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Abstract

The objective of this research was to provide criteria for laboratory
modeling of stratified lake flows. Consideration has been given to {luid
inflows and to flows generated by a mechanical destratification device.

The inflow experiments were designed to investigafe the effects of
scale distortion since vertical scale exaggeration is necessary in laboratory
size models, to offset the increased viscous forces that accompany the size
reduction. Experiments were performed in two inflow lake models which
are identical in horizontal dimensions but differ by a factor of two in the
vertical dimensions. Density profiles and dye front flow visualization
records were made of inflows over a range of flow parameters.

It was established that a vertically exaggerated model of a stratified
lake flow cannot replicate all the details of the mixing process. However,
vertical dispersion alone can be accurately modeled in a distorted model

of an inflow in a stratified basin if the overall Richardson number

J] = -gig-]; is used as the meodeling parameter. Similarly horizontal dis-
P : gbpw?® :
persion can be accurately modeled if JZ = ToUFH is used as the basic

modeling parameter.

A vertically exaggerated model of Ham's lake was constructed and
experiments were run of the mechanical destratification of the model.
Surprisingly accurate modeling of the prototype destratification experiments

of Garton (2) has been achieved with our model. The appropriate non-di-

heoH
-g—'—g- and the
pU
characteristic time used to non-dimensionalize the mixing titmes was the

mensional parameter is the overall Richardson number J =

volume of the lake divided by the volume flow rate of the pump.
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Nomenclature

F Froude number = U/\EL
Fd Densimetric Froude number = U/Vg'L
1172 L3/2
FR Froude-Richardson number = &
v
g Gravitational constant
g' Effective gravitational constant = L‘fp
h Height of center of gravity of lake/model from the bottom
H Maximum depth of lake or basin
| gbpL
J EBasic definition of overall Richardson number = o Si
. ) g bpH
I First Richardson number = e
2
‘IZ Second Richardson number = _&éﬁ%‘l’_
pU“H
L A characteristic length
Q Volume flow rate of pump
Re Reynolds number = UL/v
Ri Gradient Richardson number = _—_LB__DJB_ZB
p (du/az
S Scale factor = L model/L prototype
hy. - h
S1 Non-dimensional Stability index = ig.__{__h__)
pg (hh - hs\
t Time
te Characteristic time of mechanical destratification = '6‘
t Non-dimensional time = tt
c

u Local velocity in the x direction
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U Characteristic velocity

A% Volume cof lake or model basin
w Width of inlet

X Streamwise coordinate

y lateral coordinate

z Vertical coordinate
Subscripts

{ ‘h Homogeneous

{ ‘s Fully stratified

Greek Letters

v Kinematic viscosity
e Fluid density
b, Initial density at surface of water
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INTRODUCTION

Members of the Oklahoma Water Resources Research Institute
(OWRRI) are concerned with the advancement of the state-of-the-art
of artificial destratification of lakes and reservoirs. Quintero and
Garten (1) have reported the temperature and dissolved oxygen distri-
butions in Ham's lake® which they mechanically destratify with a large
pump. (Sece Figure 1.) Garton {(2) and his students (e. g., Steichen (3))
have continued this work each year on Ham's lake as well as on the
much larger ILake Arbuckle (8, 900 hectare meters). Toetz, Wilhm,
and Summerfelt (4) have analysed the general aspects of the biological
effects of artificial destratification (and aeration) in lakes and reservoirs.
They have continued to monitor important biological information,
including fish growth, on the lakes that Garton has been destratifying. -

Since one destratification experiment on a prototype lake takes at least
one summer, the advantages of a laboratory model, with the capability to
run several mixing experiments in a much shorter time are obvious. We
have adopted the goal of developing the modeling technigue in stratified
lake flows to the state where reliable prediction of prototype lake mixing
phenomena ig possible. We have the advantage of observing first handg,
the prototype experiments of Garton and the other members of the OWRRI.

