water which hits the

unit arca of the sample per unit time, 7This parameter of the droplet impact

is worth considering because it has been already shown that the erosion rate

is proportional to it. Let us assume that the structure of the droplet stream is



defined by the droplet size distribution function

p nlryc)

Ln<r*;cl) = Ar* . (3)

and that this function in the point where the sample intersects the droplet

stream is given by the equation
N -N.r
2

\ 5% _ R
fn(r*,cl) = Nor e s Nl’Ng’N5 = f(c "

Then the number of droplets of a particular size r  impinging upon the

D
s
surface element A Rlv o d ¥ of the sample per one crossing of the droplet
stream is equal to
D
n(r ,c.) L «F = nlr ,c. )L - Sdcpsinqv = (5)
*7 7] * 7] 2 cos Q’(r*,cl)

The volume of the water carried by these droplets is equal to

D 1

L > YL = dp sin o (6
z W, - nlr,,eq 5 Y cos a(r*,cl> )
since
u sin vy
cos-o(r_,c.) = = ' 7
( ¥’ 1 w*(r*,cl) ( )

and the frequency with which the sample crosses the droplet stream per
unit time isu /n D. Hence, the volumetric flux relevant to this volume of

water is equal to

) = eI ( Yar nalTocy) o R
b U (rysepp) = g O E K u sin y D " bR,
(8)

The product LN may be eliminated by means of the continuity equation



for the liquid phase formulated for the cross-section 0-0 of the droplet

in )

stream, It has the form: OM, = r%o L C_X,(T%;Cﬁ n (1)() ) Trl - p,
0 * A
= T N " 5
2 L c*(r%,cl) fn(r%,cl) N ar, 3 Iryop, (9)
r =o
_.X_
The sumation, which may be replaced by integration is extended over
all the droplet radii in the stream, Instead of Eq. (9), one may write:
_ h INOfOrBf(T c.) e (r ,c ) dr
AM* = 5 I p* N < * Tp NS 1 e\ 1 x
(10)
Hence AM,
N = — :
-L;]I o, [ ri f (r*,cl) c_x_(r*,cl) dr,
’ 0 o (11)

For the particular droplet size the angle & (r_, ¢ . ) may be expressed

sk 1
by the equation:
o = arc tan ¢
(12)
where
. . /( ,c)—ucos}{l x,c ( 31n7
tean @ = sign |sin ‘\
‘ , \ w(r,sc) /! u e sin y
A 1 (o) s

The sign-function takes care of the appropriate sign of term tan o€ .

The second part of the R-H-S of the £, (13) may be easily deduced from
the geometric relationship shown in Fig, 2, It must be remembered that
for each droplet size T We obtain a different < or, in other words,

X = X (r‘” C‘1> . Hence, in order to validate the q. (38) for all droplet
sizes, the sin @ function in it must be replaccd by function F(¢), such

that (see fig. 3):
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n
F (¢ = -
() 0 for o < (pn( r*,cl) 5
s I T I
F sin [© - o + =7 A o (r .c - o
() 9= arpe) ) tor g o) - Do g (rye)
F = RO ¢ _]:I.
(o) 0 for o > xpn(r*,cl) t3 (i)
where:
Plragocy) = o lry se)) +ale,, e)) - olr,;50)
(15)
i: 1, 2, 30 © ¢ 6 e 06 0§
also,
_ I , = ofr (16)
CPn(l“*o;Cl) T and of r»eo’%) of l%l’cl)
Rearranging (8) by means of (11) and (14) results in
>
X ) AM, ry fn( r%,cl) W ( r*,cl)
Ua(r*)cl)(p) - 0 ¢ AR, o ’ TD ain y
* 1 5 . s
fr* fn(r*,cl) c*(r*,cl) dr,
0

One establishes the volumetric water flux U (c
a

P il
sin [0 - T o
(¢ @n( *)Cl) 2]AT%

r Y ) for a surface

element located by @ extending the integration of the value

8 U (1‘>'<,

a

c,, ¢ ) over the whole vange of droplet size, IMence one finally

(17)
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obtains: 3
o lo ) - 1 bM,, N C}v r, fn(r%,cl) w%(r*,cl)
a 10" 7 p. AR, T D, sin y © o« .
x O s o 3
_ér* fn( 1"_)(’,01) c*(r*,cl) dr,
AM
1 o & UA(c. ,0) :
sin [o - <’Dn<r%’cl> + 'é] dr, = ( 1’ (18)

in
o, ["R]_ Ti DS sin ¥y

In order to eliminate the dependence of ¢ one may average U (c _, ¥ )

\ a U
over the circumference of the sample. Hence:
AM ,
1
e L : o (r o) =
p, AR, T D sin vy n *max® 1 2
— 1 * 1 S [
U (c) =
a 1 (I‘ o ) N l[ 0 3 o
“nt Txax’ 1 2 (f) r fn(r*’cl) e ( T-X-’Cl) dr,
o)
j -1—':—“~ ) el ) ..}- E] dr d
[ r] fn(rwc ) W ,_(r*,cl) sin [o - Q)n“*’cl 5 , 4o
)
AM
.* .
- = R siny Unley) (19)
Oy A 1 g ° 7

