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ABSTRACT

VARIATION OF RAINDROP CATCH DUE TO

AIRFLOW DISTURBANCES AROUND

A STANDARD RAINGAGE

By

Charles Carsten Mueller

The inadequacies of rainfall measurements have been

realized for many years, however the need for greater

accuracy in precipitation measurements was not appreciated

until cloud physics studies by radar techniques were

initiated. Runoff forecasting for engineering design pur-

poses is also requiring greater accuracy in precipitation

measurement as runoff related structures' importance and

cost of construction increase.

While a raingage's spatial position has an important

influence on the gage's performance, the physical presence

of the gage itself must be considered a hindrance to its

Operation. Obstruction to airflow in the vicinity of the

gage, due to the gage's presence, results in disturbances

in the local precipitation pattern. This study's objec—

tive was to determine the airflow pattern around a U. S.

Weather Bureau Standard Raingage, to analyze the airflow's

effect on drops approaching the gage's funnel and to

obtain a correction curve relating percent of catch to

drop size and air velocity past the gage.



Charles Carsten Mueller

The airflow pattern was determined by measurements

with a three sensor hot film anemometer system in a wind

tunnel using model gages. This three dimensional flow

field description and the known aerodynamic drag charac-

teristics of water drops were used in a digital computer

to simulate the drops' movements as they approached the

gage. The drop paths thus determined were then analyzed

to establish the gage's effectiveness in measuring precip-

itation.

Using drop sizes of l to 5 millimeters in diameter,

it was found that the gage caught from 103 to 11 percent

of the drops as the free stream airflow velocity increased

from 10 to 50 feet per second. In general, the decrease

in catch was less pronounced as drop size increased.
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INTRODUCTION

As early as “00 BC raingages were in use. It is

reported in early Indian writings, translated by Shama-

sastry (1915), that: "In (front of) the store houses, a

bowl with its mouth as wide as an aratni (2A angulas)

shall be set up as a varshamana (raingage). . . ." Typi—

cal rainfall quantities are given for various parts of

the country. Rainfall predictions were also being made:

"A forecast of such rainfall can be made by observing the

position, motion and pregnancy of Jupiter, the raise and

set motion of Venus and the natural or unnatural aspect

of the sun." Just how these factors were used to form

conclusions is not discussed, however, the rainfall

records were used to determine what crops were to be

planted.

It is now realized that the accuracy of yesterday's

and today's rainfall measurements is often less than

desirable and the errors are usually unpredictable. The

advent of precipitation measurements and cloud physics

studies by radar techniques has pointed this out. How-

ever, the inadequacies of raingages in general have been

realized for at least 200 years. Heberden (1769) found

1



that similar gages at different heights caught different

amounts of rainfall. Many investigators since that time

have shown that gage catch tends to decrease as wind

velocity increases. This is especially true during

periods of snowfall.

The precipitation gage is one of the primary instru-

ments of observation in meteorology, hydrology and clima-

.
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tology. As a tool for climatological data collection the

)
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present day raingages have been considered adequate.

However, for engineering purposes, such as runnoff fore—

casting necessary for design work, and for radar and cloud

physics studies, today's gage is often inadequate.

While gage exposure plays an important role in the

instrument's performance, the gage itself must be con-

sidered as a hinderance to accurate measurements due to

its own obstruction to airflow in the immediate vicinity

of the gage and the resulting disturbance in the local

precipitation pattern. This research report concerns

itself with the measurement of the disturbed airflow

pattern around a gage and evaluating the resulting error

on the gage's catch. While the techniques used are time

consuming, they are applicable to the evaluation of new

or modified gages.

The objective of this study was to obtain a correc-

tion curve for use with a U. S. Weather Bureau Standard

Raingage relating percent of catch to drop size and air

velocity past the gage.



LITERATURE REVIEW

Gage Errors

3 R

Several sources of errors are present in most rain-
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gages and gage installations. Kurtyka (1953) has esti-

mated these errors as being:

TABLE 1.--Approximate errors in precipitation measurements.

 

 

% error

evaporation -1.0

adhesion - .5

color - .5

inclination - .5

splash +1.0

exposure -5.0 to -80.0

 

Evaporation losses varied with gage and air temperature.

Horton (1919) showed that about 70 percent of the evapo-

rative losses occurred during the 12 hour night period.

He also found that the water loss due to evaporation over

a 7 day period (at 70° F) was equivalent to .01 inch of

rain. Painting of gage funnels is not desirable due to

the varying effects of aging paint. Differences in gage

losses due to gage color have been found to be on the



order of one percent, Wild (1873), with a white gage

indicating about one percent more than a black gage.

Due to most raingage designs, the gage is more apt

to receive splash from the surrounding area than to lose

it. Gold (1931) found that with a wet surface, drOps 2 mm

in diameter could create splash up to A feet high. The

errors due to splash are mainly additive. However, other

gage errors are nearly always in a negative direction,

therefore many investigators Judge a gage on its ability

to catch more precipitation than others.

Many experimenters have shown the effect of exposure

on gage performance. Heberden (1769) conducted an experi-

ment that showed a decrease in precipitation with height.

His highest gage, 151 feet above ground level, caught A6%

less than a gage at ground level. (It was postulated

that electricity was concerned with this phenomenon.) A

significant experiment carried out by Arnold, and reported

by Symons (1871) showed that there was, in fact, no sig-

nificant difference in rainfall at ground level and at an

elevated station. He used two gages, one at 5 feet, the

other at 30 feet, with sloping orifices that always faced

into the wind. Over a 5 year period these two gages

almost always caught the same amount of rain (.19 inch

total difference) and were in good agreement (i0.5%) on a

yearly basis.



In general the orifice height of gages used through-

out the world covers a small range, from 1 foot to 6.6

feet (2 meters). Exceptions are totalizing gages in

heavy snowfall areas which may reach 15 to 20 feet in

height.

 

 

TABLE 2.—-Comparison of various Standard Gages. From F

Kurtyka (1953). it

Orifice Orifice A

Country Type Gage Diameter Height

(inches) (inches)

England M. 0. pattern 8 12

England Snowdon 5 12

Australia 8-inch type 8 12

France Tonnelot 8.88 28.3

Austria Kostlivy 9.93 20.3

United States U.S. Weather Bureau

Standard 8 31:

France Scientific Assoc. 8.88 39.4

China Board 7.91 39.4

South Africa 5-inch type 5 48

Holland DeBilt 8.88 59.1

Germany Hellmann 6.28 59.1

Sweden Swedish 14.06 59.1

Russia Russian 9.93 78.8

 

Several conflicting reports have been made concern-

ing the effect that orifice size has on precipitation

catch. Conover's (1951) experiments with a 3/4 inch

orifice gage indicated a higher catch than larger orifice

gages. Through a mathematical treatment, Howell (1946)

showed that a small gage should be more effective in pre—

cipitation measurements. Wild (1885) reported on tests

of Calne and Stratfield-Turgis using 8 gages with from



l to 24 inch orifices that showed there was little differ-

ence with orifices over approximately 4 inches. Smaller

orifices indicated less rainfall.

No other factor in rain or snow measurement is as

important as instrument exposure. A gage site and the

air movement over the site area should be representative

of the area that the gage readings are supposed to

represent. I

However, the gage itself presents an obstruction to

the general airflow pattern, creating increased velocities

over and around the gage, and eddies in its lee and pos—

sibly in its funnel. The increased airflow velocity over

a gage may carry the smaller and lighter water drops

across the gage's orifice instead of allowing them to fall

into it. This loss is directly related to wind velocity.

That is, as wind velocity increases the losses due to the

disturbed airflow pattern increases.

Gage Shields

Several gage shields have been devised in an effort

to reduce the adverse airflow pattern that exists around

a gage. None have been completely successful. "The

effect of Windshields on raingages is to divert the flow

of air down and around the gage so that there is no up—

draft in the region of the orifice of the gage to cause a

corresponding area of minus precipitation," Kurtyka (1953).



An early form of gage shield was developed by

Stevenson (1842). His gage's orifice was set at ground

level and was protected from splash by a surrounding

brush mat. It produced the desirable aerodynamic char-

acteristics, and performed well with rain, but snow

tended to drift into the orifice. The two best known

gage shields are those developed by Alter (1937) and

Nipher (1878). Several variations of these shields have

also been studied.

The Nipher shield is trumpet shaped with the flared

end upward and level with the gage orifice. The Alter

shield has a similar shape but is formed of movable metal

strips spaced in a ring around the gage. These were

primarily used with storage gages in snowfall regions.

TABLE 3.—-Deviation of unshielded gage catch as compared

to a gage with Nipher shield. From Borstein

 

 

(1884).

45 heavy rains 26 fine rains

Wind mph Number of deficit Number of deficit

days (%) days (%)

0—1 4 23

1-3 17 6 8 25

4 - 7 13 13 6 18

8 - 13 7 l4 6 46

13 - 18 6 l7 2 52

 

According to Bernard (1938) the Nipher shield was

theoretically correct for sampling snow in windy condi-

tions. However, it was found that the rigid horizontal

 



shelf-like portion of the shield funnel collected snow

which later blew into the gage. Screens have been used

on the horizontal portions of the Nipher shield to

effectively reduce splash into the gage.

Neiss (1961) studied the variation of snow catch

with shielded and unshielded gages with 4 pairs of gages

in Michigan. While differences were small during warm

months, the mean ratio of unshielded gage to shielded

gage snow catch varied from about .9 to .5 as the average

wind speed increased from 2 to 14 mph.

Warnick (1956) has made extensive studies using a

specially constructed wind tunnel, sawdust snow and

various photographic techniques to evaluate the effective—

ness of several types of gages and shields to measure

snowfall. The following table is indicative of Warnick's

results.

TABLE 4.--Comparison of "sawdust snow" catch in model

Standard Gage operating under various wind-

shield combinations.

 

' actual amount of sawdust
type of

 

caught in storm period
windshield (gms)

none 5.8

none 5.2

Nipher 7.6

Nipher 7.9

Original Alter 10.4

Original Alter 11.0

 



As pointed out by Weiss and Wilson (1958) the range

of expected validity of shields must be considered. Nor-

mally a gage is subjected to a wide range of turbulent

airflow patterns. Eddies on the order of hundreds of

feet are created by ridges, large buildings and tree

lines. Smaller trees, buildings and brush produce eddies

on the order of a few feet. Gage sites that are charac-

terized by small turbulent patterns (on a scale of inches)

must be rather open with little surrounding obstructions.

Only when small turbulence patterns exist can a gage

shield be expected to perform well. A shield is princi-

pally useful for reducing or eliminating the eddies pro-

duced by the gage itself and in reducing the vertical

components of the air passing over and around the gage.

