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NOMENCLATURE

a - width oflateral outlet, ft or m.

(~)min - Area ofthe jet at the minimum cross-sectional area, .ft2 or m2,

~ =1tdo
2/4 - cross sectional area ofthe orifice, ft2 or m2.

AT - cross section ofthe stream, ft2 or m2•

Co or Cd - orifice coefficient or discharge coefficient.

Cv - coefficient ofvariation.

do or DB - orifice diameter, ft or m

Dp - diameter ofpacking, .ft or m

g - acceleration due to gravity, ftls2 or m/s2.

h - height ofliquid above orifice or head, ft, m.

K - barrier inclination parameter

1- thickness oforifice plate, ft or In.

N - number ofholes in the trough.

p - pressure, Ibtift2 or N/m2•

Q- volumetric flow rate through each orifice, ft3/s or m3/s.

Qr - ratio of outflow through each lateral orifice-weir unit to inflow in main channel

RA = ATIWp - radius at station A, ft or m..

Re - orifice Reynolds number = dvop/Jl.

T - temperature ofthe liquid, OK

Uh - gas velocity through hole in sieve tray, ft/s or mls.
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v·J

flow velocity at the downstream edge ofa lateral outlet, ft/s or mls.

jet velocity, ftls or mls.

Vo or Vo or v velocity through orifice, ftls or mls.

wetted perimeter, ft or m.

x

z
a.

ex

mole fraction of light key in liquid phase.

elevation, ft or m.

kinetic energy correction factor(in orifice coefficient derivation).

angle of inclination of the jet.

density of liquid, Ib/ft3 or kglm3.

jet velocity ratio, V1Nj.

NAJAT·

viscosity of liquid, lb/ft-s or kglm-s.

viscosity of the liquid, cp.(when used in correlation for calculating water

viscosity).
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CHAPTER I

INTRODUcnON

Separation processes form an integral part of the chemical process industries. The

profitability ofa company is very often dependent on the efficiency ofthese processes.

Distillation, absorption, stripping and extraction are the most frequently used operations in

chemical plants. A key to successfully operating these plants is to provide an efficient

means ofcontacting the liquid and vapor streams in these processes. Liquid-vapor

contacting is generally carried out in either tray or packed columns. Traditionally, tray

columns have been more frequently used in process plants, but packed columns are

becoming increasingly popular because ofthe lower pressure drops and costs associated

with them. The main problem with packed columns is their sensitivity to liquid

maldiStribution. Liquid maldistribution in tray columns, on the other hand, is not a major

concern, because distribution irregularities from the upper tray are rectified when the

liquid mixes in the downcomer and is redistributed to the lower tray.

Packings ind Distributon

Fig 1-1 shows a composite packed column with various associated internals. The

performance ofthe column depends on proper selection and design ofthese internals. The

choice ofappropriate packing is important for the efficient operation ofthe column. A

large amount ofresearch has been devoted towards developing and optimizing

performance characteristics ofpackings. One point that must be emphasized is that the

1
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Fig. 1-2 Typical Random Packings.(Rousseau, 1987, p297)

Fig. 1-3 Nutter Rings (Nutter Bulletin N-2 ,Nutter Engineering, Tulsa OK, 1987)
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Fig 1-4 Nutter's "CHEMPAK" Random Packing (Nutter Bulletin N-2, , Nutter
Engineering, Tulsa OK, 1987)
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prospect ofimproved efficiency and purity offered by state-of-the-art packing can be

seriously offset by a poor distribution system.(Chen, 1984) Early packings were typically

ofthe Raschig ring type.(Fig 1-2) They had low efficiency and capacity and the

distributors used were very simple in design. The introduction ofPall rings and variations

thereof{Fig.1-2) made lower pressure drops poSSIble. It was at this time that the

importance ofliquid distribution was recognized, since these packings were sensitive to

initial liquid maldistribution. Todays high performance random packings permit fluids to

flow through them and hence form drag is considerably reduced.(Figsl-3, 1-4 Nutter

Ring, Norton's IMTP etc.) Structured packings(Figl-5) also offer low pressure drop, very

high surface area and high efficiency. The packing elements used in structured packing are

generally made from sheets ofcorrugated metal sheet or gauze and the sheets are

perforated. In addition the sheets are surface-treated so as to help spread the liquid film

and thus to behave like the gauze surface which promotes liquid distribution by a capillary

aetion.(Fair, in Rousseau, 1987) All these packings however, are sensitive to liquid and

vapor maldistribution. Thus, for maximum efficiency, it is essential to have distributors

which offer uniform distribution.

One ofthe ways to evaluate the performance ofpackings and the distribution

systems associated with them is to plot log[X/(I-X)] vs. bed height, where X is the molar

concentration ofthe light key in the Iiquid(Fig. 1-6). This method has been used by

Fractionation Research Inc.(FRI.) in their studies on liquid distribution

systems.(Zuiderweg 1987) The slope ofthe line thus obtained is directly proportional to

the efficiency ofthe packing and is related to the performance ofthe bed and the

distributor. Ifconstant relative volatility is assumed, then a straight line(Curve C, Fig. 1-6

) would mean a constant slope which in tum would imply constant efficiency. This would

mean that the initial liquid distribution is sufficient for the desired separation. Ifthe line is

initially curved and then straightens out (Curve b, Fig.1-6), it means that the slope is

increasing down the length ofthe bed. The initial curved portion represents poor initial

4



.J,~

.- ...... - ...~

a) Koch's "FLEXIPAC" Packing (li~seau, 1987, p297)
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Fig 1-5 Structured Packing
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liquid distribution. The increase in slope down the bed would suggest that the packing

efficiency is improving as the packing succeeds in spreading the liquid. Curve a in Fig.1-6

illustrates the case where a good initial liquid distribution deteriorates because ofvapor

maldistribution or excessively deep beds.(Bonilla 1993)

Types ofDistri~uton

Distributors are broadly classified as a) Gravity b) Pressure and c) Flashing types,

depending on the way the liquid is introduced.

a) Gravity Fed Distributors:

1) Pan Distributors: (Fig 1-7) These are also called Riser Tube Distributors(RTO). An

RTO consists ofa flat plate with orifices punched in it for distribution ofthe liquid. Vapor

distribution risers are placed within the hole pattern in such a way that the hole layout isn't

disturbed. Riser covers or caps are provided to prevent excess liquid from falling through.

This type ofdistributor is generally used for small diameter columns in clean systems.

When dealing with high vapor flows, narrow rectangular risers are preferred to circular

ones because these provide a larger proportion offree area for vapor flow and also a

larger number ofdrip points. Bames may be used under the tray to distribute the liquid

evenly to the packing immediately below the distributor.

2) Trough Distributors:(Fig 1-8) This type ofdistributor consists ofa series oftroughs

with circular orifices or V-notches punched in the bottom and/or sides. The troughs

receive the liquid predistributed through parting boxes, which are mounted over the

troughs, perpendicular to the orientation ofthe latter. These distributors are suitable for

large columns, can handle large vapor flow rates and are easily leveled. Fairly large values

ofturndown(upto 5:1) can also be handled. However, large turndowns should not be

specified unless absolutely required, because then it would be necessary to have multiple

7



a) RID With Circular Risers. (Chen, 1984)

• .t................~~..

b) RID With Rectangular Risers.
(Bulletin n -1, Nutter Engineering.,~a, OK, 1987)

Fig 1-7 Pan Distributors .
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a) V-Notch Distributor. (Chen, 1984)

b) Narrow Trough Dis1nbutor (Nutter Bulletin TI-l,
Nutter Engineering., Tulsa, OK,1987)

Fig 1-8 Trough Distributors

Fig. 1-9 High Performance Trough Dis1nbutor.(Nutter Bulletin TI-l,
Nutter Engineering. t Tulsa, OK, 1987)
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levels oforifices, which do not provide as good a distnOution as a single level. Also,

large parting boxes would be required, which are expensive. Slurries and fouling problems

can be handled ifholes are punched in the sides ofthe trough instead ofthe bottom. This

allows the solids to settle and avoids plugging ofthe holes. V-notch distributors are

especially good for such cases. However, V-notch troughs are very sensitive to liquid

maldistribution caused by out-of-levelness. Hence, these distributors should be avoided

when dealing with packingswith low HETP values and high purity products. Currently,

high performance trough distributors are available(e.g. Nutter Trough Distributor) which

feature a more uniform distribution pattern than the V-notch distributor, in addition to

allowing flow equalization between troughs and better leveling capabilities. Such a

distributor is shown in Fig 1-9.

