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PURPOSE

Analytical and
determine the feasibility of using stratified liquids and
distorted scale maps of an area to simulate mesoscale
{2 to 20 kilometers) atmospheric phenomena.
Techniques and instrumentation were developed for
creating velocity gradients, creating density gradients,
for wisualization, and for making measurements. The
ultimate goal was 10 investigate the effectiveness of
both aerial and ground seeding station Iocatmns for
various pilot study areas.

INTRODUCTION
Background
hHave

‘Models been used to simulate atmospherlc

phenamena for almost half a century. One of® the_'

earliest investigations was by Abe [11, who modéied
~the air currents and cloud formations around . Mount
Fujivama in Japan

In general, two types of scale models have been
employed. The first and most commion type uses air as
the working fluid. With this type of modei;
patterns, eddies, and diffusion. characteristics can be
studied. Because of difficulties in establishing density

gradients, this type of model is usually limited 1o

studies in tne lowest layer of the atmosphere. Air
models are extremely useful in studying flows around
buildings and of dn‘fusnon from ground SQUFCES.

The second type of model uses I|qu|d as the .morkmg
" fluid. Liquid models. have their. greatest range of
.applicability where gravity effects” are significant.
Studies in the past have. included (1) wave mation at
and mixing across a density interface, (2] the progress

. of a density flow {such as a dust cloud or a cold tront!,
and (3] the effect of a schematic mountain range upon
successively higher thenmal Zones of the atmosphere

[8]. These models can even include Coriolis forces by: s

rotating the entire tark.

The Bureau modei and studles which are described in ‘

this report were designed to study orographic
deflection of atmaspheric flow. Tie distance scale
studied in nature was of the order of 2 to 20
kilometers. Cermak [3] defines this as mesoscale
phenomena.

The Bureau model used a stratified liquid to simulate
the entire depth of the atmosphere. The purpose of the

refer to

' Numbers in
bibliography.

brackets items in the

laboratory stOdies were made to.

flow-..

Inust be geometrically, kinematicalty, and dynamically

model was to study mean flow patterns and the .
patterns of the major circulations. The model flow

. patterns that are simulated represent the-flow patterns

at only one instant during the time history of a storm,
Thus, the development of a_storm can only be
simulated by making several runs with various density
gradients. It is recognized that:the model cannot
exactly repraduce the flow conditions over the moun-
tains, However, the surface geometry and stratifica-
tions in the atfnosphere introduce complexities in the
flow patterns that are so great that even a qualitative

" reproduction of the fiow field is beneficial.

The topography is simulated with commercially
available piastic relief maps having 4 2:1 vertical

" distartion. The maps can be rotated to change wind

direction, density gradients can be .varied, and the -
horizontal curvature of the free stream line trajectories
can be reproduced

Work Plan and General Objectwes

To achieve the_ goals of these §tudies, mode| iaws and
similitude were investigated first. Then, operational
“and measuring tethnigues were developed. A facility
“iwas then designed to verify the model using the
iLeadville-Climax; Colo., field data. Tests were then *
perfarmed on ground seeding stations for the Colorado

River Basin Pilot PrOJect of Project- Skywater..
Following these steps, a series of studies was performed
with an improved facility to |rwest|gate ransport
phenomena in winter orographic storms of the Sierra
Nevada. The Sierra Cooperatwe Pilot Project is'also a

_}part of F’rolect Skywater:.

‘CONCLUSIONS

~The technique of simulating the atmosphere with a
_ stratified liguid was developed and verified during the™
~course of these investigations. Conclusions from these
e |nvest[gatlons can have a profound, effect on locating
?future :ground seeder sites and deCtdmg when to use °

airborne seeders. .
tater in thts report.

‘Detailed conclusmns are dlscussed

MODEL SIMILITUDE

[553

£t

General

For a model- to truly represent actual conditions, it




similar to the prototype. If the model deviates from
the prototype in any onz of these three aress of
similitude, then more care must be taken to interpret
the model results, However, if the deviation is too
large, the model does not represent the prototype and
no amount of interpretation will .vield the correct
results.,

Velocity and Density Gradient
Similitude

Atmospheric equation of state.—The - theory upon
which the model is based was developed by Claus [4].
His studies, as well as some fundameral considera-
. tions, have been.summarized by Yih [12]. Only the
major details will be reproduced here ke

For a nonviscous fluid, the 'equations of motionin
rectangular coordinates can be given in vector notation
as

. au‘.:i - a}’ 3
o _E-)i‘—_+ v-Vul; =-a——+pX!-

Il'

pressure,
time,
velocity,

=: coordinate direction,

= body force per unit mass,
density of fluid, and .
vector or differential operator

known as ‘nabla’or.*'del’”

subseript

i=1, 2, and 3 and refer to three
; orthogonal coordinates such as the,
%, ¥, and z directions in rectangutar
coordinates, respectively.

Egquation {1), representing three> equations, is
applicable for' both stratified liguids and gases. The
density in the equation is not necessarily constant. For
compressible fluids; an equation of state is needed to
define the wvariation of density with elevation or
pressure. For stratified liquigs, the expression involves
a definition of density with depth.

The equation of state for a compressible fluid requires

the assumption that the atmosphere behaves like a
palytropic process in a pe_rfect gas. Thus,

pip" = polpll =constant {2)

where the subscript o

refers to' conditions at a
reference point, usually the ground. The value n is
considered constant for a discrete layer of the
atmosphere. However, the absolute value of » varies
with the atmospheric conditions. For instance, n can
have the following values for various processes:

Consta’*t pressure

Isothermal {no
change in
temperature}

isentropic {no

"~ changein
entropy)

Constant volume

'€, = specific heat at constant pressure

€, = specific heat at constarit volume

For dry air, k is the ratio, of the spemf:c heats, C‘ ,I'C

and is equal to 1.4,

" The difference '|n entropy S between any two states is

given by Soo [11] in the relation

. 5.5 _)/C
pv"‘ = POVOLE ( oV

v= spECIflc volume .
e=271828

,A . [‘V” 'l' -1t = C E‘S-S }/C
Tak:ng the kth' root and substituting {1/PJ for v gwes
after some rearrangement,

(0" M] 3 p{k-u I, czefSO'S”CP

However, since [p2/p) is a constant,

p(k-rr) fn_ .C‘3 o(S0:5/ /Cp

Referenced to conditions at the ground level,

nfp,) (K < CaelSoSHCY




£y, €3, €5, and C; in the above equations . are
constanis. .
The right side of equation {4) is an expression which
indicates the variation of entropy in the atmasphere
with elevation. Entropy can be regarded as a
mathematical expression which can ke conveniently
used to describe quantitatively the ability of the
atmasphere ta change its energy level. Since entropy is
a property, changes in its value are independent of the
actual way in which the change was accomplished.
Thus, entropy can be used 1o describe a dry adiabatic
atmosphere, a pseudomaoist atmosphere, or any other
atmosphere that may not even obey reversible gas laws.
Ear-gtion {4} can be regarded as the equation of state
for the polytropic compressible atmosphere.
Richardson number criteria.—~Most investigators -rely
upon a Richardson number to create models of the
atmosphere. . This number incorporates density
variations and velocity gradients into one expressnon
The Richardson pumber A .js defined as

o 9‘ il a”x_z

Pg a_y oy

where

g = acceleration of gravity
" 0, = average density

Claus [4], in numerical studies of linear equations,
discovered a method of essentially breaking the
Richardson number criterion into two parts. He found
that the flow of an. incompressible fluid with
stratification in density is similar to the flow of a
compressible fluid with stratificatidn of entropy if:.

(1} The potential density distribution of the
compressible fluid fs identical with the potential
density distribution of the incompressible fluid, and

(2) The velocity profiles are nearly identical.

For a compressible fluid, the potential density is

defined as the resulting density when a parcel of the’

fluid is brought isentropically to a reference elevation.
Potential density has a similar significance ‘as potential
temperature, which is a commonly used concept in
meteorology. Since the atmosphere is to be simulated

with density variations in a liguid, the concept of

potential density is+the appropriate parameter to be
used in this case.

If the reference pressure is defined as the ground level
pressure; then the potential density is given by

Proc =Plpg /o)1 /&

Similarly, the potential deniity at any height dlwded
by the potentral dens:ty atthe ground is

ppar/{ppotjo = {pipg) pylp )17k =.=_-{S°__S/CP) (6)

Comparing equation {6} with equation {4} reveals that
the potential density distribution in a polytropic
atmosphere is given by

W

Relative denSiw = ppot /ijo t)a = (p/pg)(k—"'):/k

In terms of temperature 7 and pressure p, af n# k,

then
) ' k=n)/k
Relative d o ) ,V '
t t oo | — —
elative ensity = T 7o (7a)

Forn=+F,

Relative densntv =
T \po

=1 {7b)

vo\{ F)Kk__l

The temperature in equations {7a) and (7b} must be
expressed on the Kelvin scale.

With an incompressiple fluig, its relative density is
defined simply  as the ratic of the density at any
glevation to the density at.some fixed elevation.
Therefore, the entropy gradient of the atmosphere can
be properly simulated when the density distribution in
the incompressible fluid matches the potential dansity
distribution -in the atmaosphere as computed from
equation (7). Data from radiosondes can be used for
input into the equation to compute the reldtive density
at 2 series of elevations in the atmosphere, Detalls of
‘the procedurs are outlined in appendix 8.

The second criterion of Claus requires that the velocity
profiles are nearly identical. Thus,as a first approxima- )
tion, boundary layers should bz established in the
model where boundary layers exist in the atmosphere.
However, identical velocity profiles do not have to be
established within the boundary layers.

The maximum velocity in the model can be determined
from the Richardson similitude considerations. f'each




term in the Richardson numbsr, equation (5}, is made
dimensionless, the following expression results:

elyiH) :
AU, V)

gH Po

dlpip,)
Py | alyiH)

where

H = distance from sea level elevation
to the tropopause,
U = maximum free stream or
gegstrophic velocity, and
P, = density at the earth’s surface,

Equation {8) clearly shows that the conditions of
Claus [4] and Yih [12] are directly ‘related to the
Richardson number similitude, The tarm gHAU? is the
reciprocal of the Froude parameter, This dimensionless
parameter arises whenever gravitational effects are
significant. For example, sec eguation (18c).

It the variation in density and in velocity with height is
to be similar in the model and the atmosphere, then
similitude of the Richardson number requires that

i/2
17, =y HH‘I .
arm . d
Hﬂ‘(ﬂl (9)
where the subscript m refers to model values and atm
to atmospheric values.

Equation {9) shows that if maps with.a vertical
distortion are used to simulate the topography, the
velocity scaling is based upon ‘the vertical and not the
horizontal scale ratio.

Reynolds similitude.—Reynolds similitude refers to the
fluid turbulence. Mo effort was made to achieve
Reynolds similerity. Therefore, flow phenomena
related to turbulence such as diffusivity, spreading of a
plume, and boundary layer development was not
expected to be determined from the model. Only
mainstream  or plume centerline flow would be
represented,

Geometric Similitude

For convemence commercially available rehef maps
were used. Therefore, geometric 5|m|i|fude was not
maintained in the model. These maps; fiad 2:1 vertical
distortion in the scale.
planned 10 investigate the effects of distortion in the

" distorted

Originally” the study was’

model. The flow over several simpfe geometric shapes
was to be compared with the flow over equivalent
shapes. The comparative method, while
frequently used in laboratory practice, is deficient
since the guestion of extrapolating the datz to
prototype scales is not definitely resolved.

Another frequently used method - to investigate the
effects of vertical exaggeration is to calibrate the model
using prototype measurements. This method, while not
the most scientific, is certainly the most practical. For.
instance, river models are often distorted as much as
£:1. The bed roughness in the modzl is varied until a
hlStOl’IC-‘:ll event can be duplicated. The main deficiency..-.
of this method is the difficulty in obtammg acrurate
field measurements, o S

This latter method was chosen to determine if the
maps with a 2:1 vertical exaggeration.could be used to
obtain an accurate representation of field conditions.

Coriolis and Pressure Field Simulation

The motion of the atmosphere i described by
Newton's second law which must be written relative to
an inertial conrdinate system. If the motion is viewed
from a moving coordinate system, the basic
relationships must account for this ‘movement. To
simulate atmospheric motions on 3 mesoscale, the
relationship of the earth to the sun can be considered
as an inertial coordinate system. The rotation” of the
earth is then considered as a moving coordinate system.
The velocity of an element of the atmosphere can be
described relative to an observer traveling with the
moving coordinate system. In this case, the absolute’
velogity is the vector sum of the movement of the
earth and the velocity of the particle as observed from

‘the earth, or

where

V, = absolute velocity,
_l7= observed velocity, and
V, = velocity of the surface of the earth.

The acceleration of the particle in vector notation is
given by:

ggﬂ {(fixed sxlfstem) =gtzﬂ (rotating system)
+Q2 AV, (11)




Substituting eguation {10} into equation {11) reduces
10! b

(121,

where

0= angular velocity of the earth,

R = distance of particle from earth’s
axis, and

X = signifies a cross vector product.

From MNewton's second law, the sum of ihe forces is
equal to the mass times the acceleration. In terms of
force per unit mass, this is expressed as

Tg+F=9Y% : {13a)
gt

where

—
b = pressure force,

g.= gravitational force, and
£ = frictional forces.

With respect to the observed velocities, the equation

becomes
g}‘f + XV 2R =Lrg+ F {13b)

Equation (13b)} is the expanded form of equation (1)

for the horizontal component of flow.

This development has not vyet considered the
coordinate system in which the observations aré-made.
Normally, the choice of a coardinate system is made to
coincide with the spherical coordinate system of the
earth, However, some advantages can be derived by
using another coordinate system to . describe the
atmospheric motion. For-instance, the coordinates can
be fixed relative to the point of observation on the
surface of the earth. [t is possible to describe the
atmospheric motion relative to this point by using a
natural coordinate system, A natural coordinate system
s defined in terms of the trajectory of a particle. At
the coordinate origin, the velocity vector lies tah’bent
10 the trajectory. The tangent is called the s axis. This
axis forms one of three mutuaily_perpendicular axes.
The other two are the n and m axes whete 7 is in the
plane of the motion and m is directed perpendicular to
the plane. This coordinate system was used in the
model, The ecoordinate origin was taken to be a“point
near the center of the target area.

The equations of horizontal motion in the natural
coordinate system {negiecting friction) are:

dav_ __dp .
s = p.a; (143}
K vie _pde
and
_gj_—vip-—g——2uﬂcos¢ {14c)
where

V = instantaneous velocity vector relatwe
to the observer, m/s
v = specific volume of air, kg/m?
¢ = pressure, Pa {pascals)
K= 1/R = horizontal curvature of
tra}ectory
RH = hotizontal radius of curvature of
trajectory
f = Coriolis parameter = 2 2 sin ®
{2 = angular velecity of Earth = 2 7 radians
per 86 400 seconds
® = latitude of coordinate center
a = radius of Earth = 6370 km
u = component of velocity vector Vin
the easterly direction

The term “horizontal” in the above deflnltlons refers
1o surfaces that are parallel 1o mean sea level.