When evaluating the catch effectiveness of a shielded

gage it must also be kept in mind that the standard of

comparison itself is subject to uncertainties. The USWB

Standard Raingage without shield is usually used as a

comparison for rainfall measurements. In snow measurement

comparison is often made with the snow depth in the area

surrounding the gage site.

Drop Characteristics

Blanchard (1948) concluded that water drops less

than 4.6 mm in diameter are quite stable, that those

between 4.6 and 5.4 mm are increasingly unstable, and

that those over 5.4 mm in diameter will break up if
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subjected to a shock. Leonard (1904) concluded that drops

over 5.5 mm in diameter cannot exist for more than a few

seconds. However, Umback and Lembke (1966), experimenting

with drops falling through a 12 foot high section of a wind

tunnel, found that 5.5 mm dr0ps did not break up when sub—

jected to a 20 fps crosswind. They concluded that "the

shock imposed on a drop of this size by this magnitude of

wind, and the short fall distance involved, was apparently

,
.

.
.
.
_
,
,
_

.
-
-

2

insufficient to cause breakup."

Green (1952) evaluated the data on terminal veloci-

ties published by Laws (1941) and derived the following

relation:

0.00122 d2°uuK

force of air resistance in grams,where K

and d drop diameter in millimeters.

This relation agreed with Laws' data for drop diameters

of 1.17 to 3.92 mm.

Gunn and Kinzer (1949) made an extensive study of

the terminal fall velocity of drops of 0.07 to 5.7 mm in

diameter. Velocities of drops .08 mm and smaller were

found to agree with Stoke's law. Drops over 5.76 mm in

diameter were found to be unstable.

Their results have been used to determine the drag

characteristics of drops for this study. Further dis-

cussion of this matter will be found in the section on

experimental design. Their comments on the effect of
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density or frequency of falling drops indicated that the

change in drag characteristics involved were on the order

of a few percent.

TABLE 5.--Termina1 fall velocity of water drops in air.

From Gunn and Kinzer (1949).

 

 

drop diameter velocity

(cm) (cm/sec)

0.10 403

0.20 649

0.30 806

0.40 883

0.50 909

 



 

EXPERIMENT DESIGN

General Description

The objective of this study was to determine the

disturbed airflow pattern in the vicinity of a standard

r
r
r
w
r
r
u
i

raingage. And to evaluate its influence on the quantity

—
&

of rainfall measured by the gage.

Velocity measurements were made with an anemometer-

analog computer system with raingage models in a wind

tunnel. Three dimensional flow field velocity components

were measured above and upstream of the raingage models.

Thus having a flow field description, and knowing the

drag characteristics of water drops, the trajectory of

drops approaching the gage could be computed, and the pro-

portion of drops that were intercepted or those that were

deflected from the gage's opening could be determined.

The factors influencing the falling drop's path included:

the constant force of gravity, the drag forces due to the

drop's movement through the air, and the mass momentum of

the drop.

As the variety of turbulence patterns found at

normal raingage sites are numerous, and as they have not

been described, the gage was placed in a uniform flow

12
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field of a wind tunnel to determine the local air disturb-

ances created by the raingage itself.

The result expected from this experiment was a

relation between the proportion of drops intercepted by

the gage, the size of the falling drops and the local air-

flow velocity.

Theoretical Approach

A theoretical approach to evaluating and describing

the flow field around a raingage could be obtained by

applying the Navier-Stokes equations. In the cylindrical

coordinate system the three dimensional Navier—Stokes

equation set is

%%+u%%+%%%+W-§-§-%2--%%§+V[V2u---§2 3%]

where V2 = 5%: + %-§%~+ %7 5%; + 5%; ,

u,v,w = the velocity components along the

x, y, and z axis, respectively,

r,¢,z = cylindrical coordinates,

p = fluid density,

t = time,

P = pressure,

and v fluid viscosity.
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These equations can be simplified somewhat by assum-

ing uniform flow conditions, that is

§u__ 8v _ 3w _

3t 3t at

This condition cannot be expected downstream and immedi-

ately above the cylinder, where turbulent flow will exist

for all but the lowest free stream velocities. If R, the

cylinder's radius, can be considered small then it may

also be possible to let 3P = 0.

Figure 1 illustrates the coordinate system used for

this equation set, and a simple cylindrical "raingage."

/P (r’g’ Z)

 

l/IZJ

 

   
Figure l.--Cy1indrica1 coordinate system and simple

cylindrical "raingage."
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The boundary conditions for the Navier-Stokes equations

are:

u = v = w = 0 when 2 < 0 and r = R,

and v + 0, w + 0 and u + Vco as r + m,

where V0° is the uniform horizontal flow field velocity.

An attempt was not made to solve these equations,

because when they were simplified to the point where a 3

solution could be found with today's mathematical tools,

they no longer described the problem adequately. [J

The possibility of finding a solution by simulation

on an analog computer has been considered. As differen-

tials must be with respect to time for solution on analog

computers, the Navier-Stokes equation set must be con-

verted so all partial derivatives are with respect to at

2 2 2

or atz. After multiplying by gt: 3?? gté, collecting like 

terms and simplifying, the equation set is

2 l
zll{¢fl|:uvrt(u_%)_rn(% _ %)-u"(\) +525] +rn¢v [%uv_ $471}

= r"¢"(vu"-wu'z'),

n n t: _X_1.Y. 2_I V + "' 'X—'—2—-‘z {0 [v r (u r) r r(ur) v (v-+FT)] r 0 [v r Llr‘

= r"¢"(vv"—wv'z'),

z"{¢"[w'r'(u-%)-w"(v-+%%)]i-gw'r"¢'}==r"¢"(VW"-WW'Z').

These equations would require an analog computer having
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12 integraters, 49 multipliers and at least 60 Opera-

tional amplifers, plus auxiliary equipment.

Cylinder Drag Characteristics

As the coefficient of drag of a truncated cylinder

is constant for:

1.5 (10)“ < Reynolds number S 2 (10)5

the flow field description would remain constant for a

cylinder (or a simple cylindrical raingage) subjected to a gm

flow field of a velocity producing a Reynolds number within

this range. For an eight inch standard raingage this is

equivalent to a velocity range of approximately:

3 s Velocity (fps) s 50.

Thus a relation of catch, drop size and flow field velocity

could be obtained over this range by studying the flow

field configuration at one velocity within this range.

 10

infinite circular

cylinder

C 1 - ‘\___/:/’“””3L'“—Jfi.“\a  

 

finite circular

cylinder L/d = 5       
 

102 103 10“ 105' 10b

Figure 2. Aerodynamic drag characteristic of a trun-

cated cylinder as a function of the Reynolds

number.
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Falling Drop Characteristics

Several researchers have investigated the drop size

distribution found in various types of rainfall. Most

have found that drops of l to 1.5 mm in diameter occur

most frequently in all but the more intense thunderstorms.

Drops of 3.5 to 4.5 mm have been the largest commonly

found. In this report drops of 1, 2, 3 and 5 mm in diame—

ter have been considered.

The drag coefficient of a drop can be determined by

applying the equation:

F = % n pa d2V§Cd

where F = drag force,

pa = air density,

d = drop diameter,

Vr = relative drop velocity,

Cd = coefficient of drag.

The drops' weight can be computed from:

W = g N d3 g (0w - 0a)

where 0w = water density.

When a drop is falling at its terminal velocity its weight

equals the drag force acting on it. Thus, the two above

equations can be equated to obtain:

pw - pa

0

4
C :—

3 g a

d

d \T"
r

The coefficient of drag was determined by applying

the terminal velocity of drops as found by Gunn and

Kinzer (1949).

I" ll
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Air density at 20° C, 1 atmosphere pressure and 50

percent relative humidity, and water density at 200 C were

used for these calculations.

Tunnel Wall Corrections

In order to compensate for the constricting effect

of the wind tunnel walls, certain corrections must be

made on the velocities measured in the tunnel. These

corrections are generally termed wall corrections.

The principle correction needed for the flow field

description is to compensate for the lateral constraint

of the flow pattern around the model. This is usually

called "solid blocking." The presence of the model in

the test section reduces the cross-sectional area through

which the air must flow and, by Bernoulli's principle,

results in increased velocities around the model which

must be compensated for.

A second necessary correction is for ”wake block-

ing." Any body without boundary layer control creates a

wake. This wake has a mean velocity lower than the free

stream velocity. To conform to the law of continuity the

velocity outside of the wake in a closed tunnel must be

greater than the average free stream velocity. This

increased velocity in the portion of the stream outside

of the wake results in a lowered pressure which in turn

produces a pressure gradient and an airflow velocity

increase around the model.
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Streamline curvature is a third error that is

created by the constraining influence of the tunnel walls.

While this effect is a result of solid blocking, it is

usually treated separately in the study of airfoils.

Another correction that is commonly made in wind

tunnel tests is that for "buoyancy." Most tunnels have

a variation of static pressure along the test section due

to the thickening of the walls' boundary layers, which

results in increased velocities as one traverses the test

section's length. This pressure gradient tends to "draw"

the model downstream. The tunnel used in this study has

a tapered test section to compensate for the boundary

layer buildup, thereby minimizing the need for buoyancy

corrections.

These wall corrections can be experimentally veri-

fied by testing several models of different sizes of the

same subject at the same Reynolds number. This procedure

also provides a second method of evaluating wall correc-

tions which encompasses all of the above error terms in

one correction. By determining the ratio of the measured

velocity at a point to the free stream velocity for each

of the two or more models, a dimensionless curve of

velocity ratio versus model scale can be made. By extrapo-

lating the curve that passes through these points to the

ordinate position, where the model scale equals zero, one

finds the velocity ratio that would exist with a prototype
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subject in a nonconstrained flow field. This is illus-

trated in Figure 3. That is, the surrounding flow field

size to model size ratio approaches infinity, which is

the condition found in the normal prototype subject use.

Data from two models of different scales can be

used similarly, for which a straight line is used in the

extrapolation process. Three models create three points

on the graph and allow the use of a second order curve

which improves the accuracy of this method. This method

of correcting the flow field data has been used to

correct the data presented in this report.

 

 

|
< /

 

     

L
L
.

0 I ‘I +

0 .25 .50 .75 1.00

Model Scale

Figure 3.-—Wind tunnel correction curve using three

data points.
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Data Collection Points

A three dimensional grid of data collection points

was oriented above and upstream from the model. Spacing

of all grid points was d/4, where d is the model's top

inside diameter. The grid extended to the top of the

test section's uniform flow area, horizontally to d/4

beyond the gage edge, and upstream for 25 intervals, or

until a nearly uniform flow field was encountered. Thus,

the coordinate indices limits were:

1 s x s 4 — horizontally, cross-stream direction,

l s y s 15 - vertical direction,

1 s z s 25 - upstream direction.