3) Orifice Pipe Distributors:(fia 1-10) This type consists ofa pipe ladder arrangement

with orifices drilled in the pipe. They are good for low liquid rate systems in small and

medium size columns. This design provides a large free area for vapor flow. Hence, the

pressure drop loss across the distributor is negligible. Since these distributors can be easily

clogged, they should only be specified for clean systems.

b) Pressure Fed Distributors:(fig 1-11): These are generally spray nozzle type distributors.

The design ofsuch a distributor is similar to that ofa pipe orifice header except that spray

nozzles are used instead oforifices. The number ofnozzles per unit length is less than that

ofan orifice pipe. Distribution ofthe liquid is effected by overlapping circular cones of

liquid spray issuing from adjacent nozzles. The overlapping prevents the occurrence of

dry spots on the packing- These distributors are generally used for heat transfer and vapor

washing, where no significant degree offractionation is involved. Suitable mist

eliminators should be used, especially when the mist generated by the spray could

contaminate the overhead product.

10



Fig.l-IO Orifice Pipe Distributor.{NuUer Bulletin '0-1,
Nutter Engineering., Tulsa, O~ 1987)

. 1 S ~T 1 TT _...J __ ,,......-- 1i\OA'\
Fig.1-1 pray .L"tOZZ1C necs~.\""u~ 1.':I0'+}
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c) Flasbins Feed Distributors: These distributors have to first absorb the kinetic energy of

the feed, then completely disengage the liquid and vapor and finally distnbute the liquid to

the bed below. There are two methods which are normally used to disengage the two

phases and hence there are two types offlashing feed distributors.

1) Dame Tm:(Fig 1-12) This consists ofa pan type distributor on which an

impingement baftle is mounted. The feed is directed via slotted piping against the baftle

and the two phases are separated. Baftle type distributors are suitable for small columns

and are recommended for two phase feeds which do not produce a stable foam.

2) Gallery Type:(Fig 1-13 ) This distributor has a perimeter gallery mounted on the

surface ofthe pan. The feed is discharged into this gallery where complete disengagement

ofthe two phases occurs before the liquid falls into the distributor below. This type of

distributor is capable ofhandling feeds which produce a stable foam. Generally, they are

conservatively designed for large froth heights.

Selection ofDistributon

The choice ofdistributor depends on several factors. The main criteria for selection are:

1) Degree ofFractionation Required

2) Liquid Flow Rate

3) Nature ofFeed

4) Fouling Tendency

S) Turndown Requirements

6) Column Size

7) Type ofPacking and Size

8) Number ofTheoretical Stages

12



Fig. 1-12 Battle Type Flashing Feed Distributor.(Chen, 1984)

.~'
Fig 1-13 Gallery Type Flashing Feed Disttibutor.(Chen, 1984)
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Table I-I. Guidelines for Selection ofLiquid Distnoutor(Bonilla, 1993)

Type OfDistributor
PAN POH POB NTD SNH VND

Factor (RID) (Gravity) Pressure)
Uniformity VO VO F VO P P
Solids Handling P P F 0 0 VO
Turndown 0 0 0 0 p p

. Ease ofInstallation F F 0 F VG G
Ease ofLeveling F 0 VO F VG F
As Redistributor 0(1,2) No(2) No No (2) No No (2)
Height Requirement M L VL H M H
Cost H M L H L M
Residence Time H L L M L M
Suitable for Large Diameters

(> 10 ft) P 0 G 0 VG G
Leakage Potential H(3) No No No No No
At High Vapor Rates P 0 G 0 VG G
At High Liquid Rates 0 0 G 0 VO 0
At Low Liquid Rates G VO 0 VO p P
For High Degree of
Fractionation VO VO p VO p P
Heat Transfer 0 0 F 0 VO 0
Liquid Feed Handling Yes (1) No No Yes No Yes
Flashin§ Feed Handling Yes (1,2) No(2) No No (2) No No(2)

~ ..
RID-Riser Tube Distributor; POH-Pipe Orifice Header; NTD-Narrow Trough
Distributor; SNH-Spray Nozzle Header; VND-V-Notch Distributor

VO =Very Good; 0 = Good; F = Fair; P = Poor
H = High; M = Moderate; L = Low; VL =Very Low
"No" means that the distributor cannot be used for the particular application

1 No significant liquid mixing provided, however.
2 Very good ifused in conjunction with a chimney tray

3 Leakftee ifseal welded
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Bonilla(1993) gives some guidelines for selection ofliquid distnbutors. These are

reproduced below in Table 1-1

Liquid MaldistributiOD:

There are two types ofliquid maldistribution which can occur in a packed column. The

first is the small scale maldistribution which is characteristic ofthe packing type

used.(Zuiderweg 1987) This phenomenon has been shown to have only a minor effect on

the efficiency ofthe column.(Zuiderweg 1987) The second type ofmaldistnbution is the

large scale maldistribution which is a direct consequence ofimperfect initial liquid

distribution. This can significantly affect the operation ofthe column. Some ofthe

reasons for poor initial distribution are over-irrigation, under-irrigation, interference by

support rings, inadequate number ofdrip points near the wall, flashing feeds, high velocity

flow in parting boxes and troughs, out-of-Ievelness, foaming and finally fouling. Much

work has been done in the last five years on liquid maldistribution. Some ofthe details

will be presented in the next chapter.

Distributor Design:

For a trough type distributor, the design parameters fixed by the system are the Hquid

and vapor flow rates per unit area oftower cross-section, the pressure drop, turndown

ratio and the physical properties ofthe fluids. The dependent parameters are the drip

point density(number oforifices per unit area), hole diameter, hole layout, number and

width oftroughs and the liquid head in the distributor. Once a particular type of

distnbutor has been selected, and the geometrical parameters specified, all that needs to be

known is the liquid head in the trough. Using Bernoulli's Equation to describe the various

head terms, the following simple equation is obtained to relate velocity through each
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orifice(V0) and COrresponding liquid height(h) over the orifice:(Derasari 1992 and Chap 2,

this work)

Vo = C
O

(2gh)lfZ (1-1)

Co is called the orifice coefficient. This term accounts for jet contraction, kinetic energy

correction and metion effects. The value ofthe orifice coefficient is always detennined

experimentally. Another coefficient which is often used to describe the flow ofa liquid

through orifices is the contraction coefficient(CC>. It is defined as the ratio ofthe area of

the jet at the minimum cross-section to the orifice cross-sectional area.(Eqn 1-2).

Cc = <Aj)miJAo (1-2)

This study is concerned with the determination ofthe orifice coefficient and the

corresponding relation between the orifice flow rate and the head in the distributor.

OveraU Project Description;
(Bell, Johannes and Kunesh 1991)

The main objectives ofthe research program are:

1) To determine experimentally the values oforifice coefficients for holes used in

distributors. This would also include analysis ofthe effects ofmanufacturing tolerances

and methods, hysteresis, direction ofpunching relative to the flow, hole sizes and plate

thicknesses.

2) To determine experimentally the effects ofinteraction among adjacent holes upon the

orifice coefficient.

3) To determine experimentally the effect ofliquid crossflow(in the horizontal direction)on

the orifice coefficient.

4) To develop a numerical computer-based hydrodynamic model for flow in the distributor

for design and operation ofvarious liquid distribution systems for packed columns. The
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experimental data from 1), 2) and 3) will be used to provide values ofthe orifice

coefficient and to check the predictions made by the model.

Scope orThis Work:

Most ofthe data collected thus far have been single orifice data and hence were

related to Objective 1) ofthe project. Derasari(1992) has described the effects ofvarious

parameters upon the orifice coefficient, based on the data he collected. The present study

consisted oftwo phases. Phase 1 involved collecting more orifice coefficient data on single

orifice plates. Phase 2 included tests on an actual distributor trough. The effect of

interaction among adjacent holes was studied and distribution patterns observed.