1
Realizing that the terms.V2/ and ZUQ cos & are small,
gives the following equations for steady flow:

e -

Q=p_t> .
Ve {15a)
dp -

z_
and
; o :

0 v {15¢)

For the most general case, the tangent to the particle
trajectory does not coincide with the tangent to the
isobars on weather maps. The system of equations can
be transformed faor use with isobaric maps by defining
#V as the coordinate direction of the horizontal pressure
gradient. The angle that the wind makes with the
isobars is defined as 8. If the wind is deflected toward




lower pressures, @ is positive. For deflections toward
highes pressures,  is negative. Using this new notation:

dp _ _, 0p
_yE umsmﬂ

: _pE’Z:_Vé{;.cosO

an ol
Substituting these equations into equation (15) gives

g—"-/=—v_aﬁsin0

gt N (162)
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Equation {16} can be normalized in such a fashion that
all of the variables, both independent and dependent,
are approximately unity over the domain of concern,
This is accomplished by defining the follewing
dimensionless variables: '

= z/H = g/,
= VU . 82,
LK I = plp,

N/L = /5,
= vivy

= x5 <Nl

where

g, = gravitational constant = 9.8 m/s*
U = maximum wind velocity
L = maximum horizontal length in domain
of interest
P, = standard atmospheric pressure at
sea levet
£2, = angular velocity of the Earth
=7.272 x 1073 rad/s
v, = specific volume of air at sea level
pressure and 1emperature
=0.773 m¥/kgat 0 °C
H = height of atmosphere from sea
level = 11 km
= vertical coordinate

Substitution of these variables into equation {16) gives:

— vp 37
E’i/=_ a@ (J__Iisn

Q"’Ua'r L

(17aj

= 2s5in® QU VI

_Vol'la  OF —
—""!'_I—'—g;—gug (17¢)
Equation (17) can in turn be made dimensionless
term-wise by dividing each term by the coefficient of
one term. This process results in the following:

o _fraro\ [P\ T -

U g.Hf °F g

The dimensionless parametefs are generally defined as
follows: :

(18c)

(8
R
T

“ pressure parameter
Rossby parameter -

Froude para meter
g, H

The group of flow conditions which is described hy
equation (T8) is called a *“class” of flow conditions,
This particular class describes the frictionless flow of
horizontal particle motion in a rotating coordinate
system acted upon by pressure gradients. A single flow
condition of this class is determined by the specific set
of values taken by the pressure, Rossby, and Froude
parameters. Thus, when these parameters are specified,
a specific flow condition is specified. It should be




noted that the value of each dimensionless variabte (V,
for instance) is unique for each specified flow
condition.

In the conventional method of designing a model,
careful attention is paid to properly reproducing the
magnitudes of the dimensioniess parameters, If this is
done reasonably well, the model represents a solution
of the normalized differential equation. That is,
dimensionliess velocities, flow directions, etc., in the
mode! are identical with the corresponding
dimensionless quantities in the atmosphere.. Arx [2}
demonstrates, for instance, how rapidly a2 model must
be rotated about its axis to properly simulate tidal and
Coriolis effects in marginal and small mediterrangan
seas of the Earth. Thas rotation is necessary to maintain

equality of the Rossby niumber in the model and in

nature. 0
The ligquid ulmulcmon model was designed from a
stightly different conceptf Instead of reproducing the
magnitudes oT the gimensionless parameters, their
resultant effect at a given elevation is reproduced. This
is achieved by duplicating, in the model, the horizontal
curvature and velocities observed in the field. This

procedure is based upon the assumption that if the. -
ftow condition in the model {in dimensionless trrms)™

reproduces a specified flow condition measured in the
fiefd at a given elevation, then the flow conditions at
all elevations are properly simulated. Therefore, the
liquid simulation model essentially duplicates the
Coriolis and pressure fields implicitly. This technigue
can be viewed as one in which known flow conditions
at one elevation (the upper atmosphere)} are
extrapolated into an area where the flow conditions are
unknown (near the ground).

Summary

The boundary conditions which must be met in the
model simulation are:

{1} correct variation of entropy with elevation,
{2) correct free stream valocity. and

{3} correct horizontal curvature of the free stream
trajectory.

The simulation of the correct variation of entropy
requires that the density at any elevation in the liguid
relative to the ground level reference density vary as

=

ipg) = (—‘3 - =2
liguid \T P/ 4

" about 88 mm, which

" The correct free stream velocity is determined from the
“ Froude parameter. The model velomty

e 15 given by

/2
vm (HF?! arm }

For a vertical scale of 1:125 000, the model velocity is

QWEFI by ,-‘T:':}.

V,

_ aim

™M~ 353.6

For example, with a field velocity of 25 m/s the modet
velocity is 71 mm/s.

The establishment of the correct Horizontal free stream
trajectory is limited in the model. The horizontal:
radius of curvature Ry, in the model varies between O

" and 2 metres. The correlation between the model and

the field values is based upon a simple geometric ratio:

L
L

m
Ay = Rp

datm

The ratio Lmh’_m” represerts the relationship between
horizontal lengths in the madel and in the atmosphere. »
With a horizontal scale of 1:250 DDU the model radius-
of curvature is

R = Ratm
m - 250 000

For example, with a free stream trajectory radius of
curvature of 355 km in the atmosphere, the model
value is 1.42 m (fig. 1}.

LABORATORY APPARATUS .
AND TECHNIQUES

Laboratory Facility

The model {fig. 2] includes a tank 150 mm deep having
a diameter of 4000 mm, The liguid used to simulate
the atmosphere enters the tank through four inlet ports
in the floor. The depth of the liquid above sea lavel is
rcughly corresponds to the
boundary batween the atmosphere and the troposphere
when a vertical scale of 1:125000 is used. Motion in
the model is generated by a rotating disk floating on
the liquid. The clearance between the disk and the tank
wall*is about 3 mm. Originally, three d-¢ electric
motors mounted on the.disk provided the required
driving torque and kept the disk centered in the tank.
For the Sierra studies, the disk was driven by a variable
speed motor through a vertical spindle located at the




center of the disk. This arrangement greatly improved
the smoothness of rotation and control of :the
rotational velocity.

0./ - f .
Curvature Simulated =5
in the mode /
f ) B i
) )

s
Y%a

oy ||

A\

TIsobars '‘at the

leve I

Figure 1.—Comparison of free stream curvature in model
with typical atmospheri¢ conditions.

Producing Potential Flow

Rouse [9] shows that a veldr:ity pote-ntial, that is
potential flow, exists if the flow is ilaminar and if there

is no appreciable acceleration in the direction of -

motion. Schlichting [10], who studied the flow
induced by a rotating disk, found that the flow
remained laminar up to a rotational Reynolds number
R, of 100 000 with homogeneous fluids.

The rotational Reynolds number is defined s

r?w
v

R, =
where

r =radius of disk, m
¢ = angular velocity, rad/s
¥ = kingmatic viscosity, m? /s

The shear induced rotational flow can be divided into
three dis.inct zones: (1) a boundary layer about
20 mm thick at the upper plate, (2} an intermediate
core, and (3} a boundary layer at the floor about
20 mm thick.

The velocity in 1he intermediate core region is about
one-half the disk velccity.

Thus, the model must be designed to provide a disk
spzed of. twice the speed of the desired free stream
wind velocity .as scaled by equation (9) and/or the
Richardson number.. In addition, to avoid boundary

layer effects the model must be elevated sufficiently to

place it in-the intermediate core zone.

If the disk is rotated at too large a rotational speed,
turbulence develops just below the disk. This tends to
destratify the gradient and destroys the potential flow
field. Experimentally, the upper limit for the rotaticnal
Reynolds number of the disk with stratified fluids was
determined to be 200 000. The maximum rotational
speed of the disk is thus 90 seconds per revolution
using the Kkinematic viscosity for freshwater. This
condition puts an upper limit on the maximum upper
air velocities " in  the atmosphere which can be
simulated.

Producing Density Gradients

Various methods have been used by experimenters to

- achieve density variations in liquid models. For

instance, a mixture of stanisol and carbon tetrachloride
{with a specific gravity of 1.59) has been used with
water in two density studies. Ciay slurries have also
been used with water. These methods produce distinct
density discontinuities. However, density gradients are
more commonly produced with saline solutions or by
temperature gradients within the fluid. Density
gradients produced by temperature can be easisr to
measure, and a noncorrosive lguid such as water can
be used in the model. The maximum attainable density
difference through the use of temperature, however, is
about 3 percent. With the height of the troposphere at
11.000 metres and no temperature inversions,. the

change in relative density which must be attained in a_

mode!l simulation is about 8 percent. Therefore, highly
concentrated saline solutions must be used to produce
the required density gradients for propsr atmospheric
simulation. .

The original method of producing a density gradient
consisted of floating a freshwater layer on top of a
150 000 mg/% saline solution, Molecular diffusion was
then utilized in producing the desired density gradient.
A computer program based on Fickian diffusion was
written 1o predict the density gradient as a function of
time. The computer program PRO 1532-HATM,
documented in appandix C, performs these
computations. Figure C-1 in appendix C shows the
change of relative concentration with time as
computed using the program, Although the density

S Y
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Figure 2.— Laboratary test facility. Phato PBO1-D-71982

gradient produced in this manner does not duplicate
exactly the potential density distribution of simpls
atmospheric profiles, the differecnce is small enough to
bhe ignored for all practical purposes. The time to
establish a desired gradient was about 20 hours.

The more complex distributions required for the Sierra
studies resulted in the development of z different
lahoratary technigue to produce the density gradiants.
For this technique, 1he flow from two tanks was mixed
and ‘their restltant product introduced into the model.
One tanl: held freshwater at room temperature, and the
other contained a saline solution at the maximum
required density, The flow from each tank was
controtled with a valve. The individual flow rates were
metered by two separste rotameters. By praperly
adjusting the valves, any desired density could be
achisvad. As with the previous technique, the lightar
fluid was introducad before the more dense fluids, The
total 1ime from the initiatien of filling until the model
could be run was about 3 hours.

Velocity Measurements and Seeding

Representation i

Three methods were tried toc trace the plume
trajectories. One method was to generate ‘a shzet of
hydrogen bubbles of about Q.1:mm diameter, The
probe was a fencelike array of platinum wires pulsed
with an electric current. The current eiactrolyzod the
saline fluid, generating hydrogen bubbles. The bubbles
arz soluble in’ water and disappear after about 3

- seconds, The path of the. bubbles can be recorded

photographically for later analysis and velocity
determinations.. Obszrvation of the bubbles was
difficult because they are white and the quantity

. preduced was not sufficient to produce a dense sheet. ,

Also, the horizontal veiocities in the model were smal
relative to the risa velocity of the bubblas.

The second method involved the use of tellurium
probes. When pulsed with a current, the probe
produced a single dense, black streak of tetlurium ions




which have alow settling rate. These probes were
fabricated by melting tellurium in glass tubes and
drawing them down to capillary size to essentially
represent point sources, The giass around the tellurium
capillary tips was then etched off using hydroilucric
acid. Difficulty was experienced with these probes
from spontaneous fracturing caused by stress relief
during and after eiching. Control of capillary size was
not good and each probe requirzd a different voltage to
produce required streaking intznsity. They were preone
to cannonading or bursting when puised, probably
because hydrogen formed betwesn the glass and
tellurium or within fracture cracks in the tellurium,

Because of the above difficulties, the tellarium probes
were replaced with small dye injection 1ubsas, Small
bottles were coated on the inside with a mixture of
alcohol and dye and allowsd to dry. Fluid was slowly
siphoned from the seeding stations on the map, mixed
with the dye in the bottles, and then reinjected into
the model. Thus, the dye plumes had very nearly the
same density that existed at the seedingstations. Using
three types of dyes helped to distinguish between
seeding station dye tracks. The three dyes used were
Alphazurine A, Pontycil Pink B, and Fluorescein, Only
the Fluorescein. required extra care to prevent
significant density change due to the weight of dve.

Dye injection tubes placed fiush with the map surface
simulated ground seeders, Aerial seeding was simulated
by injection tubes which projected variable. distances
above the map surface, figure 3. Since the dye ¢loud
follows the plume trajectory, the cloud indicates what
would have occurred downwind if azrial seeding had
been performed anywhere along the path of the cloud.
The height of the aerial seeders could be changed
during a run by adjusting the height of the injection
tube which passed through suitable seals in the tank
floor.

Measuring Density Gradients

Three ways of determining density gradients were
considered. One method uses spheres having various
densities. The spherosfloat at a depth corresponding to
their respective ‘density. Two suppliers of plastic
products were contacted; however, no source of
color-coded spheres with the: required densities was
found. ;

Conductivity probes were considered. These probes
were difficuit to platinize, they polatized and were
difficult to calibrate. These probes were invasive and
disturbed the flow

Because of the above difficulties, an optical method
was developed to measure the density gradients. The
method is based on the diffraction of light when it
passes through a density gradient. By measuring the
amount a light beam is diffracted from a known
location, the gradient can be determined through a trial
and error process involving a numerical integration.
Tiis method is described in appendix A and a
computer program for perforniing the numerical
integration is also included. This method is practically
noninvasive and provides a continuous record with
respect to elevation rather than discrete sample points.
Figure 4 shows how sloping straight rods appear to the
viewer lookirg through the side of the tank. The
greater the stratification gradient, the greater the
distortion,

Measuring Elevation

Betermining the elevation of dye tracks or-plumes in a
density stratified liguid s difficult because of
diffraction distortion when viewing the plumes from
the side of the tank. However, by placing graduated
rods near the dye paths, elevations could be
determined by sighting the path against the rods, figure
B.

Preparing Maps

The three-dimensional plastic relief maps used in the ..
studies needed reinforcing before being placed in the
atmospheric model. To reinforce the maps % was
necessary to- provide them with a backing material
while simultaneously. maintaining good control on the
elevation of the topography. Elevation contro!l was
obtained by selecting 20 to 30 critical topoaraphic
features on each map. Nazils were hammered into
plywood sheets at locations which were the mirror
image of the selected critica! points. The heads of the
nails protruded a distance which corresponded to the
difference between a control elevation and the
elevation of the seiected point. The control elevation
was . chosen somewhat higher than - the highest
topographic feature on the map, The maps were then
turned upside down, suppcrted on the naiis, and filled
with lightweight concrete prepared by mixing .
vermiculite with portland cement.