The x = 1 plane passes through the cylinder's verti—

cal axis and is parallel to the free stream flow direc-

tion. The y = 1 plane is horizontal, d/8 below the cylin-

der's top edge, and parallel to the free stream flow direc-

tion. The z = 3 plane is normal to the flow field, is

vertical, and passes through the vertical axis of the

cylinder.

Three models of different sizes were used in the

wind tunnel tests, which resulted in three different spac-

ings of the data collection points. Thus the number of

data points along the vertical (y) axis varied with each

model. Due to this, the number of points used to find the

velocity ratio for various grid points varied. All grid

3
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points up to y = 8 above the gage had 3 values for extrapo-

lation purposes.

When measuring the flow field several diameters up-

stream of the model, where the flow field was nearly uni-

form, intervals of d/2 were used in the z direction.

When the data set collected in the wind tunnel was

subsequently used for computations the model's coordinate

system was moved 3 intervals in the negative x direction.

This allowed sequential numbering of the yz planes when

the data values were reflected about the model's center

yz plane to obtain a data field for the full width of the

gage.

Data Interpolation

The data values used for drop trajectory computa-

tions were in the form of velocity ratios. These ratios

being the velocity component parallel to a model axis at

a data point divided by the free stream velocity. Thus,

any free stream velocity could be considered by using

velocity ratios derived from the basic data.

To determine the velocity component ratios at posi-

tions other than at data collection points it was necessary

to interpolate between the known values. This was done in

the three dimensional data array by repetitive applica-

tion of a one dimensional interpolation procedure.

Interpolation was accomplished by using the Newton

interpolation formula based on divided differences,



Hamming (1962), using data from four grid points, two on

each side of the point in question. This procedure, in

effect, finds a third order polynomial and evaluates it

at that point.

To find the unknown velocity ratio at a desired

point x (refer to Figure 4) in a three dimensional array

of data this procedure was first applied in the y direc-

tion for two points above and two points below the X2-

plane that point x lies in. This determines the velocity

ratios at 16 positions surrounding the point x, on the

XZ-plane (points "a" in Figure 4).

Interpolation was then carried out in the x direc—

tion. Four of the points found in the previous step were

used to find the velocity ratios on a line parallel to the

z-axis that passes through point x. This was done four

times to find four values along this line, two toward the

origin and two away from the origin, from point x (points

"b" in Figure 3). By interpolating once more along this

line, which is parallel to the Z-axis, the velocity ratio

at point x was found.

When drops approached the edge of the data field it

was not possible to use a third order equation based on

four data points. When this condition was encountered,

that is, when drops approached the bottom or the down

stream end of the data field, a procedure similar to that

stated above was used, using three data points and second

order interpolation.
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Drop Catch Area

The area defined as the drop catch area is that por—

tion of the high shear or boundary layer immediately above

the gage's funnel opening. A second velocity data set was

collected, using intervals of Ay = d/16 and Ax = Az = d/8,

in the immediate vicinity of the gage funnel. By observ-

ing the change in velocity between adjacent data collec-

tion points it was possible to define the boundary layer's

position above the gage's funnel opening. Using this

information the boundary layer was simulated by using seg-

ments of 17 plane surfaces. The surfaces used, and their

limits are defined in function CATCH of program DROPPATH

(refer to Appendix B).

Velocity measurements below the boundary layer showed

that low mean velocity and highly turbulent flow was pre-

dominate. Since the drop masses were relatively large as

compared to the forces applied to the drops by the turbu-

lent air below the boundary layer, and since the drop reac—

tion decreases as the frequency of the applied force

increases, it was assumed that the drops that passed

through the boundary layer were not deflected by the air

movements in that region. Thus, once drops had passed

through the boundary layer their paths depended primarily

on their velocity and movement direction as they passed

through the boundary layer.
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Since the boundary layer was a positive distance

above the gage's opening (except along the upwind edge) it

was possible for a drop to pass through the boundary layer

above the cylinder and still miss the gage's funnel if the

drop's trajectory was such that it could pass over the

edge of the funnel. The possibility of this occurring was

allowed for in program DROPPATH.

Data Conversion

Several FORTRAN computer programs were developed to

handle and analyze the data collected in the wind tunnel

tests.

Program TURB

Program TURB is a tape handling routine which trans-

fers the three coordinate positions and the three veloci-

ties indicated by the anemometer, from paper tape to mag-

netic tape in binary form for ease in further processing.

Program MAIN

Program MAIN was used to convert the binary data on

the magnetic tape to the base ten number system and to

provide a print out of the basic data. MAIN also punched

the six values of each data point along with an identify-

ing number onto computer cards for future use.
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Program TRANS

This program served two purposes. From micrOphoto-

graphs of the sensor probe, the average angle between

each sensor and the plane of the other two sensors was

measured. Program TRANS calculated the resulting angles

between the sensors and the model coordinate system.

Using this information, TRANS then computed the three

velocity components parallel to the model axis system at

each data collection point from the data obtained from

program MAIN.

Indicated flow velocity across an anemometer sensor

is not directly proportional to the sine of the angle

between the flow direction and the sensor's axis. There-

fore an additional correction was made to compensate for

this crossflow effect by the equation:

2 2 -o2 2 2

Vp = V. (sin a + K cos a)

1

where V = true velocity component perpendicular

p to sensor axis,

Vi = indicated velocity,

u = angle between flow direction and sensor

axis,

K = correction factor.

The value of K was determined for each sensor in the pri-

mary instrument calibration procedure.
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Program CORRECTl

Errors in the basic data that were caused by slight

misalignment of the anemometer probe were compensated for

in this program. Probe misalignment was determined by

making velocity measurements at selected points in the

wind tunnel after the model had been removed. The veloc-

ity components measured in the cross stream and vertical

directions were then subtracted from the data taken with

the gage in the tunnel.

Program CORRECT2

To compensate for the influence of the tunnel walls

on the flow field, corresponding flow components collected

at each data point for each model tested were used to

find the corrected velocity component at that point. The

method used is described in the section Tunnel Wall Correc-

tions.

Program DROPPATH

From Gunn and Kinzer's (1949) data, the influence of

relative airflow on movement was mathematically described.

Combining this force as a function of the local flow field

velocity and direction with the influences of gravity and

inertial forces, a stepwise progression of a falling

drop's trajectory was determined. DROPPATH simulated

rainfall using several drop sizes commonly found in rain-

fall and several airflow velocities in the 3 to 50 fps

range.
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Flow field characteristics between data points were

usually determined by third order, three dimensional

interpolation. Near the edge of the data field second

order interpolation was used.

Drop fall starting points were distributed in the

y = 14.5 plane at intervals of d/l6 in the x and z direc-

tions. The drop was given an initial velocity of the

terminal velocity for its size plus the air velocity com-

ponents at its starting point. This simulated the drop's

travel path as if it had been falling through a uniform

flow field similar to that found at its starting point.

By comparing the number of drops intercepted by the gage

with the number starting in an area of the same size on

the y = 14.5 plane the percentage of catch was determined

for several common drop sizes.

 



APPARATUS

Wind Tunnel

The wind tunnel used for model testing is owned and

operated by the Mechanical Engineering Department at

Michigan State University. This tunnel is of the con-

strained suction type with a 25:1 constriction ratio and

a test section 2 ft by 2 ft by 10 ft long. The variation

of velocity across the test section is less than 2 percent

outside of the boundary layer. The test section has a

lengthwise taper to compensate for the boundary layer

buildup and to minimize the need for bouyancy corrections.

The variable pitch fan and motor control system provide

excellent control and stability of flow velocities.

A Prandtl tube mounted to one side and slightly

upstream of the model was used to constantly monitor the

tunnel air velocity during tests with the aid of a slop—

ing tube water manometer. A mercury column barometer and

thermometer in the laboratory provided data to correct

the manometer readings for atmospheric changes.

Anemometer

A three channel constant temperature hot film

anemometer system was used for three dimensional flow

30
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field measurements. The sensing probe held the three hot

film sensors in a pyramid formation. The angles between

the sensors were approximately 100 degrees. Three temper-

ature compensating probes were placed in the downstream

end of the tunnel's test section to provide automatic

anemometer compensation for air temperature changes.

Two rack and pinion gear driven hook gages with

scales were modified to manipulate the probe in the hori-

zontal (cross stream) and vertical directions. The base

holding these gages was moved along the tunnel test sec-

tion to obtain a longitudinal placement. Probe placement

accuracy was t .006 inch (.0005 ft).

Analog Computer

The three bridge voltages from the anemometer modules

were fed to an analog computer. This computer provided

signal conditioning, conversion of anemometer bridge vol-

tage to the related velocity (linearization), and real

time integration to obtain mean velocities normal to each

sensor element.

From each bridge voltage, a voltage equal to the

bridge output at zero velocity was subtracted. The result-

ing signal was multiplied by a constant to obtain a 10

volt signal when an anemometer sensor was normal to a 100

fps flow field. This conditioned signal was fed to a
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variable diode function generator (VDFG) which converted

the O to 10 volt range such that:

E5 = 0.100 x Velocity (fps).

The VDFG was adjusted with the anemometer calibra-

tion data obtained from the instrument's primary cali-

bration to allow for variations in individual bridge and

sensor characteristics.

This voltage (E5 - a function of velocity) was

divided by 10 and then summed by an analog integrator

over a 10 second period to obtain a mean velocity value.

Three of these circuits were used to convert the three

anemometer bridge voltages.

An independent square wave generator operating at

0.0500 Hz was used to control the time period of integra-

tor operation.

Data Recording

Three variable voltage sources were used to provide

probe position data. These were adjusted to correspond

to the anemometer probe's position. These three voltages,

along with the three analog output voltages were fed to an

analog-digital converter and paper tape punch. Thus, the

probe's coordinate positions, X, Y and Z, and the anemo—

meter's indicated velocities, V1, V2 and V3, were recorded

on the paper tape when the converter's remote start scan

switch was actuated.
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Raingage Models

Three models of the USWB Standard Raingage with the

steel tripod stand were constructed for tests to be con-

ducted in the wind tunnel. Their linear scales, relative

to a prototype standard gage, were .704, .490 and .227.

As the full height of the largest model could not be

facilitated in the wind tunnel due to the tunnel's size

limitation, its lower end was truncated such that the top

centers of the models were positioned at the vertical and

horizontal center point of the tunnel test section.

As the smallest model's height was less than the

tunnel floor to center point distance, a ground plane was

constructed to maintain a normal gage to ground surface

relation and bring the model's top to the tunnel's center

point. This allowed the use of a complete model gage with

stand. The ground plane, in effect, raised the floor of

the tunnel to its height.

The model cylinders were machined from cast acrylic

plastic, to a tolerance of i 0.001 inch. The gage stands

were fabricated from cold rolled steel of the pr0per scale

size to a tolerance of t 0.002 inch.