Comparisons were made between the data obtained on the trough and the predictions

made using Derasari's data and that obtained from Phase 1. The trough tests used three

different inlet pipe positions, one ofwhich involved the use ofa flow calming device to

break: up the momentum ofthe inlet stream to the trough. These data are to be used to

develop the hydrodynamic distributor design model.
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CBAPTERll

LITERATURE REVIEW

The flow offluids through orifices has been studied by a large number of

researchers. Most ofthe data obtained has been for orifice flow meter applications, i.e.

for pipeline flow. Very little data is available from actual distributor studies. Most ofthe

work on distributors has been carried out by FRI(Kunesh et a1..(1985, 1987» and by the

Delft Technical University, Holland (Zuiderweg et a1..(1978, 1987». Open channel flow

and flow through orifices discharging from distribution channels have been extensively

reported in the literature, but these papers are mostly in the field ofcivil and environmental

engineering. However, the basic fluid mechanics principles involved therein can be used

to describe the flow through distributors. The literature for this study is broadly divided

into the following sections:

1) Flow Through Orifices

2) Distributor Studies

Flow Through Orifices

Derasari(I992) compiled a comprehensive literature review on flow through

orifices. The bibliography he cites relates to orifice coefficient~ flow through an

orifice from a transverse stream, contraction coefficients, nature ofdischarge jets and

available correlations for determining the orifice coefficient and the relationship between

the head and the flow rate.
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Orifice Coefficients and Reynolds Numbers: Tuve and Sprenlde(1933) were

among the first to present orifice flow data in the form ofan orifice coefficient-Reynolds

number plot. They mention that subject to an error of 1.5% attributable to geometrical

uncertainties and surface finishing, the Reynolds number approach is useful for obtaining a

generalized correlation. Pollard and Iwaniw(1984), in their study on the effect ofcomer

rounding ofsharp edged rectangular orifices found little difference between the resulting

velocity profiles. Another study which related orifice coefficients and Reynolds numbers

was carried out by Medaugh and Johnson(1940). They found the coefficient ofdischarge

to be about 0.S88. This value appears to be lower than that obtained by us in this work.

Further work is underway at O.S.U. to determine whether the Reynolds number can

indeed be used as a correlating parameter.

DiacbArse Jets: The hydrodynamics ofa free liquid jet issuing from a sharp edged

orifice was studied by Iciek(1981). He showed that, for turbulent flow, the jet from the

orifice could occupy the full orifice crosssection without wetting or with partial wetting of

the inner walls. The reason for the transition from full cross section flow to flow without

wetting is the entrapment ofair in the so-called "dead zone". Iciek(1982) also found that

laminar jets are very unstable and the nozzle geometry has a negligible effect on the jet

hydrodynamics. The reader is referred to Derasari's thesis for a discussion on jet structure

and break up. In this discussion, Derasari describes various relationships and

dimensionless numbers associated with the breakup length, as cited in the literature. Obot,

Graska and Trobold(1984) studied round jets at moderate Reynolds

numbers(13000<Re<20000), and discovered that as the lid ratio decreases, the jet decays

and spreads more rapidly and also entrains more fluid.

Effect ofYarious Parameters on Flow and Orifice Coefficient: Judd and

King(1906) presented results oftheir experiments relating to flow meters. They

concluded that the discharge and contraction coefficients(Eqns 1-1 and 1-2) both decrease

as the size ofthe orifice increaseS. They also found that an increase in static pressure does
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not influence jet contraction when there is no velocity ofapproach. Also, the average

value ofthe orifice coefficient was found to be 0.6066. Derasari(1992)drew the following

conclusions from his experiments on square-edge orifices:

1) For Re<4500, the orifice coefficient decreases with a decrease in the lID ratio.

The effect ofplate thickness is comparatively less than the effect ofhole diameter. Also,

in laminar flow,(Re<2100) the value ofthe orifice coefficient increases as the Reynolds

number increases and reaches a maximum value after which an increase in Reynolds

number will cause the orifice coefficient to decrease.

2) Some hysteresis and deburring effects were observed. These effects were not

reproducible which suggests that they are unpredictable. However, hysteresis is more

liable to occur in the low Reynolds number region.(Re<lOOOO)

3) The orifice coefficients obtained using punched holes were slightly greater than

those using drilled holes. This effect becomes less significant as the plate thickness

decreases but more evident at lower heads.

Most ofthe results obtained in the present study were consistent with those cited

above. Very few readings were taken in the low Reynolds number region. This was

because it was felt that to simulate actual operating conditions, it was necessary to

maintain a minimum head of2 inches in the distributor. This corresponded to a Reynolds

number of6000 to 7000, which was probably why no significant hysteresis effects were

observed.

An interesting observation was recorded by Lockett and Banik(1984) in their study

on weeping from sieve trays, which can be compared to the flow ofliquid through the

orifices in a distributor. They used three different hole sizes for the sieve trays viz. 3 mm,

6 mm, and 12.7 mID. diameters. It was observed that the weeping rate was a maximum

for the 6 mm diameter holes with the 3 mID and 12.7 mm holes both exhibiting lower

weeping rates. Fig. 2-1 shows their results. They also observed that weeping occurred by

different mechanisms for the three holes. For the 3 mm holes, severe bridging ofthe liquid
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occurred under the tray. Liquid discharged as streams from a layer which covered the

underside ofthe tray. For the 6 mm holes, liquid discharged as jets, independent ofthe

weep rate. For the 12.7 mm holes, the mechanism yaried depending on the weep rate.

Fig. 2-2 shows the different weeping mechanisms.

Flo,v in Conduits and Open Channels: In their experiments on the flow through an

orifice from a transverse stream, Andrews and Sabersky(1990) were particularly interested

in flow situations for which the dynamic pressure ofthe flow along the wall was important

in relation to the dynamic pressure in the orifice. They found that the discharge

coefficients thus obtained differed from those quoted for discharge from a large reseIVoir.

Typically, an increase of30 to 40 % in the magnitude of Co was obseIVed. This was

attnouted to unsymmetrical flow, the influence ofthe velocity profile, and the dynamic

pressure ofthe main stream along the wall Fig. 2-3 shows their results. The flow in

distnoution channels with was analyzed by Hager(1986) using a hydraulic approach. The

effects offrictional slope, additional head loss due to the lateral openings and lateral

outflow are considered. It was concluded that the discharge coefficient depended only on

the shape ofthe lateral opening and was independent ofdynamic effects.

Benefield et al(1984) descnoe a stepwise computational procedure for

determining the flow distribution in a rectangular channel in which rectangular sharp

edged submerged orifices are used for flow control This algorithm was first presented by

Chao and Tmssel(1980). The flow characteristics ofeach orifice are determined by going

stepwise from the downstream end ofthe distribution channel to the upstream end. A

similar analysis is applicable when rectangular side weirs are used for flow control

Ramamurthyand Carballada(1979) used free streamline theory and the Schwarz­

Christoffel transformation to obtain a solution to the problem offlow past a lateral outlet.

They were especially interested in studying outlets set at arbitrary inclinations. The jet

contraction coefficient and jet inclination were expressed in terms ofthe jet velocity
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ratio. Fig. 2-4 shows a schematic representation ofthe physical model. It was found that

the contraction coefficient Cc decreased for increasing values ofthe jet velocity ratio 11.

Also when 11-+0, the contraction coefficient increases from 0 to 0.61 as the barrier

inclination varies from 1t to 7tl2. These results may be useful in further studies on

distributors where the effect ofthe horizontal velocity component has to be considered.

Ramamurthyet al..(1986) also studied the flow through rectangular lateral orifices in open

channels and obtained an expression for the mean orifice discharge coefficient in terms of

. two parameters. The first parameter relates the length ofthe orifice and the width ofthe

main channel. The second denotes the ratio ofthe mean velocity in the main channel to

the resultant velocity ofthe jet through the orifice. When a reduction factor ofO.9S was

applied to account for the velocity distribution ofthe flow in the main channel, it was

.observed that their experimental data and the values ofthe orifice coefficient calculated

using the proposed equation were in good agreement. In another article, Ramamurthy et

al.. (1987) studied lateral orifice-weir units.(Fig. 2-5) They proposed an expression to

relate Qr to various geometrical parameters and the Froude number ofthe approach flow,

where Q[ is the ratio ofthe flow rate through each lateral orifice-weir unit to the total inlet

flow rate.

Distributor Studies

Small Scale Maldistribution (Maldistribution and Packings): Hoek(1983) studied

liquid flow in a packed column on a scale comparable with the packing size. He found

that every packing has a characteristic "natural liquid flow distribution". This distribution

will be reached irrespective ofhow good or bad the initial liquid distribution is. However,

for any distributor, there exists an initial distribution which will minimize the packing

height required to achieve this "natural distribution". Zuiderweg and Hoek (1987) found

that the natural flow maldistribution apparently does not have a significant e~ect on the
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Fig. 2-4 Physical Model For Flow Past a Lateral Outlet
(Ramamurthy and Carballada, 1979)

(a)
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(c)

[

Fig. 2-5 Weir-Orifice Unit: (a) Plan View; (b) Front View; and (c) Sectional View
(Ramamurthy et al., 1987)
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separation efficiency ofthe packing. They also concluded that separation efficiency is

best expressed in tenns ofHETP(Height Equivalent to a Theoretical Plate) because it

almost independent ofthe liquidlvapor flow ratio. Albright (1984) used a computer model

to simulate flow ofa liquid through a packed bed. Different distributor designs were

tested using this model. He confinned the existence ofa natural flow distn"bution. Perry

et al.. (1990) define a "recovery length" as the bed height required for the packing to

achieve its natural liquid distribution. They use Hoek's concept ofa radial spreading

.coefficient(1986) to describe the recovery length. The radial spreading coefficient is a

measure ofhow quickly a packing can spread a vertical stream radially as the liquid

progresses down the column. The greater the value ofthe coefficient, the shorter is the

recovery length. Larger packings have larger values with some exceptions depending on

the shape ofthe packing. In general, structured packings have higher coefficient values

than random packings. However, since spreading is not random, multiple layers are

required to redistribute the liquid in all directions. Fig 2-6 shows some typical values of

radial spreading coefficients for a few packings. Earlier, Berner and Zuiderweg (1978) in

their study on liquid spreading and distribution patterns had analyzed the effect ofvarious

parameters on liquid spreading. Some ofthese included wettability ofthe packing,

packing size, bed height and flow rate. They found that radial spreading depended mainly

on the packing size. They also observed that the local flow rate in the column was

significantly different from that predicted by diffusion theory. Hence they defined a

maldistribution factor and again found that it depended chiefly on the packing size.