The lightweight concrete was easily drilled and grooved
to accept the metal seeder-tubing and its associated
plastic connecting tubing.

Difficulties ware encountered because of lack of bond
between the concrete and the plastic map. QOriginally,
clear plastic cement was injected through the map to
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Figure 3.—Simulation of seeders.
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” Figure 4.—Visual distortion in stratified fluids.
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Figure 5,—Elevation rods used to investigate map.

provide banding to the concrete. Subsequent maps
were coatect. on the inside with epoxy resin to provide
bond. This procedure was much better but eventually
the plastic separated. from the corcrete. The best
results were aobtained by mixing some concrete repair
epoxy into the {ightweight concrete. The inside of the
plastic map was coated with the same epoxy before
placing the concrete. Maps prepared in this manner
maintained their bond after more than 12 months of
continuous immersion. The continuous irynersion of
the maps in freshwater is recommended. This prevents
the formation of salt crystals which distort and
fracture the conerete.

A mixture of plaster of paris, fiberglass, and ceramic
tile latex grout was also tried as a backing material.

This material gradually dissolved or sroded away under
very low water velocities.

STUDIES OF MAP SiZE
Effect of Blockage by the Maps

The physical presence of the plastic relief map in the

tank presents the possibility that the fluid might be.

induced to flow over the map in a peculiar way. ft is
desired that the trajectories over an actual relief map
be influenced by the topography only and not by the
placement of the map in the tank. Therefore, studies
were made of free stream trajectories over a flat relief
map. It was assumed that blockage and tank boundary
effects were In5|gnsﬁcant if the trajectory was not
deflected.

A B00- by 760-mm map was constructed with a plane
upper face located 20 mm above the tank floor. The

map was oriented with its long dimension rotated 40°

from being perpendicular to the free stream diraction.
Density gradients similar to those shown in flgure 6
were established in the tank.

It was found that the map does not af'fer:t the free
streamn trajectory at the leading edge of the map, figure
5. However, at the trailing edge of the map, the

»~~— Tropopcuse
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Map )
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. Figure 6.—Truncation of density profiles.

trajectory -was deflected B0 mm away from the center
of'rotation for plumes located between elevations H/H,
= 0.23 and A/H, = 0.34, Here, H, is the elevation of
the troposphere. The lawer limit of 0.23 corresponds
with 1he elevation of the top of the blank map.

These tests also showed that flow laminae remain at
their density elevatians and will flow around obstacles
rather than pass over them {see the trace H<H fig. 5).
This effect is so strong that the map essentrally
truncates the approaching density profiles, figure 6.
The effect is noticed even though the angle between
the slope to the top of the map and the tank ficor is
less than 45°, This effect can be used 10 eliminate
undesirable iower portions of density profiles.

it was concluded:from these studies that blockage
effects due to placement of maps within the tank are
not significant when the longest dimension of the
model is less than or equal to 1m and when the
distance from the map to the wall of the tank is greater
than 80 rnm.

Boundary Limitations

In wind tunnel models, the flow is normally confined
between two parallel walls. {f a barrier is construeted
with its axis perpendicular to a wind tunnel axis, all
fiow is forced over the barrier. Whereas, in nature, the
flow could actually pass ardund a mountain barrier.
This econdition illustrates one extreme boundary
limitation that the test facility can exert on the
simulation.

The liquid simulation model discussed in this report

represents the opposite extreme with respect to
boundary limitations imposed by the test facility. in
this case; flow can pass around barriers even though
they would actually stagnate behind them in nature..

"Foi an extreme example, consider atmospheric ﬂow

into a box canyon. in this case, the flow will staghate
at the head of the canyon. tf on!y a portion of the
canyon were simulated, then the n-lnr Jel could indicate
a flow through the canyon when ag uaily none existed.
For this reason, care must be taker in interpreting flow
conditions that are observed ne ar the -edges of the
maps. J {/




LEADVILLE-CLIMAX MODEL
VERIFICATION STUDY

Purpose . .

The purpose .of these studies was to verify that
accurate simulations of plume trajectories can ke
performed using stratified. quulds Since field studies
had already been performed in the Leadville-Climax,
Colo. area, it was decided to attempt a simulation of
the atmospheric conditions which existed during the
field studies. The verification consisted of three
essential parts. First, it was necessary to establish that a
capability existed to simulate the stability conditions
which are present in the aimospherée. Secondly, it was
necessary to demonstrate that observed maodel
valocities and velocity distributions correlated with
atmospheric measurements. Finally, field observations

of plume trajectories from seeding stations Iocated“"}ajcl_
Mintwrn, Red Cliff, and Camp Hale had to correspond™

viith plume trajectories in the model. Based upon these
studies it is possible to draw some basic generalizations
concerning the behavior of the plume tra]ectory for
v&rious topographic conditions in the field.

Capahility to Simulate Desired
Density Distribution

The simuiation of the atmosphere: depends. very
strongly on the ahility to achieve a distribution of
density in the * model which s identical to the
distribution of potential density in the atmosphere. To
study the flexibility of simulating the atmosphere in

the model, two approaches wére taken. The first was to -

try 1o simulate the distribution.actually observed in the
field. The second was to compare the distributions
achieved with several mathematical or conceptual
descriptions of the atrn_psph‘ere. '

The first approach included filting the mode! half full

with freshwater and allowing the water to attain room
temperature. Then the filling of the model was
completed by the addition of the salt solution at room
temperature heneath the freshwater layer. Computa-
tions, assuming Fickian molecular diffusion, were used
to predict a given gradient at a later time. An attempt
was made tp reproduce Camp Hale radiosonde data for
two observed cases. These cases were: (1) storms with
temperature inversions, end {2). storms_without tem-
perature inversions, For case (1), the distribution in the
model was ciose to, but not identical- to, the atmos-
pheric distribution abose the 4500-metre- level. This
distribution corresponded with a mode!:diffusion time
of approximately 5 hours, The distribution simulating

“ been

The comparison of the

case {2) was also close below 4500 metres, but deviated
above that elevation, figure 7a. This distribution
corresponded with a total diffusion time of 25 hours,

The results indicate that better simulations could have
achieved after total diffusion times of
approximately 8 and 30 hours for cases (1) and {2},
respectively. Two probable reasons for the discrepancy
between the computer prediction and the observations
in the physical model are: {1) the mathematical model
do?s not account for” m:xlng which occurs during
f:]l|ng, and {2) the mathematical modzl‘assumes that
the densn'_ny gradient upstream from the physical model
is truncated at the elevation of the tep of the physical
model. Actually, some of the denser fluid from below
the map surface flows up onto the map. In addition, .
the actual diffusion coefficient may not have been ’
equal.to the assumed vatue of 9.00109 mm Is :

Conceptual mathematical models of the atmosphere
compare poorly with distributions obtained in the

- model, figure 7b. The slope of the distribution in the

model for the case without inversions was
approximately parallel with that of the mathematical

- models. However, below 4500 metres the comparison

was very poor. The difference can probably be

- explained by the fact that the comceptual models do .

not properiy account for mixing in the lower layers,

From these studies, it has heen concluded that realistic
atmospheric density, distributions can be simulated in
the model. Furthermore, sufficient additional knowl-
edge has been gained to facilitate the simulation of a
given atmaospheric distribution.

Velocity and Plurne Movement
Simulation

The rotating disk -which induces the free stream
velocities was adjusted 10 turn at a rate which
simulated a . 15-m/s wind velocity at an elevation of
5000 metres over the center of the map. The scale of

the circular motion corresponded with a 425-km.radius <~

of curvature of the free stream wind trajectories. The
map was oriented so that the free stream flow came
from an azimuth of 320° and the center of curizture
was to the west, Thus, the model simulated the
anticyclonic motion with™ a, low-pressure area being
centered around Page, Ariz,

mode!l with the field
measurements resulted in the following observations:

1. The mean motion of the dye axis in the model
and the silver |od|de plume in the atmosphere was -
similar, figure 8/ :
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Orgill, Cermak, and Grant {7] described the field
ohservations as follows: “The flights on March 16 as
well as the other two sampling days indicated that
the seeding material filled the main valley
downstream from Minturn. The main axis of the
plume was located between Chicage Ridge and
Tentnessee Pass region. The material was transported
some 40 km downwmd toward Malta, but for some
unknown reason quickly dissipated or was lost in
the Arkansas River  Valley. However, it is verv
probable that the material was transported upward
and horizontally toward the Chicago Ridge region.”

2. After a rmodel time corresponding 1o
approximately 9 months’ real time, dye still lingered
in the valleys. Field studies indicated a high
background count of silver iodide after 1 year.

3. Valley velocities measured in the” model ranged

between 2.0 and 5.0m/s. Equivalent field
measurements rgnged between 2.0 and 6.0m/s,
figure 9. :
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Figure 9.—~Model velocities, Leadville-Climax.,
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_interpreting the observations
" operations.

4. Movement of dye into transverse valleys was
noted in the model. Evidence of similar movement
was rioted in the field.

Based on these observations, the liquid mcdel
satisfactorily simulated conditions observed in the field
and the 2:1 wvertical  scale exaggeration of “the
topugraphic maps apparently dnd not |nvaI|date the
model results.

lnfluence of Top09raphy en Plume Trajectory

Observatlons of the mode! mdlcated that flow Iayers in
stratified flow tend to remain at the potential density
level in which they: were generated. Thus, material
released in or near valleys alined in the same direction
as the flow tended to ‘be channelized. Since the model
did not indicate any material reached the high .
elevation targets located above the valleys, transport -
into these areas would be dependent on turbulent
dispersion not simulated by the model. In addition,
material released into valleys normal to free stream
flows tended to stagnate. Here again, the transport of
material to higher elevations .would be dependent on
turbulent dlspersmn

In’ addition to showing mainstream flow, the model
clearly shows disturbances including initial lee wave
action. However, the. amolification of the lee waves,
shown in figure 10, into turbulence was preciuded by
the model design. To take advantage:of the lee wave
spreading action, as shown in figure 11, seeding should
be performed upstrearn from and near the éievation of

_obstructing range crests. Spreading occurs as the plume

passes cach successive. mountain range. This spreading
is due to convective transport and not from diffusion
pProcesses.
probably be even greater due to the wrbulent diffusion
which is present in the atmosphere but not in the
model. ' :

COLORADO RIVER BASIN
"PILOT PROJECT

Purpose -

The first and largest of the pllot studies under Pro;ect _
Skywater was conducted in the San Juan Mountains of
southwestern Colorado. Seeding operations began in
the 1970-71 winter season and were terminated in the
1974-75 season. The purpose of the atmospheric’
simulation ‘studies_ was to provide qualitative data
concerning the mean trajectory paths from selected
seeders. These data could then be used later to assist in -
made during field

In the atmosphere the spreading would -.
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a,—Lee wave disturbance caused by mountain obstruction.

S

b.—Lee wave over triangular prism. Photo P801-D-77869

Figure 10.—Dispersion with lee waves.

Test Parameters

The San Juan seeding and target area topography map,
as shown in figure 12, was put into the test facility, All
seeding stations were installed but not ali were used.
¥ :
December 18, 1971 radizsonde storm data for
Durango, Colo., was used to determine the required
map orientation, lid velocity, and predict molecular
diffusion time, figure 13. These radiosonde data
indicated that a wind direction from 2152 and a free
stream velocity of 20 m/s were desirabie, However, due
to the critical Reynolds number limitation, the maxi-
mum attainable free stream velocity was 15 m/s. This
velocity and 2159 wind direction weré used for three
tests at different diffusion times. Twenty hours of
diffusion were used to simulate the December radio-
sonde data.
Two additional tests were performed which indicate
* the sensitivity of the results to the simulation of the
atmospheric conditions, For one serizs, the model
atmosphere was thoroughly mixed to simulate 'a very
deep, neutrally stable atmosphere. In another set of
tests, 64 hours of diffusion were used to represent a
density profile’ intermediate between the storm profile
data and the deep, neutrally stable atmosphere,

These three relative density profiles are shown in figure
14. The map was oriented to simulate a low-pressure
area to the northwest of the target area.

Storm Profile Test

The plume trajectory from station 21, as shown in
figure 165, traveled over the Cantinental Divide from
Wolf Creek Pass toward Del Norte. The plume from
seeding station 33 traveled south along U.S. Highway
No. 84 to the junction with State Highway No. 17 over.
Cumbres Pass to Antonito in the San Luis Valley. The
plumes from stations 28, 12, and 4 went over Durango
along U.5. Highway No. 160 to Hesperus and then
north. The plume from station 16 more or less
stagnated, with some drift into the Durango plume.

Test with Intermediate Density
Gradient

During this test, the plume from station 21, figure 18,
weni aver tha high country from Wolf Creek Pass
toward Del Norte. The plumes from seeding stations 28
and 33 followed the valley along U.S. Highway No. 84
to the junction of State Highway No. 17, then over
Cumbres Pass to Antonito in the San Luis Valtey. The
plume from station 14 went over the high country near
Wiemuchi Pass. The plumes from stations 25, 27, and 4
followed U.S. Highway No. 160 west over Durango -
towards Cortez, and then at about Hesperus went
north. The plume from station 16 more or less
stagnated, with some drift into the Durango plume.

.. Test with Completely Neutral

Atmosphere

All the plumes from: stations 12, 16, 21, 25, 27, 28,
and 33 traveled over the high coumtry and in the
general direction of the free stream flow, figure 17.
The station 4 plume followed U.S. Highway No. 550 to
Quray.

Field Studies .
During the period February-March 1974, Hobbs,
etal. [6] made ire nucleus measurements in_the -San
Juans to investigate the dispersal in time and space of
the silver jodide from ground generations. . These
studies showed that the silver iodide did not reach the
cloud level under stable conditions. Far marginally
stable conditions, the silver todide entered the clouds
too close to the target area t© be effective. To
investigate the reason for the lack of dispersal of the
silver iodide, dynamical and microphysical process
studies were conducted during the next winter period
by Marwiiz, et al. [6}.