We have constructed a model of Ham's lake using a 1 to 360 hori~
zontal scale factor and a I to 34 vertical scale factor. From the simple

cost consideration, scale distortion is necessary in lake modeling in

115 hectare-meters in volume,



all but the most abundantly endowed laboratories. The desiratification
experiment which we model is the situation in which the prototype lake
is initially strongly stratified. (In the Oklahoma lakes this is primarily
a seasonal thermal stratification.) The experiment begins with turning
on of the mechanical pump which destratifies the prototype lake in from
1 to 3 weeks. It is this experiment which we are most interested in
modeling in the laboratory.

The major features of our model experiment are:

1) The lake is initially strongly stratified;

2) The destratification pump is a modz]l of the one used by Steichen (3)
and Garton {2);

3) The lake model has vertical scale exaggeration.

Although there is considerable experience in the literature with .
modeling with vertical scale exaggeration (5, 6} and with stratified
waterways {7, 8), we have found no reports ‘of hydraulic model studies
which involve all three of the major features of our experiment listed
above. As a result, much of our effort has concentrated on developing
modeling criteria which fit the particular prototype situation we encounter

in the QWRRI lake destratification program.



BACKGROUND

The two non-dimensional parameters which govern the flow pheno-

mena of a homogeneous lake are the Reynolds number Re = UL and

\Y

the Froude number F = U/A/gL . Simple analysis of the non-dimensional
governing equations of fluid mechanics reveals that if a model lake is
constructed exactly to scale, the flow in the model will duplicate that
in the prototype if the Reynolds number and the Froude number character-
istic of the model flow are exactly equal to the Reynolds and Froude
numbears of the prototype. |

When we are dealing with models which are of the order of 100 times
smaller than the prototype lakes however, it is impossible to match both
the Reynolds number and the Froude number of the model situations
with the prototype. As a result, exact similitude is not possible. (Ewven

exotic fluids cannot produce the necessary change in kinematic viscosity

v to offset tiue large change in the caai"a.‘_*teristic length L}). Fortunately,
in the turbulent flow regime most commonly found in lake flows. the
characteristics of the fluid motion are not strongly dependent on Reynolds
number, provided the Reynolds number of the model is large enough to
prescrve the turbulent flow. Consequently, reasonably good modeling
can normally be achieved by matching the Froude number exactly and
allowing the Reynolds number of the model to be considerably lower than
the Re of the prototype. As pointed out by Fischer and Holley (5} suffi-

cient care must be taken to add roughness to the model basin in places

where the flow is not likely to be fully turbulent.



When the prototype lake is of such a large size or the model is so
small that the scale factor S is about 1/100 or smaller the model lake
becomes so shallow that turbulent flow cannot be preserved. The
solution to this has normally been to exaggerate the vertical dimensions
of the mordel which increases the scale factor in the vertical direction.
Hence the model Reynolds number based upon a vertical characteristic
tength is closer to the prototype Re and the turbulent flow can be preserved.

The practice of scale distortion can be subjected to much criticism,
Fischer and Holley (5) have stated that distorted mod(;],s should not be
used to micdel dispersion since ''a distorted hydraulic maodcl magnifies
the dispersive effects of vertical velocity gradients and diminishes the
effects of transverse gradients " However, Keulegan (8 and Barr and
Hassan (9) have reported moderately good success in modeling exchange
flows in rectangular channels with distorted hydraulic models. They have
been able to take account of the distortion by determining the dependence
of the flow on the Froude-Reynolds number FR. The flow geometry of
the reclangular channel is enough different from our flow ccndition that
the results of their work are not directly applicable. However, our
approach to the modeling problem is somewhat similar to theirs, One
of the major questions we are trying to answer is what experimental data
can we obtain, in direct or corrected form, which will be useful for ocur
predictive purposes, and what data will be unreliable, no matter how the
scale distortion effects are accounted for?