Large Scale Maldistribution: In the simulation studies referred to earlier, Albright

(1984) also drew the following additional conclusions:

a) It is important to have homogeneous flow, i.e. equal flow throughout, from any

distributor. This is especially critical for systems with high column diameter/packing

diameter ratios.
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b) The wall effect, or channeling ofliquid down the sides ofthe column, is
ll10re

pronounced for smaller column diameter/packing diameter ratios.

c) Support rings can cause bed blanking(non-irrigation ofsome part ofthe bed) to

occur and shouid not be used with drip type distributors. Also, for these type of

distributors, levelness ofthe distributor is critical

Zuiderweg and Hoek (1987) also analyzed the effect ofinitial liquid

maldistnoution on cohmm efficiency. They studied this effect using a combination. ftw
. 0 0

models, a radial liquid flow model and a zone-stage mass transfer model They fOl!nd that

when the initial liquid distnoution is reasonably good, redistnoution is normally nOt

required. This is usually the case for large packings(Dp > 50 mm). Smaller packitlgs (D
p

< 50 mm) are more sensitive to the quality ofinitial liquid distnoution and redistribution

may be required. Ifredistnoution is provided then the best results are obtained ifthe

liquid and vapor are both radially remixed in the redistnouting device. They also found

that the ill effects ofinitial maldistnoution can be reduced when the liquid concentration

driving force is smaller, ie. for small values ofrelative volatility, for extreme

concentrations, and for partial reflux. Recommendations are made for the for the number

ofpour points that should be provided per unit area in the distnoutor.

According to Perry et at (1990), the quality ofliquid distnoution depends ltlainly

on the following three factors:

i) Distnoution Point or Pour Point Density: Most designs use 40 -100 pointslJn.2(4-10

pointslft2). Generally, smaller packings require a higher density.

ii) Geometric Uniformity ofPour Points Across The Cross Section: The most common

problem with distnoutors is the under-irrigation ofthe wall zone. To account for this

under-irrigation, Nutter advocates maintaining a set ofradially distnouted poUr points

within one packing diameter ofthe wall This analysis is subject to the mechanical

limitations ofthe distributor system.
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iii) Uniformity ofliquid flow from the pour points: Some ofthe factors affecting the

uniformity ofliquid flow from the distributor are levelness, fit-up tolerance, punch

reproducibility, and liquid velocity. The authors recommend the use ofa distributor

test stand for testing distributors before installation. This is especially useful for

critical services and large diameter columns. The analysis ofvarious distributor

designs indicates that the deviations from uniform flow have normal distributioDS.

The coefficient ofvariation(Cy), which is the percentage ratio ofthe standard

. deviation to the sample mean, is a good means ofdescribing maldistribution. The normal

range of Cv for reasonable distribution is 3-30010. When using the test stan~ the Cv
value should be less than 5% so that an ultimate commercial Cy value ofless than l00A.

can be obtained. Using statistical analysis for confidence interval estimates, it can be

shown how many points must be sampled to assess distribution performance. This is

especially useful for large distributors with thousands ofpour points. For complicated

designs, stratified sampling is recommended.

Kunesh et al..(1987) used an adjustable distributor to study liquid maldistributiOD

in packed beds. This was part ofa program in which controlled maldistribution was

studied to provide guidelines for the design, fabrication and installation ofcommercial

distributors. They considered two types ofmaldistribution patterns:

1) Unifonn Maldistribution: These included

a) Sag Towards the Center

b) Sag Towards the Wall

c) Tilt

2) Discontinuities in flow: These included:

a) 11% Chordal Blanking

b) 16% Center Blanking

It was seen tha~ from an overall efficiency view poin~ flow discontinuities had a

more severe effect than sagltilt effects. They also used Hoek's(1987) zone-stage model to
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describe the column performance. First, they defined the geometric coverage ofthe

distributor as the area enclosed by straight lines drawn through the outermost pour points.

However, to use Hoek's model, they had to introduce the additional concept of"effective

coverage". This was to account for the streams widening and splashing as they issue from

the top ofthe bed. It involved the use ofa fictitious extra bed length. The results

obtained seemed to be consistent with Zuiderweg's (1987) plots ofgeometric and effective

coverage. Use ofthe ZuiderwegIHoek model in simulating their results apparently

'confirmed the existence ofa basic HETP which is independent ofthe initial liquid

distribution. It also confinned that a relationship exists between the geometrical and

effective coverage, independent ofthe packing.

An overview ofliquid distributors is presented by Bonilla(1993), in which he gives

practical guidelines for selection, design and installation ofthe right distributor. He

describes types ofdistributors, selection criteria, steps for evaluating and designing

distributors and techniques for testing and troubleshooting.
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CHAPTERm

DESCRIPTION OF EXPERIMENTAL APPARATUS

All the experimental work in this study was done using the pilot plant scale

recirculating loop which was designed and constroeted by Derasari and Chatorikar.

(Derasari, 1992) In his study on square edged orifices, Derasari took water directly from

the building's main water supply line. In this work, the orifice plate data were collected

using the constant head tank ofthe recirculating loop as a water inlet. A very brief

description ofthe orifice plate test facility will be presented before the trough tests are

described. For other details ofthe apparatus, the reader is referred to Derasari(I992).

A sketch ofthe apparatus is shown in Fig. 3-1. It basically consists ofa cylindrical

Plexiglas tank supported on a steel frame. The orifice plates were held between flanges

and sealed with 0 rings to the base ofthe cylinder. Head readings were taken using a

liquid level indicator made ofglass. The level indicator was connected to a flexible tube

which was inserted into a nipple which was fixed to the underside ofthe orifice plate. The

nipple had a hole which was flush with the.top surface ofthe orifice plate so that the zero

point could be accurately read. The major difference between Derasari's experiments and

the present work was that, in this study, the constant head tank in the recirculating loop

was used to supply water to the cylindrical tank. This offered better control and also

eliminated any line flow fluctuations. The water was not recirculated. Other differences in

experimental technique included using the electronic turbine flowmeter to measure the

flow rate. From time to time, the flow rate was also measured using a measuring cylinder

and stopwatch using a collection oftwenty to thirty seconds. For data reduction, a
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correlation was used to accurately calculate the viscosity at the measured temperature.

Plates supplied by four different manufacturers were tested. The nomenclature for plate

identification is consistent with that used by~ but needed to be extended to

include plates supplied by additional manufacturers. Appendix 1 gives the nomenclature

used. Hole diameter measurements are tabulated in Appendix 2.

Recirculating Loop

This experimental facility(Fig. 3-2) was designed primarily to test different liquid

distributors. In this study it was used to obtain data on a trough type distn1>utor. The

basic components ofthe system are:

1) Feed Tank

2) Pumps

3) Constant Head Tank

4) Flow Meters

S) Collection Trough

6) Associated Piping, Supporting Structures, Electrical Connections

The feed tank was first filled with water, which was used as the test liquid. From

the feed tank the water was pumped to the constant head tank, which was mounted 10ft

above floor level. Globe valves were used to give a controlled output flow from the

constant head tank. Turbine floWRleters were used to measure this flow rate. The water

was then discharged into the distributor trough. The collection trough, mounted below

the distributor, collects the water and returns it to the feed tank.

Distributor Trough

(Figs. 3-3 &, 3-4) A stainless steel trough type distributor supplied by Nutter

Engineering was used to study the effect ofthe interaction ofadjacent holes on the orifice
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coefficient and also to observe and measure distribution patterns. It measured 33 7/8

inches(86.04 em.) long at the back, 30 7/8 inches(78.42 em.) long in the front and had an

inside width ofS 1/8 inches(13.02 em.). It was made from a 11 gage thick(O.12 in.) sheet.

