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INTRODUCTION

In February 1999 an ad hoc committee of representatives of Maine' s shdllfish aquaculture
industry, University of Maine and the Maine Sea Grant College Program met to discuss
priorities for research to improve the performance of tiddly powered shdlfish upwdlers.
Information from this meeting was incorporated into a proposa submitted later in the

year to the Maine Aquaculture Innovation Center. The project was funded and work
began in January 2000. This report describes the engineering andysis and modd testing
conducted for this project, with the overdl goa of optimizing the design of atida

upweller used for nursery production of oyster and hard clam seed.

BACKGROUND

Tray culture of shelfish, particularly oysters, has been used for many years, with the

trays either floating on the surface or fixed to wooden frames. At some point it was
discovered that the shellfish grew fadter if the weter flow was vertica, passing through
rather than over the bed within the tray. Over the past thirty years there has been a steedy
development in the technology of upwelers, both in the US and Europe (Spencer and
Hepper, 1981). They have become common in hatcheries, with water pumped upward
through the bed of shellfish with the flow ether driven by a pump or by tidd currents.
The main advantage of the latter type is that there is no dependence on eectrica power,
alowing them to be located in more remote locations. This advantage together with the
presence of very strong tidal action has aroused the interest of shdllfish growersin Maine.

The design for atida upweller in Maine was proposed by Mook (1986) based on earlier
work in Britain and on shore based systems, and a guide to construction was published
(Mook, 1988) The capita cost and operating costs of this upweller were lower than for a
land based system. Since that time the original design has been modified and used in
Maine, Massachusetts and South Carolina. Severd publications have been made
available describing congtruction details and operating procedures (Hadley et d. 1999,
Karney and Blake, 1999). These designs have generdly evolved through an iterative
process based on trid and error. Operators of systemsin Maine have been concerned
about the unevenness of flow through the upweller, the effect of varying tidd current
velocities and other design considerations. This project was initiated to investigate the
underlying hydrodynamic characteristics of tiddly powered upwellers with the god of
optimizing the design in terms of efficiency and overdl performance, usng scde modds
and engineering andysis.

A shdllfish upweller of the Mook type (see Fig.1) congsts of aflotationsupported raft
agpproximately 20ft long by 10ft wide. Benegth the raft, a plywood tank 3ft wide and 3ft
deep extends the length of the raft. One end of the tank is closed and the other isfitted
with adiverging scoop or horn. Theraft uses a Single point mooring so that the scoop is
adwaysfacing into thetidal current. Water entering the tank is forced upwards through an
array of screened traysin boxes or “sllos’ suspended from the raft and containing
shellfish seed. After the water has passed through the beds of seed it exits via a hole back



Figure 1. Diagrammatic representation of the tidal-powered up-

welling system (from Hadley et al. 1997).



into the ocean. Since the tida current provides the energy for inducing the flow of water
upwards through the shdllfish, optimization of the design for an upweller driven by tidd
currents requires an understanding of the underlying hydrodynamics of the system
Growth rates of the shdlfish in the upweller depend largely on the volumetric flow rate
through the system. Predicting thisflow rate is not a sraightforward metter. Evenina
powered upweller with a pump providing the flow, the system is dynamic, with the
shdllfish seed sze and bed depth changing continuoudy as the animads grow. With a
tiddly powered system the Stuation is further complicated by the continuous variation in
current speed.

THEORY

To understand the flow dynamics of an upweller it is hdpful to review some of the
engineering basics. In any system where the fluid is homogeneous, incompressible and
non-viscous, i.e. an “ided” fluid, Bernoulli’s Theory states that the sum of energies dong
adreamline remains congtant. These energies congst of potentid energy from eevation
of the fluid above some datum (heed), potentia energy from any interna pressure within
the fluid, and kinetic energy resulting from fluid flow. If the sum of these energiesis
condant, if one form isincreased there must be a decrease in another form, or vice-versa
In an upwdler kinetic energy is converted into potentia energy, i.e. flow is converted to
head. Thismay be envisoned by consdering holding apail in ahorizontd flow of

water; aforce is needed to hold the pail againgt the flow. Thisis because the kinetic
energy from the flow is converted to head, or pressure within the pal and this pressure
acts upon the bottom of the pail resulting in aforce. 1n an upweller with the rear end of
the tank blocked off, the Stuation is the same but with this pressure being converted to a
vertical head and aresultant upward flow.