 
Figure 7.—-Velocity measurement instrumentation. Left to

right: the analog—digital converter with paper tape punch,

digital voltmeter, analog computer, anemometer with the

analog timer below it.

 

Figure 8.—-Wind tunnel test section. Along the top of the

test section, from left to right: the three temperature

compensating probes, the three probe position indicating

voltage sources, the remote switches controlling the com-

puter and A/D converter, the probe manipulator with sensor

probe. Within the test section the smallest model is

shown mounted on its ground plane.
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Figure 9.—-Gage models used for wind tunnel tests. Model

scales, from left to right, are: .704, .490 and .227.

  
Figure 10.-—Anemometer Figure ll.-—Anemometer

sensor probe, front view.sensor probe, side View.

 



EXPERIMENTAL PROCEDURE

Calibration

The initial calibration of the anemometer system

was made with a one inch free jet. Curves of bridge

voltage versus velocity and indicated velocity versus

angle of flow over the sensors were determined for each

anemometer bridge-sensor combination.

The bridge voltage versus velocity data was used

to adjust the VDFGs in the analog computer to obtain auto—

matic linearized bridge voltage to velocity conversion.

The velocity versus angle of flow curve was used to evalu—

ate the correction factor (K) used in computer program

TRANS which compensated for angled flow across the anemo-

meter sensors.

The three sensor probe was mounted in the probe

manipulator and placed in the empty wind tunnel. With a

moderate flow velocity in the tunnel the probe was

oriented so that all sensors indicated the same velocity

to insure that the sensors were symetrically oriented to

the uniform flow field. Next the signal conditioning por-

tion of the analog computer circuit was adjusted so

that the VDFG's output voltage was zero at zero flow

38
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velocity, and was 10.000 times the sine of the sensor-

flow direction angle at 100 fps. The external square

wave signal generator for the timing circuit was adjusted

so that the integrator output voltage equaled ten times

its input voltage.

Following the initial instrumentation calibration

the desired model was mounted in the tunnel and the probe

was adjusted to a known reference point, that is, a data

collection grid point relative to the model.

The tunnel operating velocity was monitored with a

Prandtl tube and a sloping tube water manometer. The

desired dynamic—static pressure head differences was com—

puted periodically and velocity adjustments were made if

needed. The desired pressure head difference was com-

puted from the ambient air temperature, barometric pres-

sure and the desired Reynolds number. All tests were run

at Re = 7 (10)“.

After velocity measurements were made at all data

collection points the model was removed from the tunnel

and velocity measurements were repeated on the z = l, 12

and 25 planes as a check for proper probe orientation and

flow uniformity. Any deviations found were corrected for

in computer program CORRECTl with this information.
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Test Routine

After mounting the desired model in the wind tunnel,

the probe was positioned at a reference point and the

desired operating velocity was established.

The normal sequence for data collection was:

1. position probe at desired x, y and z coordinate,

:
3

I2. place analog computer in Operate mode allowing

timer to operate integrators for 10 second

period,

\
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3. adjust variable voltage sources for proper x, y

and 2 values to be recorded,

4. At end of timer cycle initiate scan cycle of

A/D converter and paper tape punch to record the

three coordinate values and the three velocities

measured with the anemometer,

5. reset the analog integrators to zero,

6. repeat the above steps at the next data collec-

tion point.



DISCUSSION OF RESULTS

To make use of this study's results the accuracy of

the procedures used must be considered.

A precise analysis of the errors involved in this

study was precluded by the presence of several unknown

possible errors in many of the procedures used. However,

the major source of error is probably in the basic veloc-

ity measurements made.

An estimate of the errors involved in the velocity

measurements can be obtained by considering past experi-

ences by researchers using basically the same instruments

and techniques under similar conditions. In the area of

fluid mechanics, mean velocity measurements using hot wire

anemometers are generally considered to be within 10 per-

cent of the actual flow velocities. The use of check pro-

cedures, such as the probe alignment correction made by

program CORRECTl, will reduce this error. However, by

combining several instruments to handle the data, such as

the analog computer and analog—digital converter used in

this study, the maximum error probably remains in the

vicinity of 10 percent.
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The largest error source in the computations using

the velocity data would be in the iteration portion of

program DROPPATH that determines the path that a drop

follows due to the influence of its surrounding velocity

field. This error source was minimized by running test

 

programs using several drop sizes and free stream veloci—

ties and by varying the time interval (DT in program DROP- A'J

PATH) of the iteration process. It was found that a DT g

smaller than 0.002 second made negligible difference in :9”

the dr0ps' path descriptions. Thus, a time interval of E

0.002 second was used.

Considering these factors and the confidence in the

procedures used it is estimated that the results of this

study (Figure 12) are not in error by more than 15 to 18

percent.

A comparison of the drop paths showed a tendency for

drops that were caught by the gage to be carried further

from the upstream edge of the gage as the free stream

velocity increased and as the drop size decreased. This

trend was expected. However, this trend of being dis-

placed downstream was also evident with drops falling to

the level of the gage's top but slightly in front of and

to one side of the gage funnel. This tendency can increase

the gage's catch. This is the direct result of the gage's

obstruction to airflow in its vicinity due to the physical

presence of the gage itself. While the quantity of drops
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influenced by this trend is small, it is probably respon-

sible for the small increase in catch of the larger drops

at free stream velocities in the neighborhood of 20 to

40 fps.

As drop size decreases to 1 mm, this trend resulted

in most drops being caught in the downstream side of the

gage. As free stream velocities increase beyond 20 fps

most of these smaller drops were carried beyond the gage

funnel before they fell to the level of the gage's t0p,

 

resulting in a sharp decrease in the quantity of drops

caught. This effect is very pronounced for 1 mm diameter

drops in the 30 to 50 fps range as shown in Figure 12.

As drops in the l to 2 mm size range occur most

frequently in normal precipitation, and as they account

for a large portion of the total volume of rain falling,

the error created can be large if the free stream veloci-

ties are above 25 fps.

To use this data one needs to know the drop size

distribution of the rainfall, and to measure the free

stream velocity in the gage's vicinity during the rainfall

period. The portion of drops of each size falling is then

adjusted with the values found in Figure 12 to find the

corrected portion of each drop size. Summing the volume

of the adjusted amount of each drop size will then deter-

mine the corrected precipitation quantity.



CONCLUSIONS

The results of program DROPPATH showed that rain-

fall measurements made with a U. S. Weather Bureau Stand—

ard Raingage indicate less rainfall than actually fell as

the dr0p diameter decreases and as the free stream air

velocity in the gage's vicinity increases.

At velocities over 30 fps the amount of 1 mm di-

ameter drops caught was in error by over 40%. At 40 fps

the 1 mm diameter drops measured were in error by 80% and

2 mm diameter dr0ps were in error by approximately 20%.

As a large portion of the drops in a typical rainfall is

usually within this size range, rather large errors should

be expected in the amount of rainfall indicated by a

Standard Raingage if wind velocities are over 30 feet per

second.

While the results of this study could be applied to

rainfall data that has been collected it should also be

considered as an indicator of the need for development

of an improved precipitation measurement system.
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AXXP = 90.0

SINXXD =

COSXXP =

1.0

no“

AYXP = 90. - A7XP

SINYXp :

COSYXP :

SXNF(AYXP/RAD)

COSFtAYXD/PAD)

DVZI = .5 * DYIPZIP / TANF(60o/QAD)

DUYIP = DWXI = DVZI

AYYP = 90. + PAD * SlNFCDUYlP)

AYZP = AYYP

SXNYYP =

SINYZP =

COSYVP

COSYYP

002! =

DUXl =

DXIYIP -

I
O
U
!
!
!
“

SINF(AYYP/RAD)

SINYYP ’

COSF(AYYD/PAD)

COSYYP

.OQTF(lo - DXIPZI * 0X1921)

O?!

SOQTFtDUXl * DUX! + DUYIP * DUYIP)

AXYP = PAD * ASINF(DX1YIP)

SINXYP =

COSXYD =

DXIYIP

COSF(AXVD/PAD)

AXZP = 180.0 - AXYD

SINXZP =

COSXZP =

SINF(AXZP / RAD)

COSF<AXZP / PAD)

FIND SUBSENSOQ TO SFNSOQ ANGLES

Axpxpp

AXPYDP

Axpzpp

AYPXPP

AYDYDP

AYPZPP

AZPXPP

Azpvpp

AZPZPP

stxpxpp

stprvpp

stxpzpp

SINYPXPP

stvpvpp

QINYP7PP

stszpp

SINZPYPP

SINZPZPP

cosxpxpp

COSXDYPP

COSXPZPP

cosvpxpp

COSYPYPP

cosvozpp

cosszpp

coszpvpp

coszpzpp

FIND DETERMINATF AND COFACTOP VALUFF FOP CONVERSION

RAD*ACOSF(COSXXP*COSXXPP+COSYXP*COSYXPP+COSZXP*COSZXPP)

PAD*ACOSF(COSXXP*COSXYPP+COSYXP*COSYYPD+COSZXD*COSZY°P)

PAD*ACOSF(COSXXP*COSXZPP+COQYXP*CO§Y7PD+COSZXD*COSZ7PP)

QAD*ACOSF(COSXYP*COSXXPP+CO§YYP§CO9YXPP+COSZYD*COSZXPP)

PAD*ACOSF(COSXYP*COSXYDP+COSYYD*COSYYDD+C057YD*COSZYPP)

QAD*ACOSF(COSXYP*COSXZPP+COSYYP*COSYZPP+COSZYD*COSZZPP)

RAD*ACOSF(COSXZP*COSXXPP+COSYZP*COSYXPP+COSZZP*COSZXPP3

RAD*ACOSF(COSXZP*COSXYPP+COSYZP*COSYYDP+COSZZO*COSZYDpi

RAD*ACOSF(COSXZP*COSXZPP+COSYZP*COSYZPP+COSZZP*COSZZPPI

SINF(AXPXPP/PAD)

SINF(AXPYPP/PAD)

SINF¢AXPZPPIPAD)

SINF(AYPXPP/PAD)

SINF(AYDYPP/9AD)

S!NF(AYP7PP/PAD)

SlNF(AZPXPP/PAD)

S!NF(AZPYPD/PAD)

SlNF(AZPZDP/PAD)

COSF(AXPXPP/PAD)

COSF(AXPYPP/PAD)

COSF(AXPZPP/QAD)

COSF(AYDXPP/PAD)

COSF(AYPYPP/QAD)

COSF(AYPZPP/PAD)

COSF(AZPXPP/9AD)

COSF(AZPYPP/QAD)

COSF(AZPZPP/PAD)

