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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 1s also requiring greater accuracy in precipitation
measurement as runoff related structures' Ilmportance and
cost of construction lncrease.

While a raingage's spatial position has an important
influence on the gage's performance, the physical presence
of the gage 1itself must be consldered a hindrance to its
operation. Obstruction to airflow in the vicinity of the
gage, due to the gage's presence, results 1n disturbances
in the local precipitation pattern. This study's objec-
tive was to determine the alrflow pattern around a U. S.
Weather Bureau Standard Ralngage, 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 ailr 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 1 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 U400 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 (24 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 Juplter, 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 1is 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 1s often less than
deslrable and the errors are usually unpredictable. The
advent of precipitation measurements and cloud physics
studies by radar techniques has polnted 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 1s especially true during
periods of snowfall,

The precipitation gage is one of the primary instru-

ments of observation in meteorology, hydrology and clima-

g

tology. As a tool for climatological data collection the

Ve

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 studles, today's gage 1s often inadequate.

While gage exposure plays an important role in the
instrument's performance, the gage itself must be con-
sldered 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. Whille 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

veloclity past the gage.



LITERATURE REVIEW

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

mated these errors as being:

TABLE 1l.--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 1s 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 4 feet high. The
errors due to splash are malnly additive. However, other
gage errors are nearly always in a negative direction,
therefore many investligators Judge a gage on 1ts abllity
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 1n precipitation with height.
His highest gage, 151 feet above ground level, caught U46%
less than a gage at ground level. (It was postulated
that electricity was concerned with this phenomenon.) A
significant experiment carried out by Arncld, 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 (:t0.5%) on a

yearly basls.



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
Kurtyka (1953).
Orifice Orifice
Country Type Gage Diameter Height
(inches) (inches)
England M. O. 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



1 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
alr movement over the site area should be representative
of the area that the gage readings are supposed to
represent. :
However, the gage 1tself 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 1ts 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 1t. Thils loss 1s 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 alrflow pattern that exists around
a gage. None have been completely successful. "The
effect of windshields on raingages 1s to divert the flow
of alr 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 1s 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 Borsteiln

(1884).

45 heavy rains 26 fine rains

Wind mph Number of deficit Number of deficit
days (%) days (%)
0 - 1 Yy 23
1 - 3 17 6 8 25
b - 7 13 13 6 18
8 - 13 7 14 6 46
13 - 18 6 17 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-1like 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 U4 pairs of gages
in Michigan. While differences were small during warm
months, the mean ratio of unshielded gage to shielded
gage snow catch variled 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 technigues to evaluate the effective-
ness of several types of gages and shields to measure
snowfall. The following table is indicatlive of Warnick's

results.

TABLE U4.--Comparison of "sawdust snow" catch in model
Standard Gage operating under various wind-
shield combinations.

type of actual amount of sawdust

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 1s subjected to a wide range of turbulent
airflow patterns. Eddlies on the order of hundreds of
feet are created by ridges, large buildings and tree
lines. Smaller trees, bulldings 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 1s princi-
pally useful for reducing or eliminating the eddies pro-
duced by the gage itself and in reducing the vertical
components of the alr passing over and around the gage.

When evaluating the catch effectiveness of a shielded
gage 1t must also be kept in mind that the standard of
comparison itself 1s subject to uncertainties. The USWB
Standard Ralngage without shield 1s usually used as a
comparison for rainfall measurements. In snow measurement
comparison 1s 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 drops 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
insufficient to cause breakup."

Green (1952) evaluated the data on terminal veloci-
ties published by Laws (1941) and derived the following
relation:

2.44

K 0.00122 4™ °

where K force of air resistance 1in grams,

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.

Thelr results have been used to determine the drag
characteristics of drops for this study. Further dis-
cussion of thls matter will be found in the section on

experimental design. Their comments on the effect of

e 3
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density or frequency of falling drops indicated that the
change 1n drag characteristics involved were on the order

of a few percent.

TABLE 5.--Terminal 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
ralngage. And to evaluate its influence on the quantity
of rainfall measured by the gage.

Veloclty 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 alr, 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

—



13

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 fleld around a raingage could be obtalned by
applying the Navlier-Stokes equations. In the cylindrical

coordinate system the three dimensional Navier-Stokes

equation set 1s

du du , v du du _ v?_ _ 1 23P 2 u _ 2 3v
§-€'+u5'r-'+r_'§76+w'a—z_-}'"_par+v[:vu—r_r2 a¢]

oV oV , VvV 9V ov. , uv 1l 9P 2 2 du v
—t+UE‘+-I—'W+W§-E+r—--—B?a¢+\)[VV+F2-a —I‘Z]’
oW ow , v ow . Ow _ _123P 2

3t YUt T r3e Y Yz 53z TV veow

B

92 d 1
2 - —— —
where V© = z7 + Tt Ty g7 Y 3T o

u,v,w = the velocity components along the
X, ¥, and z axls, respectively,

r,$,z = cylindrical coordinates,
p = fluild 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 1s

This condition cannot be expected downstream and immedi-
ately above the cylinder, where turbulent flow will exist
for all but the lowest free stream velocitles. If R, the
cylinder's radius, can be considered small then 1t may
also be possible to let 9P = 0.

Figure 1 i1llustrates the coordinate system used for

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

/P (I",ﬂ, Z)

Tw

«P

'
\' //////// u
L
y

— . —

Figure 1.--Cylindrical coordinate system and simple
cylindrical "raingage."
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The boundary conditions for the Navier-Stokes equations
are:
u=v=w=0 when z < 0 and r = R,
and v+0,w>>0and u~+V_asr > x,
where V_ 1s 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 oo
solution could be found with today's mathematical tools, :
they no longer described the problem adequately. rJ

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 derivatlves are with respect to dt

2 3%r 3%¢ 52z
or ot“. After multiplying by SEZ 362 HEZ° collecting like

terms and simplifying, the equation set 1s

2 )
e o] e o]

- r"¢"(\)u"—wu'z'),
z"{¢"[v'r'(u—%)-r'%(u%)-v'(v +;%0}4—r"¢'[v'¥—u'§%]}
= r"¢"(VV"—WV'Z'),

Z"{¢" [wlr' (u-—})—w"(\) +r_.\)!_):| + %w'r"(b'} =I’"¢"(\)W"—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 coeffilclent of drag of a truncated cylinder

is constant for:

1.5 (lO)u < Reynolds number < 2 (10)5
the flow field description would remaln constant for a
cylinder (or a simple cylindrical raingage) subjected to a iﬂ
flow field of a velocity producing a Reynolds number within [
this range. For an elght inch standard raingage this is
equivalent to a velocity range of approximately:

3 & Velocity (fps) < 50.
Thus a relation of catch, drop size and flow fileld velocity
could be obtained over this range by studying the flow

field configuration at one velocity within this range.

10-
infinfite circulpr
cylinger
c 1 - o ' s

p if— Y

finite circular
cylinder L/d = 5

102 103 104 10° 100

Figure 2. Aerodynamic drag characteristic of a trun-
cated cylinder as a function of the Reynolds
number.



17

Falling Drop Characteristics

Several researchers have 1lnvestligated the drop size
distribution found in various types of rainfall. Most
have found that drops of 1 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 1n diame-
ter have been considered.

The drag coefficient of a drop can be determined by

applying the equation:
1

F =570, dZV;cd
where F = drag force,

Py = air density,

d = drop dlameter,

Vr = relative drop velocity,

Cd = coefficient of drag.

The drops' weight can be computed from:

W = % md’ g (p, = 0,)

where pw = water density.

When a drop is falling at its terminal velocity 1ts weight
equals the drag force acting on it. Thus, the two above

equations can be equated to obtain:
Py - Pa

p

Y
C 2
3 g -

4
d Vr
The coefficient of drag was determined by applying
the terminal velocity of drops as found by Gunn and

Kinzer (1949).

o
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Air density at 20° C, 1 atmosphere pressure and 50
percent relative humidity, and water density at 20° C were

used for these calculations.

Tunnel Well Corrections
In order to compensate for the constricting effect
of the wind tunnel walls, certain corrections must be
made on the velocltles measured in the tunnel. These |
corrections are generally termed wall corrections. H
The principle correction needed for the flow field l
description 1s 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
veloclity outside of the wake in a closed tunnel must be
greater than the average free stream velocity. This
increased velocity 1n 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 1s 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 1n 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-
fled 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
slze to model size ratlio 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.