I{f there is density stratification in the model, another dimensionless

parameter is important to the hydraulic modeling: the overall Richardson



hApy L,
number J = —g—(pé—%——- This is derived from the gradient Richardson
aumber Ri = p;(ga—i%—i% by assuming that the density gradient 3p/az

scales with a characteristic density difference -4 p divided by a
characteristic length L, and the velocity gradient scales with a char-
acteristic velocity U divided by L {10). If we define an effective
gL

gravitational constant g' = g Ap/p then J becomes J =- GE - In the
Civil Engineering community it is more common to refer to this group-
ing as the inverse square root of the internal or densimetric Froude
number F gy = U/(g'L) ! /2.

In flow situations, such as one we have been studying, where the
open surface waves are negligible and the entire surface of the lake is
at the same level, the densimetric Froude number actually replaces the

Al
P

conventional FFroude number. * Hence in our situation there are two
1mportant nondimensional parameters. We use the overall Richardson
number J = g Ap L/p U? and the Reynoids number Re = UL/vy.

In forming the values of the nondimensional parameters there is a
major dilemma caused by the scale distortion; namely what do we use
for a characteristic length, a vertical or a horizontal dimension, or both?
It is more common (5, 7) to use a characteristic lake depth but as
Fischer and Holley {5) point out this has not been entirely successiul.

As one objective, our experiments have attempted to examine this problem

in some detail.

wSuch would not be the case if there were substantial mean current due
to a throughflow in the lake,



EXPERIMENTAL PROCEDURES AND RESULTS

Inflow Experiments

In order to learn more about the effects of scale distortion on the
mixing phenomena in stratified lakes we constructed two simple basins
that are identical, except that one is twice as deep as the other. These
hasins consist of simple inlet models where the contour is modeled after
a real lake. A skelch of the flowfield is shown in Figure 2. The basins
are long and narrow with transparent sides which allow the inflow to be
carefully visualized. (See Figure 3.)

In matching the flu.w conditions in the two basins for any inflow
experiment, several combinations of characteristic lengths were used in
the Richardson and Reynolds numbers (11). For example, one combina-
tion is I, = gbofl , Rey, = _[vﬁ where H is the maximum depth of-
the water in the basin, and differed by a factor »f two for the two basins.

1f the velocity gradient 3 U/3z is assumed to scale with the characteristic

velocity divided by the horizontal characteristic length (the inlet width

B gbowz

w) then the overall Ricliardson number becomes J_ SETERT

Several other combinations were attempted, but in our flow situation the
two shown here are all that are needed to effectivelv describe similitude (ll)-,
An attermpt was made to determine which combination produced the most
similar results between the two models in the dispersion pattern of
the inflow.

In general, to match the Richardson number J between the model

and the prototype, the density differences in the model must be greater



than in the prototype lake. The density differences in the prototype may
be due to temperature differences; in the model, thermal stratification is
impractical -- the required temperature differences are too great and the
boundary conditions of conduction from the bottom of the lake or radia-
tion, convection, and mass transfer from the surface are not the same

in the model and the prototype. However, if the fluid has similar thermal
and molecular diffusivity (i. e., if the Lewis number is near 1) or if the
mmajor mechanism of mixing is turbulence rather than diffusion -- which
is true in our case -- density differences due to temperature may be
modeled by density differences due to dissolved salts.

There are a number of salts which can increase the density of water
by about 80%: common table salt can give only about a 5% increase --
less if the solution has to be clear ~- but it is convenient and inexpensive,
and a few percent weight density increase is adequate for our studies.
Stratified conditious are obtained by filling the basin slowly from the
bottom with increasingly densé salt solutions, The local density is
measured at varins depths with a conducti--**y probe (See Figure 4.
Frorn the conductivity and calibration curves we develop, the local
density is deduced. A sample calibration curve {or one of our condugtivity
probes is shown in Figure 5.

A large number of tests was run with thcse models. They consisted
of establishing a strongly stratified initial condition and then starting
a steady inlet flow of an intermediate density. After the initial transient
seitted out dye was injected into the inflow fluid as « marker. As this

dye pattern passed through the observation region of the inlet several side



and top view photographs were taken of the dye front until it passed
through. After the photographing was completed a final density profile

was measured with the conductivity probe.