One measure of the efficiency of an upweller may be considered as the volume of water
flowing verticaly upward, as compared to the volumetric current flow. If dl of the
horizonta flow were converted to vertica flow the upweller would have an efficiency of
100%. In precticethis efficiency is grestly reduced by the head needed to produce this
vertica flow aswdl asthe hydrodynamic characterigtics of the upweller, i.e. its
geometry and surface properties. Hadley et a (1999) measured a volumetric efficiency of
only1.5% in a1 knot current.

Theam in an upweller isto direct as much flow as possible upwards through the beds of
shdlfish. For agiven current speed with no redtrictions, the flow through the upweller is
a itsmaximum. Asflow isrestricted, flow rate is reduced asthe kinetic energy is
converted to pressure or head. If the flow rate is restricted completdy the maximum
available head has been developed. These relationships may be described by the
following equation:

Kinetic Energy = V%/2g where

V = Huid velocity
g = Gravitationd congant



Theimportant point to note in this equation is that energy is proportiona to the square of
the velocity. The consequences of this are clearly shown if one plots the kinetic energy,
expressed as power, againg typica tidal current speeds, per cross-sectiona area of water
flow.

CURRENT SPEED AVAILABLE POWER
Ft/sec Knots Horsepower/ft?
1 0.77 0.0017
2 1.54 0.0142
3 231 0.0475
4 3.08 0.1129
5 3.85 0.2200
6 4.62 0.3804
7 5.39 0.6196

In Figure 2, these data are plotted as an example for atypica upweller tank cross-
sectiond area, perpendicular to the current, of 4ftx4ft, i.e. 16ft%. The effect of this
exponentid relaionship is dearly seen; at a current peed of 2 ft/sec we can develop only
0.2 horsepower, but at 4ft/sec we have 1.8 horsepower and at 6ft/sec we have over 6
horsepower available.

If dl of the kinetic energy is converted to heed, the following equation describes the
relationship:

H=V??2g where

H = Head in fet
V = Huid velocity in ft/sec
g = Gravitational constant, ft/sec®

For example, with a current speed of 2ft/sec (1.5 knots):

V =2 ft/sec
g = 32.2 ft/sec?
Then H =0.062 ft (0.75 inches)

In practical termsthis meansthat at a current speed of 1.5 knotsthereisonly 0.75 inches
of head available to drive the water upwards through the bed of shellfish seed. Witha
current speed of 4 ft/sec (3.08 knots) the available head is gpproximately 3 inches. This
equation may be plotted graphically to show the head/flow relationship for different
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FIGURE 2. Horsepower available from a 16 square foot frontal area in varying current speeds
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current speeds — see Figure 3. Each of these curves may be thought of as individud
“pump” curvesfor different horsepower pumps.

The above application of Bernoulli’ stheoriesis, as noted, for an ided fluid, that isanon
visoous fluid. For “red” (viscous) fluids the theory holds up well until the effect of a solid
boundary in the fluid flow is present. When aviscous fluid flows past a solid boundary
there is no relative motion between the fluid partidlesimmediatdy in contact with the
solid boundary and the boundary itsdlf. This results from the presence of shearing forces
within aviscous fluid and results in frictional forces and a drag force on the solid body.
Even in the flow of water, which has avery low coefficient of viscosty, the frictiond
effect of the fluid near a solid boundary must be consdered. The existence of these
shearing forces requires an energy input to maintain flow; thisis generdly expressed in
pumping systems as the Frictiona Head Loss and since it depends, among severd
factors, on the velocity of the fluid it can aso be referred to as the Dynamic Head.

Thus there are two components to Head as related to pumping systems. Static Head
representing the actud vertica lift imparted to the fluid, and Dynamic Head resulting
from flow over solid bodies. Both of these together comprise the Total Head.