The erosion rate is obviously not only the function of the flux of water

impinging upon the surface element of the rotating sample. It is also a

function of the impact velocity.

empirical equation in the form

This relationship may be expressed as an

(ref., 4):

(VA . 5
amo g 7?4 ———  exp(-0.25 swm/pw )
T O\ Doy T
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1 a flat sample the coefficient & = 7 « p . Other symbols of I£q. (20)
are explained on Iig, 4. The maximum instantaneous erosion rate

MZ is according to (ref, 4) and E£q. (20) equal to:
AT

o]

A(Am) U, /¥ K \\ 2

AT : No\2550/ Ve (21)
Here Uem represents the maximum instantaneous value of erosion rate.
These empirical relationships have been established for the flat material
sample attacked by a rclatively homogencous (in size and direction) droplct
stream. Application of these formulae for the case of cylindrical, rotating
samples demands assuming that the erosion darmage caused by the droplet
groups of a particular size may be superimposed. That as sumption

has not yet been proved and may be accepted here merely as a first

approximation. Under this assumption, the theoretic al evaluation of the max.

imum instantancous value of erosion rate may be based on the value:

NERION

(o SRR L A
5 UeM(r*}Cl}Q'D) = 0 Ue(L"{}C_’J,}Q‘)) 5550
(22)
its integral extended over all droplet size:
oo 1AM, y o0 ri f(r ,e. ) w(r, ,c )
U (c ,0) [BU_ dr, = = [ n 1 1
eM' "1 o eM ¥ P, ARl 1T DS sin y 0 ® ‘
) 2
\
{;rx r (r*,cl) c*(r_x_,cl)dr%
W r e ,o)l"
. a * 1’L? 7 T
5550 sin [0 - cpn( r*,cl) + éj dr,
1 bM, | (23)

= i jr;j‘-\r( N o
Py AR.'L 11 D(‘ gin vy UL Qlj\’))

D
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and the mean value:

il
(Dn( I—>’-r.rz€—1>:’cl ) ' Z’
- 1
- » ,o) dop =
el ©p) T / er ©2@) 90
O sel) ©
n *max® 1 2
i
1 AM,, 1 ( v I
S r o o
1 Py AR1 il Dq gin vy qDn *max’ 1 2
Colr, e) s 17 | EE
n' ¥max’ 1 o é ry fn( r*,cl) e, ( r_x_,cl) dr,

) w, (r ,c ,0)5
> * %7 T
£ 7 fn(l*’cl) xx(l%,c}) 555G
1 AM% 1 L

_ n,o s
sin [¢ - Q“n( T-x—-’cj_> + ;] dr dop = UEM( ¢

o MR, T D sin o
1 IS

The relevant programs cf nuinerical calculations of these impact parameters
are presented in Appendix A ud B. In Appendix 13, in addition, the equations fov

local and mean value of the impact velocity are given,
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4. SOMIE RESULTS OF NUMERICAL CALCULATION AND SOMI
CXPERIMENT AL RESUILLTS

The theoretical analysis presented in the previous section and in
Appendix B had becn triggered by interesting experimental results of
B. Weigle and H. Severin (ref., 3). They had found that for constant
mass flux of water, GW, supplied per unit width per unit time onto the
plate, for constant circumferential velocity, @, of the sample but chaug-

ing gas velocity 4 in the range of

¢, = 60 ——- through 75, 9

ne
-
Ul
(O]

m ., In
S

the erosion rate changes substantially, A fragment of the experimental
results in the form of the relation Am = £(T) is shown in Fig. 5. There
is also shown the droplet size distribuiion functions relevant to the gas

velocity ¢ It is apparent that
I

Py
-
——
P
w
—~
oy
-~
&

1° increace of gas velocity Cl the

dispersion of the droplets incresces

; and the representative mean value

of the droplet size

©0 .
> .

decreases, as does the erosion rofe represented by the ratio 46(4m)/aT

defined in Fig. 4.

This significant change in ovesion rate mav be a result from several
&

different effects. One of thesc s y be the change in ainount of water im-

vacting the sample per unit ares and unit time., As a malter of fact, Hey-
4 I I '

mann's empirical relation (g, 20) seys that the maximum instantancous



value of erosion rate A(Am)/ AT = U is proportional to the volumeltric
em

water flux U_ over the eroded surface of the sample. The other reason

C

for the change of experimental value of A(Am) /a1 may be the change in the

Wi,
/(‘N 5 . . ) ) . i
term U ("EB“E'G“) . It is also proportional to A (Am) /AT

Numerical calculation presented in this section have been performed
for the following sct of parameters relevant to the stand of IFFM:
c. = 60, 75, 92, 153 m/s
u = 200 m/s
7 = 80°
D = 7-107