Results of Inflow Experiments
Figure 6 is a sketch of a top view of the dye fronts photographed in

the shallow and deep models during typical experiments. In this situa-
tion both models were run with overall Richardson number J1 values of

_ Eboll . _
Iy = SuE T 0.3. (The Réynolds numbers were Rel = UH/v = 2624
and 5313 for the shallow and deep models respectively.} As we see the
lateral dispersion in the deep mcde!l -'_:. much greater than in the shallow
model. Several experiments of this iype for a moderate range of Reynolds
numbers (from Re] = 2200 to 7000) yiellded essentially the same results.
The conclusion is obvious: using the scale distortion of 2 and the RiCi’l&I‘d-—

poH o
-'go—gz -, similitude between two models

son number combination of Jl =
of sirnple lateral dispersion cannot be achieved.

The results depicted in Figure 6 'ed to the study of the same disper-

sion patiern with the flow conditions readjusted to give a matching of the

,2
ghow? iy

pUEH = 0,08, In

other Richardson number combination J; = >
this case, the dye front patterns, skeftched in Figure 7, show very good
agreement.

Perhaps of more importance to the program of the OWRRI is the
vertical dispersion of the inflows into the model basins. Figure 8 shows

a sketch of the dye front profiles in the shallow and deep models, plotted

in non-dimensional coordinates, These are the side views of the same



flows whose top views were shown in Figure 6. (i.e., jl = 0,3 for
both flows). In this case the vertical dispersion rates were approxi-
mately equal (non-dimensionally} for the shallow and deep model while
the lateral dispersion rates were not even close. As with many of the
experiments we ran, fhe intermediate density of the inflows were not
exactly matched nor were the initial non-dimensional density profiles
so the equilibrium level that the inflows sought were not exactly the same.
Numerous experiments with similar flow conditions dernonszirated that
the {inal equilibrium level of the inflow and its dispersion r;tes were
not strongly related. . -

The final density profiles measured with the conductiv-li;; probe
clearly confirmed the lens of intermediate density fluid that the flow
visualization indicated. Figure 9 shows an example of one of the final

measured density profiles along with a measured initial density profile

typical of all our experiments.

Experiments on the vertical dispersion rates of the two models with

EADWF

> U H yielded results typicelly llke those of

matched values of J, =

Figure 10. In this case, the vertical dispersion is significantly less

{or the deep model than for the shallow model. (The lateral dispersion

rates for these two experiments were very similar as shown in Figure 7.)
These experiments and many more just like them have convinced us

that in this type of stratified lake mixing, complete similarity cannot

bhe obtained if vertically exagpgerated models are used. On the other hand,

sclective analysis of the data can produce useful results. For example,
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if the first Richardson number grouping J] = T 18 used as the
primary non-dimensional parameter then the model will provide good
similarity with the prototype in the vertical dispersion. If J, = E-SEDE—“;-
is used as the primary non-dimensional parameter theie will be good
similarity in the lateral dispersion. The results discussed here are |
specifically for the inflow configuration we have used. However, it is

recasonable to generalize these results to similar destratification flows

such as that found with the mechanical pump.

Mechanical Destratification Experiments

After some expertise had been developed in the experimental and
modeling technigue, a model of Ham's lake was constructed. As men-
tioned earlier the horizontal scale of the model is about 1:360 and the
vertical about 1:34. This gives us what appears to be a reasonable
balance between compactness, vertical distortion, and feasible Reynolds
number. This lake has a number of tortuous limbs, which we wanted to
include in the model, without making the model smaller in scale. As a
compromise, the limbs were modeled accurately as te drepth, width,
etc., but bent around so as to keep the overall dimensions down.

As mentioned in the Introduction, the destratification pump is a
model of the onc used by Quintero and Garton (1), Thic pump consists of
a large propellor poinied downward in the water encicocd in a simple
shroud. F¥or the present experiments the model does not have the large

conical skirt which can be seen in Figure 1. The reason we have left



1]

it off is because the major prototype data used for comparison was taken
with no diffuser on the pump. {(Ref. Steichen (3)

Qur plan is to evaluate with the model, several configurations of the
basic mechanical destratification device used by Garton. However, as
a first step we are attémpting to devise, impliment, and test modeling
criteria which we can use in the mechanical destratification situation
described in the Introduction.