In ashdlfish upweler, if the outlets from the bins are above water leve there will be a
gtatic head represented by the height of the outlets above water level. The water isaso
being pumped through a bed of seed and the frictiond head losses can be dgnificant. In
fact, snce the object is to have the nutrient- containing water in contact with every
shellfish seed, there are only limited ways in which these frictional |osses can be reduced.
In any granular materid the frictiond lossis afunction of bed depth, the Sze and shape
of the particles, and the velocity of flow, aswell asthe fluid congtants, density and
viscosity coefficient. It is known that the frictiona losses are proportiond to the square
of velocity but the effects of shell Sze and shape and porosty of the bed cannot be
predicted with any accuracy. In addition to the frictiona head losses through the bed of
shellfish, there will be losses as the fluid passes through the tank, screens, and the outlets
from the seed hins. How ve ocity through the tank is extremely low and for practica
purposes frictiona losses here can be ignored. However, fine mesh screens and restricted
outlets may contribute significant losses but again cannot be predicted accuratdly from
theory. Head loss vs velocity curves for given bed depths and seed sizes must therefore
be obtained experimentdly. These are known as “system curves’. If we plot thetidal
“pump” curve and the “system” curve on the same graph with the same scales the
intersection of the two curves represents the “ operating point” of the system. Figure 4
shows aschematic of this rdationship.

For aparticular current speed and a particular bed depth and seed size we are able to drop
aline from the intersection of the two curves and read off the predicted water velocity
through the bed. Knowing the cross-sectional area of the tray or box alows us to convert
this velocity figure into massflow (eg. gdsmin).
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However, it is known that thisis adynamic Stuation in that the frictiond head loss curve
changes dowly as the shdlfish grow and the maximum kinetic energy available changes
with current speed which varies snusoidaly with the changing tides. This Stuation could
be represented by a series of curves for both current speed and seed characterigtics but in
fact these changes are continuous and regular. So far this andys's has focused on
maximum current velocities but another dterndtive isto use mean or average current
veocity during the tidal cycle where:

This doesintroduce a complication; if there is any static head there would be aminimum
current speed necessary to overcomethis, i.e. athreshold, below which there would be no
flow through the seed bed and averaging tidal flow over the entire tidal cycle would not
produce accurate predictions.

MATERIALS AND METHODS

There were two components to the practica aspects of this study, construction and testing
of modd upwdlers, and field measurement of frictiona losses through various Szes and
types of shellfish seed.

Frictional Loss Testing

The objective of these experiments was to develop a series of head loss/flow curves for
different sizes of shellfish seed in different bed depths. The apparatus shown in Figure 5
was congtructed to accomplish this. It conssted of a4” ingde diameter, 6” long clear
plexiglas pipe with a 200 micron screen at the bottom, on which the seed were placed.
Under the screen adigtribution plenum was supplied with water. At the water inlet a
manometer was attached, preceded by a gate vave for controlling flow rate. The top of
the pipe was fitted with a cover, with an outlet running to waste. The gpparatus was first
set up at alocd oyster hatchery, and connected to a seawater supply. Oyster seed was
placed on the screen to a specified depth, the pipe cover was screwed down and the water
dowly turned on using the valve, until the pipe was full. The manometer was then zeroed
at no flow conditions. Flow was then increased gradually and a series of manometer
readings taken a different flow rates. The increasing manometer readings represented the
increasing frictional head loss though the bed of oyster seed. Flow rate was measured by
timing collection in a measuring cylinder. Experiments were conducted with three
different Szes of oyster seed, approximately 3, 7, and 15mm. Later in the year these
experiments were repeated using hard clam (mercenariamercenaria) seed of three Sizes,
3, 6, and 8mm.

Model Testing

The problem of studying different designs and modifications of upwdlerslendsitsdf to
scae modd testing, and the University of Maine' swave/tow tank provided a suitable
facility for such tests. Physicd moddlling has been used extensvely in the study of fluid
flow problems for hundreds of years. Modds are used to optimize the design of offshore
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FIGURE 5. Apparatus for Measuring Head Loss
Through Shelffish Seed
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gructures and for the design and analysis of ship hulls. The theory of fluid flow
modelling is quite complex and will only briefly be discussed.

The basic requirement for modelling is that there is geometric Smilarity between model
and prototype, i.e., acondstent scae where dl length ratios are the same. If we are
modelling an upweller which is, for example, 25ft long, 10ft wide and 5ft degp and wish
to useascae, n of 1/5, then the modd must be 5ft x 2ft x 1ft. For modeling which
involvestime (eg. velocity, flow rate) we need kinematic smilarity. It can be shown that
this requirement is stisfied if the Froude numbers (see Appendix A) are equd; to attain
this, the ratio of velocities of the model and prototype must be equal to On. For example,
if the current speed for the prototypeis 2 knots, then the model current speed must be 2 x
Q1/5 = 0.89 knots. For tegtsinvolving length, time and force we need dynamic similarity.
This requires that the Reynolds numbers (see Appendix A) be equd. Thisterm includes
the viscogity of the fluids and it can be shown that the ratio of kinematic viscosties of
model and prototype be equal to n¥2. With water as the fluid in the prototype, for ascae
of n=1/5we would need amodd fluid velocity of 0.09 times that of water. No such
fluid exists s0 any moddling involving viscous forcesis “digorted’. Thereare