-6
Ar% = 10 « 10 m

@“ = 1.85 - 107° keg/ms
p = 1,205 kg/ms

* = 1000 kg/ms

z = 0.3 m

In Fig. 6 the resulte of numerical calculations of UA and UEM are

presented. Both Uh and UEM are proportional to U and U M TE spectively
a e

(see Eq. 19, 24). UA and UL'M decrea e, as doecs the experimental value
A (Am)/éxl’ when <y increases. The trend of change of both theoretical

and experimental values is the same. However, it may be readily shown

that
<[\.( Am >) ( zm\\
C. A

AT AT / = 75 m/s

changes much faster than do U,AC / UAC ~75 and UEI\/IC./UEMC

1 1 ~1 1

1
-3
o
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Forc ] = 153 m/s there is already a difference in ovder of magnitude between

the theoretical and experiinental values, This difference clearly mav not be
Y

-
1

explained as the consequence of averaging, or the assumption concerning
the superposition of erosion caused by the droplet groups of particular size.
In searching for a reason for this discrepancy, attention must be paid
to the problem of the correlation between the droplet stream structure and
the erosion rate pattern. The program of experiments of B, Weigle and
M. Severin is particularly suitable for these investigations because their
stand makes it possible to chauge the droplet stream structure easily for
almost unchanged mean impact velocity (Fig. 6).
Little is known, howcever, about the droplet size-erosion rate relation-

ship, and only in exceptional experiments was the droplet size investigated,

)

~

However, it has been indicated (ref. 2) that the droplet size is probably
related to the maximum instantaneous value of rationalized erosion rate,
through the influence on its threchold value. The rationalized erosion rate
has been defined in (ref, 2) as follows:

Volume of mas

r Volurme of liguid impinged per unit arcea per unit time

srial lost per unit arca per time

In the nomenclature of this report:

Volume of material lost per unit area per unit time =

_ 1
= A(Am) - /A,,. .1,

0
S
and Volume of liquid impinged per unit arca per unit time =
AM
= 1 *
= U ey "U?
a A T . o r\:
p* Lle 1T Ds sin vy

Hence
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In Ref. 2 Heymann suggests the droplet size-erosion rate dependence in

the form of the following possible relations:

(26)

For both of these relations, which ctrictly speaking, are not yet fully
G

confirmed by experiment, the terms 2 and \IG/T* relafe
W
%N I‘* .
to the threshold impact velocity W, = such that for w-x-N = W*NC

no erosion results. G may be considered as a material constant, Now,
the experimental data of (ref. 3) for an aluminum sample, partially
quoted in Fig. 5, may be used to determine this constant G, and thus the

relationship between W . and v,

N It may be done by means of the plot
C ¥

E = {(r ) because in the experiments mentioned, the mean value of the
T bs -

impact velocity W was almost constant, In fact, for U = 200 m/s  he
N

mean impact velocity changes only

Yaroo=119; 117.1; 115, 5 and 113.5 m/s
for
C

1 = 60; 75; 92 and 153 m/s respectively.

Thus, from the appropriate extrapolation of the function & = f(r )
T sk

(see Fig. 7), for a given impact velocity 7")&1 = ~116 m/s , results the
gt
-6

threshold droplet size r. = 44,10 "m. THence, for the material considered

N

N _om
G osoa, R = 185

S

kS
0

K
e
=5
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The relation W = (r) for an aludnum sample used in (ref. 3) is shown

“Ne %

:

in the ¥ig. 6. The results of the Busch and Hoil cxperiments (ref. 2) may be

1
i
:

here recollected., They obtained for the rain-eroded aluminum the threshold

. — 2 . o e . . -
velocity w N =~ 33 m/*‘% Hence, the corresponding droplet size d, would
*Nc ) a8

[GL]

be the order 1.10 "m which appears qualitatively reasonable for the rain drop-
let size.
It has to be pointed out here that in this report only a small part of the

results of (ref. 3) has becen used. In addition, in assessment of r, and G,
‘e

the results for only one velocity W N have been used, More extensive
ed 1

experimental data are needed to shed more light on the problem. As far

&
&

P

as the author is informed, the progrum of relevant experiments is being

continued in IMMI

5. CONCLUSIONS

1. The experiment: vestigation of B, Weigle and H. Severin,
published in (ref. 3), indicated substantizl dependence of the derosion damage-

time patterns upon the droplet siue.

2, These exzperimental resulls of IFFM descerve certainly some movre
consideration. To make it poreible, a theoretical model of droplet impact

for the experimental stand of IT'I"M has been procented in this report.

Attention has Lecen particularly paid to the calculations of the mean value of
the volumetric water {lux U over the surface. Also the mean
a
¢ 1 Id 1 ol VN 5
value of the product of water flux, U | and (~'~,)~-[::-¢-b-) as well as the mean
: a 2550

impact velocity w
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3. Comparison of experimental and theorcetical data indicated that
the experimentally established rationalized erosion rate, E_, changes
T '

faster with the gas velocity ¢ _ than theoretically caleulated water flusx
p) ) 1
W
— - *IN 5
U_ and the mean value U . of the product U _ ( SEET)
a eM a 2550

4, It is likely that variation in droplet size causes this discrepancy.

