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Analytical and laboratory studies were made to 
determine the feasibility of using stratified liquids and 
distorted scale maps of an area to  simulate mesoscale 
(2 t o  20 kilometers) atmospheric phenomena. 
Techniques and instrumentation were developed for 
creating velocity gradients, creating density gradients, 
for visualization, and for making measurements. The 
ultimate goal was to  investigate the etfectiveness of 
both aerial and ground seeding station locations for 
various pilot study areas. 

model , was to study mean flow patterns and the 
patterns of the major circulations. The model flow 
patterns that are simulated rqresent the f low patterns 
at only one instant during the time history of'a storm. 
Thus, tht. development of a storm can only be 
simulated by snaking several runs with various density 
gradients. It is recognized that the model cannot 
exactly reproduce the flow conditions over the moun- 
tains. However, the surface geometry and stratifica- 
tions in the atmosphere introduce complexities in the 
flow patterns that are so great' that even a qualitative 
reproduction of the flow field is beneficial. 

~ N ~ : R O D U C . ~ O N  The topography i s  simulated with commercially 

Background available plastic relief maps having a 2:l vertical 
distortion. The maps can be rotated to change wind 

. Models l~ave been used to  simulate atmospheric direction, density gradients can be varied, and'the 
phenomena for almost half a century. one of.:g,e, horizontal curvature of the free stream line trajecto~.ies 

earliest investigations was by Abe i l l  * , who mod ied  Can be reproduced. 

?he air currents and cloud formations around MOU& 

Fujiyama in Japan. Work Plan and General Objectives 

Numbers in brackets refer to  items in the For a model- to truly repit-sent actual conditions, it 
must be geometrically, kinematically, and dynamically . , 

In general, two types of scale models have been To achieve no 
employed. The first and most common type usesair as similitude were i,?vestigated first. Then, operational 
the working fluid. With this type of model; f low.  and measuring techniques were developed. A facility :' 

patterns, eddies, and diffusion charact'eristics can be .was then designed to  verify the model using the 
studied. Because of difficulties in establishing density ieadville-Climax, Colo.. field data. Tests were then 
gradients, this h/pe of model is usually limited to Performed on ground seeding stations for the Colorado 
studies in the lowest layer of the atmosphere, ,? i r  River Basin Pilot Project of Project Skywater. 
models are extremely useful in studying flows around Following these steps, a series of studies was performed 
buildings and of diffusion from ground sources. with an improved facility t o  investigate transport 

phenomena in winter orographic storms of the Sierra 
Thesecond type of model uses 1iqujd.a~ thelkorking Nevada. The Sierra Cooperative Pilot Project is also a 
fluid. Liquid models hive their greatest range of part of Project Skywater. ' 

applicability where gravity effects- are significant. 
Studies in the past have included ( 1 1  wave motion at 
and mixing across a density interface. (21 the progress 
of a densty flow (such as a dust cloud or a cold troni '  - ~. , 
and (31 the effect of a schematic mountain range upon 
successively higher thermal zones of the atmosphere The technique of simulating the atmosphere with' a 

[81, These model; can even include Coriolis forces by- , Stratified liquid was developed and verified during the' 

rntatino the entiro tmk  course of these investigations. Conclusions from these .= - ..... " 
. , investigations can have a profoun.? eiiect on locatinq 
. . 

The Bureau model and studies which are described in futurdground seeder sites and deciding when to  use 
this report were designed to  study orographic airborne seeders. Detailed conclusions are discussed 
deflection of atmospheric flow. T!ie distance scale later in this report. 
studled in nature was of the order of 2 to 20 
k~lometers. Cermak [31 def~ne; this as mesoscale 
phenomena. MODEL SlhlILlTUDE 

The Bureau model used a strat~fied l ~ q u ~ d  to s~mulate 
the entlre depth of the atmosphere. The purpose of the Genera' 



sim~lar to the protowpe. I f  the model deviates from where the subscript o refers t o  conditions at a 
the erototype in any one of these three areas of reference point, usually the ground. The value n 15 

~ ~ ~- ~ ~ ~ ~ ~ 

large. the model does not redresent the prototype and with ;he atmospheric'conditionr. For instance, "can 
no amount of interpretation will yield the correct have the following values for various processes: 
results. 

Constart pressure . . . . . . .  n = 0 
Velocity and Density Gradient isothermal (no 
Similitude change in 

temperature) . . . . . . . .  n = 1 
Atmospl?eric equation of state.-The theory upon Isentropic (no ,. ,, 

wh:ch the model is  based was developed by Claus [41. change in <,, i>. 
. . . . . . . . . .  . .  His studies, as well as some fundamental considera- entropy) ,1 k =-C IC > 1 P v 

tions, have been summarized by Yih [ 1 2 ] .  Only th%- Constant volume . . . . . . . .  n = m . , 
9 

major details will be reproduced here. 
CP = specific heat at constant pressure 

For a nonviscous fluid, the equations of motion in Cv = specific heat at constant volume 
rectangular coordinates can be given in vector notation 
as 

, For dry air, k is  the ratio,:M the specific heats, Cp/Cv, t 
;, and is  equal to 1.4. 
, ,  . '' The difference in  entropy S between any two states i s  

given by Soo l l l j  in the relation 
where 

(s.'s* l/Cv 
P = pressure, pvi = P,V, e (3) 
t = time, 
u = velocity, where 
x = coordinate direction, : g , .T 
X = body force per unit mass, v = specifkc volume 
P = density of fluid, and e = 2.71 828 
V = vector or differential operator 

I ,  known as "nabla"or "del" Let 
.. 

subscript povOL c 1 

i = 1 .  2, and 3 and refer to three Then, 
orthogonal coordinates such as the 
x, y, and z directions in rectangular 
coordinates, respectively. 

..:<;.7 ... Tak;ng the kth root and substituting ( 1 1 ~ )  for v gives , :. . 
Equation (11, representing three- equations, i s  

after some rearrangement, 
applicable for' both stratified liquids and gases. The 
density in the equation is not necessarily constant. For 

l!k ( k - n J l ! t  - ,C2e(SO~SIICp . . .  compressible fluids; an equation of state is needed t o  I P " / Y )  P 
define the variation of density with elevation or 
pressure. For stratified liquids, the expression involves H ~ ~ ~ ~ ~ ~ ,  since (pn/P)  is a constant, 
a definition of density with depth. 

P(w!", e(s,-s/!cP 
The equation of state for a compressible fluid requires 3 

the assumption that th, atmosphere behaves like a 
polytrop~c process in a perfect gas. Thus, Referenced to cond~t~ons a t  the ground level, 



C, , C1. C3, and Cn in the above equations are If the reference pressure is defined as the ground level 
constants. pressure. then the potential density is given by 

The right side of equation (41 is an expression which 
indicates the vdriation of entropy i n  the atmosphere 
with elevation. Entropy can be regarded as a 
mathematical expression which can be conveniently 
used to describe quantitatively the ability of the 
atmosphere to  change i t s  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 t o  describe a dry adiabatic 
atmosphere, a pseudomoist atmosphere, or any other 
atmosphere that may not even obey reversible gas laws. 
Ey:ation (4) can be regarded as the equation of state 
for the polytropic compressible atmosphere. ... 

, .  . .. 
Richardson number criteria.-Most investigators rcly 
upon a Richardson number to create models of the 
atmosphere. This number incorporates density 
variations and velocity gradients into one expression. 
The Richardson number R is defined as 

where 

g = acceleratlon of gravlty 
P, = average dens~ty 

Sim~larly, the potentla1 den;ity at any height divided 
hy the potential density at the ground is 

Comparing equation ( 6 )  with equation (4) reveals that 
the potential density distribution in a polytropic 
atmosphere i s  given by 

~~, 

Relative density = ppuf l@por)o = @Ip0) ( k - u ) / k  

In terms of temperature T and pressure p, i f  n # k, 
then 

(k-n )/k 

Relative density =($.a ( 7 4  

Forn  = k ,  

Claus 141, i n  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 f luid with 
stratification in density is similar to the flow of  a 
compressible fluid with stratification of entropy i f :  

(1) The potential density distribution o f  the 
compressible fluid is identical with the potential 
density distribution of the incompressible flcid, 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 i s  brought isentropically to  a reference elevation. 
Potential density has a similar significance as potential 
temperature, which i s  a commonly used concept in 
meteorology. Since the atmosphere i s  t o  be simulated 
with density variations in a liquid, the concept o f  
potential density is ::he appropriate parameter to  be 
used in this case. 

The temperaturs in equations (7a) and (7b) must be 
expressed on the Kelv~n scale. 

With an incompressible fluid, its relative density is 
defined simply as the ratio of the density at any 
elcvstion to  the density a t .  some fixed elevation. 
Therefore, the entropy gradient o f  the atmosphere can 
be properly simulated when the density distribution in 
the incompressible f luid matches the potential density 
distribution in the atmosphere as computed from 
equation (7). Data from radiosondes can be used for 
input into the equation to  compute the rela'tive density 
at a series of elevations in the atmosphere. Details of 
the procedure are outlined in appendix 8. 

The second criterion of Claus requires tnat the velocity 
profiles are nearly identical. Thus;as a first approxima. 
tion, boundary layers should be established in the 
model where boundary layers exist in the atmosphere. 
However, identical velocity profiles do not have t o  be 
established within the boundary layers. 

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



term in the Richardsvn number, equation (51, is made 
dimensionless, the following expression results: 

where 

H = d~stance from sea level elevation 
to  the tropopause. 

U = maxlmum free stream or  
geostrophic veloc~ty, and 

p, = dens~ty at the earth's surface. 

Equation (8 )  clearly shows that the conditions of 
Claus [41 and Yih [I21 are directly related to  the 
Richxdson number similitude. The term gH/UZ is the 
reciprocal of the Froude parameter. This dimensionless 
parameter arises whenever gravitational effects are 
significant. For example, sec equation (1 8c). 

I f  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 

where the subscript m refers to  model values and atm 
t o  atmospheric valties. 

Equation(9) shows that i f  maps with a vertical 
distortion are used to  simulate the topography, the 
velocity scaling i s  based upon'the vertical and not the 
horizontal scale ratio; 

Reynolds simi1irude.-Reynolds similitude refers to the 
f luid turbulence. No effort was made to  achieve 
Reynolds simikrity. Therefore, f low 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 f low wculd be 
represented. 

-. , , .. . 

. , 
For convenience, commercially availablerdlief maps 
were used. Therefore, geometl-ic simili?jcle was not 
maintained i n  the model. These maps,,.i?ad 2:l vertical 
distortion in the scale. Originallf the study was 
planned to  investigate the effects of distortion in the 

. . 
distorted shape;. The comparative method, while 
frequently used in laboratory practice, is deficient 
since the question o f  extrapolating the data to  
prototype scales is not definitely resolved. 

Another frequently used method to  investigate the 
effects o f  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 
51, The bed roughness in the mod4 is varied until a 
historical event can be duplicated. The main deficiency, ... 
of this method is the difficulty in obtainirag accurate 
field measurements. ... . , 

'. , 

I '  
This latter method was chosen t o  deterinine if the 1) 

maps with a 2:l vertical exaggeration could be used to  7 

obtai~i  an accurate representation of field conditions. 

Coriolis and Pressure Field Simulation 

The motion of the atmosphere :k described by 
Newton's second law which must be written relative to  
an inertial coordinate system; I f  the motion i s  viewed 
f r o m  a moving coordinate system, the basic 
relationships must account for this movement. To  
simulate atmospheric motions on a 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 o f  an element of the atmosphere can be 
described relative to an observer traveling with th? 
moving coordinat? system. In  this case, the absolute' 
velocity is the vector sum of  the movement of the 
earth and the velocity of the particle as observed from 
the earth, or 

where - 
VQ = absolute veloc~ty, - 
V = observed veloc~ty, and - 

V, =velocity of the surface of the earth. 