procedures to deal with this distortion but for this study we have not made any

predictions from modd to prototype of forces resulting from resistance of the fluid as
measured by viscosty. In these cases we have only compared the performance of one
modd with ancther; here the length scde is unity and the dynamic smilarity requirement
ismet.

The University of Maine wave/towing tank is 120ft long, 8ft wide and 4ft deep with a
lexan underwater viewing window at the mid-point. It contains 25,000 galons of
freshwater continuoudy filtered and ozonated to prevent any biologica growth. An
auminum carriage 8ft wide and 4ft long rides on tracks running the length of the tank

and driven through a stainless stedl tape drive by a 5.6kW (7.5hp) three phase motor
digitaly controlled by a programmable inverter. The system can provide a maximum
speed through the water of 2.5 m/sec (approximately 5 knots). Maximum design drag
forceis 538 N (121 Ibf) and is measured by strain gauge load cells between carriage and
modd, with the signd transmitted to the control room by afestooned instrumentation
cable carried on atrack on the ceiling. In the control room a wide range strain indicator
and continuous chart recorder provide data acquisition. Flow velocity is measured with a
Nixon Streamflo Probe (Novonic Insruments, Gloucester, England) with the sgnal
carried in the ingrumentation cable to an indicator in the control room. The system aso
has wavemaking capabilities but these were not used in this study.

Plywood mode s were fabricated to alength scae of 1/5. The first model was based on
the origind Mook upwdler from plansfirgt published in 1988. Modificationsto this
design have been made since that time but it was felt important to begin here and try to
understand the reasons for these modifications. A schemétic diagram of the upwdler is
shown in Figure 1, and the modd is shown in Figures 6a and 6b. The powered carriage
on the wave/tow tank was used to tow the upweler through the water at speeds
smulating currents of up to 5 knots. Figure 7 shows the upwédler in the tank.



FIGURE 6a. Model of Original Design of Upweller Tank
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FIGURE 6b. Model of Complete Upweller
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FIGURE 7. Model of Upweller in Tow Tank
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Severa weeks were spent observing the behaviour of the modd without any
measurements of flow rates through the individud bins as the researchers were unable to
locate a flow meter smal enough and with alow enough range. FHow rates through the
collection trough however were measurable. Later in the project a suitable flow meter
was made available. Asaresult of our observations several modifications were made to
the origind, and two further models were constructed to evauate various suggested
concepts, for example, scoops of different size and geometry were made, and the Size and
shape of the outlet holes from the bins was made variable.

RESULTS

Frictional Loss Tests

The results are shown in Figures 8aand 8b. The curves show the classic response with
head |oss increasing exponentidly with increasing flow rate. The flow rate was increased
up to the point where there was “boiling” in the bed of shellfish seed or to the limit of the
gpparaus. This boiling can create channd s through the bed, resulting in nornuniform
flow. Channeling in an upweller is an undesirable Stuation because the seed would be
subjected to high flow rates in some part of the bed, and zero flow in others. The
ggnificant point to note is that the smaler seed produce a higher frictiond loss than the
two larger Szes( dmogt twice the loss at lower flow rates). The smallest oyster seed
began to “bail” a awater velocity through the bin of gpproximately 2 ft/min (1 cm/sec),
and the same Sized clam seed a 2.5 ft/min. The sze difference between the larger clam
seed was not as large as for the oysters and there is virtualy no difference in the curves.