Initialty, the plume from Castle Peak spreads just
east of Eagle (a). There was also a stream track
(not visible) over Camp Hale (b), Photo
P801-D-77866

After 15 hours (time in naturs), the lee wave
action spreads the plume over high country as it
Crosses successive mountain ranges. Photo

P801-D-77867

After 24 hours, the trajectory extends to Aspen
lc). Photo PB01-D-77868

Figure 11.—Lee wave action over topography map.
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Figure 13.—Atmospheric profiles, S8an Juan studies,
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Figure 14.--Reiative density profiles, San Juan studies;

Two of the storms observed by Marwitz correspond
very well with density profiles establistied. in “the
mode!, figure 14. The January 1975 storm b@é‘z\?eeded
at the time indicated by the profile. The Mar¢.-1975
storm was seeded about 3 hours after the profile was
observed. Therefore, these two conditions represent
storms which indicated a good potential for cloud
seeding based upon the criteria being used at the time
of these field studies,

Based upon the wind vectors measured in the field,
Marwitz concluded that a downslope condition existed
during the Januwary storm, figure 18. In addition, he
postulated that a convergence line formed over Pagosa
Springs. The mean trajectories of seeders in this region
were around the target area to the northwest, However,
there were insufficient dye tracks in the modet to make
a definite conclusion concerning the presence of a
cownslope flow, figure .15. It should be noted,
nevertheless, that the trajectory from seeder 21 was up
and over Woif Creek Pass. The plume trajectories which
tend to flow from Pagosa Springs to Durango could be

ELEVATION ABOVE MEAN SEA LEVEL, km

interpreted as being indicative of the convergence line
postulated by Marwitz.

For the March storm, Marwitz concluded that most of
the flow ‘passed up and over the Continental Divide,
figure.-19. The model, on the other hand, indicated a
very complex flow field, figure 16, Several areas.
existed where the flow was practically stagnant. The
tendency for flow over the target area was greater than
for the January storm. However, flow -around the
target area to the northwest and into the San Luis
Valley was stili the predominant characteristic
observed in the rmodel, £

SIERRA COOPERATIVE PILOT
PROJECT

Purpose

The winter weather modification programs have
indicated that the proper placement of seeders is
extremely important for a successful operation.
Therefore, for the Sierra Nevada studies, a detailed
investigation of seeder lodations is being conducted
prior to the seeding:operation. The plurposes of thesa
investigations are to:

1. Describe the probable distribution of seeding
materials within and near the American River Basin
released from air and ground seeders,

2.. Specify meteorological conditions for which air-
borne seeding is required, and

3. Determina the optimum ground-based genarator
locations and airborne seeder tracks,

The initial part of these investigations is the model
studies described herein. These model studies will be
followed by field studies to determine the trajectory
and diffusion characteristics during storm periods and
in clear air situations.

i

i : N
Some differences aré to be expected between the
model and field study results because of the storm -
characteristics in the Sierra Nevadas. The most
important factor which could cause differences are
hand passages and their embedded convection. it has
been observed that precipitation in the Central Valley
of California tends to form in bands. These bands cross
the valley ahead of the weather fronts, The bands are
oriented roughly parallel to the upper siopes of the
Sierra Nevada. Embedded within the general surface
wind field, predicted by the model, are wind shifts
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caused by convergence associated with the prefrontal
bands. These localized wind shifts could have a
profound effect upon the seeder trajectories as
predicted by the madel. However, the mode! studies
should ‘prove useful in determining locations to start
searching for the plumes during field aperations.

Model Parameters
The topography was oriented in the tank to simulate

cyclonic curvature of the wind fields as they encounter
the Sierra Nevada barrier. A disk-shaped section of the

Earth’s surface with a diameter of 250 km was used in’

the simulation., The model was located in the tank to
simulate a 350-km radius of curvature of the wind field
trajectory over the middle of the American River
Basin.

The wind velocity, which had to be simulated, was
determined from a statistical sample of storms

tz.a

observed  during the CENSARE ({Central Sierra
Research Experiment} Project. The data were supplied
by the Division of Atmospheric Water Resources
Management. The median wind velocity was 26 m/s at
the 50-kPa (500-mbar) level. The maximum wind
velocity that would be achizved in the model over the
center of the target area was 15.5 mfs, Thus, the
simulations were limited by the max:mum velocity |, °
limitation of the model. The velocity vectars in the”
subsequent figures have been normalized with respect
to the wind velocity at the 50-kPa level. In’this
manner, the results can be applied to any specn‘nc wind
field observed in the field.

An analysis of many atmospheric condmons from the
CENSARE Project revealed that a storm history could
be simulated with several representative atmospheric
profiles, figures 20 and 2i. The profiles tested in the

model represent the, two extreme: conditions and an
average poststorm condition.

1.5
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Figtre 20.—Atmospheric profiles, Sierra Nevada studies.
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Figure 21.—Relative densities, Sierra Nevada.

The direction of the approaching wind could be varied
by rotating the topography about the center of the
target area. The center of the target drea was assumed
to be located. at 725000 metres- -east and
4 322 500 metres north Universal Transverse Mercator
Grid, zone 10.The approaching wind direction could
be varied in azimuth from 185° to 305°. Generally,
experiments were conducted at 15° intervals between
these two extremes. '

Both ground seeders and airborne seeders .were
simulated, figure 3. The list of ground seeders and their.
location are given in table i. During the course of an

experiment, only a selected number of seeders was..

used. Normally these included a set of low-level seeders
(less than 1200 metres), a set of intermediate level
seeders {between 1200 and 1800 metres), and a set of
high-level seeders {greater than 1800 meters). The crest
of the mountain barrier in the study region is at an
elevation”of about 2600 metres. The airborne seeders
had their origins upwind of the topography at nine
fixed locations. The elevations of the airborne szeders
were arranged-in three adjacent sets with three seeders
for each set. The elevation of the most southern seeder
of each set was fixed at 500 metres, the riddle seeder

at 1500 metres, and the most northern seeder at 2500
metres, Tests with airborne seeders were conducted at

only a few of the 15° incremental settings. Above

4000 metres the seeder trajectory- essentrally commded

with the free stream trajectory

In figures 22 through 38 -the ground seeders .are
differentiated by the elevation of the seeder location.
The low-level seeders are designated by blue lines, the
intermediate-level - seeders by red lines, and the
high-ievel seeders by" green lines. The airborne seeders
are also differentiated in the sarme manner accordlng to
elevation. The blue lines correspond with 500 metres,
the red lines with 16500 rmetres, and the green lines with_
2500 metres. The brown lines designate the 50 kPa ’
trajectory.

Prestorm Trajectories with Deep i
Inversion

Combined airborne and ground seeder trajectories were
determined for wind directions from 2609 and 308°.
Ground seeder trajectories were deterrined for the
245°,7260°, and 305° wind directions, f|gures 22
through 26.

All plume trajectories from ground seeders tended to

flow around the Sierra Nevada barrier in the vicinity of

the target area. Those trajectories which de¢ cross the .
barrier do so only at the iow points in the barrier.

Only airborne plume tra;ectorles above the 2500-m
elevation passed over the target area. Some divergence
of the flow field was experienced over the target area
at the 2500-m elevation. However, the divergence was -
small enough so that the physical location of the seeder
source was not extremnely critical. Since the trajectories
were deflected somewhat from the free stream
direction, figures 23 and 25 should be used to estimate
the required aircraft - location for a given wind .
direction. At 1600 metres and below, the airborne
seeder trajectories were deflected around the target
area. Depending upon the wind direction, they either
passed up or down the vatley and crossed the barrler at
the low points in the barrier. 7

Trajectories During Storm

Combined airborne and ground seeder trajectories were
determined for wind directions from 245°, 275°, and
308°, figures 27 through 32.

With this atmospheric condition, ground seeder plume
trajectories passed over the target area for all wind
directions. With a wind azimuth of 275°, the




Table 1.—Ground seeder jocations, Sierra Nevada S

Seeder Coordinates
Na. East Narth® Description .
mx 1072 mx 1072
g 709 42 8567 South Fork: American River
-2 7054 43 263 Peavine Ridge o
3 - 6893 42 931 South Fork, American River, Canyon
4 7437 42 789 State Highway No 88
5 7458 43 595 Truckee River, U.S. Highway No. 40
6 6714 43 284 Buck Mountain {694)
7 7098 43 140 Rubicen River Canyon
8 7157 “'42 775 Steely Fork, Consurnnes River {1475)
] 6910 "' 43380. | North Fork, American River Canyon'.
10 6508 42219 TLodi- o
11 6570 43612 Dregon Hitl ™ '
12 7404 42 536 - Stanistaus National Forest between Blue and N‘oore Creeks t1918)
13 6985 43340 | ForestHill Divide {1409} :
14 2600 43 500 Washoe Lake {1532) _
15 43877 43494 - |° Blue Canyen, U.S. Highway No. 80 .
16 . 7234 43 247. Rubicen Road ‘
17 +7103 42931 |- Pollack Pines
18 6951 43 200 American Bar Reservoir
19 7353 42 954 Kyburz, Canyon a5 ' Y
20 7503 42 597 Mattley Meadow (2408) T
21 6349 44 038 Big Bar Mountain-.
22 - 7100 - 43023 Saddle Mountain {1879)
23 6545 44112 | _Grizzly Mountain
24 6535 83280 Rock Mountain
25 6870 . 437607 Table Mountain
26 7210 ... 43000 Soft Silver Creek
27 7190 7 |-743318 French Meadows Seservoir .
28 6450 43 949 - Bhute Mountain
29 6317 43753 Kelly Ridge”
“30 © 7500 42651 Salt Spring River - P
31 6472 -43 000 Orchard Creek, U.S. nghway MNo. 99
32 7018 43 8s0° “ Sierra Buttes (2617} “
33 6858 43543 |- State Highway-No. 20
34 6013 43409 ' Sutter Buttes o : :
35 6926 42 496 Westover Ajrfield (Amador) e
36 7248 43 024 Eldorade {1876} .
37 6698  1¢- 43390 Peardale
38 7162 - 43 374 o Sunflower Hill
39 7161 42 855 " Baltic Peak (1548) /& .
40 7444 42689 Cole Creek Canyon =
41 66066 42620 ‘Bridge House, State Highway No. 76
42 7303 42 468 Blue Mountain {1847)
43 6816 42188 Power Station, State nghway No. 8
44 5892 43 390 Moody Ridge o . -
o _ 45 7575 43 317 Lake Tahoe {1899) T : s
4B 7304 42 867 iron Mountain ' T v
o 47 6750 42875 Pine Hil} . i
A8 6290 42786 Valley Acres, Natomas Airport .
'/:, . 49 6858 43 074 Georgetown Divide Ditch g S S
e 50 6775 43191 | North Fork; American River Canyon B
81 7133 43 444 North Fork, American Hwe_r Canvon
. 52 6559 42 830 Hank Exchange J ;
53 5993 43193 Ralston Ridge
54 6971 CAa2M7 Aukum Mountain
55 7267 " 43286 |- Bunker Hill (2203}

: Notes: Target center 725 000 metres east and 4 322 500 metres north.
B Numbers in parentheses are elevations in metres.
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trajectories were approximtely perpendicular to the
Sierra Nevada boundary. Seedess located north of the
target area had trajectories that passed over the target
area for wind azimuths greater than 275°. Seeder
trajectories from locations on the southern boundary
of the target area passed over the target area for wmd
azimuths iess than 275°,

Airborne seeder trajectories tended to diverge over the
target area. This effect enhances the spreading of the
materiat over the area. However, the physical location
of the airborne seeder is extremely critical and is
strongly dependent upon the wind direction.”

Paststorm Trajectories Without Inversions

Combined airborne and ground seeder trajectories were
determined for wing directions from 245°, 275°, and
305°, figures 33 through 38.

For the 245% wind direction, an extreme amount of
lateral transport of the plume was observed with the
low elevation seeders. With the exception of a few
high-level seeders located south of the target area, all
the seeder trajectories passed into the Yuba River
Basin. With the 275° wind direction, extensive pooling
around sezeders was observed. The flow field tended to
be around and not over the Sierra Nevada barrier in the
target area. Only with the 305° wind was there an

indication cf ground seeder trajectories enterlng the

upper ragions of the target area.

At the 1500-m elevation, the airborne seed material

tended to pool along an axis which parallels the crest

of the Sierra Nevadas. Above 2500 metres, the airborne
seeder trajectories passed over the target area. Some
care would need to be exercised with high- Ievel seedmg
to hit a specific target area.

DETAILED CONGLUSIONS
Studies of Map Size

The purpose of these studies was to investigate the
effect of the model on the approaching density and
velocity profiles. The conclusions are as follows:

1. The tests with a blank map that represented a
flat average topography elevation showed ithat flow
Izrninae remain at their density elevations and will
generally flow around obstacles rather than flomng
over them.

2. The damming effect tends  to truncate
approaching density profiles, although some of the

more dense fluid from below the map top flows up
onto the map. '

‘3. The damming effect does not significantly
deflect upstream flow that is at a higher elevation
than the map. However, downstream from the map
a horizontal deflection away from the ecenter of
rotation was noted.

Leadviile-Climax Verification Model

The purpose of this study was to verify that the mode!
could reproduce observed atmospheric flow fields. The
conclustons were:

1..In the valleys, model 'velocities scaled : to
prototype values when the free stream velocity:
conformed with Richardson scaling.

2. Mainstream transport, in or near valleys which..

were parallel to the free stream flow, followed the.”
valley flow at the potential density Ievels at which

they were generated. Thus, transport of material to

higher . elevation :target areas would "be highly

dependent upon turbulent diffusion which was not
- simulated in the model.

- 3. Plumes stagnated in the bottom of valleys which
were normal to the free stream flow.

4. The 2:1 vertical distortion in the model scale
apparently does rot adversely affect the samulatlon
of the flow 1rajector|es and velocities.

5. In addition to showing mainstream flow, the

model clearly shiows lee wave action. Lee waves,

over ranges oriented at an angle to the free stream

flow, caused the plume tra;ectones to spread
) Iateraily

6. Plume trajectories observed with the model will

occur in the.atmosphere. Spreading about the plume -
axis will be -augmented in the atmosphere by.
turbulent diffusion. '

San Juen Model

The purpose of these studies was to simulate ground
seeding operations. The. results that follow are to be
used in interpreting fieid observations.

1. Ground level trajectories were determined for
atmospheric conditions which were typical of
storms that were candidates for seeding. The
predominant flow characteristic was the merging of
individual seeder plumes into one long plume that




formed near Pagosa Springs, extended westward
aver Durango, and passed around the western
barder of the target area.

2. Trajectories from seeders located nezr the east
end of the target boundary passed eastward over
Cumbres Pass into the San Luis Valley.

2. The only trajectories to pass northward through
the target area came from seeders located at
elevations higher than 2300 metres. '

Sierra Nevada Model

The purpose of these studies was to provide guidance’

for field tracer and dispersion investigations. The
results were:

1. During storm periods, ground seeder irajectories
from properly located sites pass over the entire
target area.

2. During prestorm periods with deep inversions
and during poststorm periods, the trajectories from
most ground-based generatars remain below the
1800-m elevation,

3. Airborne seeder trajectories can be made to pass
over the target area for all atmospheric conditions
when the airborne seeder is located at or above
2500 metres.

4, Airborne seeder trajectories can be made to pass
over the target area only during storm conditions
for airborne seeders located at or belaw 1500
NELIES.