6
The threshold droplet size of order r, =~ 44,100 m for mean impact

velocity w = v 116 m/s  for soft aluminum has been established
;{:N

under the assumption (ref. 2) that the droplet size effect can be represented

by a factor of the form:

2
W r = const = 1 / G
¥ x

5. The model prescuted of the droplet impact indicated that the experi.-
I :

mental stand of IFFM is particularly suitable for experiments desiencd Lo
7 3

shed more light on the problem of droplet size cffect:

5.1 It provides the possibility of the exceptional change of the

6

mean drop!  size between r =~ 50,10  m up to about
- €

oo

r o=~ 300,10 i,

5.2 The mean value of the impact velocity may be controlled

independently,

5.3 The drop!

structure in the steam turhine,

6. Further investiration

cf the relationship between the erosion re-

sistance and the dronlat

are of importance because in (ref. 1) it has

been already shown that (he

T

by the droplet stream wirunturce hus the control of the droplet stream

Cparameters are also seriously influerc

itream structure scems to approach the stream

sl
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structure may offer a powerful maothod for the protection of stecam turbine

blading.
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7. APPENDICLS

APPSO A

The program of numerical calovictions hes been formulated in Al gol

for the Burroughs B 5500 coroputer. The test of the program is quoted

below. It makes it possible to calon

), v (e

)5 olr,, ‘1 %

¢ (r,,c )

1
UA(e ), UBM(e ,0), Us(e,), UM (e )
according to the equation (15, {12), (24), (15), (18), (23), (1%Y, and (24),
respectively.
The input data have to be sequenced according to the sequence
numbers: 900 and 1000 wherc:
c. EC u=U, v = GAMA, 41 = DR, n = MI, p = RO,

l l J E 4

p.=RO., z =7, N

il
=
—
-

\»
—
W

i
-
™

2
I
=
=

1

ih
—
&k
AN

* 1’ 1 e
The output data are being printed in {he scquance resulting {rom

sequence puinbers: 2350, 2500, 5050, and 5800 where:

— . - . = PTHNOR 7\*’1 ) c",',"/ . I = AL {Ip ‘[‘(";}\ Ir . = =l )
r, = RIK], ¢ (r,,e) = FINGRIE], ofr, e ) = ALFADGR[K], r, = J[51],
¢ (v, c.) 412

r x 1
max . .

r ¢.) + = = FIMAXDGR, Ap 5= et = DELTAFIDCR,

T 1) 2o Noo=1

N, @(N) = FIDGR[N], UA(CI}Q) = UAl], UQM(C];@) = UEM[N],

B(c,) = UASRIN ], URd(c ) = Uk
UA(Ll) UA [I\maJ;J , UBM(c .L) L




-19.-

100 BECGIN ‘ .
200 COMMEST BHADANT R A, URM DLA WIkUJACET PROBKI w FUNKCJI Cl1 WAk 1133
300 REAL Cl,UsUGAMALE 1 L,N22, N33, LH I RO-B01 .7, CALKAL, CALKAR

350 FIMaaX, DELTAFL s rIMAXDER, DELTAY f DG CALKAGZS Call.kKad,
360 CALKAL, CALMAGS

400 INTFEER KaN3

20 LAREL Ei}s

00 ARRAY R, }‘*35{111(;?’“:} s 1o Goedsls WHRLML 05 UAL P, LEM,
650 TCALFAAL YA, FINSALFADGK, FINDG T“;‘”ﬂ“[ HECY BN
660 A3, U[«‘xfb- s URMSKRLEFIL FIDGRI T2 .}J

T00 FILE JAK33 REMOTE(2,9)3

800 FORMAT FURMATL - (2h14.3)3

850 FORMAT FORMATZ2(X1)3

ang ETi: READCGIAK33s /7,01 U, GAMAL DR MILROLROL,7)3
1000 READ (JAK33, /N1 1 ,N22,N33);

1010 CALKAl : =03

1020 CaLKAZ2:=03

1100 Ke=23

1200 RIK=~11:=0:

1205 GIK~13e=03

1210 HOK=-113:=03

1220 1E8K~-11:=03

1230 JIK~13e=03

1300 FOR Ke=2 STEP | ULNTIL 5! DO

1400 BEGINM

1500 RIKIs=RIK=-11+uRs

1600 FNEK T =t INRIUIRNO2NEXP (-33\RIK 13

1700 ALIHI =50KTCCHO\MINROY/Z (REKI*3\NROLI*2\C1 ) )3

1800 CKRIKT:=eBNCIN (L =1/ +AL LR INZ+

1600 SOPTCATIKIR2NZ42+2\NAT[KINZ) Y% )3

1910 WKRIK T 1 =SORT (L# 2N (SIN(GAMA) I*2+ (CKRIKI=-UNCOSC(GAMA)Y Y%2) 2
2000 GIKIe=RIKIx3NENIKDI;

20.50 HIKI ¢ =RIKI*3NOKRIKINFNIK I3

2055 O i =RIK I3 WKRIKINFNDK IS

2100 CALKAL s = (HIK=§ J+HIKIY/2\DR3

2200 TTKIe=1{K~131+UALKALS

2300 CALKAZ t =(GIK~-1 J+GIKI)/2\Dk3

2310 JEKIe=dlK=-11+CaLKARS

2320 TGALPALK3:=EI%H(SIN((CKREK]~U\COS(GAMA))/WKR[KJ))\
2323 WHETKI/Z (CUNSINC(GAMAIDINSAORT (L =Ux2\N (SIN (GAMA) Y%L/
2326 WKeE LK I%k2)s