VELOCITIES TO MODEL AXIS COMPONENT VELOCITIES

A11 = sxuxpxpp**2

A12 = SINXPYPP**2

A13 = SINXPZPD**2

A21 = SINYPXPP**2

A22 = SINYPYPP**2

A23 = SINYPZPDfi§2

A3! = S!NZPXPP**2

A32 : SINZPYPD**2

A33 = SINZPZPP**2

 

OF SENSED



.N_.>~.xhv><>*.cc~nAN_.>H.XHV><>H

AN~.>H.XHqu>*.00“u.N~.>~.X_VXd>_

amm>#&0kmwcu+QNE>#QQ>kap+u~m>*aaxmmounk~.>~.x—de>

umm>*00n>ucu+QNm>*00>>uou+nfim>*aux>mouAN~.>_.X~V><>

mmm>tcomxmcu+amm>*aa>xmou+afim>*auxxuouuAN~.>~.X~VX<>

..N\»Qm>*flm>IC~>*0_>+Qm>tam>vv1hflcmn0mm)

nom\aam>*nm>I0~>*u~>+um>tcm>voukacmumm>

A.N\Aofi>*ofi>I0N>*am>+Qm>*om>vvukaoma~m>

uNZ>*AN**Amekvumou*¥<*y<+N#*flmm1»umz~m.kkacmuam>

Q>Z>*AN**Awmxkvumou*zd*yq+mxthmmrkvuZHmvupaOmu1N>

aXZ>*aN**.“wIkvumOU*¥<*xqN**AHwIkvuZ~mvukaOmua")

AEZMO\AQN>*nomNmOU+u>>tucN>ucuQx>*auNXmouovumouqHulk

“22m0\A0N>*a&>NmOU+Q>>taa>>uouax>taa>xmouvvumOUdNmI»

.szuo\nuk>*uaxwmou+a>>*aux>ucu+ax>*aoxxwou..umou<~mI»

AQN>*QK>+u>>*0>>+ux>tax>vukaomuzzwc

non<>*aomnmcu+aa>q>*oa>wwou+aax<>*QQXNuouum>

00N<>*QQN>mOU+ua>q>*a&>>woo+00x<>*aax>mouQ>>

naha>*aaNxmoc+ua>q>wau>xuou+aux<>taaxxuouux>

.Amuowd>vuumd.ukacwuDQN<>

AANQQ><>vmmmdvuha3wuQa><>

namflflx<>vummduuhacm00x6.)

m**QNZ>*NPU+m*#0>7>*nmuIN**sz>*m~UINQQN<>

N**QNZ>*NHUIN**Q>Z>*NNU+N**QXZ>*N~UINNuu><>

m**aNZ>*~mu+N**Q>Z>*~NUIN**QXZ>*-UuNO0X<>N~

~m.m_.~NAZZIEDZ.u.~_

-.ONAoo.uow.u~

QNZ).0?!).Ox2>.N_.>~.X~.SZ.~O~GamaOn

ZO—VQL>ZCU<kq00372.51.09GZ<PDC._rZ_,QaI600}.SMZh:

UPS/:50“:(.72.726#2700ouchu—

uCOQUqucJ<70~F_CQ<ZkC<wa

N“O»ow

Annomu.xmvm.xfi..m~.xovm.xH.~_.xm.F<anu~o~

QNZ>.Q>2>.QXZ>:2:2.XM.232.2:Odwa

wzukaoaZO~mau>ZOU«F40OF0231024Dado«Ecokma~mZ~aqwa

A_I:\A\mocfium.xm~vmvm\\moofiu.xm~\\\v#4230“.NON

rmu.mmu.~mu.mmu.mmuo~mu_

.mfiu.mdu.H~U.mm«.mm<..m<.mmq.mmq.~N<.n~q.N~<.~H<.ZOZmD.NON»Z_aa

aukawwou.oo>onuou.quamuou.QaNa>mou.au>c>moum

.oaxe>mcu.uaNuxmou.Qa>axucu.&axaxuOU.QQNQNZ~u.au>uN2_m.uaxawz_mm

.QONQ>Z_W.QQ>0>Z~m.QQXOE/Zm.aflhflngm....00>Cx2~m.QQXQXZHm.QQNQNQ—

.au>um<.aux0N<.oanc><.aa>a>q.aoxu>q.QQAQXc.aa>ox<.anaxq.Fomhz~aa

A.\n\m.cnur.xmfivmvm\\\.h<iaou~0N

QNNmou.a>NmOU.QXNmOU.0N>wOU.Q>>m0u.0x>mOU.QNmeU.Q>waUN

.axxmou.0Nn2_U.Q>N2_w.QXNZ~m.0N>Z_u.Q>>Z_m.0x>z~m.aNxz_m.u>xz~m~

.QXXZ—W.ONKQ.Q>R4.QXN<.QN>4.Q>>Q.&x><.aNx<.Q>Xd.&XX<.~ONFZ~UQ

.A\.\m.o—um.xm_vmvm\\~.muuqIQJqu.x>._I~vkdzaomoom

uQNNwOU.uQ>NmOU.QQXNmOUM

oauN>wOU.QQ>>¢OU.&QX>UOU.QQNXMOU.0&>XWOU.QQXXUOU.QQNNZ~moafl>NZ_wN

.QQXNZ_m.DQN>Z~m.Qa>>Z~m.aax>ZHw.oaNxZHu.aa>x2~m.aaxxz~m.QuNN<_

.QQ>N<.QOXKQ.flQN>d.Q&>><.qu><.QQNXQ.Qfl>x<.QOXX<.4101.4.OONPZ_QQ

yuwIU02.224a00a0aoume_mouOZ<uflZNm.mw0024FDOh2_au

pmqtquINN<*~H<unflc

mmqtmficImm<*-<uNmu

nm<#r_<Immqtmfiqn.mL

~fi<*N_qINm<*—~<nmmu

wfiqtrwqImmqtfiwquNNU

mrqtm~qImm<#N~<u"NU

quxmmqINMdt~N<nmfiu

~m<*mmqImm<*~m<NHU

mmqtmmcImmqtmmqn~HU

qu*mmq*~H<Imm<*~N<*N~<~

I~m<*mmatmfidlmm<*_m<*mwIrg+mmc*m~<+mm<*mm<*-quzozmo

+
-
+
+

I
I

I
I

om

U
U
U



 

02m

.ulw.h<zaoumom

mowhz_auon

on.N~.N—.02.k—

ooou.¥.fl.~.N<>n.¥.fi._.><>na¥.fi.~.x<>MN

0u.y.fi._.N<>~u.¥.fi.~.><>~ua¥.1.~.x<>_

mm."uxmm00

m~.~u5mm00

c..I~mm00

.am~.N~.b.x~.m<.x~.n~.N~vFqsaouoom

.mN.0Nn¥..¥.5.~.N<>H.yv.n<Z.fi.~.OONIUZDQcm

ao~.¢.u¥..¥.fi.~.N<>~.¥..nqz.fi._.oomIuZDa

.n~.muy..¥.5._.N<>..¥o.n<z.3._.oomIUZDQ

ab.—u!..¥.5.~.N<>~.¥..m<2.1._.OONIUZDa

AmN.0Nn¥..¥.5.~.><>~.¥v.N<Z.1.~.oomIUZDQ

a0~.c~u¥.a¥.5.~.><>~.xv.NdZ.fi.~.OONIUZDQ

.n~.mu!..¥.fi.~.><>~.¥..N<Z.W.~.oomIUZDQ

.h.uux..¥.fi._.>q>_.¥..Ndz.fi.~.OONIUZDQ

.mN.0Nn¥..¥.fi.~.x<>_.¥..~<z.fi.~.oomIUZDQ

.0~.¢—u¥..¥.5.~.x<>~.¥v.~<Z.fi.~.oomIUZDQ

angomu¥oaxofio~vx<>—.¥..udzofio~.OONIUZDQ

abonu¥.5¥.5.~.x<>~.¥..~<Z.fi.~.OONIUZDQ

m_._u6cm00

c."uacm00

AAA\\~omumNAN.)IOn

\~.mumma>.>Io\~.mumm.x.>Io.m~\\mnuxIc.~I~.c.quaoucom

.c.—n~..m«.~nfi...mm._u¥.«.¥.fi~

.-Nd>voamm.~u¥.a¥.fio~.><>..amm.~u¥..¥.fi.~.x<>..v.~.
.GONh2_aaNM

:2u232

ou02um

mawImEOUJMOOZBmZu—

NNC»00

au02ON

wamIm:ounowu~

o”0b00

0040<h<ochh02<o<mao»zaahwa

.N..>~.x_.Nq>*.00"u.N_.>~.x_.N<>~

mm





AAA\\~.mumm.Nv>10a

\fiomumm.>.>1®\_.wummAxv>Iovmfi\\m~nxI¢._I~vm.hqsaouCOON

szbe._u~.aw_.—ufi...mm._ny.flx~

.1.~VN>V.Auw._ny.nx.1.~.>>o.flum.Fay..y.fi._vx>.o..~..cccm»2_aoon

xuwlu«FaeCZQsqucoauuqqkqo04m~uhDC+2~au

emUp00

._V<k<0uAA_VN~.>~.X~VUN>hm

\IPoOfioCVHna~vNuvh:

h..n~on00cm

onor00

A_vckqou.A~.N~.>_.x_.u>>wm

mm.cm.crA.~.n_.no

r.”uhUrCCor

ono»06

fl~v<kqou.~_VN_.>_.X_.UX>mm

mr.cm.cmA._.n—yu»

h._n_mmcomm

¢m.¢m.mmAmIacwvuh_m

o..~m.~m.me_.u—

oaor00«baa04w_uzo~kumoaoono02w0—

Ab.~u~..~oqpqo.._.N~v.ao~.>_.x_.~oo_Gamaon

qp<oOJuwuZO_humuaOUZ.Cdbfl

ON0*00

n_.q»<ou.A~.N_.>~.x_.N>hm

hm.om.cm.~_VN_.u.

b.—u_FA00cm

cmo»oo

Ahquqouna~om~.>_.x_o>>mm

mm.om.om..~.m_.u_

b..u~mm0ccm

cmor00

Afiochcu“Afivm_.>~.x_.x>mm

rm.cm.cm.._.N_.u—

>._uumm00NN

om.am.mm.mlao~.u~"N

om.~m.~N.mlx~.u_

on0b00«rqo04m~uJmooznoozwu~u

.nm.mu.m~.h.x_.~_.xm.m_.N.vhazaou.00"

AP.~u~.A~.<k<c.n~VN~V.QC~.>~.X~.HCO—CawaON

chcCJwMuchczZ~o<maU

cm.coAoo.uom.uh

AN~mvkdscoucoo”

thN~.F§4>H.FEJx~.ccc~aqua

“new.02wor00qhqomacs02u_U

mhhéwqwNHm><aa<z~oqwau

o.cuAfi.m.oJu>unfi.~.040)-

mm."u6a.00

c.cnAy.3.~oum>u“v.3.Hvu>>uA¥.fi._.ux>o—

c.cufly.w._vn>u.y.fi.~.>>u.¥.w._.x>

mm."uyc”CC

KN."1o"00

m."nFc.CC0

7:0waocumam:anrwov

MN>Imnmdz

m>>ImuN42

~x>Imu“42

AKN.N.OJu>.Amm.w~.wvum>.nmm.mfi.mvu>>.AnN.m~.mvux>u

.amm.m~.mvm>.nmm.mfl.w.>>.nmm.m~.m.x>..bv<bca.Ab.N~ZO~mZm5_o

kzm320_4<m~>umoaaaouFumaaouO»zqaooaau

 

"FUmDCOU5400000

we



0
(
1
(
)
0

bu

“CON

bN

mo

mw

mm

mu

mm

0»

ON

0U

09

om

00

04

am (NA—.Lomb.