The acceleratton of the particle in vector notation is 
glven by. - 

d V  2 (fixed system) =;P (rotating system) 1 

t - - 
+n xv, (11) 



Substituting equation (10) into equation (111 reduces 
to: 

where - 
f2 = angular velocity o f  the earth, 
R = distance of particle from earth's 

axis, and 
x = signifies a cross vector product. 

From Newton's second law, the sum of :he forces i s  
equal to the mass times the acceleration. In  terms of 
force per unit mass, this is expressed as - - - - dV0 b + g + F = -  (1 3a) 

dt 

where 

b = pressure force, 
& 

q =gravitational force, and 
-L- 
F = frictional forces. 

With respect to the observed velocities. the equation 
becomes 

Equation (13b) i s  the expanded form of equation (11 
for the horizontal component of flow. 

This development has not yet considered the 
coordinate system in which the observations are made. 
Normally, the choice of a coordinate system i s  made t u  
coincide with the spherical coordinate system of the 
earth. However, some advantages can be derived by 
using another coordinate system t o  describe the 
atmospheric inotion. For instance, the coordinates can 
be fixed relative to the point of observation on the 
surface of the earth. It is possible to  dexribe the 
atmospheric motion relative to this point by using a 
natural coordinate system. A natural coordinate system 
:s defined i n  terms of the traiectory of a particla. A t  
the coordinate origin, the velocity vector lies tangent 
to  the trajectory. The tangent is called the s axis. This 
axis forms one o f  three m~'tually..~erpendicular axes. 
The other two are the n and rn axks where n is in the 
plane of the motion and in is directed perpendicular to 
the plane. This coordinate system was used in the 
model. The coordinate origin was taken to  be a point 
near the center of the target area. 

and 

2 
- ! L = - u & - g - 2 u ~ ~ ~ s a ,  a 

az lJ4c l  

where 

V =  instantaneous veloclty vector relative 
to the observer, rnls 

u =  specific volume of  ak, kg/m3 
P = pressure, Pa (pascals) 

KH = 1/R,r, = hor~zontal curvature of 
trajectory 

RH= horizontal radius of curvature of 
trajectory 

f = Coriolis parameter = 2 !I sin * 
a = angular velocity o f  Earth = 2 n radians 

per e6 400 seconds *= latitude o f  coordinate center 
a = radlus of Earth = 6370 km 
u = component of velocity vector V in 

the easterly direction 

The term "horizontal" in the above definitions refers 
to  surfaces that are parallel to mean sea level. 

Realizing that the terms.V2/a and 2u.Q cos @are shall, 
gives the following equations for steady flow: 

and 

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 for use with isobaric maps by defining 
N 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, 0 is positive. For deflections toward 
higher pressures. 0 is negative. Using this ncw notation: 

and 

Substituting these equations into equation (151 gives 

and 

Equation (16) can be normalized in such a fashion that 
all of the variables, both independent and dependent. 
are approximately unity over the domain o f  concern. 
This i s  accomplished by definjng the following 
dimensionless variables: 

where 

2 go =gravitational constant = 9.8 m/s 
U = maximum wind velocity 
L = maximum horizontal length in domain 

of interest 
17, =standard atmospheric pressure at 

sea level 
no =angular velocity of the Earth 

= 7.272 x lo- '  rad/s 
u, = specific volume of air at sea level 

pressure and temperature 
= 0.773 m v k g  at 0 OC 

H = height of atmosphere from sea 
level = 11 km 

z = vertical coordinate 

Substitution of these variables into equation (161 gives: 

2 
'01'0 aT !! R V 2 = -  -- 

L cos 0 
L a i  

- 2 sin 4) n,UVfi (17bl 

and 

Equation (171 can in turn be made dtmens~onless 
term-wise by d~viding each term by the coefficient of 
one term. This process results in the follow~ng: 

The dimensionless Darameters are aenerallv defined as - 
follows: . ~ 

, ~ .-~ .. . . .. <.:, . . 

"oP, - = pressure parameter 
uZ 

90 L - - 
U 

- Rossby parameter 

The group of f low conditions which is described by 
equation 118) 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 o f  this class i s  determined by the specific set 
of values taken by the pressure. ~ossb;, and Froude I 

parameters. Thus, when these parameters are specified, 
a specific flow condition i s  specified. It should be 



noted that the value of each d~mensionless var~able ( V .  
for instance) is unique for each specified f low 
condition. 

In the conventional method of designing a model. 
careful attention is paid to  properly reproducing the 
magnitudes of the dimensionless parameters. I f  this is 
done reasonably well, the model represents a solution 
of the normalized differential equation. That is. 
dimensionless velocities, flow directions, etc.. in the 
model  are identtcal  with the corresponding 
dimensionless quantities in the atmosphere. Arx 121 
demonstrates, for instance, how rapidly a model must 
be rotated about its axis to  properly simulate tidal and 
Coriolis effects in marginal and small mediterranean 
seas of the Earth. This rotation is necessary to  maintain 
equalily of the Rassby number in the model and i n  
nature. ' , 

, ,, 

The liquid simulation model was designed from a 
slightly different cdncopt;'lnstead of reproducing the 
magnitudes or the dimensionless 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 tt.e field. This 
procedure i s  based upon the assumption that i f  the 
flow condition in the model ( in dimensionless t-rmsy~ 
reproduces a specified flow condition measured in the 
field at a given elevation, then the f low conditions at 
all elevations are properly simulated. Therefore, the 
liquid simulation model essentially duplicates the 
Coriolis and pressure fields implicitly. This technique 
can be viewed as one in which known flow conditions 
a t  one elevation (the upper atmosphere) are 
extrapolated into an area where the f low conditions are 
unknown (near the ground). 

Summary 

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

The correct free stream veloc~ty is determined from the 
Froude parameter. The model velocity V,,, is given by: 

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

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

The establishment of the correct horizontal free stream 
trajectory is limited in the model. The horizontal 
radius of curvature R,,, in the model varies between 0 
and 2 metres. The correlatidn between the model and 
the field values is based upon a simple geometric ratio! 

The ratio LllJL,,l,l represents the relationship between 
hor~zontal lengths in the model and in the atmosphere. 
With a horizontal scale of 1:250 000, the model radius 
of curvature is 

For example, with a free stream trajectory radius of 
curvature of 355 km in the atmosphere, the model 
value is 1.42 m h g .  1). 

LABORATORY APPARATUS 
AND TECIINIQUES 

Laboratory Facility 

(1) correct variation o f  entropy with elevation, TI; model (fig. 2 )  includes a tank 150 mm deep having 
a diameter of 4000 mm. The liquid used to simulate 

(2) correct free stream velocity, and the atmosphere enters the tank through four inlet ports 
in the floor. The depth of the liquid above sea level is 

(3) correct horizontal curvature of the free stream about 88 mm, which corrasponds to the 
trajectory. boundary between the atmosphere and the troposphere 

when a vertical scale of 1 : 125 000 is used. Motion in 
The simulation of the correct variation of entropy the model is generated by a rotating disk floating on 
requires that the density at any elevation in the liquid the liquid, ~h~ clearance between the disk and the tank 
relative to the ground level reference density vary as wall : is about mm. oriqinallv, three d-c electric - .  

motors mounted on the disk provided the required 
dr~ving 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 

7 



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

Figure 1.-Compar~son of f ree rtream curvature in model 
with typical atmospheric conditianr. 

Producing Potential Flow 

Rouse [91 shows that a velocity potential, that is 
potential flow, exists if the f low 1s laminar and i f  there 
is no appreciable acceleration in the direction o f  
motion. Schlichting [lo], who studied the flow 
induced by a rotatiny disk, found that the f low 
remained laminar up to a rotational Reynolds number 
R, of 100 OW with homogeneous fluids. 

The rotational Reynolds number is defined es 

where 

r = radius of disk, m 
o = angular velocity, radls 
v = kinematic viscosity, m2/s 

The shear induced rotational f low 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. 

Thus, the model must be designed to provide a disk 
spsed o f  twice the speed of the desired free stream 
wind velocity as scaled by equation (91 andlor the 
Richardson number. In  addition, to  avoid boundary 
layer effects i he  model must be elevated sufficiently to  
place it in the iritermediate 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 f low 
field. Experimentally. the upper l imit for the rotational 
Reynolds number of the disk with stratified fluids was 
determined t o  be 200 000. The maximum rotational 
speed of the disk is thus 90 seconds per revolution 
using the kinematic viscosity for freshwater. This 
condition puts an upper l imit on the maximum upper 
air velocities in the atmosphere which can be 
simulated. 

Producing Densip/ 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 easier to 
measure, and a noncorrosive liquid such as water can 
be used i n  the model. The maximum attainable density ~': 
difference through the use o f  temperature, havever, i s  
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 
model simulation is about 8 percent. Therefore, highly 
concentrated saline solutions must be used to produce 
the required density gradients for proper atmospheric 
simulation. 

The original method of producing a density gradient 
consisted o f  floating a freshwater layer on top of a 
150 000 mg/Q saline solution. Molecular diffusion was 
then utilized in producing the desired density gradient. 
A computer program based on Fickian diffusion was 
written t o  predict the density gradient as afunction of 
time. The computer program PRO 1532-HATM, 
dccumented i n  appsndix 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 



Figure 2.-Laboratory test facilitr. Photo P801-D-71983 

gradient produced in this manner does not duplicate 
exnctly the potential density distributio~i ot simple 
atmospheric profiles, the differmce i s  small enough to 
be ignurecl for all practical purposes. The time to 
establish a desired gradient was about 20 hours. 

The more complex distr ib~~tions required fcr the Sierra 
studies resulted in the development of a different 
laboratory technique to  produce the density gradients. 
For this technique, the f low from two tanks was mixed 
and iheir resultant product introd~~ced into the model. 
One tan!: held freshwater at room temperature, and thc 
other contained a saline solution at the mazimum 
required density. The flow from each tank was 
controlled with a valve. The individual flow rates werc 
metered by two separate rotameters. By prnperly 
adjusting the valves, any desired density co:~ld be 
achieved. As with thc previous technique, the lighter 
fluid was introduced before the more dense fluids. The 
total time from the initiation o f  filling until the model 
could be run was about 3 hours. 

Velocity Measurements and Seeding 
Representation 

Three methods were tried to  trace the plume 
trajectories. One method was to generate a sheet of 
hydrogcn bubbl~s of about O.l;mm diameter. The 
probe was a fencrlike arrat/ of platinctm wires pulsed 
with an electric current. The current el?ctrolyz2d the 
saline fluid, generating hydrogen bubbles. The bubblcs 
are soluble in water and disappear after about 3 
seconds. The path of thc bubbles can be recorded 
photographically for later analysis and velocity 
determinations. Observation of the bubbles was 
difficult because they are white and the quactity 
produced was not sufficient to  produce a dense sheet., 
Also, the horizontal velocities in the model were small 
relative to  the rise velocity of the bubbles. 

The secor~d method involved the use of tellurium 
probes. When pulsed with a current, the probe 



which have a low 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 glass around the tellurium 
capillary tips was then etched off using hydroilucric 
acid. Difficulty was experienced with these prohes 
from spontaneous fracturing caused by stress relief 
during and after etching. Control of capillary size vvas 
not good and each probe required a different voltage to  
produce required streaking intznsity. They were prone 
to cannonading or bursting when pulscd, probahly 
because hydrogen formed between the glass and 
tellurium or within fracture craclcs in the tellurium. 

Because o f  the above difficulties, the tellurium probes 
were replaced with small dye injection tubs .  Snail 
bottles were coated on the inside with a mixturu of 
alcohol and dye and allowed to  dry. Fluid was slowly 
siphoned from the seeding stations on the map, mixed 
with the dye in the bottler, and then reinjected into 
the model. Thus, the dye plumes had very nearly the 
same density that existed at the seeding stations. 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 dye. 

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

Measuring Densiiy Gradients 

Three ways of determining density gradients were 
considered. One method uses spheres having various 
densities. The spheios float at a depth corresponding to  
their respective density. Two suppliers o f  plastic 
products were contacted; however, no source of 
colorcoded spheres with the required densities was 
found. 