2330 ALFALR J:=ARCTAN(TEALFALKI )

2333 IF K ki, 2

2336 THES FINIKZI:z=1.5707%96

2336 FELSE FINCKFe=FINIK~]1+ALFALK-11~ALFALKD:

2340 ALFADGHIK I :=pL FALKIN3O0 /62683165

2345 FINDGREKI s =FIIRKINSED /62631855

2350 WRITEGIAKS3, FORMATILRIKI, FINDGRIKI s ALFADGRIK 1) 3

2360 ENDS
2370 FIMAX:=FItil511+1.570796;
2380 DELTAFI :=xIMAX/ 03
FINSOBO/6.2831485;
3

238% DELTAFIDGH  =DFL To

2390 WJLSI Te=J0 5] Tne 300 =

2400 FIMAXLGR: = FIMAXN S A0 /6. 2631 453

D50 WRITE (JAX33,F0lmaTo);:

2500 mm} (JAKEE, PORMETL,J 051 T, FIMAXDGER, DELTAFIDGR )Y ;
2600 FOR Nt=2 STEP | USTIL 21 DO '
2700 BEGIN



276
27007
2704
o706
2704
2500
2850
2600
3000
3100
3200
3210
32 50
3260
3300
3400
3500
3600
3700
3800
3900
4000
4100
4200
4300
4400
4500
4600
4700
4800
50060
50 50
5100
5200
5300
5400
5500
5600
Y700 END3

5600 WRITE
5900 GO TO

€000 ENDe.

20~

Ye=02

AB3L Y Te=03

UASKHIDL Te=03

AUl ) Te=03

UFEMSRI 1 Je=03
FINIe=FIIN~-1I+DFLTAFIS
FIDERINTe=FILININGO0/ 6. 2831858

e=2 STERP I UNTIL 51 DO

BEGIN

WKENEKI e = WKRIKINSINCFIINI-ALFAL2I+ALFALKD ) S
MLOYD:=03
UAaClIle=03

IF FILDMT LSS (FINLKI-1e570796)
THEN MIK]) =0
ELSE IF FIDNDY GTR (FINIKI+1.570796)
THEN MIK1:¢=0
ELSE MIKIe=1/I05 INOLKINSINCFIINI-FINIK I+
1« 570796);
CALKAZ:=(MIKI+MIK~11)Y/2\DR;
ALK s =UAl K- 1 1+CALKAJZS
IF FIOCHNT LSS (FIMNEKI-1.570796)
THEN PIK}:=0
ELSE IF FIDNT GTR (FINLKI+1.5707%6)
THEN PI{Kl:=0
FELSE PIKI:=1/T051 INOIKINCWKRNIKIZ2550 %5\
SINCFIINI-FINIKI+ 157079035
CALKA4 = (PLKI+PIK~11)/2\DR3
UFMIK I s =UMIK=1 1+ CALKAY S

EN DS

WRITECGIAK33s FORMATI » N, FIDGRINI, UAT 511, UEMI 51413

ABINIe=1/FIMaXN\NUAL ST D3

AQlN Y e=1 /FIMAXNUEML 5113

CALKAS: =(ASZINI+A3IN-11)/2\DFLTAF:
UASRINI e =UASRIN=1 J+CALKAS;
CALKAG: = (A4lMNI+A4lt=-1 1) /2\DELTAFI;
UEMSRINT ¢ =UEMSRIN~1 1+CALKAGS

(JAK33, FORMATI, UASRIZ 1 3, UMMSRIZ1 1)
ETL:
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In section 2 one has accepted the simplificd assumption that the
presence of the round-shaped sample does not change the droplet pathe
in the sample's neighborbood, The validity of this asswumption has to he
checked. Unfortunately, the solution of the equation of the droplet path
for the case under consideration does not exist. There do exist, however,
such solutions for the case where the droplet welocity and its direction far {rom

o is eqt

the circular ohstac)

»J/

12l to the gas velocity (ref. 5, 6). Let us observe,

though, that in the case of a rotating sample:

1. For small droplets, where the presence of the sample may in-
fluence substanticlly the droplet path, the differences between the

gas and the droplet velocities far from {he sample are small,

[o¥
-
[y

2. Yor large droplets, these differcnces may be Jarge, but the presence

o}

of the sample docs not influence the droplet path,

One might expect then, that for certain convenient arrangements of para-

meters, one could apply an alrecady existing solution for the case under

2
=
st
~
.
=
o
o
[

d
o
e
o
—

'
-
%

consideration. not possible in our case,
To this end, let us establish with the aid of {ref. 6) the values of

and q n (I'ig, 8).
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stand of IPTM and w ;7 200 ‘nil/ S, wWo