APPLICATIONS

The application of the model 10 investigate both
ground and airborne seeder locations for a wide variety
ot atmospheric conditions has been demonstrated in
this report. Further development of the simulation
I ~chnigues could Jead to the capability to investigate
locally developed convection cells.

‘The model also has application in the field of energy

production by the wind. All the existing wind surveys
are -primarily based upon data from airports. Since
airports are located in low wind areas, the survey
results tend to underestimate the true wind potential.
Because of its ability to yield quantitative results with
respect to surface wind fields, the model could be used
to identify prospective sites for wind farrns.

Satellite photographs have been useful in defining the
path of air pollution from both point sources (such as
coal-fired powerplants) and diffuse sources {such’as
metropolitan areas). The model could be used in a
similar manner to trace poliutant trajectories over
distances up to 200 km. The model| would be especially
advantageous for simulations during storm periods

“since the trajectories are not visible to satellites during

these periods. : .

A continuing area of congcern in air travel is the
presence of CAT (clear air turbulence) when it is least
expected. It was observed during operation of the
model that a transition from laminar to turbulent flow
could occur locally under certain atmospheric
conditions: and wind velocities. This implies that the
model might be used 1o obtain some generalized
atmospheric characteristics that are necessary for the
generation of CAT, R
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APPENDIX A

OPTICAL MEASUREMENT OF DENSITY
GRADIENTS IN STRATIFIED FLUIDS

PURPOSE

The purpose of this appendix is to describe the optical system for determining density profiles during atmospheric
simulation studies using stratified liquids.

APPLICATIONS

The material in this appendix can be used as an aid in applying the optical method for determining d_ensity
gradients in stratified fluids. The computer program for computing the density from the rod photographs is
included in documented form along with a sample rod phetograph and sample computer cutput.

INTRODUCTION

In recent yeers, interest in studying stratified liquids has increased significantly. The investigations normaliy use
either ternperature or salinity to achieve the stratification. The density gradients in thermally stratified fluids are
commeonly determined from a set of temperature readings. Similarly, conductivity measurements are used to
indicate density gradients in saline stratified models. Both methods use instrumentation which mtroduces a
disturbance to the flow, In addition, the measurements are made at a series of discrete pomts

With two-dimensionai flow, an optical method of measuring the density gradient has been developed by Mowbray!
which minimizes the disadventages of temperature or conductivity measurements. The method is based on
Fermat's law of stationary transit time. According to ‘thig law, the light rays passing through a density gradient will
follow a path that minimizes the travel time. In general, the rays tend to travel in the less dense fluid. An inclined
straight line viewed through a density gradient will appear curved, figure A-1, In layers of constant density, the
light path having the minimum travel time is not refracted. Because of this phenomenon the inclined rod apprars
straight in areas where the density is constant.

Dersity gradients produce multiple images when the path length exceeds the thickness of the gradient by a fixed
amount, For instance, with a diffused gradient between two fluids whose ratio of refractive indices is 0.975,
multipte images are observed if the path length to thickness of gradient exceeds 3.2. For these cases, an odd
number of images will be formed. With multiple images, an undistorted image is observed below the density
gradient. A somewhat magnified and inverted image is observed above the undistorted image. Finaily, a reduced
and erect image can be observed above the inverted image, Tigure A-2, Multiple images in nature are known as
mirages. Because the inverted image is 5o prominent, the smaller erect image is often not noticed in nature.

THEORY
Basic Equations-

Ray path.—The equations are presented in dimenstonless form with respect to quantities presented in the definition
sketch, figure A-3.

! Mowbray, D. E., “The Use of Schlieren and Shadowgraph Techniques in the Study of Flow Patterns in Density
Stratified Liguids,” J. Fluid Mech., vol. 27, part 3, pp. 595-608, 1967.
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Figure A-1.—Optical distortion of straight rod when viewed through density gradient.
i Photo P801-D-77863

All values can be made dimensionless by the following definitions ‘

i X=x/L V=yIH Z=2z/H
i n=nin, N=T7

where 12 is the refractive index and the subscript o refers to conditions at ¥ =0

The governing differential equations are

~ SZ L (o NN (1a) 2
] dx H\N;
and 7

z=z+( %)% (1b)

The subscript f refers to conditions at the side of the viewing window where the ray is observed. The Greek letters
are defined as

12 :
o a=[1+(.wu2 (dE/dX');.f e (ALY (d?/d)‘c’};-f] (2)

/2 -

1
: B= [1 + (HILY (dz/d ) f] =
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Figure A-2,—Multiple images. Photo PB01-D-77B70
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Figure A-3.—Definition sketch of ray path.

The solution of equation {1a) is

C\‘"‘N./Nf-—ﬁz

b5

Constant density
region, Mo

(4)




The boundary conditions used with equation (4} are different from those used by Mowhray. He assumed a test
section was contained between two parallel walls, one wall transparent and the other translucent. A iine at
approximately 452 with the horizontal was scribed on the inside of the transparent watl. Parallel light rays,

generated by a suitable tens system, pPssed through the transparent wall to cast an image on the inside of the .

translucent walf.

The formulation of equation (4} assumes that the light rays emanate from a slender rod located in *he fluid, The
rod is also inclined at an angle of about 45°. The boundary conditions necessary for this assumption’ ‘complicate
the interpretation of the results. However, an expensive lens system is not required if the model depth is large. In
addition, with their formulation, two-dimensional rotational flow can be studied. =~

Refractive indices.—For a saline solution, the index of refraction 77 at 18 9C for a wave length of 589.3 nanometres
(vellow band near sodium) is given approximately by

n=1.33317 + 0.1397G | {5) -
where G is the concentration in grams of NaC) per millilitre of solution.
For temperature stratification, the index of refraction is given approximately by
| " =1.33467 — 0.000C8417
where ?"Iis temperature in ¢ C :
Combining temperature and sz;linity into one equation gives:-\_.r
n=1.33467 — 0.00008417 + 0.1397G . (7}

Once the refractive index of the fluid at a point is known, the relative density at that point can be computed from
the equation:

(05 —02) (f:f:) +oy (8

The relative density ¢ is defined as:
0 =p/p 400 | (9)

In practice, both the relative density and refractive index should be measured using the salt and water actuaily used
in the model, It has been found that the measured values can deviate from the handbook values, especially if the
salt contains additives and if the water is not distilled, figures A-4.and A-5.

Computer Program v
The fully documented computer program that eomputes the terms for the basic equation {4) is included at the end
of this appendix. A definition sketch of the required parameters {fig. A-10) and a sample photograph {fig A-11)
showing how the x and ¥ values were measured are also included. The computer output is based upon the measured
values. ’

Design of Measuring System

Maximum deflection of light ray —To abtain accurate results, the maximum deflection of the ray path shauld be
significant with respect to the thickness of the gradient layer. In general, maximum deflections of about 0.2 A 10
0.4 H will give reasonably accurate iesults. The maximum deflection depends upon the magnitude of the density
gradient, the shape of the gradient, and the relative travel length of the ray path. The maximum deflections were
obtained for a linear profile, figure A-6, and a profile caused by molecular diffusion between two layers, figure A-7.
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Figure A-4.—Measured relative density.
The curves shown on figures A-6 and A-7 can be used to estimate:the maximum deflections to be obtained for a
given magnitude of gradient and a given ray path length to gradient thickness ratio.

Recording camera_criteria.—The location, aperture (f-stop), and focal length of the recordmg camera should be
carefully chosen, f.gu re A-8, : .

The camera should be placed as far from the viewing window as possible to minimize the offset, A, 17 the offset is
large, then the density distribution near the edges of the gradient cannot be accurately determined. |a generzl, the
ratio D/R (fig. A-8) should not be less than 50. To keep the image sharg, the aperture of the camera should be as
small as possible. This is equivalent to using large values for the f»stop Finally, the focal length of the lens should
be as large as possible to maximize the size of the image on the film-plate. The focal lenath F requlred to produce a
given image height # can be approximated from: 3

_ DB/H
F=i78/g

where 8 is the desired image height.
Density Gradient Gver Entire Depth

It the density gradient occupies only a portion of the depth, it is not difficult to determine the origin of the light
rays on the rod. For example, in figure A-1 the location of the undistorted rod can be determined by connecting
the straight portion of the rod in the two constant density portions of the depth,

When the gradient fiils the depth, the undistorted location of the rod can no longer be determined from a single
photograph. Instead, the following procedure is recommended. First, it is necessary to photograph the distorted
rod. At the completion of the experiments, the fluid is mixed to eliminate ail density gradients. The rod is then
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rephotographed, By making a print of the two negatives superirhpnsed, it is possible to obtaih an image of both the
distorted and the undistorted rod, figure A9, : : e
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Figure A-9.—Sygerposition of image it constant density fluid with image in density gradient. Photo PB01-D-77887 )
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_CONCLUSIONS | | -

During the use of the optical method fo_r measdring stratified density

gradients, the follgwing conclusions_ were
noted:

1. The methad provides a photegraphic record that is continuous with fespect to height,

2. To determine density gradients, cumbersome
program greatly reduces analysis time. o

L

umerical integration.:.is"re'quired. Therefore, a computer

-3. The method does ot noticeably disturb stratified flow,




4. Measurement of refractive indexes was necessary because of imgurities in the water and additives in the

commercially available salt.

5. The distance frem the window wall to the rod should be selected so that maximum image deflection is
between 0.2 and 0.4 of the height of image.

6. Careful referencing znd scaling on the observation window are required so that the actual location and size of
the rod can be accurately determined relative to the distorted photographed |mage of the rod.

7. The camera must be carefully set with respect 10 the rod and window regarding dtstance allnemEnt and
elevation.

o
8. The camera should be placed as far from the viewing wifidow as nossible to minimize parallax. Parallax is
negligible when the ratic of the camera distance from the wall to the rod distance from the wall is greater than
50.

9. The focal length of the camera lens should be as large as posmble to produce a sufﬂmentlv large image so that
rod deflections can be measured accurately.
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PROGRAM DESCRIPTION - 2RO 1532 - DEAGRA

PR0OGRAM TITLE

— T S

OPTICAL MEASUREMENT OF LIQUID DENSITYISRADIENT

PURAISE

- -

TO MEASURE THE INSITU DENSITY GRADIZAT OF A STRATIFIED LIQUID

" MZTHID

BASED ON THE REFRACTION OF A LIGHT RAY HWHEN IT PASSES THRU A DENSITY
GRADIENT., THE PROGRAM INTEGRATES THI FIRST DERIVATIVE OF T4Z LIGHT
PATH FRGM A KNOHN POINT IN THE LIQUIOQ T2 THZ WALL 0F THE CINTAINER.
THE REFRACTIVE INDEX OF THE FLJID IS AJUSTED UNTIL THE EMERGINT RAY
MATCHES THE OBSERVED DISTORTION. THEJIRY BY J.E.MOWBRAY, JOURNAL F_UID
HECHAMICS, VOL 27+ PART 3, 1957, e

IMPUT-DJTPUT

THE INPUT CONSISTS OF: _ _
LENGTH OF LISHT PATH, THICKNZISS OF INTZRFACE, 26 LIGHT RAY EMERGENCE
POINTS, SCALE FACTOR TO CONWERT PHOTO MEASUREMENTS TO REAL DIMINSIONS,
NUMBER OF INCREMENTS ON INTEGRATED .ISHT PATH, REFRACTIVE INDEX OF
LOWER FLUID LAYZR, 25 LIGHT RAY BEGINNING POINTS.

THE OUTPUT CONSISTS OF%

THE REAL HEIGHT, THE REFRACTIVE -INDZX AT THAT HEIGHT, SPECIFIZ GRAVITY
AT THAT HEIGHT - '

THE RELATIONSHIP BETHEEN DENSITY AND RIFRACTIVE INDEX OF FLULD YuST 3E
KNQWN. THE PATH MUST HAVE A SINGLE "EMERGENCE POINT. THI PROGRAM
REQUIRES SUBROUTINES 1532-ABINT AND 1532-SIMSOL
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USER®S MANUAL - P20 1532 -~ DENGRA

DISCLAIMER STATEMENT

- e g W R e A N A S A =

COMPUTER PROGRAMS DEVELOPED Y THE:-BUREAU OF RECLAMATION ARE SUBJECT TO0

THE FOLLOWIAG CONOITIONS? COHSULTING SERVICE AND ASSISTANCE WITH

CONVERSION CANNOT 82 PROVIDED. THE >RDGRAMS HAVE BEEN ODEVELOPED FOR _ 4
USE AT THE "“USBR" AND N0 WARRAATY A4S TO ACCURACY, USEFULNESS, OR

COMPLETENESS IS EXPRESTED OR IMPLIED,

PERMISSION IS GRANTED TO REPRODUCE 0 QUOTE FR20M THE PROGRAM: ~ HOWEVER, -

IT IS REDUESTED THAT CREDIT BE GIVEN TO THE BUREAU OF RECLAMATION, U.S. s

OEPARTHMENT OF INTERiﬂRq AS THE OWMNER,

G4




USER"S MANUAL - PR0 1532 - DENGRA

PROGRAM TITLE

- - W -

DENSITY DETERMINATION IN A STRATIFIZD FLUIO.

GENERAL INFORMATION

THE LIGHT PATH THROUGH A STRATIFIED FLUID OBEYS FERMAT®S LAMW OF
STATIONARY TRANSIT TIME. THE PATH TAKEN BY A LIGHT RAY IS ONZI WHICH
MINIMIZES THE TRAVEL TIME. SINCE THE SPEED OF LIGHT IS INVERSELY
PROPIRTIONAL TO THE FLUIN DENSITY, THZ SHORTEST TIME PATH TEMNS TG BE
ONE WHICR TENDS TO PASS THROUGH THE LESS DENSE FLUID. /" THUS, A STRAIGHT
LINE VIEWED THRIUGH A DEWSITY GRADIZNT APPEARS TO BE CURVED., A30YE AWO
BELOW THE GRADIZINT THE LINE IS STRAIGHT.

DATA FPROM PHOTOGRAPHE 0OF THE INCLINED ROD ARE USEQ TO DETERMINE THE
ACTUAL DEFLECTIONS. THE PROGRAM INTZGRATES THE OIFFERENTIAL FQUATIONS
WHICH DESCRIBE THEZ LIGHT PATH TO O3TAIN A COMPUTED DEFLECTION. THE
REFRACTIVE IWDEX AT 26 ENQUALLY SPACED POINTS IN THE GRAODIENT IS
ADJUSTED UNTIL THE COMPUTED OEFLECTION MATCHES THE MEASURED DEFLECTION,
FROM THE COMPUTEZO PZFRACTIVE INOICES THE RELATIVE DENSITY AND SPECIFIC
GRAVITY OF THE FLUIGO ARt COMPUTEQ.