Conductivity probes were considered. These probes 
were difficult to platinize, they polarized and were 
dif&lt to calibrate. These probes were invasive and 
disturbed the f l o n  

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

Measuring Elevation 

Determining the elevation of dye tracks or:plumes in a 
density stratified liquid i 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 
5. 

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 it was 
necessary to  provide them with a backing material 
while simultaneously maintaining good control on the 
elevation of the topography., Elevation control was 
obtained by selecting 20 to  30 critical topographic 
features on each map. Nails 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 selected point. The control elevation 
was chosen somewhat higher than the highest 
topographic feature on the map. The maps were then 
turned upside down, suppwted on the nails, 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 were encountered because of lack of bond 
between the concrete and the plastic map. Originally, 
clear plastic cement was injected throuyh the map to 



Photo P801-D-77862 

a -Ground seeder r~cnulatcon 

Photo P801.D-77859 Photo P801-D-77861 



a,-Narrow denrlty gradlent. Photo P801.D-77864 

b.-Thick denriry gradient. Phoro 1801-0-77865 

Figure 4.-Visual dirtortion in stra!ified fluids. 



Figure 5.-Elemtion rods used to investigare map. '".. 

provide bonding to  the concrete. Subsequent mzps 
were coa td  on the inside with epoxy resin to  provide 
bond. This procedure was much better but eventually 
the plastic separated from the concrete. The best 
results were obtained by mixing some concrete repair 
epoxy into the lightweight concrete. The inside o f  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 immersion of 
the maps in freshwater i s  recommended. This prevents 
the formation of salt crystals which distort and 
fracture the concrete. 

A mixture of plaster of paris, fiberglass, and ceramic 
tile latex grout was also tried as a backing material. 
This material gradually dissolved or eroded 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. It 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 tralectories over a fiat relief 
map. It was assumed that blockage and tank boundary 
effects were insignificant i f  the trajectory was not 
deflected. 

A 5 0 0  by 750-mm map was constructed with a plane 
upper face located 20 mm above the tank floor. The 
map was oriented with its long dtmension rotated 40° 
from being perpendicular to the free stream direction. 
Density grad~ents similar to those shown in figure 6 
were established i n  the tank. 

It was found that the map does not affect the free 
stream trajectory at the leading edge of the map, figure 
5. However, at the trailing edge o f  the map, the 

Fogure 6.-Truncatton of densny profiles 

trajectory was deflected 50 mm away from the center 
of rotation for plumes located between elevations H/H, 

' ,  - 0.23 and H/H, = 0.34. Here. H, is the elevation of 
the troposphere. The lower limit of 0.23 corresponds 
with the elevation of the top of the blank map. 

These tests also showed that flow laminae remain at 
their density elevations and will flow around obstacles 
rather than pass over them (see the trace H<Hg fig. 5). 
This effect i s  so strong that the map essentially 
truncates the approaching density profiles, figure 6. 
The effect i s  noticed even though the angle between 
the slope t o  the top of the map end the tank floor is 
less than 45'. This effect can be used to  eliminate 
undesirable lower portions of density profiles. 

It was concludec!::.frorn these studies that blockage 
effects due to placement of maps within the tank are 
not significant when the longest dimension o f  the 
model is less than or equal to 1 m and when the 
distance from the map to  the wall of the tank is greater 
than 80 mm. 

Boundary Limitations 

In wind tunnel models, the flow is normally confined 
between two parallel walls. I f  a barrier is consvucted 
with its axis perpendicular to  a wind tunnel axis, all 
flow is forced over the barrier. Whereas, in nature, the 
flow could actually pass around a mountain barrier. 
This condition 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. I' 
Fot an extreme example, consider atmospheric flow 
inlo a box canyon. In  this case, the flow will stagnate 
at the head of the canyon. If only,? portion of the 
canyon were simulated, then the m r ' p  could indicate 
a flow through the canyon when ac ,dally none existed. 
For this reason, care must be taker i n  interpreting flow 
conditions that are ohserved n, .lr the edges of the 

; i 
maps. ! f 



The purpose of these studies was to verify that 
accurate simulations of plume trajectories car) be 
performed using straiified liquids. Since field stutiies 
had already been performed i r i  the Leadville-Climax, 
Colo, area, i t  was decided to  attempt a simulation of 
the atmospheric conditions which existed during the 
field studies. The -1erification consisted of three 
essential parts. First, it was necessary to establish that a 
capability existed to simulate the stability conditions 
vjhich are present in the armosphere. Secondly, i t  was 
necessary to demonstratc that observed model 
velocities and velocity distributior~s correlated with 
atmospheric measurements. Finally, field observat ip  
of plume trajectories from seeding stations located'ht- 
I'Ainturn, Red Cliff. and Camp Hale had to  correspond. 
s . ~ ; t h  plume trajectories in the model. Based upon these 
studies i t  i s  possible to draw some basic generalizations 
concerning the behavior of the plume trajectory for 
vartous topographic conditions in the field. 

Capability to  Simulate Desired 
Density Distribution 

The simuiation of the atmosphere. depends very 
strongly on the ability to achieve a distribution of 
density in the modei which is identical to the 
uistribution of potential density in the atmosphere. To 
study the flexibility of simulating the atmosphere in 
the model, two approaches were taken. The first was to 
t r i  to simulate the distribution actually observed in the 
field. The second was to compare the distributions 
achieved with several mathematical or conceptual 
descriptions of the atmosphere. 

. .: 

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. 

modei was close to, but not identical to, the atmos- 
pheric distribution abode the 4500-metre level. This 1. The mean motion of the dye axis in the model 
distribution corresponded with a mode!;diffusion time and the silver iodide plume in the atmosphere was 
of approximately 5 hours. The distribution simulating similar, figure 8; 

The results indicate that better simulations could have 
.been achievad after total diffusion times of 

approximately 8 and 30 hours for cases (1) and (2). 
respectively. Two probable reasons for the discrepancy ~ 

between the compluter prediction and the observations 
in the physical model are: (1 the mathematical model 
da.?s not account for' mixing which occurs during 
filliilg, and (2) the mathematical model 'assumes that 
the density gradient upstream from tha'physical model 
is truncated at the elevation of the t<p of the physical 
model. Actually, some of the denser fluid from below 
the map surface flows up onto the map. I r i  addition, 
the actual diffusion coefficient may not have been 
equal t o  the assumed value of 0.001 09 mm2 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 conceptual models do 
not properiy account for mixing in t$e lower layers. 

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

Velocity and Plume Movement 
Simulation 

The rotating disk which induces the free stream 
velocities was adiusted t o  turn at a rate which 

The first approach included filling the model half full simulated a 15-mh wind velocity at an elevation of 

with freshwater and allowing the water to attain room 5000 metres over the center of the map. The scale o f  
temperature, Then filling of the model was the circular motion corresponded with a 425-km radius 

completed by the addition of the salt solution at room of curvature of the free stream wind trajectories. The 

temperature beneath the freshwater layer. Computa- map was oriented so that the free stream flow came 
from an azimuth of 320' and the center of curvlture 

tions, assuming Fickian molecular diffusion, were used 
was to  the west. ~h";, the model simulatetithe 

to predict a given gradient at a later time. An attempt anticyclonic motibn with a low.pressure area being 
was made to reproduce Camp Hale radiosonde data for centered around page, ~ ~ i ~ ,  
two observed cases. These cases were: (1) storms with 
temperature inversions, and (2) storms. without tem- The comparison of the model with the field 

Perature inversions. For case (I), the distribution in the measuremelits resulted in the followinu observations: 



8.-Comparison with radiosondedata b.-Compa~ison with conceptual models of the atmosphere 

Figure 7.-Density gradient6 Leadville.Climar. 



Oryill. Cermak, and Grant [71 described the field 
observations 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 Chicago Ridge and 
Tennessee Pass region. The material was transported 
some 40 km downwind toward Malta, but for some 
unknown reason quickly dissipated or was lost in 
the Arkansas River Valley. However, it i s  verv 
probable that the material was transported upward 
and horizontally toward the Chicago Ridge region." 

2. After a model time corresponding l o  
approximately 9 months' real time, dye s t i l l  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 5.0 m/s. Equivalent field 
measurements ranged between 2.0 and 6.0 mls, 
f~gure 9. 

Figure 9.-Model velocities, Leadville-Climax. 

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

Based on these observations, the l~quid mcdel 
satisfactorily simulated conditions observed in the field 
and the 2:l vert~cal scale exaggeration of the 
top~graphlc maps apparently did not Invalidate the 
model results. 

Influence of Topography on Plume Trajectory 

Observations of tho model indicated that flow layers in 
stratified flow tend to remain at the potential density 
level in which they were generated. Thus, material 
released in or near val!eys 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 dispersion. 

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 precluded by 
the model design. To take advantage of the lee wave 
spreading action, as shown in figure 11. seeding should 
be performed upstream from and near the elevation of 
obstructing range crests. Spreading occurs as the plume 
passes each successive mountain range. This spreading 
is due to convective transport and not from diffusion 
processes. In the atmosphere, the spreading would 
probably be even greater due t o  the turbulent diffusion 
which is present in the atmosphere but not in the ,:: 
model. 

COLORADO RIVER BASIN 
PILOT PROJECT 

Purpose 

The first and largest of the pilot studies under Project 
Skywater was conducted in the San Juan Mountains of .I 

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 studieswas t o  provide qualitative data 
concerning the mean trajectory paths from selected I 

seeders. These data could then be used later to assist in 
interpreting the observations made during field 
operations. 



- F I O W  These three relative density profiles are shown in figure 
14. The mao was oriented to simulate a low-nrprrt~r~ ... - 7 

area to the n-orthwest of the tar& area. 

Storm Profile Test 

=.-Lee wave dlsturbmx caused bv mountam obrrructmon 
l h e  plume trajectory from station 21, as shown in 
figure 15. traveled over the Continental Divide from 
Wolf Creek Pass towatd Del Norte. The plume from 
seeding station 33 traveled south along US. 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 25. 12, and 4 went over Durango 
along U.S. 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 16. 
vvenr over the high country from Wolf Creek Pass 
toward Del Norte. The plumes from seeding stations 28 
and 33 followed the valley alona U.S. Hiahwav No. 84 .. . 
to the junction of State ~ i g h &  No. 17, then over 

b.-Lee wave over triangular pr im.  Photo P801-0.77869 Cumbres Pass to Antonito in  the San Luis Valley. The 

Figure 10.-Dispersion with lee waver. plume from station 14 went over the high country near 
Wiemuchi Pass. The plumes from stations 25. 27. and 4 ' followed US. Hlghway No. 160 west over Durango 

Test Parameters towards Cortez, and then a t  about Hescerus went 
~ ~ ,~ ~~ 

north. The plume from station 16 more or less 
The San Juan seeding and target area topography map. stagnated, with some drift into the Durangoplume. 
as shown in figure 12, was put into t h ~  t e s t  facility. All 
seeding stations were installed but notall were used. . Test with Completely Neutral 

Atmosphere 
December 18, 1971 rad&nde 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 215O and a free 
stream velocity of 20 m/s were desirable. However, due 
to the critical Reynolds number limitation, the maxi- 
mum attainable free stream velocity was 15 m / ~ .  This 
velocity and 215O wind direction were used for three 
tests a t  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 
denlity profile intermediate between the storm profile 
data and the deep. neutrally stable atmosphere. 

!', 

All the plumes from stations~l2, 16, 21, 25, 27, 28, 
and 33 traveled over the high country and in the 
general direction of the free stream flow, figure 17. 
The station 4 plume followed US. Highway No. 550 to 
Ouray . 