0 t H +
0 .25 .50 .75 1.00
Model Scale

4

Figure 3.--Wind tunnel correction curve using three
data points.
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Data Collection Polnts

A three dimensional grid of data collection points
was oriented above and upstream from the model. Spacing
of all grid pecints was d/4, where d 1s 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 coordlinate indices limits were:

Y

1l < x ¢ 4 - horizontally, cross-stream direction,

1l <y < 15 - vertical direction,

l1 § 2 g 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-
1ngs of the data collection points. Thus the number of
data points along the vertical (y) axls varied with each
model. Due to this, the number of points used to find the

velocity ratlo for various grid polnts varled. All grid
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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 fileld 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

¥z 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
veloclity 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-
tilon 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 XZ-
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 U4).

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-axls that passes through point Xx. Thils 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 interpoclating 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 drcp catch area 1s that por-
tion of the high shear or boundary layer immediately above
the gage's funnel cpening. A second velocity data set was
collected, using intervals of Ay = d/16 and Ax = Az = 4/8,
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).

Veloclty measurements below the boundary layer showed
that low mean velocity and highly turbulent flow was pre-
dominate. Since the drop masses were rélatively 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 freguency of the applied force
increases, 1t 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 DRCPPATH.

Data Conversion
Several FORTRAN computer programs were developed to
handle and analyze the data collected in the wind tunnel

tests.

Program TURB

Program TURB 1s 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.

Frogram MAIN

Program MAIN was used to convert the binary data on
the magnetlic 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.

RS 4

L
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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 coordlnate 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
1s 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:

sz - Viz (sin®a + K? cos?a)

where v = true velocity component perpendicular
to sensor axis,

Vi = indicated velocity,

o = 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.

-



28

Program CORRECT1

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.

Y~ e
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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/16 in the x and z direc-
tions. The drop was given an initial velocity of the
terminal velocity for its size plus the ailr velocity com-
ponents at its starting point. This simulated the drop's
travel path as if 1t had been falling through a uniform
flow fleld 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 Englineering 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 i1s 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 contrcl 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 1in the laboratory provlided 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 alr 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

e

holding these gages was moved along the tunnel test sec-
tion to obtain a longitudinal placement. Probe placement

accuracy was * ,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 obtaln 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 fleld. This conditioned signal was fed to a
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variable diode function generator (VDFG) which converted

the 0 to 10 volt range such that:
El = 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 (Eé - 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 circuilts 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 varilable 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
brobe's coordinate positions, X, Y and Z, and the anemo-
meter's indicated velocities, Vl’ 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. Thelr 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 * 0.001 inch. The gage stands
were fabricated from cold rolled steel of the proper scale

size to a tolerance of * 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 1ll.--Anemometer
sensor probe, front view.

sensor probe, side view.



EXPERIMENTAL PROCEDURE

Calibration

The 1initial calibration of the anemometer system
was made with a one 1nch free jet. Curves of bridge
voltage versus veloclity and 1ndicated veloclity versus
angle of flow over the sensors were determined for each
anemometer bridge-sensor combinatilon.

The bridge voltage versus veloclity 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
manlipulator and placed in the empty wind tunnel. With a
moderate flow veloclity 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 circuilt 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 senscr-
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 veloclty 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 (lO)u.

After velocity measurements were made at all data
collection points the model was removed from the tunnel
and veloclty measurements were repeated on the z =1, 12
and 25 planes as a check for proper probe orientation and
flow uniformity. Any deviations found were corrected for

in computer program CORRECT1 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.

2.

position probe at desired x, y and z coordinate,

place analog computer 1n operate mode allowing
timer to operate integrators for 10 second

period,

\@‘,I.CF&-F.M "I'P

adjust variable voltage sources for proper x, y
and z values to be recorded,

At end of timer cycle 1nitiate scan cycle of
A/D converter and paper tape punch to record the
three coordinate values and the three velocities
measured with the anemometer,

reset the analog integrators to zero,

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 CORRECT1, 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.

b1
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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-
PATH) of the iteration process. It was found that a DT
smaller than 0.002 second made negligible difference in
the drops' path descriptions. Thus, a time interval of
0.002 second was used.

Conslidering these factors and the confidence in the
procedures used it 1s 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 1is 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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Figure 12.--Percent error of drops caught relative to
drop diameter and free stream velocity.
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influenced by thils trend is small, it 1s probably respon-
sible for the small increase in catch of the larger drops
at free stream velocities in the neighborhood of 20 to

4o 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 veloclitlies 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 top,
resulting in a sharp decrease in the quantity of drops
caught. Thils 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 1 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 velocil-
ties are above 25 fps.

To use thils data one needs to know the drop size
distribution of the rainfall, and to measure the free
stream velocity 1n the gage's vicinity durlng the rainfall
period. The portion of drops of each size falling 1s then
adjusted with the values found in Flgure 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 Ralngage indicate less rainfall than actually fell as
the drop dlameter 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 drops 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 lndicated by a
Standard Ralngage 1f wind velocitles are over 30 feet per
second.

While the results of this study could be applied to
rainfall data that has been collected 1t should also be
consldered as an indicator of the need for development

of an improved precipitation measurement system.
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PROGRAM TRANS

TO CONVERT ANEMOMETER BRICGE VOLTAGES FROM A THREE SENSOR
PROBE TO VELOCCITY COMPONENTS ALCNG THE MODEL AXIS SYSTEM
DIMFNSION VAX(4415¢25)¢ VAY(4415425)e VAZ(4415425),
IVAX(4415425)0 IVAY(8019e25)0 IVAZ(4415.25)
RAD = 57.295772%

PlE = 3414159265
NA1 = 3HVX1
NA2 = 3MVY2

NA3 = 3IHVZ

SUBSENSOR TO MODEL AX1S ANGLES
AXXPD = 90,0 £
AXYPP = 45,0 L-i
AXZPP = 135,40 i
AYXPP = RAD #* ACOSF(SQORTF(2¢/34)) s
AYYPP = RAD # ACOSF(=-SORTF(1e/64)) B
AYZPP = AYYPP b
AZXPP = RAD % ACOSF(SQORTF(1e/34¢))
AZYPP = AZZPP = AZXPP
SINXXPP = 160
SINXYPP = SORTF(1e¢/24)
SINX70P = QINXVYPD
SINYXPP = SINE (AYXPO/RAD)
SINYYPP = SINF (AYYPP/RAD)
SINYZPP = SINYYPP
SINZXPP = SINF (AZXPP/RAD)
SINZYPP = SINZZPP = SINZXPP
COSXXPP = 0.C
COSXYPP = SQRTF(1e/2)
COSXZPP = -COSXYPP
COSYXPP = SQRTF(2e/30)
COSYYPP = =SORTF(1e/6s)
COSY7PD = COSYYPDP
COSZXPP = SORTF(14/3.)
COSZYPP = COS7ZPP = COSZXPP

READ IN SENSOR TO OPPOSITE SENSOP PLANE ANGLF AND ANGLEC FLOW
COEFFICIENT
FIND SENSOR-SENSOR ANGLE

READ 100+ AVOXP,s AK

FORMAT (2F6.2)

ALPHA = 89,99

ALPHA = ALPHA + 0.01

AB = SINF (ALPHA/RAD)/SINF/(180e~ALPHA)/(2¢%#RAD))
BR = AB / (2¢%#SINF (60s/RAD))
SR = AB / (2%TANF (60e/R2D))

H = SORTF(1. - BR*1R)
AVOXP1 = RAD * (ATANF(BR/H) + ATANF(SR/H))
IF (AVOXP —~ AVOXP1) 5150450
CONT I NUFE

FIND SENSOR TO MONEL AXI!S ANGLFS
DY1IPZ1P = SINF (ALPHA/RAD)I/SINF((180e=ALPHA) /(2 e #RAD))
DX1PY1P = DX1PZ1O® = DYIP71P
DX1PZ1 = ¢S % DYIPZIP / SINF(60e¢/RAD)
DY1PZ1 = DZ1PZ1 = DX1P71
AZXP = RAD #* ASINF(DX1PZ!)
AZYP = A7ZP = A7XP

SINZXP = DX1P71

SINZYP = SINZZP = SIN7ZXP
COSZXP = COSF(ASINF(DX1P71))
COSZYP = COSZ7P = COSZXP

64
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AXXP = 90e0D

SINXXP =
COSXXP =

10
NeN

AYXP = 90, = A7ZXP

SINYXP =
COSYXP =

SINF (AYXP/RAD)
COSF(AYXP /RAD)

DVZ1 = «5 # DYIPZIP / TANF (60./RAD)

DUY1P =

Dwxl = DvVvZ1

AYYP = 90. + RAD * SINF(DUY1P)
AYZP = AYYP

SINYYP =
SINYZP =
COSYYP =
COSyzP =

SINF (AYYP/RAD)

SINYYPRP 4
COSF (AYYP/RAD)
CcosyypP

DOZ1 = SORTF(le. - DX1PZ1 # DX1PZ1)
DUX1 = DOZ21!