_

mm

UD~24 NOOO. A~o.AA<Xn~uoLoxv.Kun.vaoa<<n~~oL.K..Ku_.Nm..

«(NhaucLoxv.KunommuuoLuHo~m..~n_.—XF34.

DNDO ~Z (flFO Obfib AUDDZOHF 4Cmfl IMDfiCDmngAmV

.200 n u I ZOOflF Obfib

~3OO u N I nImnK Obfib

LN I N UFDZM

DMDO MOON. ~ZOO.LN.<1F

WOUZDfl AN_U.flOoNV

D4 WZO Ofl <flFD Obi» 00 40 m0

—fl A~200Imv bmobmomo

<0F0a~ZOooLNv u (NF

00 40 #—

~ZHMDUOF>4m HO fl_FF ~Z nODDmnd_OZ fl—MFO DDD><M ~Z N UFDZMM

K n u

00 mm u

00 JN L

up u . I ~

(xnauoLoxv

New

~o~<r34

(xnauoL.K. + A<XnaboLoxvl<XnanoLonv*~>\uo

<<na~oLoKV <<nauoLoKv + n<<O~§oLoKu|<<naucLoxvu*~>\Uo

(NOA*0LOKV (NnauoLoKV + A<NnnboLoKvl<Nnn~oLoKVu*—>\Uo

n“ “Kimmy mwombomm

K n am

00 #0 Wu

K H mm

00 40 my

0024~ZCN

CO 04 u H no—Xrgfi

00 04 L M ~o~<r34

ODFF ncnnflw Auooumoommoo<X0A~0Lo~vo<Xna~oLo~Nuo<XnauoLonvoDomoflv

CO 0. K n No—H

bx n K

<xn.~.L.x. u >*>K*>x + m*>x + n

00 ON K H “Uomb

bx n K

<xn._.L.x. n >*>K*>x + m*>x + n

nbrr acnflfiu nuoonmoowmoo<<naHoLopvo<<nn_.L.~NV.<<OAuoLomuvobomong

00 OM K n Non”

bx n K

<<nauoLoKV u D*DK*DK + m*bx + O

00 Oh K n "Mama

bx n K

<<n._.L.x. n »*>K*bx + w*>x + n

Obrr ncnflfiu guacamoommoo<NnA~oLo~vo<NOA~oLoumvo<Nna«oLowmvopomonv

DO Om K R New»

DR n K

<Nn._.L.K. u >*>K*>x + m*>x + n

00 00 K n .u.ma

bx n K

<Nn.~.L.K. u >*>x:>x + mtpx + n

nOZ4_Zcm

~24mDDOF>4m 40 fl~FF~Z fl~MFO Obi» DDD>< >4 N H mm. Nb

00 03 a H ~0~X734

OO 0m L n ~o~<F34

fibrr Ocnfldw Amuoammo.mmoa<xamoLomuvo<xa~.L.NUV.<X.~.L.Nm..>.m.OV

<X.~.L.NNV u btmmotmmo + 3*NN0 + O

(XauoLoNbv " >*Nbo*mbo + G*NDQ + 0

GDP? OCDfldm Amuo.NUoommo.<<aaoLcmuv.<<A~.L.MUV.<<~~.Lommvobomon.

<<AuoLoNNV u b*NN-*NN0 + mtmmo + n

<<a~oLoNkv u >*N50*Nbo + m*mbo + n

fibrr ncnfldu AmuooNUoonoo<Na~oLaN—vo<NA~.Lomuv.<NA—oLonvobomofiv

(NnuoLommv btmmotmmo + wimmo + n

>*Nbo*mbo + m*Nbo + n



0

4N

#9

N00— flOD2b4 amanI—.b1 X u

00

mm

NOON

NOOU

00

a

a

u

_

UD~Z4 0C4 flHFFmO ~Z SOOmF DZO nODUm04~OZ DDOb<m

UD~Zfi N000.

UD~24 N000.

00 4N

OO 4N

m u u

L n H

00.4N K H H

(Xaa.L.Kv u

<<~_.L.KV

<NA~.L.KO

OOZ<de OODDm04~OZ <mr00~4< flamFO DDD><M 40

OO 49

00 db

— u H

L n n

30 db K n a

<XO«—.L.KO

<<nn~.L.Kv

(NOA~.L.KV

UD—Za 0C4 ZOUMF >20 OODDm04~OZ <mr00~4< Dbfi—Om

UD~24

UD~24

N00».

N00”.

OI <~NO

GODDm04 fiOD 40>2m<m0mfl <mr00~4< 003002m24m

OO 00

OO 00

00 mo

— _

L a

R u _

<Xa~.L.Kv u

<<A~.L.Kv u

UB—ZH 0C4 GODDmndmo Ubfib DDU><M

A~.Ana<Xau.L.KO.KHH.va.A<<A~.L.Kv.xfl—.va.A<Nau.L.

qu.KN~.Nm.v.Lu—.wmv.~fl~.~xr34.

UCZOI 0C4 nonnmnfim0 Obi) DDD><M

DD~24

00 mm

00 mm

UCZOI

UCZOI

UCZOI

UCZOI

DCZOI

DCZOI

UCZOI

UCZOI

UCZOI

UCZOI

UCZOI

DCZOI

UD~24

NOO—.

n u u

L n n

NOON.

NOON.

NOON.

NOON.

NOON.

NOON.

NOON.

NOON.

NOON.

NOON.

NOON.

NOON.

NOON

no

A~.AA«(xam.L.Kv..AM—.Nfiv.a<<a~.L.Ka.Kfl~onvoa<Na —.L.

~KO.KH~.NmVO.LNH.»QO.~HH.~X7340

A~.aa“(XOA~.L.Kv.xuu.va.~<<nA~.L.KV.KN~.NWO.

A<NDA~.L.KO.KHH.vau.Luwoumg.~fln.~xr34v

OOZ<NDH EOOWF W—NFO <mr00~4< DDD><M 40 <mr00~4< DDfi—O >DD><W

.~Xr3fi

.~<F34

.—NF§4

<XA~.L.KV \ (“VOA—.Kv

<<A—.L.KO \ <9FO.~.KO

<N~~.L.Kv \ (“FDA—.KV

.~Xr?4

.~<F34

.uNr34

fl <XO«~.L.KV \ <WFO.N.KV

u <<nA—.L.Kv \ <WFO~N.KO

u (NOA~.L.XO \ (“FOAN.KO

(mr D>4~O bDDb<m

~~.~~A<Xa~.L.K..Kfln.va.a<<A~.L.Kv.xfln.mmv.a<Na~.L.

~KO.KNu.vav.LH~.~m~.~N—.~Xr34v

A~.~AA<Xfia~.L.K0.Kflu.va.a<<nam.L.KV.XH—.va.

A<NOA~.L.KV.KH~.Nmuv.Lfl~.nmv.~M_.—Xr34v

Nwflm.N\\vv.

.mXFZfi

.~<r34

.uNrgfi

<XA~.L.K. I <XO~~oL.Kv

<<~~.L.K~ I <<nnu.L.KO

.uxrzfi

.~<r34

~.L.Z>~.AK.<XA~.L.KO.KN

~.L.Z>~.AK.<X~~.L.KO.KN

_N\\ OOAOI <~XO

u. 40

m.uuv

~.L.Z>~.AK.<X«—.L.Kv.Kn~b.—Ov

~.L.Z>~..K.<X«~.L.K~.XNNO.NWV

~.L.Z>N.AK.<<A~.L.KV.KN

—.L.Z>N.AX.<<A~.L.KV.KI

u. 40

m.~Uv

~.L.Z>N.~K.<<a~.L.K~.Kfl~b.u0~

a.L.Z>N.~K.<<a~.L.KO.KMNO.NWO

—.L.ZDU.AK.<NA~.L.KO.KH

~.L.Z>U.~K.<NA~.L.KV.KM

u. 4.

m.~Uv

—.L.Z>U.«K.<NA~.L.Ku.xuub.~0.

~.L.Z>U.~X.<NA~.L.KO.XuNO.NmO

WODZ>4 A~N.~U.~X.DU.~X.4.—N.W00va

flOD3>4 AMI».

00 40

NZO

MCODOC4uzm OCDWAN

0

Xntxfltxwv

m n IA~<~*XN + <N*XU + <U*X~. I ~<U$XN + <N*X~ + <—*XU..

Ax_.XN.XU.<~.<N.<w.b~.bN.bu.

~24MDUOF>4~02 mCmDOC4~Zm 40 “~20 nomnfl~n~m24w on

< n >u*X**N + >N*X + DU

b n .X_*X~*XN + XN*XN*XU + XU*XU*X~V

Nmflm.N\ OI <a<v Nmflm.N\

dim MOCDAMOZ

I .XutXU*XN + XNiXNtxn +

O. 3.

 



a

u

n u ~<~¢XN¢XN + <N*XU*XU + <U*X~*Xu. I A<U*XN*XN + (Nixntxu +

(a *XUtXUv

0 u la~<~*XN*XN*XU + <NtXU$XU$X~ + <U*X~#Xu*XN.

a<U¥XN¥XN¥X~ + <N¥X~¥X~¥XU + <~¥XU¥XU¥XNVO

b— u I)\ >

PM u ln\b

DU n |O\>

MZO

.3

.
s
.

 



no

~—

”N

—U

N0

~000

Nu

NN

NU

Nb

Nm

mo

U—

UN

UU

Ob

90

a.

pm

bu

Ob

m0

m—

mN

u

um

UDOQDDS OODDMOHN

UDOQDDZ 40 OODDmnfi “OD 4CZZWF Ebrr ~ZWFCWZON

Ouzmzmuoz ~NA40. Ob4badv. <~AD.~U.NWO. <N~b.~w.Nmu. <U«b.~m.va.