10 20 40 60 80 100

0,830 0,920 9.977  0.990 1.0 1.0 1.0

1.450 1. 515 1.540 1,560 1.564 . 66 1,568

than abo

= o 50, ]

It appears that in the cese under consideration, only for droplets smaller

0 6

1
¥

my, is the droplet path slightly modified in the

N N
1

‘ar {rom the obstacle docn

S
et

as in Section 3. Then

The new element

according to (wo

o3

e
1

o

of the nomenclalure arce explained in TFig, 8. Now
O

6) one has:

= bm/f) Sin “é“““' (Q - CPn) o



18 dofined such that

Here the function

for ¢ - < ¢ <q¢  +q

(B5)

Hence,

AY ( T-X» 5 Cl)

D o Y R R
O 0 - ~-Q,'/ C*; !
AY DS/ < s n t— m
(BG)
37
om _
The paramcters of the droplet path: 5 7a = % and ¥ and i O e
l & O }) 1 Wt,t . _LJQ/C.A ci.l.ld. 1)7‘; < iﬂ L1
~

functions of 1, and < 1" From (B3), (B6), and the integration of

au (r_,c,0) extended over 0 <1, < © results:
a Ak

A rf C )y
) L i) ! . 7 T fn(r%}@l %X x7T] om

s = .
a1 p, LRI D sin vy o
* IS e}
Ir

N

/} N
* fn(f‘,x,: Cl)c%(r*, cl)ur
o

1AMy 1
e T ey ,q)

Py ARl il DS sin v

It
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Here again the cos function is such that

1
cogf (¢~ = 0 for ¢ < ¢ - @
2 (c 'n) A P
T 'm ,
cos Bl (¢ -c ; cos — (¢~q ) Tor g ¢ <@ < 4
o8 | (¢ - ¢ = cos = (¢~ Cor G - @ o< g+ @
20 R 20 SRS “ m - vz qn qm
L . m
- =
I (B8
cosizo @~ ¢ = 0 for @ > + @ S0
2 (¢-¢ ) p>o t g
— m e
The mecan valuc Ua(cj) of the function U (cl,qx) calculated for
0<9< <q"n * q',»m) r c. may be obtzined from:
*max’ 1
L Ay —t ( ¢t )
—_ 1 . m r C
U(c) = 1 Py Ry LD sin 5 *max’ 1
a1 (¢ +¢ ) s — J
n 'm'r el J % N
max r- ¢ - .
5 X H(r%’cl) *(l%}cl)dl
o0 z
J e tom I e [
f r.r (r ,C )w‘ ) ( r oo ) memee il T NE.. ‘ L
o *ontoxT UL kN x0T/ Dg/g 20 "O“LECP (QI“CPH) dr dg
L m m
1 AM%
) ( - - -~-—-~w.ff)f;§¥1 ! Ds sin y —_
D+ e : * UA(c
crn Urm)ry )Cl ;o 5 ( l)
QUERS e (4 , X
T f.n(i*;Cl)c*(r%\,‘,cl)ur% (G

O



) h.‘ one has ‘o toke into account ihat:
C N & Y

In ovder to calealate U and

w._ (v ,c.) dy N -
*N< %2 ‘[o v o ‘

w*(r%,c

) as; b /2 2y eg D
1 < ‘ ¥ '
s

j—
>k
L

(Cl’q»;) T e e e e 8

U - e
eM ) HD si
f O, ARl i US sin vy

.

0, ARl H]l;shxy R

e

n mr. ,C
*max’ ]

: J

e}

s e i e vt ot e e € Tror e [
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The PECLFaN of the nuwmevicad caloulations is Guote

ty 1o caleulaie e mean values of

The following mean values have been introduced:

‘(c'. o) = X"T->:»}-\T<T»>:’C'l’(::') f (r%,cl)dr%

W
AN A n

v

AR

) . - s
W (c.,q) = [ V«’ﬂy(f*;Cl;’\i')r:f (1‘*,0,

M

and

n m’r
P - *max

J W

*¥7
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d bolow,
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1 AN S 1 M -
the fmpact velocity,
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et
-
e}
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parameior:

The inpu
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L

900, 1000,

c. ¥ Cl, u=u,

1

(G)“ rray = 22, (K;E;&A'

Py = RO1,

® = FLMLT S])

m

(

Doas an Soctio
1 4 N\ - y)
lata hove ¢

M A P e
004 s WHOTO!