DX1vYiP =

SORTF (DUX1 # DUX1 + DUY1P % DUYI1IP)

AXYP = RAD # ASINF (DX1Y1P)

SINXYP =
COSXYP =

DX1Y1P
COSF (AXVYP /RAD)

AXZP = 18040 - AXYP

SINXZP =
COsSXZP =

SINF (AXZP / RAD)
COSF (AXZP / RAD)

FIND SUBSENSOR TO SFNSOR ANGLES

AXPXPP
AXPYPP
AXPZPP
AYPXPP
AYPYPP
AYPZPP
AZPXPP
AZPYPP
AZPZPP
S INXPXPP
SINXPYPP
SINXPZPP
S INYPXPP
SINYPYPP
S INYPZPP
SINZPXPP
SINZPYPP
SINZPZPP
COSXPXPP
COSXPYPP
COSXPZPP
COSYPXPP
COSYPYPP
cosypPzZPP
coszPxPP
coszPypPP
coszPzPP

FIND DETERMINATE AND COFACTOR VALUFS FOR CONVERSION

RAD#ACOSF (COSXXP#COSXXPP+COSYXP#COSYXPP4+COSZXP#COSZXPP)
RAD*ACOSF (COSXXP#COSXYPP+COSYXP#COSYYPP+COSZXP#COSZYPP)
RAD#ACOSF (COSXXP#COSXZPP+COSYXP#COSY7?PP+COSZXP#COSZ7PP)
RAD#ACOSF (COSXYP#COSXXPP+COSYYP#COSYXFP+COSZYP#COSZXPP)
RAD#ACOSF (COSXYP#COSXYPP+COSYYP#COSYYOP4+COSZYP#COSZYPP)
RAD*ACOSF (COSXYP#COSXZPP+COSYYP#COSYZPP+COSZYPRLCOSZZPP)
RAD#*ACOSF (COSXZP*#COSXXPP+COSYZP#COSYXPP+COS7Z7P#COSZXPP)
RAD*ACCSF (COSXZP#COSXYPP+COSYZP#COSYYPP+COSZZP#COSZYPP)
RAD#ACOSF (COSXZP*#COSXZPP+COSYZP#COSYZPP+COSZZP#*#COSZZPP)
SINF (AXPXPP/RAD)
SINF (AXPYPP/RAD)
SINF (AXPZPP/RAD)
SINF(AYPXPP/RAD)
SINF (AYPYPP/RAD)
SINF (AYPZPP/RAD)
SINF(AZPXPP/RAD)
SINF (AZPYPP/RAD)
SINF (AZPZPP/RAD)
COSF (AXPXPP/RAD)
COSF (AXPYPP/RAD)
COSF (AXPZPP/RAD)
COSF (AYPXPP/RAD)
COSF (AYPYPP/RAD)
COSF (AYPZPP/RAD)
COSF(AZPXPP/RAD)
COSF (AZPYPP/RAD)
COSF(AZPZPP/RAD)

VELOCITIES TO MODEL AXIS COMPONENT VELNCITIES

Al1l

SINXPXPP #%2

Al2 SINXPYPP ®%2
A13 = SINXPZPP®##2
A21 = SINYPXPP#%#2
A22 = SINYPYPP##2
A23 = SINYPZPP##2
A31 = SINZPXPP#%2
A32 = SINZPYPP#%2
A33 = SINZPZPP#%2

OF SENSED
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DENOM = A1 ¥#AP2¥ABRHAIP#A2 #0741 2RAD I HABP A1 RHA2DP*AT -
1A12#A21#A33-A] | ¥A23#AR2
Cll = A22#%A33 - A23%A32
Cl2 = A21%A33 - A23%A3)
Cl13 = A21#%#A32 - AP2%A3)
ca21 A12%A33 - A13*%A72
C22 = A11#A33 - A1I¥A7
C23 = Al11%A32 - A12%A7)
C31 = A12%A232 -~ A17%A2D
C32 = A11%A23 = A12%A2)
€33 = A11%#A22 = A12%A2)

PRINT OUT ANGLESs SINI S AND COSINES FOR PROGRAMMING CHECK

PRINT 200+¢ ALPHA JAXXPP JAXYFP ¢ AXZPP s AYXPP s AYYPP sAYZPP ¢ AZXPP s AZYPP
1AZZPP +SINXXPPR ¢ SINXYPP s S [MNXZPP S INYXPP 4 SINYYPP ¢ SINYZPO 4 SINZXPP o
2SINZYPP¢SINZZPP COSXXFER 4 COSXYPR «COSXZPP 4CORYXPP 4COSYYPP 4 COSYZPP
3COSZXPP+COSZYPP 4COSZZPF

200 FORMAT (1H1 e 7X+8HALPHA = FSel1//73(3(15Xe3F10e57)7))

PRINT 201 ¢ AXXPsAXYP s LY ZP s AYXP JAYYP s AYZP ¢ AZXP ¢ A7ZYP ¢ A770 4 SINXXP
1SINXYP ¢SINXZP ¢ SINYXP g S INYYP 4 CINYZRP «SINZXP «SINZYP S IN7Z70 4 COSXXP o
2COSXYP sCOSXZP ¢COSYXP CNSYYR COCSYZP«COSZXP COSZYPCOSZZP

201 FORMAT ( /7/773(3 (13X F 1N/ /7))

PRINT 201 AXPXPP (AXDYPP s AXP7PR 4 AYPXPP 4 AYPYPP ¢ AYP7PP JAZOXPP 4 AZPYPP,
1AZPZPP sSINXPXPP s SINXPYPDO , SINXP7PN 4 SINYPXPP 4 SINYPYPP 4 SINYPZOP,
P2SINZPXPP ¢ SINZPYPP 4 S INZRPZPP 4COSXOXPP ¢COXPYPPRP 4COSXP7ZPP 4 COSYRPXPP
3COSYPYPP s COSYRPZPR COSZPXPL 4CO0S7DYOD 4CCSZPZPP

PRINT 202 DENOMLAL1 1 4A12¢L124A21 ¢ A220A23¢A314A224A334C114C124C13,
1C214C22¢C234C31,C32,4C37

202 FORMAT (/77 19SXsF10e5//3(3(1EXs3F10eS/)/7)1H1)
READ IN FIRST CATA CARC AND JUMP TO DATA CONVFRSION ROUTINE

READ 101+ NUM, IXs IYe I7¢ VNXPJUNYPJUNZP

101 FORMAT (SXellelXe 3(EXI2)el1Xs 3(EXF3.1))
GO TO 12
READ IN ADRITIONAL NATA CARNS
I FOF ¢ PRINT NOU'T AND TFRMUINATE
IF NEw MOCEL PRINT NUT AND CONTINUSF DATA CONVFPSION
10 READ 1014 NMs IXe IYe [2Zs VNXO, VUNYPs VNZP
IF (EOF+€0) 20411
11 IF (NUM=NM) Z1,412+21
12 VAXPP2 = Cl1#%VNXP##2 — C21¥VUNYP*%2 + C31#VNZP¥*2

VAYPP2 ==Cl2%¥VUNXP*%#2 4 C22*%UNYP*%x2 = C32%VNZP**2

VAZPP2 = C13¥VUNXP®¥#%2 = C223*%VUNYD*%#2 4 CIIXVYNZP*%2

VAXPP SQRTF (ABSF (VAXPP2))

VAYPP SURTF (ABSF (VAYPP2) )

VAZPBP = SQRTF (ARBRSF (VAZPP2))