Field Studies 

During the period February-March 1974. Hobbs, 
etal. [51 made ice nucleus measurements in the San 
Juans t o  investigate the dispersal in  time and space of 
the silver iodide from grollnd generations. These 
studies showed that the silver iodide did not reach the 
cloud level under stable conditions. For marginally 
stable conditions, the silver iodide entered the clouds 
too close to the target area to be effective. To 
investigate the reason for the lack of dispersal of the 
silver iodide, dynamical and microphy~ical process 
studies were conducted during the next winter period 
by Marwitz, et al. [GI. 
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R E L A T I V E  D E N S I T Y  

Figure 14.-Relative density profiles. Ssn Juan studies. 

Two of the storms observed by Marwitz correspond 
very well with density profiles estahlisi;ed,. in 'the 
model, figure 14. The January 1975 storm ia;';eeded 
a t  the time indicared by the profile. The Mari:..-I975 
storm was seeded about 3 hours after the profile was 
observed. Therefore, these two ciinditions 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 January storm, figure 18. In addition, he 
postulated that a convergence line formed over Pagosa 
Springs. The mea, trajectories of seeders in this region 
were around the target area t o  the northwest. However, 
there were insufficient dye tracks in the model to make 
a definite conclusion concerning the presence of a 
downslope flow, figure 15. It should be noted, 
nevertheless, that the trajectory from seeder 21 was up 
and over Wolf Creek Pass. The plume trajectories which 
tend to flow from Pagosa Springs to Durangocould be 

For the March storm. Marwitz concluded that most of 
the flow passed up and over the Continental Div~de, 
figure 19. The model, on the other hand, indicated a 
very complex flow field, flgure 16. Several areas 
ex~sted where the flow was practically stagnant. The 
lenoency 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 st111 the predominant characteristic 
observed in the model. 

SIERRA COOPERATIVE PILOT 
PROJECT 

Purpose 

The winter weather modification programs have 
indicated that the proper placement of seeders is  
extremely Important for a successtul operation. 
Therefore, for ?he Sierra Nevada studies, a detailed 
investigation of seeder locations is  being conducted 
prior to the seeding operation. The purposes of these 
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. Determine the optimum ground-based generator 
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 norm periods and 
in clear air situations. 

!I 
Some differences arh t o  be expected between thk 
model and field study results because of the storm 
characteristics in the Sierra Nevadas. The most 
important factor which could cause differences are 
band passages and their embedded convection. It has 
been observed that precipitation in the Central Valley 
of California tends t o  form in bands. These bands cross 
the valley ahead of the weather fronts. The bands are 
oriented roughly parallel to the upper slopes of the 
Sierra Nevada. Embedded wiihin the general surface 
wind field, predicted by the model, are wind shifts 













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 model. However, the model studies 
should prove useful in determining locations to  start 
searching for the plumes during field operatior~s. 

Model Parameters 

The topography was oriented in the tank t o  simclate 
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 

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 mis at 
the 50-kPa 1500-mbar) level. The maximum wind 
velocity that would be achieved in the model over the 
center o f  the target area was 15.5 m/s. Thus, the 
simulations were limited by the maximum velocity , ' 

limitation of the model. The velocity vectors in the 
subsequent figures have been normalized with respect 
t o  the wind velocity at the 50-kPa level. In  this 
manner, the results can be applied to  any specific wind 
field observed in the field. 

An analysis of many atmospheric conditions from the 
CENSARE Project revealed that a storm' history could 
be simulated with several representative atmospheric 
profiles, figures 20 and 2 i .  The profiles tested in the 
model represent the, two extreme conditions and an 
average poststorm condition. 
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Figure 21.-Relative densities. Slerra 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 area was assumed 
t o  be located : :at 725 000 metres east and 
4 322 500 metres nSrth, Universal Transverse Mercator 
Grid, zone 10. The approaching wind direction could 
be varied in azimuth from 185O to  305O. 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 rheir 
location are given i n  table I. During the course of an 
experiment, only a selected number of seeders was 
used. Normally these included a set of lowlevel 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 sceders 
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 middleseeder 

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 trajectow essentially coincided 
w ~ t h  the free stream trajectory. 

In figures 22 through 38, the ground seeders a r e  
differentiated by the elevation of the seeder location. 
The low4evel seeders are designated by blue lines, the 
intermediate-level seeders by red lines, and the 
high-level seeders b; green lines. The airborne seeders 
are also differentiate9 in the same manner according t o  
elevation. The blue lines correspond with 500 metres, 
the red lines with 1500 metres, and the green lines with 
2500 metres. The brown lines designate the 50-kPa . . 
trajectory. 

Prestorm Trajectories with Deep 
Inversion 

Combined airborne and ground seeder trajectories were 
determined for wind d~rections from 260° and 305'. 
Ground seeder traiector~es flere determined for the 
245'. 260'. and 305' wind direct~ons, figures 22 
through 26. 

All plume trajectories from ground seeders tended to  
flow around the Sierra Nevada barrier i n  the vicinity of 
the target area. Those trajectories which dc cross the 
barrier do so only at the low points in the harrier. 

Only airborne plume trajectories above the 2500-m 
elevation passed over the target area. Some divergence 
of the f low field was experienced over the target area 
at the 2500-m elevation. However, the divergence was 
small enough so that the physical location o f  the seeder 
source was not extremely critical. Since the trajectories 
were deflected somewhat from the free stream 
direction, figures 23 and 25 should be used t o  estimate 
the required aircraft location for a given wind 
direction. A t  1500 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 valley and crossed the barrier at 
the low points in the barrier. . . 

Trajectories During Storm 

Combined airborne and ground seeder trajectories were 
determined for wind birections f rom 245'. 275O, and 
305O, figures 27 through 32. 

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



Seeder 
No. 

Coot -- 
East 

m x  lo-' 

7091 
7054 
6893 
7437 
7458 
6714 
7098 
7! 57 
6910 
6508 
6570 
7404 
6985 
2600 
5977 
7234 
7103 
6951 
7353 
7503 
6349 
7100 
6545 
6535 
6870 
7210 
7190 
6450 
6317 
7500 
6472 
701 8 
6858 
6013 
6926 
7248 
6698 
7162 
7161 
7444 
6666 
7303 
6816 
6892 
7575 
7304 
6750 
6290 
6858 
6775 
7133 
6559 
5993 
6971 
7267 

ates 
North 

m x lo-' -- 
42 957 
43 263 
42 931 
42 789 
43 595 
43 284 
43 140 
42 775 
43 360 
42 219 
43 612 
42 596 
43 340 
43 500 
43 494 
43 247 
42 931 
43 200 
42 954 
42 597 
44 038 
43 023 
44 112 
43 250 
43 760 
43 OM1 
43 318 
43 949 
43 753 
42 651 
43 000 
43 850 
43 543 
43 409 
42 496 
43 024 
43 390 
43 374 
42 855 
42 689 
42 620 
42 468 
42 188 
43 390 
43317 
42 867 
42 875 
42 786 
43 074 
43 191 
43 444 
42 830 
43 193 
42 717 
43 256 

:\ 
South Fork. American River 
Peavine Ridge 
South Fark, American River, Canyon 
State Higiiway No. 88 
Truckee River, U.S. Highway No. 40 
Buck Mountain 1694) 
Rubicon River Canyon ., . , 
SteelyFork. Consumnes River (1475) 
North Fork, Amirrican River Canyon 
LOdl 
Oregon H ~ l l  
Stanislaus Nattonal Forest, between Blue and Moore Creeks (1918) 
Forest Hill Dtvlde (14091 
Washoe Lake (1532) 
Blue Canyon. US. Higiiway No. 80 
Rubicon Road 
Pollack Pines 
American Bai Reservoir 
Kyburz, Canyon .,. I' 
Mattley Meadow (24081 
Big Bar Mountain;, 
Saddle Mountain (1879) 
~ A r z l y  Mountain 
Rock Mountain 
Table Mountain ;; 

Soit Silver Creek 
French Meadows Reservoir 
Shute Mountain 
Kelly Ridge 
Salt Spring River ,w, 

Orchard Creek, U.S. Highway No. 99 
Sierra Buttes (26171 
State Highway No.20 
Sutter Buttes 
Westover Airfield (Amador) 
Eldorado (18761 
Peardale 
Sunflower Hill 
Baltic Peak 11548) ,;: 
Cole Creek Canyon 
Bridge House, State Highway No. 76 
Blue Mountain 11847) Ti 
Power Station. State Highway No. 8 '~ 

, . i?, 
Moody Ridge , 
Lake Tahoe (1899) , . ~  

Iron Mountain 
Pine Hi!l 
Valley Acres. Natomas Airport 
Georgetown Divide Ditch L $  
North Fork; American River Canyon 
North Fork, American River Canyon 

, I  . . , Hank Exchange 
Ralston Ridge 
Aukum Mountain 
Bunker Hill (22931 



trajectories were approximtely perpendicular to the 
Sierra Nevada boundary. Seede-s 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 wind 
azimuths iessthan 275'. 

Alrborne seeder trajectories tended to diverge over the 
target area. T h ~ s  effect enhances the spreading of the 
material over the area. However, the physical location 
of the airborne seeder is extremely critical and is 
strongly dependent upon the wind direction. 

Poststorm Trajectories Without Inversions 

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

For the 245' wind direction, an extreme amount of 
lateral transport o: the plume was observed with the 
low elevation s~eders. With the exception o f  a few 
high-level seeders located south of the torget area, all 
the seeder trajectories passed into the Yuba River 
Basin. With the 275O wind direction, extensive pooling 
around seeders 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 entering the 
upper regions of the target area. 

A t  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-levelseeding 
to h i t  a sp~ci f ic  target area. 

DETAILED CONCLUSIONS 

Studies o f  Map Size 

The purpose of these stud~es was to  investigate the 
effect of the model on the approach~ng density and 
velocity prof~les. The conclusions are as follows: 

1. The tests with a blank map that represented a 
flat average topography elevation showed that flow 
I-.mitnae remain at their dens~tv elevations and will 

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

3. The damming effect does not significantly 
deflect upstream flow that i s  at a higher elevation 
than the map. Hol~ever, downstream from the map 
a horizontal deflect~on away from the center of 
rotatton was noted. 

Leadville-Climax Verification Model 

The purpose of this study was to  vertfv that the model 
could reproduce observed atmospheric f low flelds. The 
conclusions were: 

1. In the valleys, model velocities scaled to  
prototype values when the free stream velocity 
conformed with Richardson scal~ng. 

. . .#< 
2. Mainstream transport, in or near valleys w h i c h ,  
w r e  parallel to the free stream flow, followed the.;' 

v a l l e y  flow at  the potential density levels at which 
they were generated. Thus, transport o f  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 : l  ven~cal d~stortion in the moael scale 
apparently does not adversely affect the simulat~on 
of the flow trajectories and velocities. 

5. In  addition to  showing malnstrearn flow, the 
model clearly shows lee wave action. Lee waves. 
over ranges oriented at an angle to the free stream 
flow, caused the plume trajectories t o  spread 
latetally. 

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 Juan Model 

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

I 
~ . . . . . . . . - - - - . . . =. . . . - 

2. The damming effect tends to  truncate predominant flow characteristic was the merging of 
approaching density profiles, although some of the individual seeder plumes into one long plume that 



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

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

3. The only trajectories to  pass northward through 
the target area came from seeders located at 
elevations h~gher than 2300 metres. 

Sier-a Nevada Model 

The purpose of these studies was to  provide guidance 
for field tracer and dispersion investig3tions. The 
results were: 

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

2. 3uring prestorm periods with deep inversions 
and duri!lg poststorm periods. the trajectories from 
most ground-based generators 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 1s located at or above 
2500 metres. 

4. Airborne seeder trajectories can k made t o  pass 
over the target area only during storm conditions 
for airborne seeders located at or below 1500 
metres. 

APPLICATIONS 

The application of the model to  investigate both 
ground and airborne seeder locations for a wide variety 
of atmospheric conditions has been demonstrated in 
this report. Further development of the simulation 

..-"hniques could lead 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 airpons. 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 farms. 

Satellite photographs have been useful in defining the 
path of air pollution from both point sources (such as 
coal-fired powerplants) and diffuse sources (suchas 
metropolitan areas). The model could be used in a 
similar manner to  trace pollutant 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 o f  concern 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 to obtain some generalized 
atmospheric characteristics that are necessary for the 
generation of CAT. 