The array (& , F , ¢,,)

memory

the seqguonce number 1004

O

I
i

the computer

The outpul data arc

numbereg:

R[KT,

WEKREMALE

“.',,v‘ . Vo '|__ i .
contb caloulations

(&) —~
(SRS

callec

1t

\

were porforine

v )
Ihe reeulls o

I, = 122, N

is being put j

il

JAKL may be

0 be requenced according to t

amoeunt

€

5

d for the

marrvey = 75, respectlvely, Ar, = DR,
*

3 = 1152, srray:

saane group of

¢ chown also in that section,

ne scquence numhbers:

1

ALEADGRIKY, wlr. ,c_]) = Knixi,

J[217,

= FIDGR[I

N

{

4

1,

UA[ZL T,

WEKRIDAS[Z1],

M

stored cither on tape or in tho

i accordan \ 15
resulting from sceouercee



100
200
300
350
360
100 ()
S0
&0
.Lt‘(’)
655
660
670
700
710
800
850
SO0
1000
1001
160
1004
1005
1010
1020
11600
1200
12045

12107

1220
1230
1300
1400
1500
1600
1700
1800
1900
1210
1615
1920
19245
1930
1935
16410)
1945
1960
1665
1970
1975
1080
1985
1990
1095
2000
20 50

) : .
2054
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COrpd ey

ALANT Y VAL TR Lo WIRUJACES PROBKI W FUNKCJI
REal, (; :

2oti38, R, M1, ROLROI ;'/.,»(:/\) Nl s CAaLKAaR
FLunY DER, DELTAFI DGR, CALY A G, CALKAL »
CALHAL, CALHAG, CALYAT: CALYKAN, CALHKAG, /\5 KalO,nre;s
INTEGER Kol S8sT 7147004733
LASEL ETL, T2, 2 P33, ET4,ETE
ARRAY HePMe06]l o ORR s TG0, "KH;I"’U 0, UA,P,URM,
TCALFAALFA-FIMN: 2L FaDER, IN ){"}“ 2 WP
Q] WA, R, WICHMH A S ur\H; FIv,ELL¢30G07,

°

5

=
T

Gt

CWARTT

Iys

A3, A4, UASRLUEMER, F1 5 FI L'(.;‘\:!‘J..-/—\E)) WIRMARSH, WKKRNMMASSRIT 12003,

KBl skl FIMITLs1000;
FILE JAK3R YT R (P59
Jawt bl SS{ SERIAL
FORMLT (eklled
{ P(er“ J‘('( SN
Elle REALGIAKSE, /5 ClaUs CAMASRP 21,2223, DRLMIL R0, R0, 4
READ GTAK33+/-,0 s N2Es1M33)5

FOR Se=1 STER L UNTIL Z3 DO

s 10,3005

LN T A

~
o

e
2

DoCIA /.Ml USIE1 0S8, FIMmIiSdys
7«”;\‘
CaLyale=0:
CaLiare=03
We=g3
ROW=13e=00
GIK=~1 1=
HER=1 Te=0

H ;
I0K=-13:=02
JOK~11e=035
FOW He=2 STHP I UNTIL Z1 DO

REKT e =i T4 ks
(e =Pl IANRIE IxM2eNEXD (~N33\RIKI )3
SR TCCe UENMINED )/ (RIKIRINROLR2NCL Y )3
= BNCINCL =1/ CI+ATIKINZ+
SORTATTRI=ENZ%2+2NA1IKINZ )Y Y% 3

CKRCIKT s

WHERIRI s =S0HT (URSNCSTHCAMAI IR+ (CKRIKI-UNCOS (GAMAY d%2
KBIKI:=(2NT000NHIK I22\NWKRIKI) /A (Q\NMI\KFM )]
Te=03
ET@2s Te=TH+13
TF KRIKI GTR Kpi07T) THEN GO TO kTS
ET3: 1 L.t

AN

{RLKr] ,A..»’S KRIOT+11) THEN

{le=(k} 1]~HL 1)/(}\RIFI+12~MH 1N
'C}{_iia[ { PRI UTI)+ELDT

ELSE GO TO KET<s

STae Tr=T+13

7 IF KBIKI GTR KBI0T] HN (~O T FT5;

FTSe TF KBIKI LSS }(HI oy FI THE

)3

FIttiR I e=(FIMIiTH+] J= PIVHIJ) (KRBILT+ 1 J=-KBILTIdN

(KBEKI=-KBICTId)+FIMIET)
PLSE GO TO FET4S
=EROKIR3NFHIKT S
Jer=RUKI3NCKBIRKINFNLI IS
Hle=RIONIR3NWKRIKINENTIK TS
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2100 CALYAL v= (HIH~1 J+HIKT ) /2NDRS
2200) IO e=T =1 1+0ALKALS

2300 CALEAD e=CE IV -1 1+00H1)/2\Dis
2310 JIKIe =K k}+Cﬂ1”ﬂ“f
2320 TEALFALK 116 PCCORREK I=-UNCOSCEAMAY )Y ZWKRIK I N

2323 i ‘[n)/(t\ﬁlw(GhMA))\Sﬂ”V(iwu* SN (SINCGAMA)Y Y%/
P36 PHEBIK I%2 )

2330 ALFALK It =aRCTANCTEALFALK IS

2333 IF K BOL 2

2336 THES FINIKIe=1.570796

2339 FLSE FINIRKIt=FINIK=13+ALFAIRK~11-ALYFALKIS

2340 ALFADGRIK It =ALFAIKINGOD /642831853

2345 FINDGRIKI:=FINIKIN3OO/ 62831852

2350 WRITEGIAKAE, FORMATI HIK T, FINDGRIK I, ALFADGRIK 1,

2355 _ KBLWI, I3, FInIK])