VXP = COSXXPPX*VAXPP 4 COSXYPP*VAYPP 4+ COSX7PP*ya7pPP

VYP = COSYXPP*¥VAXPP 4+ COSYYPP*VAYPP 4+ COSYZPP*VAZDD

VZP = COSZXPP®*VAXPP + COSZYPPR*¥VAYPP 4+ COS77OP*#VA7PP

DENM = SQRTF(VXP¥YXP 4+ VYR*YYP 4+ V7P*yZ7ZP)

THE1 = ACOSF((COSXXPR*\YXP 4+ CORYXPP¥VYP + COS7ZXPP*y70) /DFNM)
THE2 = ACOSF ((COSXYPP#yXP 4+ COQYYPP*VYP + COSZYPP#vZO)/DENM)
THE3 = ACOSF((COSXZPP*yXP + COQYZPP*¥VYRP 4+ COSZ7PP*yv7ZP)/DErV)
VIP = SQRTF(SINF(THE1)**2 + AK*#AK*COSF (THE 1) ®#%¥2) *VNXP

V2P = SQRTF(SINF(THE2)%#%2 + AK#AK#*COSF(THEZ2) #%#2) ¥VNYP

V3P = SORTF(SINF{THE3)*+2 + AK®*AK*COSF (THE3)#%2) *VYNZP

VB1P = SCRTF((V3P*V3IP 4+ V2P*V2P - VID¥*V1IP)/2,.)

VB2P = SQRTF((VIAP*V3P + VIP*VID — Vv2P¥V2P)/2,)

VB3P = SORTF((V2P*V2PP + VIP*¥VIP = Vv3P#v3P)/2,.)
VAX(IXeIYal17) COSXXPR*yR 1P 4+ COSXYPR*#VB2P 4+ COSXZDD*YRW
VAY(IXelYe17) COSYXPP*Vy2 1R 4+ COCYYPP*¥VR2P 4+ CNAY7PDO¥VyB3P
VAZ(IXelYel7) COSZXPP¥*ye 1P 4+ COS7YPP*YR2P 4+ COS77PP#\33P
IVAX(IXelYslZ) = 1006 % VAX(IXe1Ys12Z)

IVAY(IXeIYelZ) = 100e * VAY(IXsIYW1Z)
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IVAZ(IXeIYe12Z) = 100e # VAZ(IXe1Ye12)
RETURN TO READ ANOTHER DATA CARD

GO TO 10
IF EOF COME HERE
20 NO = 1
GO TO 22
IF NEwW MODEL COME HERE
21 NO = O
NUM = NM

22 PRINT 204, (IToCOIVAXIT eJ oK) eK=1025) s (VAY(TaJeK) ¢K=]0e25) ¢ (VAZ(T o
1JUeKe) eK=1425))0J=1415)e1=144)
204 FORMAT (4(1H1e8H X = [2//15(6H VIX) 25FS.1/6H V(Y) 25FSel/
1 6H V(Z) 2SFSe.1//7)))
DO 24 I = 1.4
DO 24 U = 1,15
PUNCH 206+ 1+JoNALls (KeIVAX(TeJeK)eK= 14 7)Y
PUNCH 206¢ TeJeNALs (KeIVAX(1eJeX)eK= 8413)
PUNCH 206+ [esJeNAL, (Ko IVAX(TeJeK)eK=14,19)
PUNCH 206+ 1eJJNA1, (Ko IVAX(1eJeK) eK=20+25)
PUNCH 206+ 14¢JoNA2s (KJIVAY(leJeK)eK= 14 7)
PUNCH 206+ 1eJeNA2s (KsIVAY(IeJeK)eK=z 8413)
PUNCH 206¢ T eJeNA2s (KeIVAY(10eJeK)eK=14419)
PUNCH 206+ 1e¢JsNA2, (KeIVAY(IeJeK) eK=20+25)
PUNCH 206+ 1+JesNA3s (KeIVAZ(1eJeK) K= 14 )
PUNCH 206+ [e¢JeNA3s (KeIVAZ(1eJeK)eK= 8e13)
PUNCH 206+ 1¢JeNA3s (KeIVAZ(1eJeK)eK=14419)
24 PUNCH 206+ 1+JeNA3s (KeIVAZ(IeJeK)eK320:25)
206 FORMAT (12+¢1341XeA341Xe7(12,18))

DO 23 1 = 1.4

DO 23 U = 1415

DO 23 K = 125

IVAX(TeJeK) = [VAY(1eJeK) = IVAZ(leJeK) = O

23 VAX(leJeK) = VAY(leJeK) = VAZ(]eJeK) = Oe0
1F (NO) 12412430
30 PRINT 205
205 FORMAT (1H1)
END
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pPROGRAV CORRECT ]

PROGRAM TO CORRECT FOR PRCRF MISAL IGNVENT
DIMENSION 1Z(7)s DATA(T7) e VX(5e15+429)e VY(S541%S¢2%5)s VZ(5¢15e29)
1 VXC(S5¢15¢25)0 VYC(S415425)e VZ2C(S5015:425)e VFLI(Z25)
NA1 = 2IHVX)
NA2 = 3HVYZ2
NA3 = 3HVZ3

RETIIPN HFERE FOR RECMUIN
9 PO 10 1 = 149
DO 10 U = 1415
NO 10 K = 1,25
VX(TeJeK) = VY (T 4JeK) = VZ7(]leJeK) = 0,0
10 VXC(TleJeK) = VYCILTeJeXK) = VZC(TeJeK) = 00

DO 11 JU = 1425
11 VFLD (1eJ) = VFLD(2+J) = 00
READ IN ARRAY SIZE LIVMITS
IF NO VMORE DATA GO T END (FOF)
RPFAD 1000¢ IXLMT ]I YLVMTIZLVT
1000 FORMAT (312)
IF (EOF+60) 90.20
C READ IN MONEL FITLN PATA
20 READ 1001s IXeIYSINRI(TIZ(1)«DATA(T)o1=147)
1001 FORMAT (I12e¢1343XsI1 01X 7(17.FBa2))
IF END OF MODEL FIZLD DATA GO TO 30
IF (I1X-8) 2142130
21 IF (IDR=2) 22424426
22 DO 23 1 = 147
IF (1Z(1)) 20420423
23 UX(IXelYelZ(1)) = DATACLT)

GO TO 20

24 DO 25 1 = 1.7
IF (17(1)) 20420425

25 VY (IXsIYQIZ(1)) = DAT2(])
GO TO 20

26 NO 27 1 = 147

IF (1Z(1)) PNe2027
27 VZ(IXe1Ye1Z(1)) = DATAC(])
GO TO 20
READ IN CORPFECTYION FI1FLD DATA
30 READ 1001 IXeIYSIDR(IZ(1)DATA(TI)I=147)
IF FND OF CCRRFCTION FIELD nATA GOC TO 40
IF (IX=8) 314314140
31 IF (IDR=2) 324+34,26A
32 DD 32 1 = 17
IF (17(1)) 2T 43047272
33 VXC(IXeIYelZ(1)) = DATA(T)
GO TO 30
34 NO S 1 = 147
IF (17(1)) 3IN430.25
395 VYC(IXelYsl1Z(1)) = CATAC(D)
GO TO 30
36 DO 37 1 = 1.7
IF (1Z(1)) 3Nea2D427
37 VZC(IXelYel1Z(1)) = DATAC(T)
GO TO 30
PRINT OUT FIFLD DATA A< PROGRAM ANT DATA CHECK
40 PRINT 20006 (To( (VXTI aJaK)eK=102F) 0 (VY (1 43Js¥)eK=1e25)4(VZ(TeJe
1K) aM=1e¢2%))0Jd=1018)0 =1 IXLMT)
2000 FORMAT (S(1H1e6H X = [2//1%(6H VI(X) 2S5FSe1/76H VLY) 25FSel/
1 EH V(Z) PSFSe1//7)))
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PRINT 2000e¢ (1o (((VXCUIeJeK)K=1e25)e(VYC(IeJeK)eK=1425) 0
1 (VZC (1l eJeK) eK=1e25))aJd=1015)e1=1¢IXLMT)
READ IN VFLD DATA (PRANDTL TUBF MEASUREMENTS)
IMOD = 1 - MODFL DATA
IMOD = 2 - CHFCK DATA
JZ - Z PLANE
41 READ 1002+ IMODJZ VFL
1002 FORMAT (213.F642)
AT END OF VFLD NDATA GO TO SO
IF (I1MOD-8) 42442450
42 VFLD(IMODJZ) = VEL
GO TO a1
INTERPOLATE TO FILL IN CORRECTION FIELD ARRAYS IN Z PLANES
50 K = 1