[ I 1  Abe, Masanao. "Mountain Clouds, Their Forms 
and Connected Air Current." Bull. Cent. 
Meteor& Obs.. Tokyo, vol. 7. No. 3, 1929. 

121 Von Arx. W. S., "An Introduction to Physical 
Oceanography," Addison Wesley, 1964. 

I31 Cermak, J. E., "Laboratory Simulation of the 
Atmosphere Boundary Layer.'' American 
Institute of Aeronautics and Astronautics, report 
No. CDP69-70 JECBO. Fluid Dynamics and 
Diffusion Laboratory, Colorado State Un~versity, 
Fort Colilns, 1970. 

[41 Claus, A. J.. "Large-Amplitude Motion of a 
Compressible Fluid in the Atmosphere," J. Fluid 
Mech.. vol. 19, pp. 267-289, 1964. 

151 Hobbs. P. V., Radke, L. F., Fleming. J. R., and 
Atkinson, D. G.. "Contributions from the Cloud 

14-06-6801, University of Wyoning, Laramie, 3 
vol., 1976. 

171 Orgill, M. M., Cermak, J. E., and Grant, L. 0.. 
"Research and Development Technique for 
Estimating Airflow and Diffusion Parameters in 
Connection with the Atmospheric Water 
Resources Program," Annual Report  
CER7071MAOJEL-L0623, Fluid Dynamics 
and Diffusion Laboratory, Colorado State 
University, Fort Collins. 1970. 

181 Rouse, Hunter, "Model Techniques in 
Meteorological Research," Compendium of 
Meteorology, Boston, Am. Meteorol. Soc., pp. 
1249-1254. 1951. 

[91 Rouse, Hunter, "Flu~d Mechanics for Hydraulic 
Engineers," Engineering Sac~eties Monograph. 
McGraw-HdI, 422 pp, 1961. 

Physics Group, Airborne Ice Nucleus and Cloud Schlichting, Layer 
Microstrusture Measurements in Natural and * Theory," 6th edition, McGraw-Hill, 1968. 
Artificiallv Seeded Situations Over the San Juan 
Mountains o f  Colorado." University of soo, S, L., - ~ h ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  of E~~~~~~~~~~ 
Washington, Seattle, Research Report X. 1975. Science," Prentice Hall, Inc.. 1959. 

[61 Marwm, J. D.. Cooper, W. A,. and Saunders, [I21 Yih, Chin-Shun, "Dynamics of Nonhomogeneous 
C.P.R., " F ~ n a i  Report to Division of Fluids" McMiiian Lo. 1965. 







































OPTICAL MEASUREMENT OF DENSITY 
GRADIENTS IN STRATIFIED FLUIDS 

PURPOSE 

The purpose of this appendix is t o  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 density 
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 photograph and sample computer output. 

INTRODUCTION 
\ - -  

In  recent years, interest in studying stratified liquids has increased significantly. The investigations normally use 
either temperature or salinity to  achieve the stratification. The density gradients in thermally stratified fluids are 
commonly determined from a set of temperature readings. Similarly, conductivity measuremenfs are used to 
indicate density gradients in saline stratified models. Both methods use instrumentation which introduces a 
disturbance to the flow. In  addition, the measurementsare made at a series of discrete points. 

With two-dimensional flow, an optical method of measuring the density gradient has been developed by Mowbray' 
which minimizes the disadvantages of temperature-,or conductivity measurements. The method i s  based on 
Fermat's law of stationary transit time. According to rhis 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 lessdense fluid. An inclined 
straight line viewed through a density gradient wil l  appear curved, figure A-1. In  layers of constant density, the 
light path having the minimum travel time i s  not refracted. Because of this phenomenon the inclined rod apprars 
straight in areas where the density is constant. 

Density gradients produce multiple images when the path length exceeds thr? thickness of the gradient by a fixed 
amount. For instance, with a diffused gradient between two fluids whose ratio of refractive indices i s  0.975, 
multiple images are observed i f  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. Finally, a reduced 
and erect image can be observed above the inverted image, figure A-2. Multiple images in nature are known as 
mirages. Because the inverted image is so prominent, the smaller erect image is often not noticed in nature. 

THEORY 

Basic Equations 

ray path.-The equations are presented in dimensionless form with respect to quantities presented in the def in~t~on 
sketch. f iwre A-3. 

' Mowbray, D. E., "The Use of Schlieren and Shadowgraph Techniques in the Study of Flow Patterns in Density 

I Stratified Liquids," J. Fluid Mech., vol. 27. part 3, pp. 595-608. 1967. 



Figure A-1.-OPlicaI distorlion O F  straight rod when vicwcd through density gradicnl. 
Photo P801-0-77863 

Ai l  values can be made dimensionless by the following definitions 

where n i s  the refractive index and the subscript o refers to conditions at Y = 0 

The governing differential equations are 

and 

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



/ 
4 ? 

Enlarged inverted image-- 

images 

Figure A-2.-Multiple imager. Photo PB01.D-77870 

Figure A9.-Definition sketch of ray path. 

The solution of equation ( l a )  is 

Constant density 
1. P2 



The boundary conditions used with equation (4) are different from those used by Mowbray. He assumed a tes t  
section was contained between two parallel walls, one wall transparent and the other translucent. A line at 
approximately 45' with the horizontal was scribed on the inside of the transparent wall. Parallel light rays, 
generated by a suitable lens system, passed :hrough the transparent wall to cast an image on the inside of the .. " 

translucent wall. . , 

The formulation of equation (4) asrumes that the light rays emanate from a slender rod located inthe fluid. The 
rod is  also inclined at an angle of about 45'. The boundary conditions necessary for this assumptio~:complicate 
the interpretation of the results. However, an expensive lens system is  not required if the model depth i s  large. In 
addition, with their formulation, two-dimensional rotational flow can be studied. 

Refractive indices.-For a saline solution, the index of refraction n at 18 OC for a wave length of 589.3 nanometres 
(yellow band near sodium) i s  given approximately by 

n = 1.33317 + 0.1397G 

where G is the concentration in grams of NaCl per millilitre of solutibn. 

For temperature stratification, the index of refraction is  given approximately by 

n = 1.33467 - 0.0000841 T 

where 7' i s  temperature in O i" . . 
, .' 

Combining temperature and salinity into one equation gives: .~ 

n = 1.33467 - 0.0000841 T + 0.1 3976 

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

The relative density a i s  defined as: 

PIP 4oC 

In practice, botk the relative density and refractive index should be measured using the salt and water actually 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 i f  the water i s  not distilled, figures A-4 and A-5. 

; Computer Program 

The fully documented computer program that computes the terms for the basic equation (4) i s  included at the end 
of this appendix. A definition sketch of the required parameters (fig. A-101 and a sample photograph (fig A- I  1)  
showing how the x and y values were measured are also included. The computer output is  based upon the measured 

Design of Measuring System 

Maximum deflection o f  light ray.-To obtain accurate results, the maximum deflection of the ray path should be 
significant with respect to the thickness of the gradient layer. In general, maximum deflections of about 0.2 H to 
0.4 H will give reasonably accurate ;esults. 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 relatwe 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 o f  gradient and a given ray path length to  gradient thickness ratio. 

Recording camera criteria.-The locatton, aperture (f-stop), and focal length of the record~ng camera should be 
carefully chose,i, f;gure A-8. 

The camera should be placed as far from the viewing window as possible to  minimize the 0ffset.A. I f  the  offset is 
large, then the density distribution near the edges af the gradient cannot be accurately determineu. i n  general, the 
ratio D/R (fig. A-8) should not be less than 50. To keep the image sharp, the aperture o f  the camera should be as 
small as possible. This i s  equivalent to  using large values for the f-stop. Finally, the focal length of the lens should 
be as large as possible to  ma,ximize the size of the image on the film.plate. The focal length F required to produce a 
given image height H can be approximated from: 

DBIH F =  - 
I + BIH 

where B i s  the desired image height. 

Density Gradient Over Entire Depth 

If the density gradient occupies only a portion of the depth, i t  is not difficult t o  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 fills 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 all density gradients. The rod i s  then 



. . ~. - .. . . .> ~. 
Figure A.6.-Maximum deflection of ray path with linear Figure AJ.-Maximum deflection of &'-x.th with diffused 

density profile. density profile. 

F w r e  A€&~~ght paths to camera. 
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between 0.2 and 0.4 of the height of image. 

6. Careful referencing 2nd scaling on the observation window are required so that the actual location and size o f  
the rod can be accurately determined relative to the distorted photographed image of  the rod. 

7. The camera must be carefully set with respect to  the rod and window regarding distance, alinement, and 
elevation. 

8. The camera should be placed as far from the viewmg window as possible to  minimize parallax. Parallax is 
negligible when the ratio of tbe camera dlstance i rom the wall t o  the rod dlstance from the wall isgreater than 
50. 

9. The focal length of the camera lens should be as large as possible to  produce a sufficiently large Image so that 
rod deflections can be measured accurately. 
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] OPTICAL HEASUREdENT OF L I Q U I D  D E N S I T r  S 4 4 0 I E N T  

I TO MEASaRE THE I N S I T U  DENSITY SRADIEdT OF A  S T R A T I F I E O  L I Q U I D  

BASED ON THE REF2ACTION OF P L I G r i T  I A Y  WHEY I T  PASSES THRU A OENSITY 
GRADIENT. THE 'ROGRAM INTEGXATES T H I  F I R S T  D E R I V A T I V E  OF T i 5  L IGHT 
PATH F i O M  A KqOWN POINT I N  THE L I Q U I D  T3 THC HALL 0' THE C3YTAIVEZ.  
THE ZEFRACTIVE INDEX OF THE F L J I O  I S  AJUSTED U N T I L  THE EMERGENT RAY 
MATCHES THE OBSERVED DISTORTION. T-IEJRY BY J.E.MOdBRllY, J O D R Y ~ L  F L U I D  
MECHANICS, VCIL 2 7 ,  ?ART 3 ,  1957. 

I 
THE I N P U T  CONSISTS O F I  

LENGTH OF L I Z H T  PATH, T H I C K N l S S  OF IWTZRFACE* 2 6  L I G H T  RAY E'iERGENCE 
POINTS, SCALE FACTOR TO CONWEqT PHOTO MEASURCHENTS TO XCAL D I Y I N S I 3 N S ,  
HUMBER OF INCREMENTS ON IiJTEG3ATED -1;HT PATH, REFZPCTIVE IHOEX OF 
LONEZ F L U 1 0  LAYER. 2 6  L I G H T  i A Y  BEGIYNING POINTS. 

THE OUTPUT CONSISTS OF: - 

THE SEAL HEIGH~. THE REFRACTIVE INDEX A T  THAT HEIG~T, SPECIFIXRAVITY 
AT THAT HEIGHT 

THE I E i l l T I O N S H I P  BETWEEN DENSITY AND R I F R A C T I Y Z  INOZX OF F L U I D  qUST BE 
KNOUH. THE PATH HUST HAVE SIVGLE EMERGENCE PDINT. T H I  PR0;XAM 
?€QUIRES SUBROUTINES 1 5 3 2 - A B I N T  AN0 1532-S IMSDL 
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COMPUTER PROGRAYS OEVELODEO n Y  THE aUREAU OF R E C L A M P T I O N  APE S U B J E C T  TO 

THE FOLLOWIXG C O A O I T I O X S :  COi4SULTI;JG S E R V I C E  AND P S S I S T A N C E  W I T H  

CONVERSION CANNOT 8E PROVIDED.  THE DROGRPYS HPVE B E E N  OEVELODEO FOR 

USE AT THE "USBR" A 4 0  2 0  WARR4:JTY BS TO ACCURACY+ USEFULNESS,  OR 

P E R M I S S I O N  I S  GRANTED TO REPRODUCE O? QUOTE F l O Y  THE PROGRAM: HOWEVER. . < ~  . 