IN GENERAL THE RICORTING CAMERA SHOULED BE LOCATED A DISTANCE FRQOM THE
VIFWING WINDOW OQF AT LEAST 30 TIMZ3 THE DISTANCE DF THE INCLINED ROD
FROM THE WINDOMW. IF THE DISTANCE IS CLOSERP, OR . IF THE FLuIG IS
UNSTARLE {OENSITY INCREASING IN AN UPWARD DIRECTION) + LARGE ZRRORS IN
THE COMPUTED DENSITY GRAJIENT WILL JDCUR. IM ADDITION, THE F-STOP OF
THE CAMEFA SHOULD BZ AS LARGE AS POSSIBLE. :

NTIHZ CARDS ARE WEEGZD TO INPUT THE DATA FOR EACH ANALYSIS. THESE CARODS
GONSIST OF A TITLE CAPRsy 4 HMODEL GEOMETRY CARD, A FLUID PROPERTIES
CARD, AHD SIX ROD COORDIWNATE CARDS. :

TITLE CARD

THE TITLE OF THE RUN ©OR THE NUMBER 0F THE PHOTOGRAPH BZING
AALYTZED SHODULD BE CENTERED TH ZOLUMHS 9-563.




PPSER*'S MANUAL - PROD 1532 = DENGRA

MODZL GEOMITRY CAFD

THE MODEL GEZOMZTRY CAPD IS FILLZQ OUT AS FOLLOWS!
COLUMNS |
DEPTH OF TEST SECTION
ROD T AIR SIDE OF VIEWING WINDOW
17-24 AIR SIDE WINDOW TO CAMERA LENS
25-32 RADIUS OF CURVATURE OF VIEWING WINDOW
33-4{ TH - THICKHESS 27 VIEWIHG WIHDOW
L1-48 RIP - REFRACTIVE INDEX OF VIEWING WINDOW
49-56 CL - HEIGHT OF LEHS CENTERLINE / A
57-80 BLANK e
ALL DIMEHSIONS MUST 3£ Id THE SAME UNITS [IEs MM, IHCHES,
OR FEET AND TENTHS).

FLUID PROPZRTIZS CARO

THE FLUID PROPERTIES CARD IS FILLZID QUT AS FOLLOHWSE
NOLUMNS

1- 8 ¥YS - GLSTANCE FROM FLOOR OF TEST SZCTION'TO BJITTOM OF
GRANDIENT

g-1¢ Y3 - DISTANCE FROM FLOOR OF TEST SEICTION TO TOP OF
GRADIENT . _ .

.17-24 TEMP- TEMPERATURE OF FLUID IN DEGREES CELSIUS

26-32 CON - MAXIMUM SALT CONCENTRATION IN GRAMS
NACL/MILLILITER SOLUTION ‘

33-80 ALANK

THE OIMENSIONS MUST AT COWSISTENT WITH THOSE USED ON THE
MODZL GEOMETRY CARD.




USE®*S MAHJAL - PRO 1532 - DEIGRA

ROD CCORDINATE CARDS

THE THICKNZISS OF THE DENSITY GRUDIENT IS DIVIDED INTO 25 EQUAL

INCRIMENTS, THIS FORMS AN ARBITRARY SCALE WHICH RUNS BETWIZEN § AT
THEZ BOTTOM OF THE GRABIENT T0 1.0 AT THE @ TOP. ALL X ANO Y
COORDINATES ARS MEASURED WITH THIS SCALE. X COORDINATES ARE
MEASURED RELATIVE TO & VERVICAL CENTSRLINS PASSING THROUGH THE
ROND. POSITIVE VALUES OF X AS2S MEASURED TO THE RIGHT OCF THE
CENTEPLINE. THE X COORDIHATES CORRESPQUD TO THE POINTS WHERE THE
FOUAL INCREMENT LINSS CUT THE IMAGE OF THZ ROD. THE Y CCORDINATES
CORRESPOMD TO THE ELEVATION OF THE ROD AT WHICH THZ X COORDINATE
OF THE IMAGE ORIGINATED. )

THE CARDS GRE FILLED QUT IN FIZi0S OF 8 DIGITS AS FOLLGWSS
FIRST CARD

COLUMNS

1-81 VALUES 1 THRU 12 OF THE X COOROINATES

SECOND CA3D

COLUMNS

8. VALUES 12 THRU 20 OF THE X CCORDINATES

THIRD CARD

SOLUMNS |
1-48 VALUES 21 THRU 25 OF THE X COORDINATES

43-8 L VALUES 1 THRU & OF THE Y COORDINMATES

FOURTH CARD

TOLUMAS

"

1-8C VALUES 5 THRU 14 OF THE Y COORDINATES




USER®*S MANUAL - PPD 1532 - OCNGRA

FIFTH CARD

- s o g

COLUMAS

1-80 Y - VALUES 15 THRU 24 OF THE Y COORDINATES
SIXTH CARD

- ——— -

COLUMNS

1-16 Y - VALUES 25 AND 26 OF THE Y CODRDINATES

17-80  BLANK

SUBMITTAL INSTRUCTIOQNS

THE NUMBER OF SZTS JF DATA SUBMITTED IS NOT LIMITED. HOWEVER, EACH SET
MUST CONSIST OF NINE CARDS 1IN THZ ORDER-GIVEN IN THE INPUT CHAPTER.
THE LAST CARD MUST HAVE & 6/7/8/9 MULTIPUNCHED IN COLUMH 1.

OUTPUT | ” S

THE OUTPUT. CONSISTS OF A SET OF DATA WHICH CAN BE USED FOR DETAILED
ANALYSIS AND THE FOLLOWING MORE PERTINENT DATAZ

1) A SET OF ¥ VALUES THROUGH THE GRADIENT (¥=0. IS AT THE FLOOR),
21 THE CORRESPONDING REFRACTIVE INDICES, )
'2) SPECIFIC GRAVITIES OF THE FLUID, AND
4} RELATIVE DENSITIES. THE <RELATIVE DENSITY IS DSFINED AS THE . °

SPECIFIC GRAVITY AT A PARTICULAR Y VALUE DIVIDED 8Y THE SPECIFIC
GRAVITY AT v= 3.

i . SPECIAL OPERATING REQUIREMENTS

. ke R T W A S L L el S e e AW e

NONE
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PROGRAM HFDENC(INPUYT,QUTPYT,TARE?Z= IN9UT.ThPE3 OUTPUT)
"PROGRAM TO OETERMINE THE DENSITY GRABIEMT OF A STRATIFIED LIQUID
USING FERMATS PRINCIPLE OF LIGHY REFRAGTION

DIMENZTION DELY(ZG),RIN(EB)gRN(lEI,YO}ZGD,RIIZGT
1,YDC2E) ,XEL26),YEL(26),TIT(11},5G{26),RO26),AR(2D)

INPUT TO PROGRAM

1 READ(2,2) (TIT(IV,I=1511),A4R,DsRAD,TH,RIP, CL Y3, Y8, TEMP ,CCN,
LUXEQI} 31213260, (Y0(I),I=1,26)
2 FORMAT(11A5/7FB.4/LFB.L/10FB.L/1CFB,4/10F8.L/10FB.4/10F8, 4/2F8.4)
NO= EOF(2)
IF (NOJNE.0)GALL EXIT
HRITE(3,200{Y0UIV41=1,26) y{XELI),I=1,26),4, R.D,RAD,TN
20 FORMAT(1H1/25X,38HORIGIN OF RAYS EXITING AT EQUAL DEPTHS/
12(8X43F A, 4/Y 43X 8FB,L/2BX 4 3IHDISTANGE FROM YERTICAL GENTERLINE/
228Xy OFB.4/) 48Xy BF 8. 4/IXyIHA =4FB. 243X, THR =,F8.2,3X,3HD =,F8.2,
33X, SHRAD =4F8.2+3X LHTH =,F8,2//
LBX,?GH Yo X1 X2 R1 RIN DELN
5 DELY /1t S B £

INITIALIZATION

PFIF= 1,33871-,00C0B841%TEMP

RFIS= RFIF+,.,00252*GON :

SF= {(YB-YS)I/(A¥{YO(26)-YO{L1}))

HL= A/ (R=-TW)

YEE= YB/A

YSS= YS/A

YOU{1¥= YSS+SF=ABS(YO{(1)}

GAMA= 3,14159% (YSS+(YEE-YSS)/2.-YD{1))/(YEE-YSS)

RI{1Y= 1.+(1.-RFIF/RFISI*(SINI(GAMAY=1,.)/2,

YO{2h)= YEE-SF*ABS(YO{(25)-25.)

GAMA= 3.14159% (YSS+(YEE-YS5S)/2,.-Y0L26)) F({YEE~ vss:
RI(26)= 144(1.-RFIF/RFISI® (SIN(GAMAY -1.)/2.

RIN(2&)= RI(2E)*RII?2H)

s= (CL-~- YD(i)I/(RFIS*RItil'SCPT((D/A)¥(D/n1+(CL YOQ)Y*ICL- YD(i!)i)
YE(1)= C/SARTt1.-C*C) . A
A= ATAN(XEC(1L)*SF/Z(D/A)) - :
AT= ATAN(XE(1)Y*SF/SQERTIRAD*RAN=XE(1)*SF*XE(1)1*5F1)

ST2= SIN(AW#AT) /({RFIS*(1.~-(1.-RFIF/RFIS}Y*SIN(1, 57079% (YD (1} -Y¥SS)
1/7(YEE-YSSH}))

T2= ATAN(STZ/SQRT{1.-ST2¥5T2))

DEL= T2-AT

XEtir= SIN(DEL)/SGPT(1.-SIN(DEL)'SIN(OLL))

ALPH= 1.+YE(L1I*YE(LY+XE(L) *XE(1}

RISAY= RI(1Y

RMARY= 1.0

DO 22 NI=1,17

RIN{1)= RI{1)*RI{1)

RHEQ= SFRAQSL{YO(LIMI*FI{1) /7 (ALPHT (1, -RINTLIII*
1(SQRT((1.-RIh(1))'ALPH+YE(1)‘YEl1)*RIh(1)3 -YE(1)*RI(1))
EQLH= 0,5/HL

DIFF= ARS((RHEQ-EQLMYZEGLHY -

IF(DIFFLLE.J«0186GC TC 18 ©
IFIRHER.LT-EQLHYDELR=¢RMAX=-RISAV) /2,




IF{RHEQ,.GTL EQLHYCELR= (~.5)*ARS (DELR)
RISAV= RI(1i . -
RIf1)= RISAY+CELR
IF(RI(1}.GE.RMAXIRI{1)= RMAX

CONTINUE

COMPUTE DIMENSIONLESS Y YALUES

YORIG= YO(1)

YOog1)= YSS

CCA= YEE~- vnti)—SF¥(rotzsl-25.1

DO 3 TN=1,25

RC= TIM

RC= RG/25. .

YO{IN+1}= YD(1)+RC*CCA ™

YO{IM41)= YO(1Y+SFRIYOUIN+1}=-YORIG)

PHI= ATANM((.5- YD[IN&i!!/(D/n))' ; T

PHIP= SIN{PHI)/RIP B

DELP= (TH!&)*‘IN(PHIP)ISQRT(1.-SIN¢PHIP1*SIN(PHIP))
DELY(TN)= YOUIN+11-0ELP-YO{IN+1}

GAMA= 3.14159%(YSS+(YFE-VS S)/Er~YD¢IN+1ll/(YEF YSS)

A= RFIS*(1.4{1.=RFIF/RFISI*(SIN(GAMA) =1 4} /2.) -

C= (CL-YD(IN*i)!;(B*SORT((D/A)*(D/h)+\CL YD{IN#1)}*
1(CL=-YD (IN+1) ) )Y = -
YEIIN+1)= C/SGRT(L1.~-C*C) L -
AW= ATANIXE{TINY13%SF/ (D/A}) § ’ ' e
AT= ATAN(XE(IN+1)*SF/SQRT (RAGQ#RAD- %E(IN+1)*SF‘XF(IN*ll*SF)l
ST2= SINIAW+AT)I/B -

T?2= ATAw(STEJSDRT(1.-5T2*Srzl)

DEL= T2«AT _ . T,

KEC(IN+1)= SIN(DELI/SQRT(1.-SIN(UELP*SIN(DEL!I

CONTINUE ' :

MAIN PROGRAM

D0 12 I=2,25 ;

IN= I-1 &
ALPH= 1, +Xt(I!*XE(I)+YE(I)‘YE(II
BETA= L. #XET{II*XE(I)

DELN= 2,0% ((DELY (I-1)-YE{T) Y*HL)*=2
IF(I.EQ.3)DELN= RIN(1}=-RIN(2)
IE(I.GEL4)DELN= 3. *RIN(I-2)-2, ’RIN(I -1) -RIN(I-2)
IF(DELNWLE LG, IDELN= OELN1/2.