S1 DO 52 I = 243
DO S2 J = 141YLMT
1A = 1 - 1
VXC(1eJeK) VXC (1 eJeK) + (VXC(84JeXK)=VXC(1eJeK))¥1A/3,

VYC(T] ¢« JeK) VYC (1 eJeK) + (VYC(AQAsJeK)=VYC(1esJeK))*]A/3,
52 VZC(] «JeK) VZC(1eJeK) + (VZC(8eJeK)=VZC(1eJeK))*1A/3,
IF (K=12) S53:54.55
S3 K = 12
GO TO S1
54 K = 2%
GO TO S1
55 CONTINUE
DO 67 1 = 1IXLMT
DO 67 JU = 1.1YLMT
CALL CURFT3 (10012¢025¢oVXC(T0Je1)eVXC(T4Je12)eVUXC(16Je25)0eA4BC)
DO 61 K = 2411
AK = K
61 VXC(leJeK) = ARAK®*¥AK + BxAK + C
DO 62 K = 13.24
AK = K
62 VXC(leJeK) = ARAKH¥AK + B¥AK + C
CALL CURFT3 (10012¢¢25¢eVYC(IeJ0e1)eVYC(14Je12)eVYC(]eJes25)0AeBC)
DO 63 K = 2411

AK = K

63 VYC(leJeK) = ARAKHAK + B*#AK + C
DO 64 K = 13.24
AK = K

64 VYC(1eJeK) = ARAK¥AK + B¥*AK 4+ C
CALL CURFT3 (16012¢0256¢VZC(16Je1)eVZC(14Je12)9VZC(T14Je25)eA:BC)H
DO 65 K = 2411

AK = K

65 VZC(leJeK) = ARAKRAK + B*AK + C
NO 66 K = 13.24
AK = K

66 VZC(leJeX) = ARAK#AK + B#AK + C

67 CONTINUE
INTERPOLATE TO FILLIN FIELD DATA ARRAY AT Z = 22, 24
DO 68 1 = 1+IXLMT
NO 68 U = 1.1YLMT
CALL CURFT2 (216¢23¢025eeVX(10J021)eVX(1aJe23)eVX(10J025)0ABC)
VX(1eJe22) = AN22,%422, + BR22, + C
VX(1eJe28) = AR24,%24, + B*24, + C
CALL CURFT3 (2160236025 ¢VY(10J021)sVY(1eJ023)e0VY(14Js25)¢A4BC)
VY(1eJe22) AR22,%#22¢ + B#22, + C
VY(1eJe24) A%24 %24, + B¥24, + C
CALL CURFT3 (2164230250 e¢VZ(10J021)VZ(1eJe23)eVZ(1:Je25)¢AeBC)
VZ(1eJe22) = AR22.%#22, + B#22, + C
68 VZ(14J424) = AR24.,%24, + B¥24, + C

nn

- AT

———v. 1 .
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PRINT OUT FILLED IN MNDEL AND CORRECTION ARRAYS
PRINT 20000 (1a€((UX(TaJeK)eK=1928) 0 (VY(ToJeXK)eK=1025)e (VZ(T1eJs
1K) eK=1425))eJ=1615)el=1eIXLMT)
PRINT 2000¢ (I (((VXC(loJeK)iK=1e25)e(VYC(1eJs1K)eK=1¢25)0
1 (VZC(1eJeK) eK=1e25))4Jd=1015)e1=1eIXLMT)
CONVERT MCDEL FIELD VELOCITY ARRAYS TO VELOCITY RATIO ARRAYS
DO 72 1 = 1+IXLMT
DO 72 U = 14.1YLMT
DO'72 K = 141ZLMT
VX(TeJdeK) = VX(1eJeK) / VFLD(1.4K)
VY(1eJeXK) = VY(T1eJeK) / VFLDI(14X)
T2 VZ(1eJeK) = VZ(14JeK) / VFLD(1K)
CONVERT CORRECTION VELOCITY FIELD ARRAYS TO VEL RATIO ARRAYS
DO 74 1 = 1leIXULMT
DO 74 U = 141YLMT
NO 74 K = 1+]1ZLMT
VXC(T eJeK) = VXC(IleJeK) / VFLD(2¢K)
VYC(leJdeK) = VYC(]sJeK) / VFLD(24K)
T4 VZC(1eJeK) = VZC(leJeK) / VFLD(2+K)
PRINT OUT MODEL AND CCRRECTION VELOCITY RATIOS
PRINT 2001e¢ (1o (((VX(]eJeK)eK=21025) e (VY(]eJeK)eK=1e25)e(VZ(1sJs
1K) eK=1425))0J=1415)el=1eIXLMT)
PRINT 20C1s (1o (((VXCUTeJeK)K=1025)0(VYC(1eJeK)eK=1¢25)0
1 (VZC(l eJeK) osK=1025))eJ=10e15)e1=10eIXLMT)
2001 FORMAT (S(1H1+4H X = 1277 15(6H V(X) 25FSe2/ 6H VI(Y) 25FSe.2/
1 6H VI(2Z) 25FSe2/7)))
CORRECT FOR TRANSVERSF VELOC!ITY COMPONENTS
DO 80 I = 1+IXLMT
DO 80 J = 141YLMT
DO B0 K = 141ZLMT
VX(JleJeK) = VX(IsJeK) = VYXC(]sJeK)
80 VY(leJeK) = VY (1 eJeK) = VYC(IesJeK)
PRINT OUT CORRECTED DATA ARRAYS
PRINT 2001e¢ (1o (C(VX(TaJeXK)eK=1025) e (VY(TeJeK)eK=1e25)+(VZ(T1aJe
1K) oK=1425))eJ=1e15)eI314IXLMT)
PUNCH OUT CORRECTED DATA ARRAYS
DO 85 1 = 1IXLMT
DO 85 U = 1.1YLMT
PUNCH 2002¢ 1 3JeNAL ¢ (KeVX(IeJeK) K= 14 7)
PUNCH 2002¢ [ eJeNALs(KeVX(1eJeK)eK= 8013)
PUNCH 2002¢ leJsNAL s (KeVX(TeJeK) K=E14,19)
PUNCH 2002¢ T eJeNAL s (KeVX(]eJeK) eK=220¢25)
PUNCH 2002¢ 1 eJNA2s(KeVY (I eJeK)eK= 14 7)
PUNCH 2002+¢ T 3JsNA2s(KoeVY(leJeK)eK= 8413)
PUNCH 2002¢ [ eJeNA2s(KeVY(1esJeK)eK=14419)
PUNCH 2002¢ 1 e¢JeNA24s(KaVY(]eJeK)eK=20425)
PUNCH 2002¢ [eJINA3s(KeVZ(1eJeK)eK= 14 7)
PUNCH 2002¢ TeJNA3s(KeVZ(1eJeK)eK= 8,413)
PUNCH 2002¢ 1 sJINA3s(KeVZ(1eJeK)eK=14,419)
85 PUNCH 2002¢ ! 0JeNA3s(KeVZ(1aeJeK) ¢eK=20425)
2002 FORMAT (12413 ¢1XeA3¢1Xe7(12:F865))
PRINT 2003
2003 FORMAT (1H1)
GO TO 9
S0 END
SUBROUTINE CURFT3 (X1eX2¢X3eV1eV2:V3eAl1:A2,A3)
INTERPOLATION SUBROUTINE TO FIND COEFFICIENTS OF THF EQUATION
V = A1IRX%%2 + A2%X 4+ A3

1

A = (XI*¥X1%#X2 + X2#X2#X3 + X3 %X3I#X]1) = (XI#X3I*#X2 + X2#X2#X1 +
X1%#X1%#X3)
B = =((V1#X2 + V2#X3 + V3#X]) — (VI#X2 + V2#X1 + V1¥X3))
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= (VI#X2#X2 + V2EX3#X3 + V3I¥X]#X1)
VI#X3#X3)