The trough had eighteen holes punched in the bottom, which were used for distribution of

the liquid. Each hole was nominally 11/32 inches(O.87 em.) in diameter. Hole diameter

measurements are tabulated in Appendix 3. The holes were arranged in two rows ofnine

holes each. Nme taps for head measurement were provided between the holes ofeach

row as shown in Fig. 3-5. This was done in the workshop at O.S.U. Metallic nipples

were soldered to each ofthe nine holes. Graduated vertical glass tubes were connected to

the nipples using flexible tubing. These glass tubes were used to measure the liquid level

inside the distributor. They were held in place by a rectangular plastic block which was

fixed at the top along the length ofthe distributor trough. The tubes were secured by

tightening plastic screws fixed to the rectangular block. Structural support was provided

by angle irons fixed to the back ofthe trough and bolted to the wall ofthe room. A

combination ofangle irons was used such that the distributor could be leveled by adjusting

the tension in the bolts. Plexiglas shields were placed around the trough to prevent water

from splashing onto the floor. A 1 1/4 inch, Schedule 40 PVC pipe was used as the inlet

pipe to the trough. The first series ofruns was taken with the pipe positioned in the center

and 8.54 inches(21.69 cm.) from the bottom ofthe trough. This position will be referred

to as position 1. For the second series ofruns, the pipe was placed in the center and

1.87Sinches (4.76 em.) from the bottom. This position will be referred to as position 2.

Momentum Breaker

(Fig. 3-6) For a few runs, it was decided to break the momentum ofthe inlet jet

using a simple weir type device, and study the results thus obtained. The device consisted

ofa plastic box which was designed to fit the width ofthe trough. It was 2 inches(5.08
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em.) in length, 8 inches(20.32 em.) high on one end and 2 inches(S.08 COl.) high on the

other end. The box was placed at one end ofthe trough and so the inlet pipe bad to be

repositioned to enter at the end.(Fig 3-7) Two orifices had to be blocked with robber

plugs because the momentum breaker occupied the space above them. As the water was

discharged from the pipe, the jet first strock the box, lost some ofits kinetic energy and

then overflowed over the 2 inch end into the trough.
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CHAPTER IV

EXPERIMENTAL PROCEDURES AND DATA ANALYSIS

This chapter describes the operating procedures, precautions and troubleshooting

techniques associated with the trough tests. It also gives a briefaccount ofthe equations

and methods used to interpret the data obtained. The experimental procedures used for

the single orifice plate tests are similar to those used for the distributor experiments

because both made use ofthe recirculating loop. However, a few steps regarding the

single orifice test apparatus will first be mentioned since they are an essential part ofthe

experiment. Details are available.(Derasari, 1992)

Single Orifice Plate Test Facility

Plates supplied by four manufacturers were tested and the data analyzed. Reruns

were carried out to check and confirm the data obtained. Most ofthe plates tested had

0.5 inch diameter holes. All possible combinations ofparameters were examined, i.e., burr

up, burr down, flow parallel to and counter to the direction ofthe punch; increasing and

decreasing flow rates. Some ofthe important precautions taken are:

1) Leveling the apparatus using leveling screws.

2) Accurate measurement ofthe zero point in the liquid level indicator.

3) Elimination ofany vortex by adjusting inlet pipe position.

4) Slow and controlled operation ofthe globe valve which regulates water input to
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the cylinder. This was needed to avoid sudden increases or decreases in the flow rates.

The basic operation involved opening the valve in the feed line to the trough until a

desired flow rate was achieved and then measuring the flow rate and liquid level at steady

state. Flow rates were initially measured by collecting water in a measuring cylinder over

a time interval of20-30 seconds. Subsequently, a turbine flowmeter was used to measure

the flow rate. Calibration data for the flowmeter are presented in Appendix 4. The

flowmeter readings were verified from time to time by manual checks. The flow was then

increased gradually, reaching a new steady state each time and the corresponding liquid

levels were noted.

Trough Tests with Recirculating Loop

According to the design specifications, the trough was rated for minimum and

maximum flow rates of 10 and 24 gpm respectively. Hence the 2 inch pipe pumping

system was used for the experiments. The maximum head that could be read was about 7­

8 inches.(17.8 - 20.3 em.) About 1 to 2 inches(2.54 - 5.08 em.) ofthe trough height was

lost because the view ofthe liquid level was obscured by the presence of the rectangular

block needed to support the level indicator tubes. This was not considered to be too much

ofa problem because the distributor itselfwas 93/8 inches(23.81 em.) high. The

following general operational procedures are used for conducting an experiment: (Derasari

1992)

Startup:

1) The level indicator tubes are filled with water until the first drop appears on the bottom

surface inside the trough. This reading is recorded as the zero point.

2) The drain valves ofthe feed and constant head tank are closed. Also, the outlet valve

downstream ofthe constant head tank is closed.
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3) The feed tank is filled by opening the valve in the main water supply line.

4) The valve upstream ofthe pump is opened.

S) The valves in the bypass line around the pump and rotameter are opened to reduce

stress on the equipment. The valve upstream ofthe rotameter is closed at this time.

6) The pump is started and the constant head tank is filled.

7) The bypass valve around the rotameter is gradually closed and the upstream valve

simultaneously opened.

8) The flowmeter is switched OD.

9) The valve downstream ofthe constant head tank is gradually opened until the desired

flow rate is achieved.

10) The flow is allowed to stabilize until an approximate steady state is achieved. This is

manifested by a more or less stable liquid level and also an approximately constant

flow meter reading.

11) Once steady state is achieved, the individual orifice flow rates are measured using a

measuring cylinder and stopwatch. The corresponding liquid levels in the level

indicators are noted.

12) The surface ofthe water in the distributor is examined for any aberrations or abnormal

phenomena such as local vortex formations, excessive rippling, etc. Also, the jets are

checked for continuity, smoothness and straightness and qualitative observations are

recorded.

13) The flow rate is changed until a new steady state is achieved.

14) Steps 10 - 14 are repeated.

Shutdown:

1) The valve in the rotameter bypass line is opened and simultaneously the ones in the

main line closed.

2) The pump and flow meter are switched of[
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3) The outlet valve from the constant head tank is gradually dosed to avoid damaging the

bearings in the flowmeter.

4) The valve upstream ofthe pump is closed.

S) The feed tank is drained.

6) The constant head tank is drained and the drain valve from the feed tank is dosed.

Precautions:

1). Make sure the distributor is leveled before starting the experiment. Check leveling in

all directions. Ifthe distributor is not leveled, maldistribution effects will be manifested

as significant variations in orifice flow rates, especially at the ends ofthe distributor.

2) Always open and close the outlet valve from the constant head tank slowly to prevent a

sudden surge from occurring, which could damage the turbine flowmeter.

3) One needs to visually confinn the level in the distributor because, at some flow rates,

the position ofthe inlet pipe could allow the jet impact to create severe fluctuations in

the readings for the holes in the immediate vicinity. In such cases, an approximate level

reading is taken. The value used is the average value for the neighboring holes.

4) Sufficient time should be allowed for the system to reach steady state.

S) At least three temperature readings should be taken at different times for each run. In

these experiments, the viscosity and density were calculated at the average temperature

because it was found that there weren't ·any significant temperature variations during

each run. The maximum difference between any two temperatures recorded during an

experiment was 2°F.

Data IDterpretatioD

The measured variables in the experiments were the liquid level or head and the

flow rate. The liquid level was measured in centimeters and the flow rate in cels. When
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the flow meter was used to measure the flow rate, the readings were obtained in gpm.

These readings were then converted to consistent units and used to calculate an orifice

coefficient(Eqn 1-1) and a Reynolds number(Eqn. 4-1). This was done because it is

believed that a more general correlation can be obtained between the orifice coefficient

and the Reynolds number which can be used to determine head-flow rate relationships for

any liquid ~th known physical properties. Further work is under way to determine

whether the Reynolds number can be used as a sufficient correlating parameter for the

orifice coefficient.

Besides determining the orifice coefficients for the holes in the trough, the

distribution patterns were also studied. Specifically, flow and head variations from hole to

hole along the length ofthe distributor were recorded and later analyzed as a function of

inlet pipe position and overall flow rate. Predictions ofthe trough perfonnance were also

made using the single orifice data for holes which were comparable in geometrical

configuration to the orifices in the trough. These were then compared with the actual data

obtained on the distributor. Also, the angle ofdischarge was measured for each ofthe

jets.