(DXab.~m.va. <D<ab.um.va. (DNAb.um.qu

Z)» n bI<DX~

ZDN u DI<D<N

ZDU u bI<DNU

20 u o

00 an a u ~.b

00 .u L n ~._m

UO ~~ K n ~.NW

(DXA~.L.KV fl <D<~~.L.Kv fl <DN~~.L.KO n 0.0

DmfiCDZ Imnm “OD ZWX4 ODOCU OW Obfib

00 “U a u ~.9

00 ”J L H n.um

DO —U K " _.Nw

<~a~.L.Kv u (NA~.L.K. u <Ua~.L.KV n 000

Z n u

DNDO «Z <mFOn~4< D>4~Om flDOZ DDOODDZ nonnmndn

DNDO ~000. —x.~<.~OD..~NAOV.O>4>A~O.~u—.4v

flODZbfi a~N.~U.Ux.~_.HX.4n~N.flm.m..

ufl NOV 00 40 ODHZH DZO UCZOI mmocman >20 UDOODDZ MZO

.0 .m00.000 40.N~

monfi ~ZUC4 Obi)

00 40 ~NN.U—.b~. Z

~fl a~XImv NU.NO.N0

00 NW a u ~.4

~fl ~~Nnuvv Nm.Nm.Nb

<~A~X.~<.~NA~VO u Upfiba_v

nOZA~ZCM

OO 40 ND

2 u N

00 40 N0

ufl A~lev UN.UN.¢0

00 Uh — n a.4

ufi AuNanuv mb.wb.uu

<N.~X.-<._N.~vv u Obdba~v

0024~ZCW

00 43 N)

Z n U

00 40 N0

~flA~XIOO bN.bN.mO

30 b0 u u _.4

~fi a—Na_vv ¢&.b&.bu

<Ua~X._<.~N~—OO u Dbfibna.

OOZH~ZCW

00 40 N0

mmfi 2m u u flOD <X. u N WOD <<. n U MOD <N

23 n 23 + —

ODFF mCmDOC4~Zm 40 fl~ZO <mF Dbd—O >4 NmDO ZOONF mnbrm

00 mm _ ..b

00 mm L ~._m

00 mm K N n.Nm

00 4O Amn.mN.mN.mN.mUv le

ODFF <D><U a<~._.L.KO.<NA~.L.KO.<U.O.L.K..<v

oo «0 ma

ODFF <D><N .<».~.L.Kv.<N~_.L.KO.<.

00 40 mb

< u <_A~.L.K.

Ufbnm <mr00~4< Db4~0 ~Z nODDm04 >DD><

isfi

c
r
'
.

 



.Nw

Wk 00 40 .mm.mo.w4. 20

mm <DX~—.L.Xv n <

00 40 00

m0 <D<an.L.Kv M <

00 40 mm

“4 <DN~~.L.KV N <

mm OOZfi—ZCM

00 4O UDOOmMm bZOfiIMD mbdfil OW Obdb

00 40 HN

>4 m0“ 003m Imnm “on UD—Zfi DZU UCZQI 0C4

40 UD~24 NOOO. A~.aA“(DXA~.L.KO.Ku—.nuv.~<D<a~.L.Kv.KN—.uuv.

u ~<DNA~.L.KV.KH~.~UOV.LH_.umv.~flu.bv

N000 WOUZbfi .b.~I—.AI X n ~N\\~WAOI (DX

u OI (UN ~UW~0.W\\VOO

UD~24 NOO~..~.AA«(DXA~.L.K0.Xu~b.va.a<D<a~.L.K..Kfl~b.Nuv.

u “(DNA—.L.KO.Ku~b.Nm...Lu—.~mu.~u~.bv

N00~ fiODZDfl abn~I~.bI X n ~N\\Hm.01 (DX nN‘u0.m\OI <D<

— OI (UN nNfl—O.m\\vvv

UD~Zfl NOON. AAA<DXA~.L.K0.Ku~.~U..Lfl—.~mv.aA<DX~~.L.KV.KN~O.NWO.

» Lu~.~mv.~u~.bv

un~24 NOON. AAA<D<A~.L.KV.KH_.~UV.LI~oumu.nA<D<A~.L.Ku.xfl~bonu.

~ Lu~.~mv.~uu.bu

UE~24 NOON. aaA<DNA~.L.KO.Ku—.—UO.LN~.~MV.AA<DNA~.L.K..Kuub.NUO.

w Lu~._mv.~u~.b.

NOON WOUZbd AbA~I~.\~mA~X.~Ufi_0.U\v \\\\\ ~d.»0X.uNW~0.U\Ouv

00 00 u u ~.b

00 00 L n ..~m

UCZOI NOOO. ~.L.Z)~.~K.<DX~~.L.KO.KN n. 40

UCZOI N009. ~.L.Z>~.AX.<DXA~.L.KV.KH 0.nUv

mum—OQW\OI <D< uUW»0.U\

nNWuOOU\

 

00

N009

N000

UCZOI

UCZOI

UCZOI

DCZOI

UCZOI

UCZOI

UCZOI

UCZOI

UCZOI

UCZOI

N009.

N000.

N009.

N005.

N009.

N005.

N003.

N009.

N009.

N005.

u.L.Z>~.AK.<DX.—.L.KV.KN—b.~00

~.L.Z>~.~K.<DXA—.L.KV.KHNO.NWO

~.L.Z>N.AK.<D<A~.L.KO.K0 n. #0

~.L.Z>N.AK.<D<.~.L.XV.KH 0.~Uv

u.L.ZDN.AK.<D<A~.L.Kv.KN~b.uOO

~.L.Z>N.AK.<D<A~.L.KV.KHN0.NWO

~.L.Z>U.AK.<DNA~.L.K~.KN a. fly

~.L.Z>U.AK.<DNA_.L.KO.Ku 0.~Uv

u.L.Z>U.AK.<DNa~.L.Kv.Ku~b.uov

~.L.ZDU.~K.<DNA—.L.KV.KNN0.NWV

flonzbd ._N.—U.>b.ux.4a~N.flm.bOO

08—24 N000

fiODIbfl A~Ipv

mZO

mCWDOC4—Zm <D><U .<~.<N.<U.<.

MCODOC4~ZN 40 fl~20 (MP D>4~O >4 NmDO ZOONF mnbrm

“002 u Obflb UD~ZAM

X» n .NNQ

XN I 0500

XU u .409

b " ~X~*X—*XN + XN*XN*XU + XU¥XU*Xav I

— aXU$XU*XN + XN*XN*X~ + XH*Xu*XUu

m Iag<u$XN + <N*XU + <U*X~v I a<U*XN + <N*X_ + <~*XU~.

0 I
I

I
I

A<~*XN*XN + (Ntxutxu + <U*X~*X—. I

a A<U*XN*XN + <N*X~*X~ + <~*XU*XU.

O u I.~<~*XN*XN*XU + <N*XU*XU*X~ + <O*X~*X~*XNV I

_ A<U#XN*XN*X~ + <N*X—*X—*XU + <—*XU*XU*XNVO

< u IO\>



a:

MCODOC4~ZN <DD<N A<~.<N.<.

MCWDOC4~ZM 40 W—ZO (NP Dbduo >4 NmDO ZOOM? mnbrm

0303 N Obdb DO~ZHM

X. I QNNQ

XN u .900

b u Xu I XN

m u I~<. I <N.

n I «(.txmv I .<N#X_.

< n ln\>

MZO

 



0
0
0

_0

N0

N0

NN

NU

Nb

N0

N0

N4

NO

NO

U0

U—

UN

UU

U9

U0

U0

U0

DO

5

N00

.3

UDOODDS ODOUUDfiI

DZ ~4ND>4~OZ UDCODDZ 40 m_3CF>4m ODOUw MDFF~ZO AIDC D “FOE

W~MFO >20 40 OM4WD3~ZW 41m UOD4_OZ O“ ODOUm anOIA w< 41m ODOm

O—3m2m_02 <XA4._0.va. <x.4.~O.NJv. (NA4.~0.NWO. ~Obdbaumv

DDD>< Cflmm >Um I

<X.<<.<N I $40D>Om Ofl fimmFO Unfib OOSUOZfl24m

~0>4> I 4sz maonpom Ofl W—MFO Ob4>

003302 \O\ZMEOM.2404.ZI~4

4<0m DWDF mew

szOM n w

2404 n ZI~4 u 0

00 ~0 ~ n —.4

00 ~0 L N ~.p0

DO ~0 K N —.Nm

(XA~.L.KO u <<a—.L.Kv fl <N«~.L.KV u 000

DWDO «Z <mr00~4< U>4~0 flumrj Dbdb

Dmbo ~00. ~>.~n.~x.~<.~~3>4banw.~nn.~flv

WODKD4 aQ—~.~N.~m—mv

um A—> .04. my UO.N~

MOD4 Obflb DZO wfionm ~Z UDOUND bDDb<fi

00 40 aNN.N4.UNv uh

00 40 ANU.va an

00 Nb u u —.~m

<X~~X+U.~<.~v u ~Ubflba—O\~OOQO

00 40 V0

00 N0 u u ~.~0

(Xa~X+U.~<.—+umv u ~UDHDA—v\~00.0

00 40 N0

00 43 ANN.UOV an

30 N0 u n ~.—J

<<~~X+U.~<.—v u ~O>4DR~V\HO0.0

00 40 N0

00 mg a N u.~0

<<A~X+U.~<.—+~mv H ~Ob4>n~v\—00.0

00 40 NO

00 40 AUU.Umv «O

30 U9 u N ~.~fi

<N«—X+U.~<.~v fl ~Ob4bnnv\~00.0

00 40 N0

00 U0 u u —.~0

<NA~X+U.~<.—+pmv u ~0D4>A—v\_0000

00 40 N0

NXUDZU flumro Ubflb Dnnb<m 40 UDO<—Om Dmflrmfifima «ZDON OW “FOE

W—mro bQOCfi 41m <MD4~ODF fiNZflmD UFDZN

30 no u u ~.U

00 90 L n ~.~m

00 #0 K n ~.Nm

<XA~.L.K0 fl I<XAOI~.L.KV

<<A~.L.Kv I <<amI~.L.Ku

<Na~.L.Kv fl <Nn0I~.L.KO

00 Du u H n d

00 bu L n _ Nw

<XA~.~O.L. <X~~.~W.Lv

<<a~.—0.Lv <<~—.~W.Lv

<N~~.~0.L~ <NA~.—M.Lv

OImnK UD~ZH 0C4 OW WuWFO Ubfib

UD—Zfl N00. A.«(Xau.L.K«.Kfl~.va.Ln~.nmv.~n~.4.