(V3I#X2%#X2 + V2#X]1#X1 +

= =((V]I#X2¥X2%#X3 4+ V2#XI#X3IAX] + V3IEX]1#X]1#X2) -

(VIEX2#X2%#X]1 + V2#X1#X]1#X3 + V]I#XI#X3#X2))

= -R/A

A2 = -C/A
A3 = =D/A
END

PRSI S ie 4
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PROGRAM CORRECT2

PROGRAM TO CORRECT FOR TUNNFL WALL INFLUENCE

DIMENSION 1Z(7)e DATA(T7)s V1(8415:25)e V2(44¢15:25)9 V3(441542S)
VRX(4¢15425)s VRY(4:15¢25)e VRZ(4015425)

NA1 = 4HVRX]1

NA2 = QHVRYZ2
NA3 = 4HVRZ3
NB = O

DO 11 I = 144
DO 11 U = 1415
DO 11 K = 1+25

VRX(1eJeK) = VRY(]sJeK) = VRZ(14JeK) = 0.0
RETURN HERE FOR NEXT GROUP OF DATA

DO 13 1 = 1.4
DO 13 J = 1,15
DO 13 K = 1425
V1€(leJeK) = V2(1eJeK) = V3(1leJeK) = 060
N = 1
READ IN VELOCITY RATIOS FROM PROGRAM CORRECT]
READ 1000+ IXeIYSIDRO(I1Z(1)eDATAC(I)e1=147)

FORMAT (12¢13¢3Xel1e1XeT(I24sF845))
IF EOF GO TO PRINT AND PUNCH SEQUENCE AND PROGRAM END
IF (EOF+60) 70421
SORT INPUT DATA
GO TO (22+31441) N
IF (IX=8) 23423420
DO 25 1 = 147
IF (1Z2(1)) 25+:25+24
VIC(IXelYeI1Z(I)) = DATAC(I)
CONT I NUFE
GO TO 20
N = 2
GO TO 20
IF (I1X=-8) 3232440
DO 34 | = 147
IF (1Z(1)) 34,34,23
V2(IXelYe1Z(1)) = DATAC(])
CONT I NUFE
GO TO 2n
N = 3
GO TO 20
IF(IX=8) 424,482,450
NO 44 1 = 1,7
IF (12Z2(1)) 44444,43
V3(IXeIYeIZ(1)) = DATA(T)
CONTINUE
GO TO 20
SET NB = 1 FOR VXe = 2 FOR VYs = 3 FOR VZ
NA = NR + 1
CALL SUBROUTINE TO FIND VEL RATIO AT ZERO MODEL SCALE

DO S8 1 = 1.4
DO S8 U = 1415
DO 58 K = 1425

GO TO (51¢52¢52¢524+E3) J=-7
CALL VRAY3 (V1(1eJeK)eV2(1eJeK)eV3(TeJeK)eV)
GO TO 54
CALL VRAYZ2 (VI(leJeK)eV2(T1eJeK)eV)
GO TO Sa
V = V1I(leJeK)
PLACE VELOCITY RATIO IN CORRECT ARRAY

N
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2000

2001

2002

60
2004

2005
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GO TO (554¢56+¢57) NB
VRX(1eJeK) = V
GO TO S8
VRY(1eJeK) = V
GO TO S8
VRZ(1eJeK) = V
CONT INUE
GO TO PROCESS ANOTHER BATCH OF DATA
GO TO 12
AT EOF COME HERE FOR PRINT AND PUNCH OUT
PRINT 200006 (T ({(VRX(TeJeK)eK=1413)e(VRY(TeJeK)eK=1e13)0
1 (VRZ (1 +4JeK) eK=1013))0J=1e15)0e1=144)
FORMAT (4 (1H1.4H X = 12/7/715(6H VRX 13F10,5/76H VRY 13F10.5/
1 6H VRZ 13F10.5/7)))
PRINT 2001 ¢ (I o (((VRX(TIeJeK)sK=214e25) ¢ (VRY([1eJeK)eK=14¢25)
1 (VRZ(IeJeK) «eX=14:¢25))0U=1415)01=1048)
FORMAT (4 (1H1+4H X = 12/715(6H VRX 12F10¢5/76H VRY 12F10e5/
1 6H VRZ 12F105//)))
PRINT 2002¢ (((VRX(1eJeK)eK=1913)eJ=1015)e((VRX(1eJeK) eK=140e25),
1 J=1415)el1=1448)
PRINT 2002¢ (((VRY(10JeK)eK=1013)eJ=1015)¢((VRY(14JeK) K=14:25),
1 J=1415)61=1448)
PRINT 2002¢ (((VRZ(14JeK)eK=1013)eJ=21015)e((VRZ(TeJeK) K=140e25)0
1 J=1e15)e1=144)
FORMAT (G (1H1 /15(1Xe13F10e37) 77777 15(10Xe12F10e37)))
DO 60 1 = 144
DO 60 JU = 1415
PUNCH 20048+ 1 3JsNAT W (KJVRX(IsJeK)eK= 14 7)
PUNCH 200484 1 eJINALI(KVRX(]sJeK)eK= 84¢13)
PUNCH 2008¢ 1 eJINAL s (KsVRX(IsJeK)eK=14419)
PUNCH 20044¢ 1 eJINALI(KJVRX(IeJaK) e K=20:25)
PUNCH 2008+ 1 1+ JINA2+(KeVRY (T eJeK)eK= 146 7)
PUNCH 2004+¢ T eJINA2W(KeVRY (]I eJeK)eK= 8413)
PUNCH 2004¢ 1 e¢JiNA2W(KeVRY (T sJeK)eK=14,19)
PUNCH 200484 T 3JINA2W(KJVRY (T eJaK)K=20¢25)
PUNCH 2004+¢ [ eJINA3W(KeVRZ(1eJeXK)eK= 10 T)
PUNCH 2004+ 1 +4JeNA3W(KsVRZ(TIsJeK)eK= 8413)
PUNCH 20048+ 1 +¢JeNA3I(KeVRZ(1eJeK)eK=14+:19)
PUNCH 2004+¢ [ ¢JINA3W(KsVRZ(1sJeK)eK=20:25)
FORMAT (12¢130A441XeT7(124sF8Be4a))
PRINT 2005
FORMAT (1H1)
END

SUBROUTINE VRAY3 (V1eV2eV3eV)
SUBROUTINE TO FIND VEL RATIO AT ZERO MODEL SCALE
FROM 3 DATA PNINTS

X1 = ¢227

X2 = ¢490

X3 = 704

A = (XI#X]I%#X2 + X2*#XP%#X3 + X3I#XI#X]) -

1 (X3RXI X2 + X2¥X2#X]1 + X1#X]1%#X3)

B = =((VI*#X2 + V2%#X3 + V3#X]) = (V3#X2 + V2%X] + V1#X3))

(9]
"

(VI%#X2%X2 + V2#X3#X3 + V3I#X1#X]) -

1 (VIRX2%#X2 + V2#X1%#X1 + VI#X3%#X3)

o
"

—((VIHX2RX2%#XT 4+ V2EXIAXI#X] + VIHX]I¥X]#X2) =
1 (VIRX2#X2%#X] 4+ V2RHX]IHX]1#X3 4+ VI¥XIHX3I*X2))
vV = =D/A

-
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SUBROUTINE VRAYZ2 (V1iV2eV)
SUBROUTINE TO FIND VEL RATIO AT ZERO MODEL SCALE
FROM 2 DATA POINTS

X1 = 4227

X2 = <490

A= X1 = X2

B = =(Vl - V2)

C = (VI#X2) - (V2#X1)

V =2 «C/A

END
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PROGRAM DROPPATH

AN ITERATION PROGRAM TO SIMULATE DROPS FALLING THRU A FLOW
FIELD AND TO DETERMINE THE PORTION OF DROPS CAUGHT BY THE GAGE
DIMENSION VX(7416¢25)e VY(7416425)e VZ(T7e16425)e IDATA(15)
ARRAY URES ARF =
VXeVYeVZ = STORAGE OF FIELD DATA COMPONFNTS
IDATA - TEMP STORAGE OF FIELD DATA
COMMON /D/NEWDS«NTOT«NHIT

TYOF RFAL MASS

NEwWDS = 1
NTOT = NHIT = 0O
DO 10 I = 1.7

DO 10 JU = 1416
DO 10 K = 1425
VX(TeJeK) = VY(TeJeK) = VZ(1eJeX) = 060

READ IN VELOCITY RATIO FIELD DATA
READ 100¢ TAGICIIXaIYQ(INATA(I)a1=1015)
FORMAT (2114,12.1515)