2360 DS :

0370 FIMAX e=FINLZ1I+FIMIZY IS

2380 DELTAFI t=FiMaX/(78=-1)3

23685 DELTAFIDGR: =DFLTAFIN3O60A6.283165;

2390 JLZ13:=J071 1%3333%

o400 FIMAYXDER: =FIMaX\E60 /6. 0831853

2450 VRITE (JAK3d, FORMAT Y3

2500 IR CJAN 33, FORENT 1,,5[/; T FIMAKDERS DELTAFIDGR) S

2600 FOR Mei=2 STLP | UNTIL 22 DD

2700 BEGI

2701 FI{13e=0z

L2709 A3LT =03

2704 UASET L Ye=03

2706 AaL Y 1e=05

2708 UFMSHLL 1203

2710 ABL1 =03

2712 VK HNAPSHEL T T =03

2714 AGL1 =03

2716 WKRNMASSPL L Je=03

PEO0 FICHI:=FIIN=1J+DFELTAFLS

26 50 FIDGRINI:=FIININ360/6.2R31685;

2900 FOR Ke=2 STFP 1 UNTIL 21 DO

3000 REGIN

3100 IF FIIND LSS (FIN[KI=FIMLKI)

3110 THEN WKRNEKD =0

3120 FLSE IF FILMI GTR (FINCKI+FIMIKI)

3130 THREN WHKRNIKIe=(

3140 FLSE hKhNEA]*“\uR{KJ\F€K3\§ﬁu/O796/P ML

31 50 NCOSCL e B70796/FITMIKINCFILN I~
3155 FINCKI) )

3200 ML1Je=03
3210 UALY 1s=03
32 50 PLYT1e=03
260 UFML U3 =0
365 G101 Ye=0
3270 VKRNARL L Y e=00
3275 0901 le=03
3280 VICRNIIAST
3300 IF FILNDI LS
400 THEN MIK]
3500 FLSF 11 1

SOAFINIKI-FIMIK)

CRED GTR O CFINCKIAETMIK])
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"'/Hf’) FLOb b E/IL/I'l\()Eh]\lf&’J\let TOT06/FIMlK ]
3800 S BTOTOO/FIEHINCFTILNI-FINIK 1) >
3900 COLWAR = (il ml ,w} 1Y /2N DK

4600 Uatfic)s=lial K- 3 THOALIKAZS

4100 IF FIOEY LEs (FIMN{i{il=-7ImiKI)

4200 THEN PLK t:*"f‘ ,

4300 FLEY IF PICNDT GTR (FIMIKI+FIMIKI)

4400 THEN PLK] *:rf:e:‘z '

4500 FLEE PRI ¢ = PATEZTINOIKINEIRINI ST0796/FIMIK]
4550 NCOSCLe BT0T796/FITMIKINCFIINI-FINLIKI) )
4600 NCVKRNIK I/ 25803%53

47060 CALKNL s = (PIKI+PIR=-13)/2\DKs

4800 UEMIK I e =UEMIK=134+CAL uf\.!i,n

45810 R LINFNOK]

4820 CALKAT =0l IRI+01IK~11)/2\DR}

4830 WIHNART K I = WERMARIK-~1 1+ CALYATS

HELD QETK e = RO INRIK IR3INFNIKD S

4850 CALIAB s =(0201{]+ “‘“E‘{—i 13/2NDR/ZJUZ T I 33

4960 WKRNMASTK D = Wh, MASTK =11+ CALKARS

5000 Fii s

5 50 VRITEGIAKI33,: FORMATI LN, FIDEGRINILUACZ T, UFMLZ L 3
5155 VRERNARLZ 11, VKRNMASIZ 1T )

5100 ASE s AR T AYNUATLZ L DS

5200 JAVIRN ‘\}‘"?/Mﬁ}»’vxlw GalZ174;s

5300 CoLKAb: = (;.J L d+a20 \‘«Q} 13/72\DFLTAFI S

5400 UASRIN T =UASRIN-1 1+CALKA .;},

5500 CALKAG: = (s f I ALLE } IY/R2N\NDELTLAFL S

5600 UFMSKINT e =15 +OALKAGS

5610 AN e =1 /F1MAYN :4'}{1“‘!1' (721733

5620 AOCINTe =1 /FTMAXNE HinStzZ133

5630 CRiKAQe = (AHINT+0 51 le 1Y/ 2NDELTAKFI?

5640 WM ARSRIE T et [N=13I+CALKAGS

5650 Cal. v\/\T’)*t(;Job\J- { : 1]3/?)\1')}@,'?%\““

5660 WHRPRMASSHIN T =Y .ﬁ’in.wﬁ.‘mlr -1 31+CALKALD:

5700 END3

S5400 WRITE (JAK3R3, FORMATI . UASRIZLTI, UrMSRIZ2]1, WKRMAKSRIZ2 T,
5450 VIKRMMASSRIZ2 ] )

5900 GO TO ETis

6000 END.

PoJart
100 8
200 Pl D830, 1aodh

300 6 dis Oa G20 . 5
400 274 e 9775 N
50 OO 0e@20,

ey Pells

o Dells

#0 Lails

OO fal)s
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