UBuZd N00. ~AA<<A~.L.XO.KH~.va.Lfl~.~mv.~u~.40

UBuZd N00. aAA<NA~.L.K0.Ku~.va.Lu—.~m~.~u~.dv

WODZD4 adaHI—\\\\\~mnmX.NmnmoN\\vvv

 

  

E
“



N09

m0

~0—

m~

mN

wU

mb

NOU

mm

m0

N0—

00

NON

um

UD~Zfi NOD

fiODZbd ._I~.

n» u b.0t000.~*~0.oomN0I0.00~_O.\AU.0*O.00~~00

ON u 0.00quW*U.~b~mC\m.0

0U M w.—9—m0*O.OJmN\O.0

0 fl I000.—

04 fl 0.00N

OX fl ON N Oon

DMDO ~Z ODOD OIDD>n4mU~m4~nm

DMDO ~00. O~>.<04.<W

flODZbd «UWOO.NO

~fl .m00.000 00.0”

OMANDZ—Zm F~3~4m 00 ODOU w4>04~20 Domzqn

xm “ X— " N.O

Km " 0.0

(W n <— u whom

NW N Na u ~b.0*<fl\<04 I N.O

NW N NO + “0.0

Cmm<m u I_.0

~fl .Nfl .04. NU.m. mN.mm

um .N0 .04. NUomO mU.mb

<0 u <~ u "b.m I .NWINU.m.*<O#\<W

NJ u Va u Nu.m

<m u “Dom I ANMINU.m.*<04\<fl

O< n ION*<04\<fl

cmm<m u “.0

UDuZfi NOU. <m.<m.0<.Nm.Nm

nODSDH «\mI OUNOU * .mx.umH0.N.mX.Nm~0.N\v

fiOdezcm

no u n_*0_p\<04**m

Ibmfi fl OU*U—>**U

03 N mem*0

X n xw

< u <3

N n Nm

00 " QN*OO*O~D*U~>

am I 04\3Dmm

no " 04\AN.0*J.OWV

W—ZO ~ZH4~DF ODOU (mFOO~H~mm

(0X H (W*WZ#~(X.X~.<—.N~v

(O< I (“*m24A(<.X—.<~.N~u I (04

(ON " (“*m24A(N.X~.<~.N~v

UDHZH Non. X.<.N.(OX.(O<.(UN.O~>.(W.(UH.OU.NW.NW

WODZDH “NI UUNO— .bANX.Um—0.va

“~23 ZNXfl UOW~4~OZ O“ UDOU

(“X N <W¥NZfl~<X.X.<.Nv

<fl< (“*W24A(<.X.<.Vv

(“N (W*WZ4~(N.X.<.NV

(EMF H MODNWAA(WXI(OX0**N+.(fl<I(U<u**N+A<WNI(UN0**Nv

“O " 09*(DWF*(UW7

04 u Ofi*WU\(Dmr

(OX2 N (OX + Od¥~<flXI<OXv

<O<Z u (O< + 0m*«00*A(W<I<O<u\(nmr+030

(UNZ u (ON + nfl*a(WNI(ONv

X H X + 00*A<OXZ+<OXO

< u < + OO*~<O<Z+<O<O

N u N + 00*.<ONZ+<JV.

<OX u <OXZ

<O< u <0<Z

(ON u (ONZ

UD~24 NON. X.<.N.<0X.<O<.<ON.X~.N~.O_>.<fl.<04

flODSDH A 01 OUNON .N.$X.NNOO.NO.mX.NmHO.N.VX.Um~O.N.

 



71

72

73

q

80

81

82

83

84

85

86

90

IO

200

20

21

22

201

21

22

23

24

77

DETERMINE IF DROP HAS REACHED FIELD LIMITS OR CATCH AREA

IF (2 .LT. I.) GO TO 74

IF (X .GT. OOI .OR. X .LT. 1.9) GO TO 74

IF (Y .GT. 2.25) GO TO 60

CIR = SORTFIABSFIQ.’IX-4.I**2))

IF IV .LT. I05 .AND. 2 .GE. CIR+3.) GO TO 74

IF (Y .LT. I.5 .AND. 2 .LE. 3.-CIR) GO TO 74

IF (Y.LE.2.25 .AND. Z.LE.CIR+3. .AND. Z.GE.3.-CIR) 71.60

IF (CATCHIXQY.ZI .GT. .5, 72.60

IF (Y—1.5 .LT. (CIR+Z-3.)*VDY/VDZI 73.74

CALL.TALYIX.Y.7.XI.YI.7I.DIA.VFOI.I

GO TO 80

CALL TALYIX.YQ79YI.YIOZIODIAQVFOO.)

IF (XI 05?. XE) 8?.8I

X = XI = XI + DX

Y 3 VI

2 = ZI

GO TO 56

IF (USEYS) 83.83985

X = XI 2 X8

Y = VI

2 = ZI = ZI + DZ

IF IZI .GT. ZE) 84.56

NEWDS 8 0

CALL TALYIXQYQZOXI.YIO7IQDIA0VFOO.)

GO TO 50

IF (ZI .GE. 23.5) 86083

X = XI = XE

Y = Y! = Y! + DY

Z = ZI = 23.5

IF (VI 0LT. YE) 84056

END

SUBROUTINE TALY(XOYOZOXI9YIQZIODIAOVFOHM)

COUNT DROPS INTERCEPTED AND TOTAL NUMBER FALLEN. PRINT OUT

COLLECTED DATA WHEN BEN DROP DATA CARD IS READ

COMMON lD/NEWDS.NTOT.NHIT

IF (NEWDS) IOOI0020

HIT 8 ”HIT

PRO = HIT/I.64*3.I4159)

PRINT 2009 NTOToNHITOPRO.DIA.VF

FORMAT (/5X.IAHTOTAL DROPS = ISOIBH. NUMBER CAUGHT = I5OIBHO PERCE

INT CATCH = F8.2.I3H9 DROP DIA = F5.3.21HCM. FIELD VELOCITY =

ZFIO.I.7H CM/SEC // IHI)

NEWDS 8 I

NHIT = NTOT = O

RETURN

IF (HM) 22.22.21

NHIT = NHIT + I

NTOT = NTOT + I

PRINT 2019 X9Y.Z.DIA9VF.HM.XI.YI.7IQNHIToNTOT

FORMAT I OH TYZOI .13X02(3EIO.2.5X)93EIO.2.2I5/)

RETURN

END

FUNCTION CATCHIXQY02I

FIND IF DROP HAS ENTERED CATCH FIELD

IF I2.65.2.50AND.Z.LE.3.5.AND.X.GE.2.5.ANO.X.LE.5.5) 50021

IF (ZOGTo3.5.AND.Z.LE.4..AND.X.GE.3..AND.X.LE.5.I 50022

IF (ZoLT.2.5.AND.X.LE.Z+3..ANO.X.GE.5.-ZI 50023

IF IZOGT.4..AND.X.LE.5..AND.X.GE.3..AND.Y.LT.I05+.75*I5.-ZI)50024

IF (XOLToao) GO TO 32
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IF (ZOLT.2.5) GO TO 28

IF (2.6T.3.503ND.Z.LF.Qo-X) 50025

25 IF (X.LE.5.SOQND.Y.LTO.75*(12.-X-7II ROOZO

26 IF (7.6F.3.5.ANO.Y.LT..7:*I17.3'?.*x’7)) 60027

27 IF (YQLT0I05*I7.-XI) F004:

28 IF I706E.X-BOS.AND.X.LF.B.C.AND.Y.LTO05*I7.5+Z"X)) 50029

29 IF IX.LF.F.Q.AND.Y.LT.?.) QOQGO

30 IF I?.LF.X-3.E.AND.Y.LF.7.5-X) :0031

31 IF (Y.LT.9.25~I.O*X+.O*Z) 5004;

32 IF IZOLT.2.5) GO TO 36

IF (2.6T.3.50AND.Z.LF.I.+XI 50933

33 IF (X.GE.2.5.AND.Y.LT.3.F.75*(X-Z)) 50034

34 IF IZ.GF.3.5.ANO.Y.LT.I0195-.75*Z+I05*XI 50.35

35 IF (YoLT.2.25-I.S*(2.5-X)) 60.45

36 IF IXOGE.2.5.AND.Z.GE.405-X.AND.Y.LTO05*(X+ZI‘.25) 50037

37 IF (X.GE.2.5.AND.Y.LF.2OI 50.38

38 IF IZoLanos-XQPNDOYOLFOX-O5I 50039

39 IF (Y.LT.I.5*X+.O*Z-2.7Q) 6004‘

45 CATCH = O.

PRINT IO] .X.Y.7.CATCH

RETURN

50 CATCH = I.

PRINT IOI QXOYQZOCATCH

IOI FORMAT I OH CATIOI 05X03E10.205XOEIO.2I

RETURN

END

FUNCTION ENTIVQXQVOZ)

INTERROLATION CONTROL SUBPROGRAM TO FIND VEL RATIO AT (XOYOZI

DIMFNOION VI70I6925).VAIAIOVBI4)OVC(4)

XI = IX = X 5 VI = IV = Y 5 7I 3 I7 = 7

IF (Y .LE. 2.) 50.9

8 IF IX .LF. 2. .OR. X 06;. 6.) 3009

0 IF (2 .LE. 2.) 20910

IO DO 17 J2 = 104

DO 16 JX = 194

DO 15 JY = 104

15 VAIJY) = VIIX“2+JXOIY’2+JYOIY’2+J2)

IO VBIJX) = ENTO (YoYI‘I..VA(1)9VA(2)OVA(3’OVAI4II

I7 VCIJZ) = ENTD (X.XI’1..VB(IIOVBIZIOVBI3IOVBIA))

ENT = E'NTDIZOZI’I..VC(1)0VCI2).VCI3).VC(4))

RETURN

20 DO 27 J2 = 1.3

DO 26 JX = 1.4

DO 25 JY = 1.4

25 VAIJYI = VIIX-2+JX.IY-2+JYOIZ'I+JZI

26 VB(JXI = ENTDIY.YI‘1.0VA(1I.VA(2IOVA(3)OVA(4))

27 VCIJZ) = ENTDIXOXI'I.OVB(IIOVBIZIOVB(3)QVB(4)I

ENT = ENTCIZQZIOVCIIIQV((2)0VCIBIOO.)

RETURN

30 AI = II = 1

IF (X .LE. 2.) AI = II = 0

IF (2 .LE. 2.) GO TO 40

DO 37 J2 = 1.4

DO 36 JX I03

DO 35 JY 1.4

35 VAIJY) = VIIX‘1+JX-II.IY-2+JY.Iz-2+JZ)

36 VBIJX) = ENTDIY.YI'I.0VAII)OVAIZIOVAIBIOVAIAI)

37 VCIJZ) = ENTCIXQXI-AIOVBIIIQVBIZIOVBIOIOO.)

ENT 2 ENTDIZCZI“I.OVC(II.VC(2)OVCI3)QVC(4)I

RETURN

40 DO 47 J2 = I93
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