IF (IA «GTe 5) 39.21

SORT DATA AND STORE IN PROPFR ARRAYS
GO TO (22+27¢32) 1A
GO TO (23.25) 1C

DO 24 I = 1415

VX(IX+3e1Yel) = IDATA(I)/10060

GO TO 20

DO 26 1 = 1410

VX(IX43¢IYeI4+1S) = IDATA(I)/100e0
GO TO 20

GO TO (284.30) IC

NO 29 1 = 1415

VY(IX+3e1Yel) = IDATA(1)/100e0

GO TO 20

DO 31 1 = 1410

VY(IX+3e1Yel+15) = IDATA(I)/10040
GO TO 20

GO TO (33.35) 1IC

NO 34 1 = 1415

VZ(IX+3e1Yel) = IDATA(I)/100.0

GO 70 20

DO 36 1 = 1410

VZ(IX+3elYeI+15) = IDATA(I)/10040

GO TO 20
EXPAND FIELD DATA ARFRAYS TO PROVIDE REFLECTED IMAGE OF FLOW
FIELD ABOUT THE VERTICAL CENTER PLANE

NO 40 I = 1.3

DO 40 U = 1415

DO 40 K = 1425

VX(leJeK) = =VX(8=10sJsK)

VY(leJeK) = VY (8=1eJeK)
VZ(1eJeK) = VZ(8=1eJe¢K)
DO 41 1 = 147
DO 41 J = 1425
VX(1e16eJ) = VX(T1415e))
VY(1e16eJ) = VY(141540J)
VZ(1e160J) = VZ(1e15eJ)
CHECK PRINT OUT OF FIFLD DATA
PRINT 2009¢ (((VX(] sJsK)eK=1425)0J=101S5)e1=1:7)
PRINT 200¢ (( (VY (] eJeK)eK=1e25)0J=10e1S)0el=1e¢7)
PRINT 200¢ (((VZ(]eJeK)eK=1e25)0eJ=101S5)el=1e¢7)
FORMAT (T7(1H1///7/7/715(5Xe25FSe22//7)))

| 3~
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PRINT 204

204 FORMAT (1H1)
Cl = 44,0#380e1#(0e99820=0¢00119)/(3e¢0%#0600119)
C2 = 0.001195#3,14159/860
C3 = 3414159%#0,9782/640
G = =980,1

T = 0,002

DX = DZ = 025

READ IN DROP CHARACTERISTICS

SO READ 101« DIAWVDTWVF

101 FORMAT (3F10.2)
IF (EOF+60) 9051

DETERMINE LIMITS OF DROP STARTING POINTS

S1 XB = X1 = 20
XE = 640
YB = YI = 145
ZB = Z1 = 14.0#VF/VDT = 2,0
ZE = 2B + 100

USEYS = =140
IF (ZF o¢GTe 23e5) 52455
S2 IF (Z8B ¢GTe 23¢5) S34Sa

S3 YB = YI = 145 = (ZB=235)*VDT/VF
28 = 71 = 23S

S4 YE = 14.% = (ZE-22,5)#%#VDT/VF
DY = -DZ*#VDT/VF

USEYS = 1.0

PRINT 203+ YBeYEDYeZRBZFE
203 FORMAT (/8H DP203 # +SXe3E10e2¢5SXe2E10627)
35 CONTINUE

CD = CI1#DI1A/VDT#%2

MASS = C3#DIA®®3

GM = MASS#*#G

X = X8
Y = YR
2 = 78
Ca = C2#CO®#NIA®DIA
CS s DT/MASS
C6 = DT/ (2.0%#5,08)
FIND INITIAL DROP VELOCITIES

S6 VOX = VFH*ENT(VXeX]eY1eZ1)
VDY = VF*ENT(VYeXleY1eZ1) - VDT
VDZ = VFH#ENT(VZeX1leY10eZ1)
PRINT 201 ¢ XeYeZeVDXeVDYeVDZeDIAWVF VDT eCDeZBWZF
201 FORMAT (7H DP201 W4 (2Xe2E10e2))
FIND NEXT POSITION OF DROPR
60 VFX = VFH*ENT(VXeXeYeZ)
VFY VFEFENT (VY eXeVae7)
VFZ VFX*ENT(VZeXaVYe7)
VREL = SQRTF((VFX=VDX)*¥%¥2+(VFY=VDY)#%24+ (VFZ=VDZ)**2)
FD = CAa®*VRFL*VRFL
C7 = CS#FD/VREL
VOXN = VDX 4+ C7#(VFX=VDX)
VDYN = VDY + CS*(FD®*(VFY-VDY)/VREL+GM)
VDZN = VDZ + C7*(VFZ-VDZ)

X = X 4+ C6X(VDXN+VDX)
Y = Y 4+ C6#(VDYN+VDY)
Z = Z + CEX(VDZN+VN7)
VDX = VDXN
VDY = VDYN
vDZ = VD7N

PRINT 202¢ XeYeZoVDXeVDYeVDZe X1 eZ1eCI1A«VF VDT
202 FORMAT ( 8H DP202 02(5Xe2E10e2) 95X e2F10e2¢2Xe3F10e2)
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DETERMINE IF DROP HAS REACHED FIELND LIMITS OR CATCH ARFA
IF (Z eLTe 1) GO TO 74
IF (X oeGTe 601 oeORe X oLTe 1e9) GO TO 74
IF (Y oGTe 2¢2%) GO TO 60
CIR = SORTF(ASSF (4e=(X=Q84)%#%2))
IF (Y oLTe 165 oANDe Z oGEe CIR+3,) GO TO 74
IF (Y oL Te 1¢S5 eANDe Z oLEe 3¢~CIR) GO TO 74
IF (YelLEe2e25 eANDe ZelLFeCIR+3¢ oANDe ZeGEe¢3e-=CIR) 714€0
IF (CATCH(XeYeZ) oeGTe «5) 72460
IF (Y=1e5 oelLTe (CIR+Z=3,)#VDY/VDZ) 73e74
CALL .TALY (X oY eZ e X1 Y1 0eZ7Z1eD1AWVFele)
GO TO 80
CALL TALY(XeYeZeX1 oY1 eZ1eDIAWWVF40,4)
IF (X] oGS e XF) B2481
X X! = X! + DX
Y vI
V4 Z1
GO TO S6
IF (USEYS) B3+83485
X X1 = XB
Y YI
¥4 Zl = 21 + DZ
IF (2] «GTe ZE) B4 56
NEWDS = O
CALL TALY(XeYeZoe X1 oY1 eZ1eDIA«VF40e)
GO TC SO
IF (Z1 «GEe 23+5) B6.ER
X X1 xe
Y Y1 YI + DY
V4 Z1 2365
IF (Y1 +LTe YE) Ba4.56
END

oy

wn u

.

SUBROUTINE TALY(XeYeZeX'eY10eZ1eDIAWVF M)
COUNT DROPS INTERCEPTED AND TOTAL NUMBER FALLEN, PRINT OUT
COLLECTED DATA WHEN NIw DROP DATA CARD 1S READ
COMMON /D/NEWDS«NTOTeNHIT
IF (NEFWDS) 10410420C
HIT = NHIT
PRO = HIT/(464%#3,14159)
PRINT 200e¢ NTOT«NHIT«PRODIAWVF
FORMAT (/5S5X+14HTOTAL DROPS = [S5¢18He« NUMBER CAUGHT = ]S5¢18Hs PERCE
INT CATCH = FBe2¢13He DROP DIA = FS5¢3421HCM, FIELD VELOCITY =
2F 1061 ¢7H CM/SEC // 1H1)

NEWDS = 1
NHIT = NTOT = O
RETURN

IF (HM) 22422421

NHIT = NHIT + 1

NTOT = NTOT + 1

PRINT 201¢ XoeYeZeDIAWWF eHMeXT oY1 eZ1 oeNHITNTOT
FORMAT ( 8H TY201! 013Xe2(3E1062¢5X)e2E10e2¢215/)
RETURN