The orifice Reynolds number and the orifice coefficient are defined as follows:

Orifice Reynolds Number: (Re)

This parameter is defined by the following equation:

Re =dvp/J! (4-1)

where,

d = hole diameter, m or ft

v = velocity ofwater through the orifice assuming constant flow, mls or ftIs

p =density ofthe liqui~ kglm3 or Ibmlft3

J1 =viscosity ofthe liqui~ kglm-s or Ibolft-s

The density ofwater was obtained from Peny(1988).
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Orifice coeflicient: <Cg).

The orifice coefficient is calculated using Eqn 1-1.

v =Co(2gh)112 (1-1)

where,

g = gravitational acceleration, mls2 or ftJs2

h = height of liquid above the orifice, m or ft

The derivation ofthis equation is presented in Appendix 5. It is similar to that

derived by Derasari for the single orifice case.
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CBAPTERV

RESULTS AND DISCUSSION

In this chapter, the results obtained from the experiments will be presented and

analyzed. The single orifice plate studies will first be discussed. As mentioned earlier,

most ofthe plates analyzed had hole diameters ofo.S inches. Plates supplied by four

different manufacturers were tested. The results for these plates will be compared with

those obtained by Derasari. The effect ofvarious parameters like plate thickness, presence

ofbum, direction ofpunch and hysteresis will be shown.

One ofthe objectives was to determine whether it was possible to use the single

orifice plate data to predict the head-flow rate relationship for the trough distributor.

Using the overall inlet flow rate and an average value ofthe orifice coefficient obtained

from the single orifice studies, some calculations will be performed to predict the average

liquid head in the trough. These values will be compared with the actual values recorded.

The orifice coefficient was obtained from the results for a plate comparable in hole size

and plate thickness to the distributor. However since no plate had exactly the same hole

diameter and plate thickness as the distributor, some interpolation was required.

The next part ofthis chapter will analyze any effect ofhole interaction in the

trough tests. A comparison will be made between the results(orifice coefficients) obtained

using the trough tests and the results predicted using the single orifice plate data. After

this, liquid flow and head distribution among the holes in the distributor trough for various

inlet
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flow rates~ inlet pipe positions will be discussed. The coefficients ofvariatioD, i.e., Cv

values, will be presented for the flow rates through the distnbutor orifices. These will be

compared with standard values ofCv reported in the literature. A graphical

representation ofthe relationship between the average flow rate through each orifice and

the average head developed over each orifice will be shown. Finally, some qualitative

observations recorded during the experiments will be discussed.

Single Orifice Plate Data

The data were analyzed in tenns ofhead vs. flow rate, head vs. orifice coefficient

and orifice coefficient vs. Reynolds number. It was deemed desirable to analyze the data

in tenns ofhead VB. orifice coefficient because results from other experiments in the

project seemed to indicate that the Reynolds number was not a sufficient correlating

parameter to describe the orifice coefficient. All the single orifice plate data coUected in

this study are tabulated in Appendix 6.

Comparison ofResults and Effect ofManufacturins Tolerances: Some ofthe roDS

performed by Derasari were repeated in this work to check the reproducibility ofthe data.

Fig 5-1 shows the comparison for Plate A07ND. The results from this work are

consistent with those obtained by Derasari: Fig. 5-2 shows the head -flow rate relationship

for similar plates supplied by different manufacturers. It can also be seen from Derasari's

results on Plate AOSND that below a head of 1 in.(~2-3 em), the behavior is erratic and

not entirely predictable. However as mentioned earlier, in this work, very few data points

were taken at heads below 2 in.(4-5 em), because it was felt that the focus should be on

heads which were actually used in practice. The orifice coefficient - head relationship is

shown in Fig. 5-3. Fig.5-4 shows the orifice coefficient plotted as a function ofReynolds

number. It would appear from the graphs that manufacturing tolerances do not affect this

48



*

+

~

~

L
(L
~
'-J

W
t­
«
~

:3o
--.J
LL

1 -
-
-
-

~

-

-

-
+

..
...+

"$+
t

//
,;/

.+ifI'

....'"
~~

;

•

.pt-

-
-t +

If • PLATE ; A07ND
HOLE DIA.: 0.25 IN.
PLATE THIC(NESS : 14 GAGE
FL(),J WITH PlJI'CH DIREel I ()\J
f..()t.J DEBLmEO

••••• A07ND ([)greoor t)
+++++ A07r'V (Th le Wor~)

III I I I I I I

10
TJI0. 1

0. 1
T--- I,-,TTI I

1
HEAD ( INCHES)

Fig. 5-1 ComllariS()ll of Results for 1>lale A07NI); 0.25 ill. Ilolc ill 14 Gage Plate (l;low
Rate ys. llead)



+

~
+

-+
+

/-+
1Cirf/il •

o~f +

o • o;tt
cP 11 +
.. 'it \.

+.t

1'--J

r-"t..

L
(L
~

w
~

«
Ct::

t..Ao
:3o
--I
LL

+++

+ +
+

•
+

PLATE : 005~/A05ND/D05r\o

HCX-E OIA. ; 0.5 It" •
PLATE THICKNESS : 12 GAGE
FLOlJ WITH PLNQ-t OIRECTI~
N{)\J C£EURRED

++
• tl ••• 805~J[)( MFR 8- Th l s l~r t )
+++++ A05N()( MFR A-OGr080r l)
*tr1t*. D061'J[)( tFR D- Th le LJort)
00000 A05NCX MFR A- Th le l.Jort)

10
0. 1 .

0. 1 1
HEAD ( INCHES)

f'ig. 5-2 Results for O.ifice l)lal~s trom Different l\.1anufaclurers; 0.5 ill. llole in 12 Gage
Plate (Flo\v Rate vs.IIe4d)



'b

• 0•
o

·0 0

•••• If 8090 MFR B- Th l8 Wort)
+++++ AO~JO( NFR A-Dero8or l)
*Ir~**D05f\O MFR D- Th l8 Wort)
DOOCO A05NCX MFR A- Th le Wort)

PLATE : 005t..l)/A05ND/D05tD
HOLE DIA. ; 0.5 IN.
PLATE THICtct£SS : 12 GAGE
FLOW WITH PUNCH DIRECTION
N~ C£BJRRED

+

i­
+

~Opo

• 1\' lIblo.._
1ft .. 1ftI' • 1ft ..1ft~ 8J

~ 1ft ":" . .,0 _... .... 'It"\-1ft t'

+ *... 1 1t= ~ .. * ~ *+ + +

*

+
+

+

+
+

++

+

+

1 . 10

1.00

0.90
.-
z
~0.80
u
t-t

~0. 70
w
0
u0.60
wuv. l: 0.50....
H

~

°0.40

0. 30 ~ ++

0.20-1 of-

10
0.10 I I I I I I I I II I I I I I I I " I I I

0.1 1
HEAD ( INCHES)

Fig. 5-3 Results lor Orifice Plates froln ·Different ~lanufacl'lrcrs; 0.5 in. IIoJc itl 12 Gage
Plale (Co w. I-Iead)



%

.0•

1 • 10

1 .00

0.90
I-
z
~0.80
u
H

It 0.70
w
0
u0.60
wuv- i: 0.50~

H
~

o 0.40. .;

•
0. 30 I~

e.20

+

......

D
d' a

00./b.+
'It •
+* M.

... 'It

t*
++.

+

+ +
~

*...

PLATE : ~/A05NO.I006f'l)
HOLE OIA. : 0.6 IN.
PLATE THICKf\£SS : 12 GAGE
FLOW ~ITH PLNCH DlRECTI~
~ CEBJRF\£D

••••• 805N()( tFR B- Th t. l-Jorl)
+++++ A05N(X rt=R A-Der ••• r t)

***** D06N[)( f1=R D- Th Ie l.Jort)
00000 A06N£X f1=R A- Th t. I,Jorl)

0. 10-1 I i I I I I I I I i I I I I
1000 10000

REYNOLDS NLNBER
Fig. 5-4 Effect ofManufacturing Tolerances; 0.5 in. Hole in 12 Gage Plate

(Orifice Coefficient VB. Reynolds Number.)



relationship significantly. Hence, results obtained from one plate ofa specified hole

diameter and thickness can be considered to be indicative of that particular type ofplate.

Fig 5-5 confirms this statement. It presents the results obtained for 0.5 in. diameter

orifices in 14 gage plates.

Effect ofPlate Thickness: The results obtained in this study cannot conclusively

provide evidence ofany plate thickness effects because only two thicknesses were

considered, viz. 12 gage and 14 gage. No significant difference was observed in the

results, as shown in Fig.5-6.