Modd Testing

Stability and variation of flow rates It wasimmediately cdear that only afraction of the
current flow was actudly trandated into flow through the upweller bins and out into the
collection trough. It was dso interesting to note that as current Speed increased, the bow
of the upweller dropped and the exit holes from the bins at the stern became elevated to
the point where there was no flow through these bins. With less than two inches of tota
head available (at a 2 knot current) the flow could not overcome this static head and flow
through these rear bins was reduced. Operators of some upwellers have reported greater
growth in the front bins, so the importance of keeping the upweller horizontd is clear.
Other researchers have not noticed this uneven growth but it is likely thet in those
gtuations current speeds were rdatively low (<2 knots) and that the problem only occurs
at higher current speeds such as occur in Maine. When bdlasted with strategicdly placed
bricks on the deck, the model remained relatively leve at a particular current speed and
flow through the bins was observed to be more uniform. This was confirmed when a
suitable flow meter was obtained. However it was necessary to move the balast for
every current speed to ensure alevel deck, and thisis obvioudy not a practical solution.
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FIGURE 8b. Frictional Losses for Three Sizes of Hard Clam Seed
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An attempt was made to reduce the diving of the front of the upweller by ingaling
angled planes at the bow. Severd different Szed planes, at severa angles of attack were
tried with no success and it was concluded that if planes were to be successful even at
these relatively low speeds they would have to be extremely large hydrofails.

Scoop Size If the cross-sectiond area of the tank and the opening presented to the tidal
current flow is increased, then the volume flow through the upweller will increase.
However, there is no increase in velocity and therefor no increase in potentid head. This
isthe same Situation as placing two pumpsin pardld. Use of a converging mouth or
scoop on the front of the tank increases both flow rate and velocity so has the potentia to
develop greater head. However, thisincrease is not a proportiona one and is greatly
affected by the geometry of the scoop. Unless the flow contraction is well streamlined
there can be aggnificant energy loss. Andyticd prediction of these energy lossesis not
possible but a series of experiments by Gibson (1952) indicated that minimum energy
loss occurred when the angle of the contraction was approximately 7 degrees. This
presents a practical problem since a scoop designed to increase the area presented to the
current flow from, say 6ft wide to 8ft wide with a 7 degree angle of contraction would
need to be 16ft long. So there hasto be some compromise. In addition, the energy losses
are affected by the nature of the forward edge of the scoop. A well-rounded edge
produces less energy lossthan if it is square-edged. Since most scoops we have
encountered have a convergence well above the 7 degree figure and have square edges
thereisa dgnificant energy loss. The mode tests with three different Szed scoops gave
interesting results.

The three scoops, designated small, medium and large are shown in Figure 9. Actud
dimensions are shown in Appendix B. The upweller was fitted with each scoop in turn
and towed through the tank at various speeds. The rear of the tank was removed and the
flow through the upweller measured in the center of the tank. One run was conducted
with no scoop. Results are shown in Figure 10. It isinteresting to note that the increase
inflow a agiven current speed with the increasing Sze of scoop is by no means linear
and isactudly quite smdl. The biggest scoop, with alarge angle of contraction in fact
produced less flow than the medium scoop.

The project dso sought to minimize mooring line and anchoring forces. As flow through
the upweller increases, the hydrodynamic drag force increases exponentidly. In addition
there isaforce on the rear wal of the tank resulting from the horizonta flow being
directed verticaly. Both of these forces affect the load on the mooring line and anchor. It
has been suggested that flow rate could be increased and mooring forces reduced by
ingaling curved vanes to direct the water flow upwards from the tank. However, by the
Law of Consarvation of Momentum as the flow makes a ninety degree turn from
horizonta to vertica there will dways be a horizonta force on the back wall of the tank
and it will be proportiond to the horizonta flow velocity. The horizonta force would not
change with the ingtalation of curved vanes and would be transferred from.
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FIGURE 9. Three Different Scoop Sizes used on Models



Flow Velocity through Tank (ft/s:

3.5

25

15

0.5

FIGURE 10. Flow Relationships for Different Scoop Sizes

inedium scoop

/ large scoop
|

small scoop
.

|
/ Nno scoop

* A
A

|

A
n
A
0.5 1 15 2 2.5 3

21

Current Speed (ft/sec)

35



the vanes to the body of the upweller and then to the mooring line and anchor. Any
increase in flow would derive from areduction in frictiond losses.

Another suggestion for away to reduce drag forces and mooring loads at high current
gpeeds wasto use the rear wall of thetank asa“rdief vave’. One of the modes was
fitted with thiswall hinged &t the top but otherwise unrestrained. With varying sizes of
welght attached to the bottom of this flgp, the mode spilled water progressively as
current speed increased. With aweight of 5 Ibs attached the modd flap did not begin to
open measurably until a(model) current speed of 1ft/sec was reached. With alength
scde of 1/5 and volume as an indicator of weight the same result would be expected with
aweight of 5x 5° = 625 |bs.