I T  I S  REQUFSTCO THAT C R E D I T  BE G I V E N  TO THE BUREhU 9F R E C L & M & T I U : i ,  U.S. 
:-. ..k3.- 

OEPPRTMENT OF IYTESIOR., A S  THE O W N E ~ .  



D E N S I T Y  D E T E R M I U A T I 3 Y  I N  A S T R A T I F I E D  F L U I O .  

GE:JER4L I N F O R H A T I O N  ---- - ---- ---------- , 

THE L I G H T  PATH TH30UGH A S T R A T I F I E D  F L U I D  OBEVS FERMAT 'S  LAW OF 
S T A T I O N 4 R Y  T R A N S I T  T I M E .  THE P 4 T H  T 4 K E N  BY  A L I G H T  RAY I S  ONE WHICH 
M I N I M I Z E S  THE TRAVEL T IME.  S I N C E  THE SPCEO O F  L I G H T  I S  1:dVFRSELY 
PROPDRTIONPL TO THF F L U I O  DENSITY ,  TYE SHORTEST T I M E  P A T H  TENDS TC RE 
ONE WHICH TENDS TO ? 4 S S  TH2OUGH THE L E S S  DENSE F L U I O .  'THUS, A S T R A I G H T  
L I :4E V IEWED THRJUGH A DE; lS ITY GRADIE;4T APPEARS TO BE CU?VED. ABOVE A 4 0  
lELOW THC GRADIENT  T H E  L I N E  I S  S T R B I G H T .  

D 4 T A  FROM PHOTOGRADHS OF T H E  I N C L I N E D  ROO ARE U S E 0  TO 0 E T E Q Y I : i E  THE 
ACTUAL DFFLECTI3 :JS.  THE PPOGRAM XNTEGRPTES THE O I F F E R F N T I a L  F 2 U Q T I O N S  
WHICH D E S C P I B E  THE L I G H T  P A T H  TO 0 3 T A I N  A COMPUTED D E F L E C T I O N .  THE 
H E F K 4 C T I V E  I R D E X  AT 26 EOUALLY  SP4CEO P0I :JTS I N  THE G R A D I E N T  I S  
4OJUSTEO U N T I L  THE CgMPUTED O E F L E C T I J M  YATCHES THE YEASURED DE'LECTI9N.  
FROM THE COMPUTE0 " S F P A C T I V E  I N O I C c i  THE Q E L A T I V E  D E N S I T Y  4:KI S P E C I F I C  
G R A V I T Y  OF THE F L U I D  ARC CONDUTED. 

I N  GENERbL THE RECO?OING CAMERP SHOULD BE LDCATED 4 D I S T A N C E  FROM THE 
VIFW1;JG WI:IDOW OF AT LEAST  5 0  T I Y C S  THE D I S T A N C E  OF THE I N C L I N E D  ROD 
FROM THE HINDOW. I F  THE D I S T n N C E  I S  CLOSE?, OR I F  THE F L U I D  I S  
U:4STAaLE ( 0 E : l S I T Y  1NCREASI:JG I i J  AN UPWARO 0 I R E C T I S ; J )  1 LARGE EQRORS I N  
THE COMPUTED D E N S I T Y  G R A 3 I E N T  WILL JOCUR. I N  A D D I T I O N r  THE F - S T O P  OF 
THE CAMEP4 SHOULO fl: A S  LARGE P S  P O S S I B L E .  

:4TiJE CAPOS 4RF  ;JEEGE3 TO I N P U T  THE DATA FOR EACH A N P L Y S I S .  THESF. C A 9 0 S  
L O N S I S T  OF 4 T I T L E  C 4 P O t  4 HODEL GEOMETRY C4KO. A F L U I O  P S O P E R T I E S  
CARD. AtJD S I X  P.90 CODRDIXATE CAROS. 

T I T L E  CAD0  ---------- 
THE T I T L E  OF THE RUN OR THE NIJMOER OF THE PHOTOGRAPH B E I N G  
f i d P L Y 7 E D  SHDULD B E  CE:JTEREO I : 4  X L U M i J S  9-63. 



------------------- 
THC n O D E L  GEOYFTRY CAPD I S  F I L L F O  OUT AS FOLLOwS:  

CoLun'4S 

1- 9 A  - DEPTH OF TEST SECTTO:< 

9 - 1 6  R  - ROO TO A I R  S I q E  OF V I E W I N G  WIVDOW 

1 7 - 2 4  D  - A I R  S I D E  WI:403W TO CAMERA L E N S  

2 5 - 3 2  5 4 0  - R A D I U S  OF C ~ ~ V A T U R E '  OF V I E W I N G  WINDOW 

3 3 - 4 ;  TW - T H I C K l E S S  O =  V I E W I R G  WIBDOW 

L l - b 8  R I P  - R F F R P C T I V F  I N D E X  OF V I E W I V G  WIYDOW 

4 9 - 5 6  C L  - H E I G H T  OF L E i I S  CENTERL1:IE / A  

PLL  DIY~:JSIO;JS M U S T  aE I:( THE SAE UNITS IIE. MM, I ~ J C H ~ S I  
0 9  F E i T  4NO TENTHS) .  

F L U I D  P E O 0 E Q T I " S  CARD ..................... 
THE F L U I D  P S O P E R T I E S  CA?O I S  F I L L Z O  OUT AS FOLLOWS: 

COLUMNS 

1- 9 YS - D I S T A N C E  FROM FLOOR OF T E S T  S E C T I O N  TO B3TTOM OF 
GRPOIEi4T 

9-LE Y 3  - D I S T A N C E  FROM FLOOR OF T E S T  S E C T I O N T O  TOP OF 
GSCOTENT 

1 7 - 2 4  TEMP- TEMPERATURE OF F L U I D  I 7  DEGREES C E L S I U S  

2 5 - 3 2  CON - MPXIMUM S A L T  CONCENTRATION I N  GRPMS 
N A C L I N I L L I L I T E P  S O L U T I O V  

33-8C BLANK 

THE O I Y E N S I O N S  MUST 85 C O A S I S T E N T  H I T H  THOSE U S E 7  O f l  THE 
MODEL GEOMETRY CARn. 



THE T H I C K N E S S  OF THE D E N S I T Y  G?ADIENT  I S  D I V I D E D  1 x 1 0  2 5  EQUAL 
IdCRSMEXTS.  T H I S  FORHS AN A R B I T R A R Y  SCALE WHICH RUNS RETWEEN O AT 
THE SOTTOM OF THE GRPOIENT TO 1.5 i T  THE TOP. A L L  X AN0 Y  
C0OPnI :JATES !3SE MEASURED W I T H  T H I S  SCbLE .  X COORDI:4ATES ARE 
MEASUQEO ? E L P T I V L  TO & V E S T I C A L  CENT'RLINE P P S S I N G  THROUGH THE 
F?C)O. P O S i T I V E  VALUES OF X P O 5  MEASIJ?EO TO THE R I G H T  C F  THE 
CE:4TEULI:IE. T Y E  X COOSOIBATES CORRESPO;4O TO THE P O I l l T S  WHFPE THE 
T n U A L  INCUEYENT L I N T S  CUT THE I Y A G E  OF THE ROO. THC Y COOROINPTES 
CORRESPONO TO THE E L E V A T I O N  OF THE ROO AT WHICH THE X C O 3 R D I N A T E  
O F  THE I M F G E  O S I G I A P T E D .  

THE C 4 i O S  4?E E I L L E D  OUT I N  F i E i ' 3 S  OF 8 D I G I T S  AS FOLLOWS: 

COLIIYNS 

1 - 8 i  X - VALUES 1 THRU 1 2  OF THF X COORDIi4ATES 

X - VALUES 11 THSU E 3  OF THE X COOROINATES 

X - VALUES 2 1  THRU 2 6  OF THE X COOROINATES 

Y - VPLUES 1 THRIJ 4 OF THE Y  C O O R O I N l T E S  

,:, 

Y - VAL@ 5 THRU I &  OF THE Y COORDINATES 
,.,' 



USER'S MANUAL - PPO 1532 - DENGRA 

Y  - VALUES :5 THRU 2 4  OF THE Y  COORDINATES 

Y  - VALUES 2 5  AND 26  OF THE Y COORDINATES 

BLANK 

S U B M I T T A L  I I S T R U C T I O N S  ...................... 

THE ?4UMBEil OF SETS 3F DATA SUBMITTED I S  NOT L I M I T E O .  HOWEVER, EACH SET 
MUST CONSIST OF N I N E  CARDS I N  THE ORDER G I V E N  I N  THE I N P U T  CHAPTER. 
THE L A S T  CARO MUST HAVE A 6 / 7 / 8 / 9  MULTIPUNCHED I N  COLUM:4 I .  

OUTPUT ------ 

THE OUTPUT CONSISTS OF A  SET OF DATA H H I C H  CAN BE USED FOR D E T A I L E D  
P N A L Y S I S  AN0 THE FOLLDWIi4G MORE PERTI:4ENT D A T P I  

1) A .SET OF Y VALUES THROUGH THC GRADIENT (Y=O. I S  AT THE FLOOR).  

2 1  THE COR?ESPO;401:4G REFRACTIVE I:IOICCSI 
~ .. . .. . . . .  

3) S P E C I F I C  G R A V I T I E S  OF THE F L U I O I  AN0 
. , . . 

4 )  R E L A T I V E  D?:4SITIES. THE I E L A T I V E  D E N S I T Y  I S  DFFI.;.IEO AS THE 
S P E C I F I C  G Q A V I T Y  AT A  P A R T I C U L & R  Y VRLUE O I V I D E D  RY THE S P E C I F I C  
GRAVITY  AT Y =  J. 

S P E C I A L  OPERATING REQUIREMENTS 
- - - - - - - . .............................. 

NONE 
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PHOTOGRAPHIC l MAGE 

- R - D L  

S E C T I O N A L  V I E W  - , 
Figure A-10.-Def~n~tlon sketch. 







- - - . - 

USING FEqMATS PRINCIPLF~OF LIGHT REFQACTION 

DIMENSION 0ELY(26).RIN~26)~RN(1D~tYO~261~QI1261 
1~YO(2E),XEl26)~YEl26),TIT(i1l1SG~26I~~Dl26l~ARl26l 

INPUT TO PROGRAM 

I QEAD(2.2) ITITIII , I = 1 ~ l l I . A , R , D 1 9 A D , T W , R I P , C L ~ Y S , Y B , T E M P , C G N ,  
llXElI~,I=1~?6).~YOlIl vI=1,26I 

2 FORYAT(1 lA5 /7FR.4 /LF8 .4 /1OFB.4 /1CF8 .4 /1~F8 .L /1OF8 .4 /1~F6 .4 /2F8 .4~  
NO= €OF121 
1FINO.NE.O)CbLL EXIT 
WRITE(3.20) IYO(II,I=l.26) ,lXElI) ,I=1,261 ,A,R.D,QAO,TW 

20 F C R U A T I l H 1 / 2 5 X , 3 8 H O R I G I N  OF RAYS EXITING AT EQUAL DEPTHS/ 
lE(BX,9F9.4/$ ,4X18FUU4/28X,33HnISTPNCE FROl' 'JERTICAL CENTERLINE/ 
2E18X,?F8.4/lr8X,8F8.4/9X,3HL -,FR.2,3Y13HQ =.F9.Zr3X.3H0 =.FB.Z, 
33X,SHR40 =.FB.2,3X14HTW =,FB.E// 
4BK,70P YO X I  X  2 R I  R I M  *,  

OELN 
5 DELY / )  



I F I R I  l l ) . G E . R P A X I R I ( I ) =  RMAx 
CONTINUE 

COYDUTE OIMENSIONLESS Y YPLUES 
YORIG- Y f l I l I  
Y 0 ( 1 ) =  YSS 

DO 3 I N = i t Z 5  
RC- I N  , 
RC= RC125. ... 
V 'D( IN+ l )=  Y O ( l ) + R C + C C b ' -  
V O ( I N + I ) =  Y D ~ l ~ + S F ~ l Y O I I N t 1 l - Y O S I G I  