NCT= @

NH= 2

PIN(I)= RIN(I- 1)-DELN

FN= RIN(I)

YN= FN

INTEGRATION OF LIGHT PATH ~—  ~ it
DYX= DELY(I-1{}/1C. _ g i
COMPUTATION DF N RATIOS ALONG LIGHT PATH
YF= vOo(I)
DO 8 M=1,10
RM= m :
Y= YF-RM*DYX

C YNSAV= YN




DETERMINATION OF QEFOﬁ’TIUE INDEx RATIO" AT ¥ USING LINEAR INTERP
DO 7 N=1,IN

MK=.I=-N _

NKT= I=-N¢1

YTST= YOINK)

IF(Y.GE.YTSTYIGO TQ 6

CONTINYPE |

YN= FIN(NK}~[Y- YC(NK!l'(RIN(hKi-RIN(hKTI)/lYD(NKTl-YD(NKIl
TELYLLELYDCLIIYN=1,

Y¥= YN*ALPH/FN-BETA

IF{YX.LE.0.Y6G0 TO 14

RN{MYI= 1./35QRT(YX)

GO TO 8 :

RN({M)= RN(M=1)

YN= YNSAY

NPITE(G.iUU)Rh(H).YN FNyDELM,Y ,YF, YO (I}

CONTINUE

COMPUTATION OF FIRST INTERUAL
BP= L. 1*0FLY (I-1)*(ALPH-BETA)/ (ALPH*(YN/FN~ 1.1)
IF(ABSAVE(ID).GE. (. 00C01))K1= o2*DELY (I-1)/(YE(ID¢1, /RNE1))
IF{ARS{YF(IV).GE.(.,00001))GO TO 17 - ° b
IF(BP,LE,ABS(CELY(I~1}) ,AND.DELY(I~1) LE. (Do)} &7
1COEF= 2.*%ABS(DELY{I-LM/(YE(I} +SQARTIYN*FALPH/FN=-BETA))
IF{AP.LE.ABS(LCELY (I-1)) JAND,BELY(I-1)4LEL€D.))G0 TO 16
AP= SQRT ({ALPH®*YN/FN~AETAY/ (L, 1*DELY(I-1)+58P)}
X1z 2,*(SGRT(,1%DELY(I=1) +RP)-SQRT (BP}) /AP
IFAYE(I).LE. (0,) ,ANDWDELY (I =11 .GT, (0. 01X1= 2.*(SQRT(.L¥DELY(I~1)
1+BP) +SART(BP Y} /AP _
IF(DELY{(I=10.LT,(C,216G0 TO 3

COMPUTATION OF SECONDO INYERVAL USING NEWTON-COTES .GOEFFICIENTS
AT E£QUAL INTERVALS
17 ¥%2= 0 .3*DFELY (I~ 1)*(.031q*tRN113+RNt1GI)+.1?574(Rht23+RN19’a

1*.0121'[RM(3)+RN(B?)&.ZibQ*IPN(hI&RN(?ll+ DﬁhS*(RN(S)thIGl)l
COEF= X1#X2 :

GO TO 16

X11= 2.*SORT(RP) /AP

PLH='1.,/HL _

IF(X11.GE.RLHICOEF= 2.'(SGRT(BPl-SQPT(DELY(I 1l*BP)DIﬂP
IF(X11.LT RLHICOEF= X11+2.*SQGRT(DELY {I-1}+3P}/AP :

YCK= YD(IY+BP :
IF(YCK.GE.YEEICDEF= DELY(I-i)*RI(Il*RFIF/(R*YEtI!*RI(EﬁI)

X= AHS[HL*COEF) i i

" TESTS TO DETERMINE IF OC LOOP IS SATISFIED AND RECDHPUTE DELN
IF(ABS(1.-X) ,LE,0.0019G0 TG 11 -
NCT= NCT#1
DIF=AFS{RIN(II=-RIN(26))
TF(DIFLLE.1.00C1)1G0 TO 11
TFINCT.GE.131G0 To 9
IF(NCT.EQ.1)16GC TO 209
IF(NH,EQ.1160 TO 150
IF(IX.LEeda) «AND.EDSAV.LELD.)IGO TO 200
TFL(X.GFual,?  AND, (DSAV.GELD.}1GO TO 20C
DSAV= ASS(DSAVE .

150 IF(X.LE.1.}0ELNL= DELN-OSAY/2. =




IF{X.GE.1.)0FLN1= OFELN+DSAY /2,
BCK= RIMEI-1}=-CIN{26)
IF(DELN1.GE.DOKIDELNL= NCK
IF{NELN1.LZ.0,)0ELN1= 0.

ASAY= AAS(DELN1-DELN)

DELN= DELN1 &

NH= 1

50 TO &

IF[KnLEoio,gELNiz EOE‘DELN
IF{X.GE,1.)DELN1= 2,0%DSLN
NCK= RINCI-1)=FIN{Z6)
IF(DELNL,GELDOCKIDELNLI= NCK
IF(DELN1.LE. G} OELNL= 1,

NSav= QELNL1-DELN

NELN= DELN1

G0 TC &4.

WRIFE(Z,10)X 4 CELN, (YD (NI ,RIN(N) N=1,T)

C FORMAT{1H1/10X,48HAFTER 10 TRIES DELN COULD NOT BE MADE TQO SATISFY
1710%,4BHTHE PEQUIRED LIMITS CON X. THE LAST VALUES WERE - # g
218Xs ZHX=4E1F 43, SXa5FDELN=,EL1CW3 //17X,33HTHE VALUES GOMPUTED THU
IS FAR ARE  /17X%,33H Y N*N /
UE22X s FE 24 10%X 4 F74kt}) Lo

11 2I(I)= SQRTI(RINII}}

WRITE(3,1303Y0(I),X1,X2,R I(I) PINII).BELN D'LY(IJ
160 FORMAT(RX,7C10.3)
12 CONTINUE _
2IMAX= RI(25)
D0 19 NO=1,26
SGINC)= 1.60405+4.113¥RFIS* (R (NG)-RIMAX)
ROINOY= SGINOY/SGI1)
ARINC) = [DI{NC)-RFIF/PFIS)/(1.-QFIF/PFISI
19 CONTINYE
WRITE(3,13) {TIT(N),N=1, 11).HL,(vntN).RItN),SG(N),RD(N).AR!N}.
IN=1,2F}

13 FORMAT({1H1,B8X,11A5/13X,39HVALUES OF THE REFQAPTIVE INDEX FOR H/L=
1 JFE.4/11%X,LBH Y N SG Ly RO PCT N 7
2(11x FOa2 s lX o FBaSq X g FT ol y4X g FT7 Ly tXF7,4)) g

WRITEL3,23)YEE,YSS :

23 FORMAT(3X//23%,17HTOP OF GRACIENT =,F7.u/22x..
12GHRCTTOM OF GRACIENT =,F7.4/) ' :

WRITE(Z 21 CYEIN) N=1326) ¢ (XE(N) 4N= 1.261,tvntN1.N 142E),
1IYD(N) 4N=1,256) !

£1 FORMAT(1H1,/35X, 11HDYDZ VALUES/3(BX, aFa uxw.ax,zFa 4/35%, |
111HOXD7 UALULQ/3‘SX BF8+4/) 4BX42F8.4/35X,11H YD VALUES /3 (8X,
2RFB.L/Y 4AX2F8,4/35X, 11H YO YALUES /318X, aFa.u/>,sx,2Fa 4)

50 TQ 1
CEND

B

b




]

‘gi “H16B3~78

] VALUES OF THE REFPACTIVE INDEX FOR H/L= 42963 L.
s Y N 56 - RD LT N ' : -
] » 31 «999269 1,375¢ 1.0€067 <3806
! .39 .993838 1.0677 .993%2 ©+3971
02 .89776 1.0642" . +9899 W A577 . bR
. bb +397207 1.76C3 . 9864 P61 _ ' e
U7 «33631 - 1.0561 -9B2Yy L7661 .
+ 89 299547 1.0514 .9784 7124 .
.52 .39456 1,04653 . 9733 6568 . '
.55 + 99363 1.0411 + 9645 +5958
.57 «99268 1.0358 + 9636 «5360
.60 +991R0 1.63¢9 .3590 4797
B2 +9339¢4 1,0261. © 49545 L4253
w65 +99015 1.6217 . .95%4 $ 3752
' B7 + 98344 1.0177 +QUET7 +3301
.73 «98334 1.0118 « 91D $ 2602
‘ .75 .98792 1.0092 «3388 .2324
Y .78 «98765  1.0075 .Q372 +2138
N »8C «387356 °  1.0061 9339 .1982
.88 «98707 1.0345 L« 9344 . 1798
.91 298703 1.0043 $ 9342 1774
«93 +38699 1,0041 s 9343 «1751
» 96 +98435 +9893 .9232 0074
TOP OF GRANIENT = 4.0000 ; , ° iy
BOTTOM OF GRADIENT = .2455. - ) s
" S
::._ : - /s




Computer Program to Convert
Atmosphere to Equivalent
Liquid Density
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APPENDIX B

COMPUTER PROGRAM TO CONVERT ATMOSPHERE
TO EQUIVALENT LIQUID DENSITY

DETERMINATION OF POTENTIAL DENSITY FROM RADIOSONDE DATA

To properly simulate the atmosphere the density gradient in the stratified liquid must be identical with Ihe
potential density gradient in the atmosphere. The potential density gradient can be computed from:

Ppor _ To P .;_.(k-n)/k : .:
(ppo;,o T ;; ‘ . ) (1

if the polytropic gas constant, n7, is known at each elevatlon for whlch temperature and pressure data are available
" from a radiosonde.

In equation (1},

T = temperature

= pressure
k isentropic gas constant =14
p = density

The subscript o refers to conditions at a reference elevation which can be either sea leve!l or the elevation at a fixed
ground location.

Prandtl and Tietjens' show that » can be determined from

where

AR = gas constant for air,
g = acceleration of gravity, and

d: change in temperature per incremental change in elevation.

The vaiue of R depends upon the constituents of the gas, For dry air, the va|ue of the constant is 287.0 square
metres per second squared-kelvin. '

However, for moist air the value is dependent upon the amount of water vapor |n the air. Haltirer and Martin?
show that the moist gas constant R, can be approximated by :

I
I

Ry = Rg(1+0.606 m,) .

! Prandti, L., and Tietjens, O. G., “Fundamentals of Hydro- and Aerodynamics,”” Dover Publications, Inc., 1957,
% Haltiner, G. J., and Martin, F. L., “Dynamical and Physical Meteorology,’” McGraw-Hill, 1957,




= dry gas constant, and
mixing ratio.

Jennings and Lewis? give values of the mixing ratio-as a function of the dewpoint temperature, figure B-1. These
values can be approximated over the range of temperatures usually found in the atmosphere by

T;+28.0
Tr =P\ 203 *

where

exp = exponent to hase 2.7183
T4 = dewpoint temperature, °C.

The foliowing program uses these relationships to calculate the potential density gradient from radiosonde data. All

densities are referenced to the lowest elevation given in the data.

40

n
[=]

o

o

(&)
g
=
Lt
o
o]
-
<L
a
L
O
=
w
=
-
-4
R o]
a
-
T
[a]

1
o

Tg +
mr=exp (14280 )

3 10
MIXING RATIO,my

kg (VvAPORYkg IDRY AIR) X 103

Figure B-1,--Mixing ratio~dewpoint temperature relationships.

3 Jennings, B, H., Lewis, S. R..."Alr Conditioniné and Refrigeration,”” 4th Edition, International: Textbock Co.,
694 p., 1958, o :
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PROGRAM DESCRIPTION - PRO 1532 - HATM

PROGRAH TITLE

© e By S

CONVZRSION OF ATMOSPHERE TO ZQUIVALENT LIQUID DENSITY

PURPISE

- -

THE ATMOSPHERE CAN 8E SIMULATED BY A STRATIFIED LIQUID IF THZ OENSITY
GRACQIENT OF THZ LIQUID HAS BZEN PROPIRLY FORMULATED., THE PUR2GSE OF
THE PROGRAM IS TO DETERMINE THE PRROPER LIQUID DENSITY GRADIZNT USING
ATMOSPHERIC DATA AT SELECTED ELEVATLINS,

HETHIO

THE PROGRAM DETIRMINES THE POLYTROPIC GAS GONSTANT FOR DISCRET:Z LAYZRS

HAF THE ATMOSPHEREZ FROM THE INPUT DATA, A SIMPLE MATHIMATICAL

fKPRESSION IS USED TQ DETERMINE THZ VARIATION IN EQUIVALENT LI2JIO
~DENSITY ACROSS THE LAYER.

INPUT~JJTPUT

.-

THE INPUT CONSISTS OF A DESCRIPTIVI TITLE AND A S=LE5 OF DATA POINTS
NHICH DESCRIBE THE ATMOSPHERE AT SEVERAL-LEVELS. AT EACH LEVEL THE
DATA INPUT CONSISTS .-OF THE ELEVATIJN, TEMPERATURE, AND PRESSJRE. THE
OUTPUT CONSISTS QF THE ELEVATION, PITENTIAL TEMPERATJRE, THE PILYTROPIC
GAS CONSTANT, AND THE EQUIVALENT OR ELATIVE DENSITY. - '

LIMITATIONS

THE PROGRAM WILL WORK FOR ANY ATMOSPHERIC CONDITIONS FOJND IN NATURE.
THE DATA SETS MUST BE ARRANGED IN ORDER OF INGCREASING HEISHT.. THE
NUMBER OF DATA SETS CANNOT EXCEED 5J.
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USER™S MANUAL - PRO 1532 HFATHM

iy

DISCLAIMER STATEMENT

o ———  ————— AL

COMPUTE® 22(G2AMS DEVELOPEL 3Y THE-RURFAU OF =ECLAMATION ARE SU3JECT TO

THE FOLLOWING GONGITIONSS CONSULTING SF=yICE  AND ﬂSSIStA1CE' WLITH

(9]

ONVEFRSZCOHN CLNNAT Ap RROVIDED, THE PROGRads HAVE 3EEN DEYELIPED FOR
USE. AT THE #US3&% CANG  Ng. WARRANTY AS TO ACCURACY, USEFU_NESS, OR
COMPLETENESS IS EXPRESSED 0% IMPLIED. '

PERMIISION IS GRANMTED TO EEPRQCUCE 0= GUGCTE FrOM THE PROGRAMS HOWEVER.
IS

Z? ¢ ‘
R IT IS SEGUFSTED THAT CREDIT 8B GIVEK TO THE JUREAU OF ECLAMATION, UlSa.
: DEPARTMENT OF INTERIOF, &S THE OWNER. -




USER™S MAMULL = PEOC 1532 HFATH ©

PROGRAM TITLE

CONVE: SION OF ATMOSPHFEE TO EQUIVLLENT LIGUID DENSITY

SENERAL IWNFORMATION

A R e o W SN A - TR ——

THE  CONYERTICMAL HETHOT FOR SIAULATION QF THE ATMCSPHERE RELIES UPON A
RICHAFIZON NUMBEP SIMILITUOE. CLAJS  (LARSE-4MPLITUJE MOTION OfF. 4
COMPRESSIZLE FLUIO IN  THE ATHMOSPHERE.J.FLUID MEGH. 1194207-2809,1984)
SHOWEU THAT ZF THE JISTAIBUTION OF DENSITY IN A LIQUIU WAS IDENTIGAL
WITH THE TISTFIBUTION OF PUTENTIAL CENSITY IN THE ATMOSPHERE, THE FLOWS
COULEG BE SIMILAR,. . o i

THIS PROG2AM RPEADS ALL OF THE [ATA  AND PUTS IT INTC ONEs
MIMFNIIONAL ARFAYZ. THE.FIKST SET OF CATA POINTS ARE THE <EFERENCE
VALUES, THE GOMPUTATIONS PRGGFESS TU SUGCESSIVELY HIGHER LAYZRS. THE
PCLYTFCPRIC GAS CCWNSTANTS.AND RELATIVE DGENSITY ACRDOSS EACH LAYER ARE
DETERMINED.  IN ADRDITION, THE MOFE GOMMONLY USED MEASURE OF STAYILITY,
POTENTIAL TEMPEFATURE, I3 UETERMINEG AT CACH ELEVATION. THE =IEFERENCE
PEESSULE FOR DETERMINING THE POTENTIAL PRESSURE IS 1013 MILLIBGRS.

1
by
‘i

i

DETA AZE INPUT IN A FILE CALLED OATAL. THE FiLE CONTAINS THE TITLE
THF ATHCSFHERIC PAFAME TERS. .