Outlet sizing The theory indicated that frictiona losses through the upweller should be
reduced as much asis practica. Karney and Blake (2000) reported alarge increase in
production capability relative to aMook upweler with the outlet holes removed to reduce
condriction but it isdifficult to atribute dl of thisincrease to this effect as there were
many other modifications made. In our testing, the origind modd used 1in PV C pipe for
bin outlets. The second modd used arectangular outlet 3in x 1.5in. The PVC pipe was
removed from Modd #1 giving an outlet Sze of 1.5 inches diameter. Tests were
conducted with the two models at two different current speeds. While flow velocity
dowed through the larger outlet there was dmost a doubling of volume flow through the
binsindicating that the outlet presents a relatively large restriction to flow. See Figure
11.

CONCLUSIONS & RECOMMENDATIONS

Conclusions were drawn from the theoretical analyss, the field testing of frictiondl

losses, and from the scale modd tests. Thefield testing of frictiona losses through
different depth beds and different sizes of oyster and hard clam seed produced interesting
but not unexpected results. The size of the seed affectsthe frictiona head losses through
the system and thus the flow rate. It is clear that for very small seed (less than 5mm) the
initial depth of the bed should be kept rdatively small, perhgps < 0.5 inch. If thebinsare
stocked with seed larger than this, the bed depth can be greater. High flow rates can
cause channdling in the beds, and “boiling” of the seed leading to uneven growth and
potential damage to the seed, particularly the smdler szes. Thefluid velocity through the
bed should not exceed 2ft/min (1 crm/sec) for smal oyster seed and 2.5ft/min (1.25
cm/sec) for small hard clam seed. It isinteresting to note that Hadley (1999) measured
maximum velocities through oyster seed of gpproximately 0.5 cn/sec in a2 knot current .
There is therefore no incentive to try to design for current speeds much above 4 knots for
gmdl seed. Thisisonereason to limit velocities through the upweller at high current
velocities by providing a“safety valve’ such asthe hinged rear wall of thetank. Interms
of congtruction of such adevice, the plywood wall could be hinged with rubber belting
and the weights cast in concrete.
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Maintaining the raft in a horizonta position with dl bin outlet holes submerged will

ensure even growth in dl bins. There was no noticegble variation in flow through
different binsif the raft was kept level. If the upweller has atendency to dig in at the bow
at high current speeds or if anchoring considerations are critical the hinged flap described
above offers a solution.

The addition of a scoop at the front of the tank will increase velocity and therefore flow
rate through the upweler but bigger is not necessarily better. For example, amodest
increase of 50% in the area presented to the current, with a scoop length equd to its
width, resultsin an angle of convergence of 26 degrees, well above the 7 degree idedl.
Larger scoops with very high angles of convergence result in turbulence at the mouth,
with very little or even no increase in flow and aso increase the drag on the upweller
generating higher mooring forces. The 45 degree angle of contraction used in the
original Mook design should be reduced to an angle of no more than 30 degrees.

The outlets from the seed bins should be aslarge asis practica. If PVC pipeisused it
should be at least 4” diameter. With the extremely small head developed by tida current
veocities any redtriction to flow will have a Sgnificant effect. There have been reports
suggesting modifying the outlets in various ways to achieve a venturi effect.

Unfortunatdly the theory of venturis does not support this idea since the flow velocity
outsde the “venturi” isin fact lower than the velocity insde.

The most important overadl conclusion isthat the origind Mook design was well thought
out and that there is no reason to abandon this concept. M odifications made to this design
by others have been relaively minor; some were successful, othersless so. Congtruction
methods have been streamlined and dternate materids tried but there have been no
datigticaly supported significant breakthroughsin efficiency. This current study did not
produce aradica new design but does help explain why certain modifications work and
others do not.
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APPENDIX A

Reynolds Number = VDr /m where:

V = Characterigtic flow velocity

D = Characteridic linear dimension
r = Densty of thefluid
m=Viscogty of the fluid

Froude Number = V2 /LG where:

V = Characterigtic flow velocity
L = Characteridtic linear dimension
G = Gravitationd constant

26



.

N

i

£

£z

MITR LMOEA

aunu]

4 J0dTT
L
- MO1a3n
k
—-| |
ZL
lin 1TEwE

LR T T RN

MALA 3L

SOOZE MM 40 SHOTENE]

d

x10M3ddY

27