, . 
P H I -  P T A N ( ( . 5 - Y O l I N t l I ~ / ( O ~ A l ~  
P H I P =  S I N  I P H I  I / R I P  . - ,  

.. .., 
DELP= (TW/Al*EINIPHIP)/SQST(I.-SIN(PH1P) * S I N f P H I P )  ) 
OELY(TNI=  Y O I I N t l I - f l E L P - Y O ( , I N t i )  
GbYb= ~ . ~ ~ ~ ~ ~ ' I v s s + ~ Y E E - Y s s )  /~.-YD(IN+I) )/IYEE-YSS)' 
R =  QFIS~(l.+(I.-RFIF/FFISI*~SINlGAMAI-I.)/?.) 
C= ( C C - Y O I I N + 1 I ) ~ l B ~ S O R T I  ( f l / A ~ * l O / A J + i C L - Y O l I N + l I  I* 
! (CL-YE ( I N + l )  I ) I  ' 

Y E l I N t l I =  SIN~~EL)/SORTII.-SIK(?ELE*SIN(OELII -' 
CONTINUE 

H P I N  PR7GRAM 

0 0  1 2  I = Z 1 2 5  I: 

I N -  1-1 v 
nLPH= I . , ,+XEI I I -XE( I )+YEI I I=YEI I I  
BET P =  b . ~ X E I I ) * X E l I I  
3ELN= 2.O* ((OELV ( I - 1 1 - Y E ( I )  1.HL)"Z 
I F ( I . E P . 3 ) 0 E L N =  R I N ( 1 I - R I N I Z )  
I F I I . G E . Q ) O E L h =  3.*RINfI-Z)-Z.*SIN~I-I)-RIN~I-31 
IF(OELN.LE.'G. 10ELN=OEIFoOELN=OELN112.LNl/2. 
NCT= 0 
NH= 2 
R I N ( I l =  R I N f I - 1 ) - D E L N  
FN= R I N C I )  . . 
VN= FN 

, . 

INTEGQATION OF L I G H T  PATH 
: . . 

OYX= TELY ( I - 1 ) / 1 0 .  !:; :! 

COMPUTATION OF N  RATIOS ALONG L I G H T  PATH . ., 
YF= Y R I I I  
OD 8 n=i, in 
R*= r 
Y =  YF-R!q*DYX 
YNS4V- YN .;: 
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OETE?WINATION OF QEFQACTIVE INO'X R A T I O  bT Y U S I N G  L I N E A R  I N T E R P  
!)O 7 N = l , I N  
VK= I - N  
hlKT= I - N t l  
YTST= Y V N K I  
I F ( Y . G E . V T S T ) G O  TO 6 

7 CONTINUE 
6 YN= F I N ( N . I Y ) - ( Y - Y G t N K I I * I R I N I h K 1 - R I N C I Z K T I )  

T F I V . L E . Y O ( l ) B Y N = l .  
YY= YN*LLPH/FK-BETA 



9 WRITE13,1?)YtCELNl  I Y f l l N l ~ R I N I N l  , N = l , I I  
1 2  FORMPT11Hl /10Xr48HAFTFR 1 3  T R I E S  DELN COULD NOT BE MADE TO SATISFY 

l I l O Y v 4 8 H T H E  PEOUIRED L I V I T S  CN Y .  THE LAST VALUES WERE - / 2 ,  
ZIHX,  PHX=,E10.3. ~ X I ~ F O E L N : . E ~ P . ~  //17X,33HTHE VALUES COHPUTEO THU 
3S FAR ARE / 1 7 Y 1 3 3 H  Y N* N  / 
4 ( 2 2 X 1 F 5 . 2 r i O X ~ F 7 . 1 + 1 )  

11 ? I l I l =  S Q R T l 9 I N ~ I I l  
Y P I T E ~ 3 ~ 1 3 0 ~ Y C l I ~ ~ X l t X 2 ~ R I l I l ~ P I ~ I I ~  ,CELN,UELYl I l  

1 G O  FORYPT(SX,7EiO.51 

1 3  FOQMITl1HirRX.l1A5/I3Y,39HUALUES OF THE REFqACTIVE INDEX FOR H/L= 
1 r F 6 . 4 / 1 1 X , h 8 H  Y N  SG 
2 l 1 1 Y ~ F 5 ~ P ~ 4 Y ~ F B ~ 5 ~ 4 Y . F 7 ~ 4 r 4 X I F 7 2 ( 1 1 y 1 F 5 . p 1 4 y . F B . 5 1 4 y . F 7 . 4 r 4 x I F 7 . c 1 4 x I F 7 4 ~ 4 X ~ F 7 ~ 4 ~ l  

WRITE13rZ31YEEIYSS 
2 3  FORMATl3X/ /23X,17HTOP OF GRACIENT =,F?.4/22X 

12CHRCTTOH OF GRACIENT =.F7.4/1 
W R I T E 1 3 . Z I I  lYE IN l ,N= f ,261  ,(XE(N).N=I.Z61,(YO 

1 1 Y O f N )  ,N= l ,Z61  
E l  F O ~ M C T ( I H ~ I ~ ~ ~ X , ~ ~ H C Y D Z  VALUES/3IRX,BF8.4/1 , R X 9 Z F B . 4 / 3 5 ~  

1 1 l H O X 0 ~  V A L U E S / 3 I B X ~ 8 F 8 . 4 / I , R X ~ 2 F 8 . 4 / 3 5 X p i i H  VD VPLUES 13 
2 B F B . 4 / t . 9 X . 2 F 9 . 4 / 3 5 X , l l H  YO 'IALUES /3lBX.8F8.4/) .BX.ZF8.4) 

GO TO 1 
E N O  



- . H 1 6 8 3 - 7 8  
VALUES OF TYE S E F R l C 7 I U E  I N D E X  FOR H A =  -2963 

.26& 2 

TOP OF GQPOIENT = 1 . 0 0 0 0  
B O T T O M  OF GSAUIENT = .2455 
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COhlPUTER 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 w ~ t h  the 
potential dens~ty gradlent in the atmosphere. The potential density gradient can be computed from: 

if the polytropic gas constant, n, i s  known at each elevation for which temperature and pressure data are available 
from a radiosonde. 

In equation (11, 

T = temperature 
P = pressure 
k = isentropic gas constant'= 1.4 
p = density 

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

Prandtl and ~~e t j ens '  show that n can be determined from 

where 

R =gas constant for air. 
g = acceleration of gravity, and 

dT --change in temperature per incremental change i n  elevation. 
dh 

The value of R depends upon the constituents of the gas. For dry air, the value of the Constant i s  287.0 square 
metres per second squared-kelvin. 

However, for moist air the value is  dependent upon the amount of water vapor in  the air. Haltiner and MartinZ 
show that the moist gas constant R, can be approximated by 

, - 

Prandtl, L.. and Tietjens, 0. G., "Fundamentals of Hydro- and Aerodynamics," Dover Publications, Inc., 1957. 
Haltiner, G. J., and Martin, F. L., "Dynamical and Physical Meteorology," McGraw-Hill, 1957. 



I Jennings and ~ewis'  give values of the mixing ratio as a function of the dewpoint temperature, figure 6-1. These 
values can be approximated over the range of  temperatures usually found in the atmosphere by 

where 

exp = exponent to  base 2.7183 
Td = dewpoint temperature, OC 

The following program uses these relationships to cajculate th? potential density gradient from radiosonde data. All 
densities are referenced to the lowest elevation given in  the data. 

MlrlNG RATl0,mr 

kg lVAPOR)/kg IORY A I R 1  X 10) 