Steichen's (3) experience is that during the mechanical destratification
of a lake temperature (and hence density! profiles taken at different
locations in the lake zre not substantially diffcrent. Because of this it
appears that the vertical mixing is the important physical process in
the destratification. Based upon the results of our inflow experiments
this leads us to using the original Richardsen nnmber grouping Iy o= %
2s the primary non-dimensional parameter in the modeling.

On July 16, 1973, Steichen (3) began continuous operation of the
destratification pump {without the conical shroud) in Ham's lake. Figure
11 is a reproduction of the average temperature profile he measured
on that day and density profile deduced from the temperatures. Table
] lists the pertinent information about the lake and the pump {or this
operation. Based upon the initial density difference and using the pump
average outlet velocity as the characteristic velocity, the Richardsqn
number for this {low calculates to be J = ~g§——%—§ = 0.40. The pertinlent
fluid dynamic data {rom this experiment can be summarized in ¥Figures

12 and 13. Figure 12 shows a record of the density profiles measured



Parameters of Prototype and Model Lakes

Lake Volume V

Maximum

H
Depth

) ) Ao
Stratification ——
o]

Propellor diameter

Pump flow rate Q

Average pump
Outlet velocity

Richardson

Number Jl

Characteristic ¢
Time c

Reynolds UH
R
Number ¢ v

TABLE 1

for Destratification Experiments

Prototype Model
Experiment Experiment A
1.15 X 10° . 348
9.0 . 263
. 0025 . 026
107 3.76
0.67 4.5% 10 %
0.74 0. 4)
0. 40 0. 40
1. 72 X ]06 767
6.56)(106 1.06 X 105

|

Units

meter53

meters

centimeters

meters3/sec

meters/sec

sec.



{{rom temperature readings) throughout the prototype destratification
experiment.
Conventional analysis of this type of data includes a calculation of

the progress of the stability index with time. In non-dimensional form
pg (h} - )
pg (hh - hs)

bottom of the center of gravity of the lake, p is the average lake density,

this stability index is SI = where h is the height from the
and the subscripts h and s stand for homogeneous and fully stratified
respectively. The stability index is the gravitational potential energy of
the lake referenced to the lake in its homogeneous condition and non-
dimensionalized with the potential encrzy of the fully stratified lake
fwith the same referencel. This index is computed from the density
profiles and the elevation contours of the lake which provide the volume
of the lake in every increment of elevation.

The progress of the stability index "_f_yith time during the prototype
destratiflication experiment is plotted in Figure 13, The time variable
t has been non-dimensionalized with the characteristic time t_ for this
phenomenon defined as the ratio of the otal volume of the lake divided
by the volume flow rate of the pump, i.e., t. = % and t* = ?t— . A

C
fourth order polynomial least squares regression curve fit has been
made to this data and yields the curve in the figure. Now using a
criterion that the lake is destratified when the stability index falls
below 10% qf its initial value, we sece that for the prototype experiment
tg® = . 76 (tg = 15.1 days). This non-dimensional destratification time

is one of the rnost important parameters of the physical process which

we hope to be able to predict with the use of the hydraulic model.

13
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Several destratification experiments were performed in our model
lake with different density and velocity conditions. In each case the density
profile was as similar (in shape! as we could make it to the prototype
experiments’ initial profile, however the difference between the surface
and bottom densities was adjusted to different values to suit the experiment.
The experiment of most interest to us was the. one in which the pump
output velocity® and the stratification were adjusted sc that the Richardson

& pH '
number Jl - ECPT equaled 0. 40 to match the prototype experiment. The

p U~
important properties of the lake and of the pump are found in Table 1 (listed
as Experivziont A) along with the prototype data.