Effect ofPunch Direction: Fig. 5-7 shows the head - flow rate relationship for a

0.5 in. diameter orifice in a 12 gage plate. Here again, there is no appreciable difference

between flow counter to and flow parallel to the punch direction. The values oforifice

coefficients obtained also do not seem to differ as shown in Fig. 5-8. A possible reason

for this is because the plates tested were not thick enough to show any real variation due

to flow orientation. Ifthicker plates were tested then flow parallel to the punch direction

would have converging stream lines and flow counter to the punch direction would have

divergent streamlines. This would alter the velocity profile which would have an effect on

the orifice coefficient. Also, for parallel flow, due to the rounding ofthe orifice edges, the

diameter of the jet increases and hence the value ofthe orifice coefficient may increase.

Effect oePe_nee ofBurrs: Fig. 5-9 shows the results obtained for a deburred and

a non deburred plate. It can be seen that for a fixed head, a slightly higher flow rate is

obtained using a deburred plate. In the orifice coefficient-head graph, (5-10) this

translates into higher orifice coefficients for the deburred plate. A possible explanation for

this could be that since deburring involves the removal ofa small amount ofmaterial from

the flow path ofthe liquid, the resistance to flow is decreased and hence the flow through

the hole increases. This is manifested as an increase in the orifice coefficient.
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TROUGH TESTS

A total of28 runs were performed on the distributor trough. Ofthese IUDS 1-3 are

not documented in this work, because they were trial runs carried out to familiarize

ourselves with the equipment. All the other data are presented here in Appendix 7. The

parameters measured were the head in em, and the flow rate in mVsec. The flow rates

were converted to gpm, and orifice coefficient and Reynolds number values were

. calculated.

APriori Prediction ofDistributor Troygh Performance: One ofthe objectives in

this study was to check whether the head - flow rate relationship could be predicted using

the data obtained from a single orifice plate study. To do this, we selected a value oran

orifice coefficient based on the results obtained for 12 gage thickness plates corresponding

to hole diameters of0.25 in. and 0.5 in.(A04ND and AOSND). These plates were chosen

because they came closest to approximating the distributor thickness of 11 gage and the

orifice diameter of 11/32 in. The orifice coefficient thus obtained was 0.78. The details of

the calculations and data reduction are shown in Appendix 8. Table 5-1 shows a

comparison ofthe results obtained. From the table we see that the predictions are fairly

close for flow rates between 8 and 18 gpm. Howevert below 8 gpm and above 18 gpm,

the percentage difference is quite significant. This is expected, because from the plots of

orifice coefficient vs. head used for finding the orifice coefficient, one can see that at very

low heads(< 1 in.)t the flow was very unpredictable and at high heads(> lOin.), the orifice

coefficient asymptotically approached a constant value. These heads corresponded to

overall inlet flow rates less than 8 gpm. and more than 18 gpm respectively. Hence, the

value ofthe orifice coefficient~ could not be considered as representative ofthese

regions and so the predictions are not as good.. Thus, it would be reasonable to ISfAlme

that one can predict the perfonnance ofthe distributor with reasonable accuracy using ODe
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TABU 5-1

COMPARISON Oil PREDICrED AND OBSERVED BEAD IN THE
DISTRIBUTOR TROUGH

RUNt# TOTAL PREDICTED OBSERVED PERCENT
FLOW RATE HEAD,CM HEAD,CM DIFFERENCE

GPM lOO-(A-B)lA
A B

4 10.37 3.09 2.84 8.09
5 14.66 6.18 6.15 0.42
6 12.55 4.53 4.24 6.34
7 16.61 7.92 8.06 -1.71
8 18.74 10.09 10.5 -4.03
9 20.65 12.26 13.04 -6.40
10 23.07 15.30 16.7S -9.50
11 24.51 17.27 19.19 -11.12
12 24.51 17.26 19.05 -10.36
13 7.57 1.65 1.54 6.50
14 5.75 0.95 0.79 16.77
IS 6.06 1.05 0.81 23.21
16 8.20 1.93 1.61 16.65
17 10.27 3.03 2.73 9.91
18 12.38 4.40 3.9 11.45
19 14.49 6.03 S.71 S.38

20 16.55 7.87 7.7 2.18

21 18.42 9.75 10.14 -4.03

22 20.66 12.27 13.28 -8.27

23 22.S1 14.S6 16.14 -10.88

24 24.18 16.80 19.03 -13.31

2S 6.21 1.11 0.82 25.91

26 12.94 6.09 5.51 9.54

27 18.31 12.20 12.81 -4.99

28 21.65 17.04 19.09 -12.01
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value ofan orifice coefficient obtained from single orifice plate data over only a limited

range offlow rates. One could though, use different values oforifice coefficients for

different flow regions to get better predictions. For example, an orifice coefficient lower

than 0.78 could be used for flow rates greater than 18 gpm.

Comparison ofOrifice Coefficient Values: The orifice coefficients obtained from

the trough tests were compared to those obtained using the aforementioned single orifice

plates. This would give us an indication whether the presence ofother orifices around a

. single orifice had any effect on the orifice coefficients obtained. Any hole interaction

could then be analyzed. The graph ofCo vs. Head for the two plates is shown in Fig. 5­

11. Some interpolation had to be done to obtain values for a 11/32 in. hole size. Table 5-2

shows a comparison ofpredicted and actua1 orifice coefficients. It is evident from the

table that there is not much difference between the predicted and the observed values for

heads greater than 2.5 cm.(l inch). However for heads less than an inch, the predictions

totally fall apart. Incidentally the heads less than an inch corresponded to Re<SOOO.

Thus, it can be concluded that for heads greater than 1 inch, there is no significant

interaction between orifices. Hence the orifice coefficient values obtained using the single

orifice plates can be considered to be an approximate representation ofthe orifice

coefficients for a distributor trough having the same thickness as the plate and having

holes ofthe same diameter. An error analysis for experimental technique is presented in

Appendix 9. The orifice coefficient data obtained in these experiments lie within the

experimental error range as shown in Figs A9-1 and A9-2.

Effect ofInlet Pipe Position: The graphs ofhead vs. flow rate, Co vs. Re and CO

VI. head for the trough are presented in Figs. 5-12, 5-13 & 5-14. These are average

individual orifice values. It is observed that the position ofthe inlet pipe does not have
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TABLE 5-2

COMPARISON Oil PREDICTED AND AcruAL ORmCE COEmClENT VALtJa

RUN## AVERAGE AVERAGE PREDICTED ACnJAL PERCENT
ImYNOLDS HEAD IN ORIFICE ORIFICE DIFFERENCE
NUMBER TROUGH COEFF. COEFFICIENT
(TROUGH) eM. (FIG. 5-7) lOO*(A-B)lA

A B
4 5394 2.84 O.80S 0.804 0.12
S 7800 6.15 0.785 o.m 1.02
6 6692 4.24 0.790 0.803 -1.63
7 8931 8.06 0.765 0.768 '().41
8 l006S 10.SO 0.760 0.7S9 0.20
9 11042 13.04 0.740 0.748 -1.11
10 12195 16.75 0.730 0.738 -1.04
11 13189 19.19 0.720 0.732 -1.69
12 13172 19.05 0.720 0.735 -2.04
13 4188 1.S4 0.750 0.882 -17.61
14 3128 0.79 0.690 0.930 -34.81
IS 3369 0.81 0.690 1.010 -46.42
16 4501 1.61 0.750 0.856 -14.07
17 5786 2.73 0.795 0.813 -2.21
18 6884 3.90 0.800 0.820 -2.SS
19 8059 5.71 0.795 0.790 0.S8

20 9204 7.70 0.770 0.780 -1.34

21 10176 10.14 0.760 0.757 0.43

22 11366 13.28 0.740 0.742 -0.23

23 12382 16.14 0.725 0.733 -1.09

24 13386 19.03 0.720 0.725 -0.69

25 3866 0.82 0.690 1.061 -53.83

26 7815 5.51 0.795 0.812 -2.09

27 11238 12.81 0.740 0.7S3 -1.78

28 132S3 19.09 0.720 0.729 -1.26
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any significant effect on the resuhs obtained. This means that even ifthe inlet pipe is

submerged(most nms for Position 2), the distribution obtained is not much better. Fig.

5-15 shows the relationship between the overall flow rate and the head developed in the

trough.

Flow Distnlmtion in the Trough: One ofthe other important objectives ofthe

trough tests was to observe and statistically measure distn1>ution patterns. One ofthe

ways in which this was done was by calculating a coefficient ofvariation(Cv) for the flows

through the orifices in the distnbutor trough. The coefficient ofvariation is the percentage

ratio ofthe standard deviation to the mean. This was done for all three positions ofthe

inlet pipe. A low value ofCv implies good distnDution, while a high value would be

indicative ofmaldistnbution. Perry et al.(1990) cite a normal range of3-30% for the Cv

and recommend a commercial value of 10%. The resuhs are summarized in Table 5-3 and

Figs. 5-16 & 5-17. The fonowing conclusions can be drawn :

• For inlet flow rates above 12 gpm, the distn1>ution is reasonably good. The

maximum value ofCv for this flow regime was found to be 10.38 %. This inlet flow

rate(12 gpm) also corresponds to a liquid head in the trough ofabout 2 in. This is in

agreement with our initial minimum operating condition of2 in. or 5 em.