SUBMITTAL IMSTRUCTIONS

—— AR R

THE DETL FILF IS RSEPAFED AS FOLLOWS:

THE TITLE SHOULD BE CENTEREC IN & FIELL GF 27 CHARACTERSe. THIS FILF
CONTAIMS THE ELEVATION IN MFTERS, THE FEESSURE IN MILLIZARS., AND THE
TEMPERATURE IN D2QEGREES CELSIUSy THE CEWPOINT TEMPERATURE IN DEGREES
CELSIUS,y AND THE WIND DIRECTION AND WIND VELQCITY IN KNOTS. THE LAST
ENTRY 1IN THE DOATA 4UST BE AN ELEVATION OF —i HETER. THE VARIARBLES ARE
READ WITH & 6F3.2 FOEMAT, ’ _

-QUTRUT




USET™S MANUAL - P30 1532 HFATH

THE QOUTPUT CONZISTE OF THE FOLLOWEING:

THE TITLE
HELIGHT (METERS)

TEMPERATURE {(OEGHEES KFLVIN)

POTENTIAL TEAPEFATURE (QFG=EE3; KELVIN)
POLYTROFIZ GAS EXPONENT

RELATIVE JEMSITY

SPECIAL CPEERATING FEJUIREMENTS




CFOSTRAN LISTING




PROGRAM HFATH[UﬁTAi;OUTPUT;TAPE1=DATA1.TAPE3=0UTPUT!

PROGRAM TC ”ONU:RT HETEDROLOGICAL 0aTA TO HODHL D;NSITl:S

H= hLEVATION,HETEFS

AP= ATMOSFHERIC PRESSURE,MILLI3ARS

sAPREF= REFERENCE PRESSURE

T= TEMPERATURE,DEG CELSIUS

TR= TEMPERATURE,DEG KZILVIN

TREF= REFERENCE TeHPERATURE

ADN= N VALUE FCR POLYTRCSIC GAS

RELD= RELATIVE DENSITY IN INCOMPRcSSIBLZ “LUID
POTT= POTENTIAL TEMPERATURE .

DIf= WIND DIRECTION, AZIMUTH .

VEL= WIND VELOCITY, KNOTS IINPJT). M/5 (OUTPUT)
DPT= DEW POINT TEMPERATURE, DEGREELS CELSIJS

THE DATA IS ENTERED FROM A FILE CALLED DATAL:— THE FIRST
LINE IS THE TITLE IN AN 3A3. FORMAT., THE NEXT LINES GONSIST
OF THE DATA. EACH LINE CONTAINS THE FOLLOWINGS

THE HEIGHT IN METERS, THZ PRESSURE IN MILLIBARS, THE
TEMPERATURE IN DEGREES CELSIU3, THZ DEW POLNT TEMPERATURE IN
DEGREES CELSIUSy THE WIND DIRECTION IN AZIMUTH, AND  THE WIND
VELQUITY IN KHOTS. (THE QUTPUT VELQCITY IS IN METERS -PER
SECOND4) THEo INPUT IS REAU WITA A 6F8.2 FORMAT. .
THE LAST LINZ IN THE DATA MUST 3E SET EQUAL TO A NEGATIVI NUM3zZR
THIS TELLS TYHE COMPUTE® THAT THZ END OF.THz .DATA HAS

BEEN REZACHED., -UF TO 180 LINES OF ‘DATA CAN BE ENTERED-

v
ol
c
C
C
€
c -
. G
C
c
C .
C
C
c
C
C
C
C
c
c
C
G
G
G
c
C
c
c
c
C

- C
c

aIMstxoh H(lGUl,AP(lUDI,T(iQBB,TIT(QI.TQ(lﬂU),ADNtiﬂﬁb RELDILDH)
1,FOTT(100) sDIR(10D) UEL(iBU!,DPTliﬂﬂl :

3 <EAD(1.1i (TIT(J),J=1,9)

1 FORMATI(SA3)

IF(EOF (1)) 3Ge 45
40 WRITZAU3,33(TITI{J),J=1,09) .
9 FORMAT(1H1,19X,1iHINPUT DATA//9A43)
DO 20 J=1,100 '
READ (1+2) H(J) yAF(J) +T (), DPT(J:.DIR(J:.U LiJ)

2 FOP4AT(BF8.2)

WRITE (3, e)H(J).AP(J).TtJ),intJi.DIRtJ).vEL(J)

£ FORMAT(1X,EFB.2) °
IF(H(J) oLTaD4)GO TO &

20 CONTINUE

L L= Jg-1
WREITE(3,7)

7 FORMATALAX,///1/}.
TREF=-T{1)+273.15
TR(1)}= TREF
RELD{1)= 1.
VEL(1)= G.515¥VEL(L)
D0 10 K=2,L

5 TR(K)= T(K}+273.15
DELT= TR(K)I~TR{K=1)
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DELH= H{K)}=H(X=1)
SPH= (EXP{{DPTIK)+28,3)740.5)+#1.)%0,001
B=  209.206%(1.,+0.E06*SPH)
ADNIK)Y= 1.,/7(1.+R*DELT/DELH)
COEF= (1.4-ADNIK)D /1.4
PR= AP({K)}ZAPIK=1)
ET= TRIK=1)/TR{K)} "
OR= (FT*PR)**[0OEF
RELD(K)= OR®PELOGI(K-1)
POTTI(K)= TRIK)* (100 ./AP(K))»*, 25857
VELIK)= Da513*VELIK)
CONT INUE
ADN(1)= ADNI(Z2):
POTT(1)= TR1)*(100C./AP(1))*¥, 2357
L= K=1 E
HRITE(3,7C)(TIT(JI) yd=1,9}%
70 FORMAT(LH1,19%X,943,/
ATINJLHWINDGS #
111X+52H HEIGHT TEMP POT TENP PILYTROPIC /RELATIVE
A22H DIRECTYION ' VELOCITY 7/ ' :
211X, 52H (METERS) (KELVIN) (KELVIN) GAS COEFF DENSITY
A, 22H (DEBG) : (M/7S) e ] )
WRITE(3+75) (HIM)oTRIMIJPOTT (M), ADN (M) yRELD (M) DIR(M) (NVELIHM) .
iM=1,L) b
TS FORMAT(11X4FBe0By1XsF9e1,F10e19F10e24F11.3:2F21.2)
GO TO 3
30 CALL EXIT
END




DURING STORM

. WIND .
HET GHT TEMP  POT TEMP  POLYTROPIC RELATIVE DIRESTION  VELOCITY
(HETERS)  (KELVIN) (KELVIN) GAS COEFF  DZNSITY  (DG) (M/S)

G. 283.2 28241 1.48 i.000 0.00 x 0.00
10820, 273.4 282.5 1.40 1.006 : 0,00 O.00
20C1n. 263.7.. 282.8 . . 140 1.000 2.00 0¢C
3000, 254.1 281.4 1,39 1-000 9,08 - 600
3550, 249.1 280.7 1.41 1.000 2,90 . 4.00
4070, “2k6-1 2B8Z4Ls N 1.21 « 993 - 0.00
COfC. 238,9 285.3 T1,27 + 383 0.00
623G, 232.2 287.5 1,24 . .« 972 J.00
7000, 2257 290.7 1.24 - 960 - B.00
aocao. 218,.,8 293.8 1.25 T e 948 0.00
SLCC. 211.9 296.86 1.2% . 937 0.00

icoece. 205.2 299.3 1.24 « 925 d.00

OURING STORM

Q.00 1013.C0
1000.00 891.0G
2000.00° 790.C0
I000.80 £99.00°7
3S00.06 ©58.00
400000 €17,00
5000.,00 €t37.00
5000,00 4L73.73
rooo.08 &12,.C0
5p00.C3 336,07
3000.00 . 308,00
10000.00 265,00
11000.00 226.0C0
-100.00 D.0C
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APPENDIX C
'4_ )

COMPUTER PROGRAM TO.CALCULATE THE DIFFUSION -
BETWEEN TWO FLUID LAYERS

DETERMINATION OF TIMEWISE DIFFUSION BETWEEN
FLUIDS OF DIFFERENT DENSITIES

The assumption is made that the dlffusmn pmcess between two flutds of d|fferent densrt:es can be described by:
P_EE =k ?_;.'_Ea
ot a],/.2
where
C, = concentration of fluid A in fluid B
t = time,

_ < (1)
k = diffusion coefficient, and
¥ = vertical axis.

e

Equation {1} can be made dimensionless by defining

C=<

AC _A'C
At

&
Using these definitions and dropping the subscript a4, equation {1) can be written in finite elements as
T Ay?

“(2)
C(0,¥1 =1 for 0S¥ < 0.5, and

Equation {2} can be solved for various initial conditions. For instance, one set of initial conditions couid be
The boundary conditions are

Dfor0.5<}7§1 0

%_.c- =0, and ' %—E =0.
Y ¥=0 Y .
increment is:

=1

The followmg computer program solved this problem for a series of equal time increments. The value of eat.thnme

—_(ay)?
At = T




As an alternative method, Mowbray® shows that the dimensionless concentration at any elevation is given by: :
©a K

1+§ E :—]exp(-—-ﬂnzﬂ cot (T} cos () -- (3

n—1

c=

1
2

In terms of a finite number of elevations, tr.e series runs between 1 = 1 and n = N, where N equals the number of -
increments pius 1. . -

The results of the computer program are plotted in figure C-1 for selected time intervals. These results can be

arplied to a specific depth of fluid by setting A equal b the total fluid depth and using a diffusion coefficient of
0.00109 mm? /s. " .

MOLECULAR DIFFUSION

Figure C-1.—Fickian concentration distribution.

! Mowbray, D. E., “The Use of Schlieren and Shadowgraph TecHhiques in the Study of Flow Patterns in Density
Stratified Liquids,” J. Fluid Mech., vol. 27, part 3, pp. 595-G08, 1967,




PROGRAM HFDIFF(INPUT'OUTDUT,TAPES'OUTPUT.’LFILE)

PROGRAY TO EfUDY MOLECULAR DIFFUSIUN BETHEEN 2 SALINE LAYER
AND'A FRESH HATER LAYEP.

DIMENSION Y{(511,T(51),D(51) 4 MESG (1)
DATA(MESG(1)=HHFALVEY) :
DATA(MESGC(2)=7HMC 1530)

DATA (MESG{3)=9HZIXT. 3760}

DATA (HESG{4)=4HPLOT)

DATA D/25%1.40.5,25%0,/

SET UP OF GRAPH PAPER

CALL CCMPRS(30)

CALL DISSIDIMES3)

GALL BGNPL(-1} .

CALL TRIPLX - i

CALL TITLID('MOLECULAR DIFFUSION"413,7,7).

CALL AXESIDI"CONGCENTRATIAON™, 134" TIKE 6,
1“DEPTH" y541epPeyla)d

GALL VYUABS(10.+-10.,10.}

CALL GRAF3DC0e20¢221el030uy 0500300250 a3002910)

LINITIALIZATION OF DATA

DO 18 J=1,51

RJI=J

Y{Ji= Q.02*{RJ=1.)
_ T(Jh= 0.
10 CONTINLE

OUTPUT OF RESULFS

WRITECA,1)
1 FORMAT {1Hi, lZﬂXs3hHDIFFUSION BETWEEN TWO FLUID LAYERS 7/
119X, 36HCONGENTRATIONS ARE REFERENCED TO T4HE /
224X, 26HINITIAL SALT CONGENTRATION 77
318X, 3IBHGROUPS OF CONCENTRATICNS ARE SEPARATED /
415Xy 45HBY A TIME INCREMENT EQUAL TO 10 ULH/S5D)*¥23)/D /
517Xy 3BHAHERE H= TOTAL DEPYH OF BOTH LAYERS,MM /
623Xy 3SHD=DIFFUSION COEFFICTENT, MM*HMMFSEG 7/
T17¥X, 3I9HINDIVIDUAL CONCENTRATIONS ARE SEPARATFED -/
B19X, 35HBY A HEIGHT INGCREMENT EGUAL TO H/S0 77}
HRITFE3, 2)T (1) (¥ CI) 4D(T) Y (I +1),0(T¢1),Y(I+2),D(I¢2),1= 1,51,3)
L=0

FLOT OF FIRSYT GCURVE

CALL. GURU3D(D.T.Y 51,0)
NT=D

COMPUTATION OF JATA POINTS
20 109 J=2,2501

T(1)= T{(1y+g,0008
L=Lst




NT= NT+1
00 580 x=2,51
TEKI= T{K)+0.0008

o c
L c INTERICR POINTS
S c
DEKI= 0o2%(DIK+1)-2.*D{K) +D (K=1)) 4D {K)
50 CONT INUE
c
c EXTERIOR POINTS
c

o D(1}= 40.%(D€21-D(1)1+D(1) -
s DI51)= 40.%IB(50)-D(51)1)+D{51)
ST T(510= T(51)+0.0008

A c OUTPUT OF PESULTS
c 2

o IF(L.EQ. 10FWRITE (3,3)
O 3 FORMAT CLHL,/// 4/ 77 520X,
1 34HWDIFFUSION BETHEEN TWO FLUIO LAYERS ///)
2 IF(L.ER.1D)L=0 ' '
yo IFINT.EQ. 50)HRITE{3.2IT(11.tVtI),Dcrl,Y¢I+1).nt1+1: ¢
o 1:Y4I42),D4142) 4121451, 3 '
2 FORMAT (26X, 20HDIHENSIONLESS TIME =,F8.4/

1 BX, GHHDFPTH CUNCENTRATION DEPTH CONGENTRATION DEPTH ~ GONCENTR

ZATION/
31?(1! F12¢3’F1 D. 3’F12l3l Fiﬂu3’F12031F10.3,’
bof/ 7}

PLOT DOF CURVES

[y Ny Ry

IF{NT+EQ.50)CALL GURVID(D,T,Y451,0) o
- IFINT.EQ.50) NT=0
v 100 CONT INUE
: CALL ENDPL (D) : . _ f
S _ GALL DONEPL : S _ : s
s CALL EXIT '

END _ " . GPO 84z-703
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REC-ERC-77-8 ;
Falvey, H T and Dodge RA
ATMOSPHERIC SIMULATION USING STRATIFIED LIGQUID MODELS .
Bur Reclam Rep REGC-ERGC-77-8, Div Gen Res, July 1977, Bureau of Reclamatiun,
Denver, 96 p, 51 fig, 1 tab

oy

DESCRIPTORS—/ *atmospheric research/ *model studles/ *ﬂeld investigations/ weather

madification/ cloud ser_!dlngl similitude
IDENTIFIERS—/ Project Skywater/ Leadville-Climex Pilot Project/ Sierra Cooperative

Pilot Project/ Colorado River Basin Pilot Project
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