The density profiles which were measured in the model during de-
stratification are shown in Figure 14. For these conditions the whole
experiment took less than an hour so our time resolufion is not as good
as some other runs {at higher Richa rrdson number} which took several
hours. Although it is not obvious in Figure 14, most model density profiles
taken during destratification had a stairstep shape characteristic of the
lens of intermediate densgity moviny “hrough the lake. Time segquence
photographs- of flow visualization o7 this lensing is seen in Iigure 15.
‘I1ere the {luid entering the purmnp is marked with dye beginning with the
start up of the pump.?

The stairstep shape of the den~'ty profiles is not as readily apparent

in the prototype lake. There are probably two reasons for this. First,

“The average output velocity of the pump was obtained in two wavys.
First motion pictures were taken of dye tracer flowing through the pump
as a function of pump RPM. The second way {which agreed substantially
with the first) was to measure the mean output velocity with a pitot tube,
and correct the calibration for swirling flow.
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the Reynolds number of the model flow iz much smaller than in the proto-
type lake. As a result, there is probably some decrease in the turbulent
mixing of the lens flow., Second, there are complicated climatological
effects such as sun radiation, surface evaporation and heat transfer,

and surface wave induced mixing which increase the amount of mixing
and diffusion of the mass and energy in the lake. We expect that our
model can replicate only the most important mixing phenormenon, namely
the convection set up by the mechanical pump.

In overall behavior the model does quite a good job of replicating the
destratification phenomenon. The progress of the stabl¥ity index with
non-dimensional time of the model experiment compares favorably with
the prototype as seen in Figure 16. The non-dimensicr=] destratification
time (using the 10% SI criterion) of tg* = . 88 is within 15% of the destrati-

fication time for the prototype. This agreement is achﬁ?..ﬂy much better

than we should expect (the ratio of characteristic times _;f the prototype

to the models 1s over 2000 and the Reynolds numbers ratio by a factor of
62). In fact, another experi.nent at close to this valuc .f Richardson number
had a non-dimensional destratification time twice that ~f the prototype.

We are presently rerunning several experiments to establish cons.istency

in our data. However, we are strongly encouraged that the model results
are in the same range as tho prototype experimental results. This has

provided us with the confidence that the modeling can produce useful

results if one is careful with the application and the anatvsis.
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CONCI.USIONS

There appears to be no way in which a vertically exaggerated model
of a stratified lake flow can replicate all the details of the mixing processes.
However, vertical dispersion alone can be accurately modeled in a

distoried rmodel of an inflow 1n a stratified basin if the overall Richardson

b5 pH
number J; = _%6%_ is used as the modeling parameter. Similarly
2
horizontal dispersion can be accurately modeled if Iy = —g—QU—DzEH— is used
P

as the basic modeling parameter.

The use of varying salinity to obtain the density stratification works
well and is convenient. Measurement of local density with the conductivity
probe we have developed is very repeatable and accurate.

A vertically exaggerated model of Ham's lake was constructed and
experiments were run of the mechanic:-1 destratification of the model.
Surprisingly accurate modeling of the prototype destratification experi-

mments ol Steichien {3) has been achieved with our model. The appropriate

gb&oH

non-dimensional parameter is the overall Richardson number J = > U?

and the characieristic time used to non-dimensionalize the mixing times

1s the volume of the lake divided by the volume flow rate of the pump.
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Figure 8 Side view of dye front comparison between shallow
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Figure 9 Initial and final density profiles measured with
the conductivity probe in one of the inflow basins.
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Figure 11 Average temperature and density profiles in Ham's
lake just preceeding the prototype experiment.
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Figure 12 Density profiles recorded throughout the prototype destratifier experiment.
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Figure 13 TPlot of the stability index versus time
for the prototype destratification experiment.
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Figure 14 Density profiles recorded throughout the
model destratification experiment A.
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Figure 15 Flow visualization of the flow out of the
mechanical destratification pump.
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Figure 16 Comparison of stability index measurements made in the
model with those made in the prototype lake during destratification.
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