Figure 5-1 .-Mixing ratio-dewpoint temperature relationshipr. 

~~~ 

3 
Jennings, 6. H.. Lewis. S. R... :'Air Conditioning and Refrigeration," 4th Edition, ~ ~ t ~ ~ ~ ~ t i ~ ~ ~ i . ~ ~ ~ ~ b o o k  co,, 

694 P., 1958. ,; i , , , :. , 
..'it 

?.. 



CLASSIFI :ATIOa4 - HYDRAULICS 

PROGRAM D E S C S I P T I O M  - PRO 1 5 3 2  - H A T 3  
**+*****++***+******C+****~+~**+*++***~ 

J N I T E O  STATES DEPARTMENT OF THE I N T E R I O R  
BUREPJ OF IECLAMATION 

D I V I S I O N  OF GENERAL RESEARCH 
HYO3AULIC3  BRANCH 

E N G I A E E R I N G  A # 0  IE5EbIRCH CENTER 
DENVER, COLORADO 



PROGRAM DESCRIPTION - PRO 1532 - H4TH 

. 

P2OGRAH T I T L E  

/ THE ATMOSPHERE CAN BE SIMULATED BY A STRATIF IEO L I Q U I l  I F  THE DENSITY 
GRADIENT OF THZ L I Q U I D  HAS BCEN PROPLRLY FORHJLATEO. THE PUk'sDSF OF - -- 

I 
- .  - - -  - 

THE PROG3AM I S  TO DETERMINE THE PiOPER L I Q J I O  DENSITY GRADIIIT USING 
ATMOSPHERIC OAT4 AT SELECTED ELEVATIJNS.  

THE PROGRAM DETCZMINES THE POLYTROPIC GAS CONSTANT FOR DISCRETE LAYE95 
:,::3F THE ATMOSPHERE FROH THE I N P U T  OATA. A SIMPLE HAT-1MATICAL 

~$XPRESSION I S  USE0 TO DETERMINF THC VPRIATI3 iJ  I N  EQdIVALEXT L I l J I O  
*. ~ E N S I T Y  ACROSS THE LAYER. 

INPUT-JJTPUT 
-*---------- 

I THE INPUT CONSISTS OF A D E S C q I P T I V S  T I T L E  AH0 A S I I I E S  OF DAT4 POINTS 

I WHICH DESCRIBE THE ATMOSPHERE AT SEVERAL LEVELS. AT EACH LEVEL THE 
OATA INPUT CONSISTS OF THE E L E V A T I J N *  TEMPEIATUREI AND PRESSJIE. THE 

I OUTPJT CONSISTS OF THE ELEVATION, P J T E N T I A L  TEHPERATJRE, THE P ~ I Y T R ~ P I C  
GAS CONSTANT, AZlD THE EQUIVALENT OR I E L A T I V E  DENSITY. 

I THE PROGRAM WILL WORK FOR ANY ATMOSPHE2IC CONOITIONS FOJND I N  NATJ IE .  

I 
THE OATA SETS nuST BE ARaANGEO I N  OROER OF I N C I E A S I N G  HEIGHT. THE 
XUMBER OF DATA SETS CANNOT EXCEED 53. 







CONVEf ::Oh' OF FTMUS?Wf;E T O  I-OU;VLLFWT L i C U i 3  OENSITY  

THE C 0 Y V E t : T I O C S i  ! iETHOi l  FOG S ~ H U L ~ ? : C I M  OF T e E  ATMCSPHiRE  Z E L l E S  U P 0 4  A 
9 I C H P F 3 S O h  t iU!l9E? S I M I L I T U 5 E .  C L P d S  (LAdZE-4 t ! ?L ITUSE MOTION OF A  -. 
C D Y P S ~ S S ~ ~ L F  F L U i i l  I b  T H E  AT'.!OSPtJEi.Er J.F L U I D  HE;:H. r l 9 r  2b7-ZB9.19b4) 
SHOWEL! TPAT Z F  THE 3 I S T c I S U T i O h  OF G E X S I T Y  i N  A  L i Q U I J  WOS I O E N T I C C L  
W I T H  THE ? i S T F i 3 U T I O N  O F  P C T k N T I i L  C t N S I T Y  I N  T H E  ATr(OSPHE*E. i H E  FLCWS 
c o u L e  BE ::MILJ~. 

T H I S  .?FOG?AM .?€AD5 A L L  OF THE DATA 4NO PUTS I T  I N T O  ON&.  
~ l ~ F N 5 1 O N b L  A k r 4 Y T -  T r E  F I i i S 7  SET OF LATI, PO i l 4TS  &RE THE ?EFE i iENCE 
VALUE:. T H F  q 0 f : P U T A T i O N S  P < i G F E S S  TC S L C C E S S I ' I E L Y  H I S H E R  LAY?i!S. THE 
PCLYTCCPII ;  G C Z  CLdSTf i \T ' i : .L l i3  E C L A T I V E  D E N S I T Y  ACRCSS EACH L i Y E R  A2E ;!, 
DETE?:.';YF.3. I N  A G 3 I T i 3 N e  TrlE H O W  COMMONLY USED MEASURE OF S I A k i I L I T Y ,  :T 

.& 
POTENT;AL 'EMPEF.CTU2E. I S  OETERMiNEC AT EACH ELEVA:ION. THE 'EFEi iENCE 
?sESSU:E F5G C E T E ? P i N I N G  THE F ~ T ' ~ N T I ; L  ?SESSUEE I S  1 0 1 3  M I L L I ~ E R J .  

I N P U T  

THE OCTL F I L F  I S  J 'EPAF tG  AS FOLLOWS: 

T H E  T i T L C  SHOULS 3 E  CEhTE;IEi I N  A  F I E L C  UF 27 C. I -?~~ACTEX-F .  T H I S  F i i E  
CONTf i Ib!S T H F  E L E J i i I O i l  I N  3ETEI;S, THE FC.ESSURE I N  M ILL i321ES.  ANO THE . , 

TEMPEF, iTUFF IN ?EG?EES C E L S I U S *  THE EEwPOI I JT  TEYPEIIATURE IV DEGREES 
C E L S I U S ,  AN: THE H I N D  D I k E C T I O N  AND WZNO V E L O C I T Y  I N  KNOTS. T H E  LAST ., 

ENTF.Y 1 N  THE 3 A T 3  4U5T B E  Llr E L E V C T I O N  OF -1 PiETEF:. THE V A R I 4 5 L E S  ACE 
? E A C  K I T H  4 bF3.Z FOCXAT. 

OUTPUT 
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SPECIAL CPEGATING FC3UIKEEENTS ------------------------------ 

NONE 





H= ELEVATION, METEFS 
AP= ATMOSFHERIC PRESSURElMILL13Ak3 

. , APREF= REFEZENCE PRESSURE 
T= TEMPERATUREeOEG CELSIUS 
T R =  TEMPERATUREvOEG K E L V I N  
TREF= REFERENCE TE!iPEZATURE 
ADN= N YALUE FO? POLYTRCPIC G A S  
R E L W  R E L A T I V E  DENSITY I N  I N C O H P R i S S I O L C  = L U I D  
FOTT- POTENTIAL  TE.NPESATURE 
D I B =  WINO OI?.ECTION+ AZIMUTH 
VEL= WIND VELOCITY. KNOTS ( I N P U T ) .  H/S (OUTPUT) 
OPT= DEW POINT TEHPERATURE, DEGREES C E L S I J S  

i i 

C 
C THE DATA IS ENTERCD FROM A F I L E  CALLED OATPI;;= THE F I R S T  
C L I N E  I S  THE TYTLE I N  AN 3b.3 FOFYAT. THE NEXT L I N E S  CONSIGT 
C OF THE DATA. EACH L I N E  CONTAINS THE FOLLOUING: 

C THE HEIGHT I N  METEQS, THE PRESSURi  IK M I L L I B A R S .  THE 
C TEMPERATURE I N  DEGREES CEL.SIUS. T H  DEW POINT TEMPERATURE I N  
C DEGSEES CELSIUSI  THE H I N D  DIRECTION I N  A Z I N U T H *  AN0 Tk.E WIND 
C VELOCITY I N  KNOTS. (THE OUTPUT VELOCITY I S  I N  HETERS P E 2  
C SEC0NO.I THE I N P U T  I S  REP0 H I T 4  A 6F8.2 FORMAT. 
C THE LAST L I N E  I N  THE-DATA MUST 3E  SET EQUAL TO A N E G A T I V i  NUH3ER. 
c THIS TELLS T H E  C O H F U T E ~  THAT THE END OF THC D A T A  tias 
C BEEY E-fACHEO. UF TO IUD L I N E S  OF DATA CAN B E  ENTEKiO. 
C 





i l l X *  52H HEIGHT TEMP POT TEYP P3LYTROPIC ,RELATIVE 
A2ZH DIRECTION VELOCITY / 
Z l l X 1 5 2 H  (METERS) IKELJ IN)  (KELJ IY I  G A S  COiFF  DENSITY 
4 * 2 2 H  IOEG) (M/SI I )  

Y R I T E ( 3 r 7 5 )  IHlM).TRrMl ~ P O T T ~ M ~ ~ 4 O N l M ~ ~ R E L O l M ~ ~ D I ~ ~ M ~  ,UEL(H). 
l U = i , L )  

7 5  F O R Y 4 T l 1 1 X ~ F 8 ~ @ ~ 1 X ~ F 9 ~ 1 ~ F i O ~ 1 ~ F i O 0 2 ~ F l 1 ~ 3 ~ 2 F 1 l ~ Z ~  
GO TO 3 



,. 

INPUT OPT& 

OUPING STORK 
0 . 0 0  1 0 1 3 * C ?  10.30 1 0 . 0 0 "  

1 0 0 0 ~ 0 0  891.00 a20 .20 
2000 .00 '  790.CO -9.50 -9.50 
3000.CO 699.00":-19.LO -19.10 
3500.00 658.00 -24.10 -24.10 
+ O O O s O O  €17.00 -27.10 -27.10 
5000.00 '37.00 -34.38 -34.30 
5000.00 L73.5g -41.00 -41.00 
7000.01  Lf2.CO -47.50 -47.50 
3OOO.OO 336 .0? - -54 .40  -54.40 
3000.00 308.0C -61.30 -61.30 

10000.00  265.00 -63.00 -63.00 
11000 .00  226.CO -75.50 -75.50 

-100.00 0.0c 0.00 0.00 





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 diffusion process between two fluids of different densities can be described bv: 

where 

C, = concentration of fluid A in fluid B, 
t = time, 
k = diffusion coefficient, and 
Y = vertical axis. 

Equation (11 can be made dimensionless by defining: 

Using these definitions and dropping the subscript 4,equation (1) can be written in finite elements as: 

Equation (2) can be solved for various initial conditions. For instance, one set of initial conditions could be: 

c(0, ?) = 1 for 0 < F< 0.5, and - 

c(O.j3 = 0 for 0.5<y(1.0. - 
The boundary conditions are: 

I The following computer program solved this problem for a series of equal time increments. The value of e'a~5,time 
increment is: 



As an alternative method, Mowbray' shows that the dimensionless concenfration at any elevation is given by: 

2 (31 
n - 1  

In terms of a i m t e  number of elevations, t t e  series runs between n = 1 and n = N, where N equals the number of 
Increments plus 1. 

1 

Thn results of the computer program are plotted in  figure C-1 for selected'tinie intervals. These results can be 
awlied t o  a specific depth of fluid by setting H equal ii, the total fluid depth and using a diffusion coefficient of 
0.00109 mma/s. 

MOLECULAR DIFFUSION 

F w r e  C-1.-Ficklan mncentratlon dmribution. 
I 

' Mowbray, D. E., "The Use of Schlieren and Shadowgraph Techniques in the Study of Flow Patterns in Density 
Stratified Liquids." J. Fluid Mech., vol. 27, part 3, pp. 595.608. 1967. 



PROSRAP TO Z f O f  HOLECULAR D I F F U S I O N  BETHEEN P S A L I N E  LAYER 
ANDAA W F S H  HATER LAYER. 

SET UP OF GRhPH PLPER 

CALL CCMPRS(301 
CALL D I S S I O V l E S S )  
CALL BGNPL (-1) 
CALL TGIPLX , 

CALL TITL33("MOLECULAR DIFFUSION",19,7,7) 
CALL AXES30 I"CONCENTRATI0N". 13+"T I t4E"q4*  

i"OEPTH"r5rl.,2.r1.) 
CALL VU48S(10.~-10. .  10. 
CALL GE4F30(0.~0.2.1.0,0.. 0.04.0.2,0..0.2rl.01 

Y N I T I A L I Z A T I O N  OF DATA 

DO 1 0  J - i t 5 1  
RJ-J 
Y ( J ) =  O.OZ*(RJ-1.) 
T ( J I =  0. 
CONT I N L E  

OUTPUT 3 F  RESULTS 

W R T T E t 3 r l )  
F O R M A T ~ l H i ~ f Z O X ~ 3 4 H O I F F U S I O N  BETWEEN TWO F L U I D  LAYERS /I 

1 1 9 X .  36HCONCENTRATIONS ARE REFEFENCED TO T i E  f 
2 2 4 X , 2 6 H E N I T I A L  SALT CONCENTRATTON If 
3 2 8 x 1  3BHSROUPS OF CONCENTRATI CNS ARE SEPARATED I 
415X,45HBY A T I M E  INCREMENT EQUAL 13 l O ( ( H 1 5 0 ) ' * 2 ) / D  f 
517X.38HHHERE H= TOT4L DEPTH OF BOTH LAYERSrMM / 
623X.35HD=DIFFUSION C O E F F I C I E N T t  Mt4*HM/SEC /I 
? 1 7 X ~ 3 9 H I N O I V I O U A L  CONCENTRATIONS ARE SEPARATEC / 
019X.35H3Y A HEIGHT INCREMENT EGUAL TO H f 5 0  / / )  
H R I T F ~ 3 r 2 ~ T ~ 1 I ~ ( Y ( I ~ ~ D ~ f ~ ~ Y ( I , i ) t Y ~ I + 2 l ~ O ~ I + 2 ~ ~ 1 ~ 1 ~ 5 i ~  
L=o 

PLOT OF F I R S r  CURVE 

CALL CURV3D(O.T, Y,51.0) 
NT= 0 



NT= N T + l  
DO 5 0  K-2.50 
T(K)= T l K ) t 0 . 0 0 0 8  

INTEPICR POINTS 

D ( K l =  0.2CIO(K+1)-2.FO(K1+D(K-I))+O€K) 
50 CONTINUE 

EXTEQIOR POINTS 

D ( 1 ) =  4 0 . a ( 0 ( 2 ) - D ( t ) ) + D ( i )  
D1511= 4 r l . r ( D ( 5 0 ) - D ( 5 1 1 ) + D ( 5 1 )  
T t 5 1 ) =  T  (51)+0.0008 

OUrPUT 3 F  RESULT5 - 
IF(L.EO.IO)WRITE(3r3)  

3 FORMAT ( lH l . / / / r / / / .ZOX,  
1 34HDIFFUSION BETSEEN THO FLU10 LAYERS / / I )  

IF(L.EO.IO)L=O 
IF(NT.EQ.50)HRKTEf3,2)T(i) -1) tO( I )  rY(I+l)  , O f I + i )  

l t Y ( I + 2 1 r D ( r + 2 )  r I = i r 5 1 , 3 )  
2  FOR~AT(~~XIEOHDIMENSIONLESS TIME =,F8.4/ 
1 8X.64HOFPTH CONCENTRATION DEPTH CONCENTQATION DEPTH CONCENTR 
2A1ION/ 
3 1 7 ~ 1 X ~ F 1 2 ~ 3 r F l 0 ~ 3 ~ F 1 2 ~ 3 ~ F l O 0 3 ~ F i 2 ~ 3 ~ F l O ~ 3 / ~  

PLOT OF CURVES 

1FCNT.EQ.SOICALL C U S Y ~ D ( O . T , Y I ~ ~ ~ O ~  
IF(NT.EQ.50) NT=O 

100  CONTINUE 
CALL FNOPL(O1 
CALL OONEPL 
CALL E X I T  

0-0 842-193  

7. .-- 

96 
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