END

FUNCTION CATCH(XeYe2)
FIND IF DROP HAS ENTERED CATCH FIELD
IF (ZeGEe2¢5¢ANDeZelLEe3¢SeANDeXeGE 6205 eANDeXelLEeSeD) 50421
IF (ZeGTe3eSeANDeZelLEedeeANDeXeGEe30eANDeXelLEeSe) 50422
IF (ZelTe2eS5eANC eXolLFeZ+3eeAND X eGEeSe=2) S5Ne23
I€ (ZeGTe%eeANDeXoeLEeSeeANDeXeGEe3e0ANDeY el Tel ¢eS5+e75#(5e~=2))50¢24
IF (XeLTe4e) GO TO 22
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IF (ZelLTe2e5) GO TO 28
IF (ZeGTe3eSeANDeZelFeaQe=X) S04+25
25 IF (XQLEOSQSOANDQY.LT...IE*(lz.-x-z,) Rf).26
26 IF (7eGF 63e5e¢AND eY ol Te o 7ER(]1T7e5=2¢%#X~7)) 50e¢27
27 IF (YelLTealeS5*(7e=X)) SENess
2B IF (76 e X =205 e AND ¢ X ol F e3eTeANNeY oL T eS# (7 ¢5+Z=X)) SNe29
29 IF (XaelFeTeTaANN YL Te”e) SN0
20 IF (ZelLFE eX=3eTeANNeYelTe7e5E-X) &Ne 1
21 IF (YelTe9e25=1e5%#X+e5%#2) 50445
32 IF (ZeLTe2eS) GO TO 3€
IF (ZeGTe3eSeANNeZelLFele+X) 504273
33 IF (XeGEe2e5eLNDeYelLTe3etre75#(X=2Z)) SN¢34
24 IF (7eGF 63eS5eAN D eY el Telel2S=e75%#Z+1e5#X) 50425
35 IF (YelTe2e295=1e5%#(265=-X)) S0e¢485
36 IF (XeGEe2e5e¢ANDeZeCE08e65=XeANDeY oL Te eS#(X+Z)-6e25) 50437
27 IF (XeGE e2e5eANDeYoelLFePe) SCe38
38 IF (ZelLEedeS—Xe~ANDoeYelLFeX—-e5) S0439
39 IF (YelTeloeSHX+eE#Z=2,75) S0e485
45 CATCH = 0o
PRINT 101 «XeYsZCATCH
PETURN
S0 CATCH = 1.
PRINT 10] oXeYeZ«CATCH
101 FORMAT ( 8H CATI1O01 eS5Xe3E1062¢5XeE1062)
RETURN
END

FUNCTION ENT(VeXeVYaeZ)
INTERPOLATION CONTROL SUBPROGRAM TO FIND VEL RATIO AT (XeYeZ)

DIMEFNSION V(7416+25)sVL(4)eVR(4)VC(48)
X] = IX = X $ Yl = 1Y = vy & 71 = 17 = 27
IF (Y oLFe 2e¢) S048

8 IF (X eLFe 2¢ eORe X oGFe 64) 3049

9 IF (Z «LFe 2¢) 20010

10 DO 17 JUZ = 1.4
DO 16 UX = 1+4
DO 15 JY = 144

15 VA(JY) = V(IX=2+UXelY=2+UYelY=2+JU2)

16 VvB(JX) ENTD (YeY]I=16eVA(1)eVA(2)eVA(3)sVA(4))
17 vC(U2) ENTD (XeXI=14eVB(1)eVB(2)eVB(3)eVB(4))
ENT = ENTD(ZeZ1-1e¢eVC(1)eVC(2)eVC(3)eVC(4E))

RETURN
20 DO 27 Uz 1¢3
DO 26 JUX 1¢4
DO 25 JUY = 1.4
25 VA(JY) = VIIX=24+IX1Y=24UYe12Z2=-14+J2)
26 VB(UX) = ENTC(YeYI=1eeVA(1)eVA(2)eVA(3)eVA(4))
27 VC(JZ) = ENTD(XeXI=1eeVB(1)eVB(2)eVB(3)eVB(4))
ENT = ENTC(ZeZ1e¢VC(1)eV((2)eVC(3)e0o)
RETURN
30 A1l = 1I1 =1
IF (X oLFe 2¢) Al =11 = O
IF (Z oLEe 2¢) GO TO 40
DO 37 JUZ = 1.4
DO 36 JUX 1¢3
DO 35 VY 1e4
35 VA(JY) = V(IX=14UX=1141Y=24UYe12Z2=-24+J2)
36 vB(JX) ENTD(YeYI=1eeVA(1)aVA(2)eVA(3)eVA(4))
37 vC(J2) ENTC(XeXI=A]sVB(1)eVB(2)eVB(3)e0s4)
ENT = ENTD(ZeZ1-1e¢e¢VC(1)e¢VC(2)eVC(3)eVC(4))
RETURN
40 DO 47 UZ = 143

non
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75
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77

80
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86
87

DO 46 UX
DO 4S5 vy
VA(JY) =
VB(JUX) =
vC(uz) =

79

= 13

= 144

VIIX=14+IX=1Te1Y=24JY412=14J2)
ENTO(YeYI=10eVA(1)sVA(2)eVA(3)eVA(4))
ENTC(XeX]I=AloaVB(1)eVB(2)eVB(3)e0,4)

ENT = FENTZ(ZeZ1eVZ(1)eVC(2)eVC(3)e0o)

RETURN

IF (X oLFe 2¢ oORe X ohGFe 6¢) GO TO 70
IF (Z oLEe 2e¢) GO TO 60

D20 57 Uz
NN 56 JX
DO S5 JUY
VA (JY)
vB((UX)
vC(JZ) =

= le4

1e48

13

VIIX=24+IXelY=14JYe1Z7=24+J7)

ENTC(YeY]I sVA(1)eVA(2)eVA(3)eNe)
ENTOD(XeXI=1eeVB(1)eVR(2)eVB(3)eVB(4a))

ENT = ENTD(ZeZI=1ee¢VC(1)eVC(2)4VC(3)eVC(48))

RETURN
DO 67 JzZ
DO 66 JUX
D0 65 UY
VA(JY) =
VB (JX)
vVC(J7)

= 142

= 1e4&

= 12

VIIX=24UXelY=140Y e 1Z=1402)
ENTC(YeVYIoVA(1)eVA(2)eVA(R)e0,)
ENTD(XeXI=160VB(1)eVR(2)eVB(3)eVB(a))

FNT = FNTC(ZeZ1eY/C(1)eVC(2)eVC(3)elo)

RETURN
Al = 11

1

IF (X oLFe 2¢) Al =11 =0
IF (Z oLEe 2¢) GO TO 80

DO 77 vz
00 76 JX
DO 75 JUY
VA(JY)
VB (JX)
vC(J7)

= le4

= 13

= 13
VIIX=14UX=1TelVY=14UYs1Z=2+J2)
ENTC(YeYIoVA(1)eVA(2)eVA(3)e0e)
FNTC(XeXI=AToVE(1)eVR(2)eVB(3)404)

FNT = ENTO(ZeZ1=16eVC(1)eVC(2)aVC(R)eVCLE))

RETURN

00 87 vz
DO 86 JUX
DO 85 VY
VA(JY) =
vB(JX) =
vC(JzZ) =

1¢3

173

1¢3
VIIX=14IX=TTeIN=14JYe12Z2=-14+J2)
ENTC(YosYI eVA(1)eVA(2)eVA(3)e0s)
ENTC(XeXI=ATsVE(1)eVP(2)eVB(2)e04)

ENT = ENTC(ZeZ]1eVC(1)eVC(2)eVCT(3)e00)

RETURN
END

FUNCTION

FNTD(XeXA«VALVPVC VD)

NEWTON INTERPCLATION SCHEME «~ THIRD ORFFO

A = V3 - VA
B = VC - VA
Xl = X = XA

e

"

ENTD = VA + XI#(A + (X][=]e)*(4SH(B=A)+(X][=24)%(S*¥(VD=-VC-B)=
1 e 5¥(B-A))/3e))
RETURN
ENTRY OOINT FOR SFCONN ORDER INTERPOLATION
ENTRY ENTC
ENTD = VA + (X=XA)#(VR=VA+(X=XA=]1,)#,5%#(VC=-VB-VR+VA))
RETURN
END






CHIGAN STATE UNIV. LIBRARIES

nr
(IMARNRBRIA
31293015774437

2930