• For flow rates below 12 gpm, the distn1>ution deteriorates progressively and at

about 5 gpm, which corresponds to a Iiqui4 head ofabout 0.3 in., it completely breaks

down. This is evident because Cv values ofgreater than 20% are observed. This was also

qualitatively recorded during the experiments. Maldistnoution was manifested as severe

lateral dispersion ofthe streams and negligible flow through the orifices directly below the

inlet. A more detailed qualitative description ofobserved maldistnbution is presented later.

• The momentum breaker apparently improves the distnbution to some extent.

Table 5-4 shows a comparison ofCv values with and without the momentum breaker for

the 12 , 18, and 22 gpm runs. It should be noted however that when the momentum

breaker was used the inlet pipe entered at one end ofthe trough and not at the center as
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TABLE 5-3

COEmCIENTS OIr v ABlATION IlOR JILOW
THROUGH DISTRIBUTOR ORmCES

-RUN' TOTAL INLET AVG. FLOW RATE STDDEV Cv
FLOW RATE 1lIROUGH EACH

GPM ORIFICE, GPM (A) (8) lOO·(BIA)

INLBT PIPE POSmON 1 - 8.S4 in FROM TROUGH BOTTOM

4 10.3741 0.S76 0.116 20.16
5 14.6598 0.814 0.072 8.82
6 12.SS16 0.697 0.072 10.38
7 16.6062 0.923 0.065 7.00
8 18.7416 1.041 0.046 4.43
9 20.6S2 1.147 0.02S 2.17
10 23.0718 1.282 0.012 0.91

11 24.541S 0.806 0.03S 4.39

12 24.5089 1.362 0.013 0.94
13 7.S714 0.421 0.131 31.24

14 S.7466 0.319 0.127 39.89

INLET PIPE POSmON 2 - 1.87S IN. FROM TROUGH BOTTOM

IS 6.0S8 0.337 0.095 28.29
16 8.199S 0.456 0.071 15.51

17 10.2688 0.554 0.091 16.38

18 12.3797 0.688 0.033 4.8S

19 14.4922 0.806 0.03S 4.39

20 16.5S11 0.920 0.036 3.90

21 18.4171 1.023 0.033 3.22

22 20.6607 1.148 0.031 2.66
23 22.5073 1.2SO 0.032 2.54

24 24.1754 1.328 0.080 6.03

RUNS USING MOMENlUM BREAKER

25 6.2062 0.388 0.08S 21.89

26 12.94OS 0.809 0.011 1.32

27 18.3144 1.14S 0.006 0.52

28 21.6453 1.3S3 0.011 0.79
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was the case for the other two pipe positions. Hence no conclusive evidence can be

offered for the effectiveness ofthe momentum breaker until tests for similar entrance

conditions are conducted with and without the momentum breaker.

TABLE 5-4

COMPARISON OF Cv VALVES WITH AND WITHOUT THE

MOMENTUM BREAKER
Flow Rate

Gpm

12

Position 1 Position 2
(Inlet at Center) (Inlet at Center)

10.38 4.85

With Breaker
(Inlet at End)

1.32

18

22

4.43

2.17

3.22
(Pipe Submerged)

2.54
(Pipe Submerged)

0.52

0.79

A more complete description ofthe distribution in the trough was obtained by

calculating the deviation from the mean flow rate for each orifice. The results so obtained

are tabulated in Table 5-5. It is evident that Holes 7,8,9&10 showed maximum deviation.

This was because they were positioned directly under the inlet pipe and at lower heads the

kinetic energy ofthe incoming jet caused the water to splash away from these orifices and

so decreased the flow rate through them. The percentage deviation from the mean for

individual heads developed over each orifice are tabulated in Table 5-6. In some cases,

(Runs 6, 17 "21) the effect ofout-of=.levelness ofthe distributor can be seen. This is

manifested as a strong positive deviation on one side(Holes 1-4) and a strong negative

deviation on the other side (Holes 14-18).
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TABLE5-S

PERCENTAGE DEVIATION nOM THE MEAN rLOW RATE

HOLE##

1 2 3 4 S 6 7 8 9 10 11 12 13 14 IS 16 17 18
RUN',(MEAN
FLOW,GPM>

INLET PIPE POSmON 1: 8.54 IN. FROM TROUGH B01TOM

4, (0.5763) 8.8 8.9 9.0 8.7 8.3 7.4 2.8 3.9 -184.1 -76.9 6.9 4.7 7.0 6.2 6.1 4.5 4.4 2.9
5, (0.8144) 5.8 5.3 5.2 5.3 5.4 4.S -6.1 -6.4 2.0 -31.7 3.1 -4.1 4.0 3.8 4.2 3.0 3.6 3.4
6, (0.6973) 7.1 6.S 6.5 6.6 6.9 6.6 -2.4 -3.7 -32.1 -40.9 3.3 -3.9 3.2 3.0 2.4 3.2 2.1 2.0
7, (0.9266) 4.2 4.3 3.8 4.3 5.0 4.2 -3.3 -4.2 -18.0 -24.9 1.9 -2.2 3.3 3.0 2.8 2.6 1.8 1.8
8, (1.0412) 2.0 2.S 2.6 2.5 3.7 2.6 -2.9 -2.2 -10.4 -14.7 1.9 -0.4 2.3 2.1 1.9 1.3 0.3 1.3

~
9, (1.1473) 1.0 1.9 1.3 0.7 2.7 1.8 -1.9 -1.5 -5.0 -5.5 1.0 0.2 0.7 1.5 1.0 0.3 -0.8 "().4
10, (1.2818) 0.4 0.2 -0.1 O.S 2.1 1.1 .().s -1.6 0.4 -1.0 1.1 -0.9 -0.1 0.3 0.5 -0.3 -1.1 -1.0
11, (1.3619) '.0 3.3 3.8 3.3 3.4 2.3 -2.8 -5.4 -9.9 -12.2 I.S -0.3 1.4 1.3 1.5 0.3 0.0 -0.1
12, (1.3616) 0.4 0.1 O.S 0.3 1.9 O.S -0.6 -1.6 1.9 0.3 0.5 '().3 -0.6 -0.3 -0.3 -0.1 -1.4 -1.1
13, (0.4206) 17.7 21.4 11.4 7.6 14.7 4.0 13.3 -30.1 -33S.9 -548.1 13.1 -3.1 12.3 7.6 10.5 8.4 11.0 9.7
14, (0.3193) 27.8 32.9 17.7 7.0 23.5 '().4 7.0 -148.9 -325.7 -402.8 -9.8 -114.3 18.6 6.6 21.S 14.1 20.0 20.6

INLET PIPE POSmON 2: 1.875 IN. FROM TROUGH B01TOM

15, (0.3366) 21.1 19.2 18.8 13.8 3.9 1.0 -109.3 -64.3 -79.6 -163.2 17.3 11.9 12.9 8.9 13.0 9.4 10.3 6.8
16, (0.4555) 11.4 10.1 9.3 8.7 9.1 8.2 5.4 2.S -80.9 -57.5 3.4 3.5 1.2 -0.6 0.2 -2.8 3.3 1.4
17, (0.5705) 11.0 10.6 10.3 9.7 -80.9 9.1 '().6 6.7 -39.0 -41.9 6.9 6.3 5.3 4.5 4.9 3.4 3.4 2.3
18, (0.6878) 4.1 4.9 4.7 3.8 4.1 2.1 '().2 -4.4 -12.2 -13.8 1.0 0.3 1.6 0.9 1.2 -0.2 .Q.3 -1.9
19, (0.8051) 5.0 3.3 3.8 3.3 3.4 2.3 -2.8 -5.4 -9.9 -12.2 1.5 -G.3 1.4 1.3 1.5 0.3 0.0 -0.1
20, (0.9195) 2.8 -2.6 2.3 2.7 2.9 1.7 2.' -'.1 -9.5 -11.4 1.5 0.6 0.7 1.0 1.3 1.1 -0.4 0.0
21, (1.0232) 2.0 1.9 2.8 3.0 3.3 1.8 -1.6 -3.4 -7.5 -8.5 2.1 1.' 1.0 1.5 0.5 -0.2 -1.3 -0.7
22, (1.1478) 0.3 0.5 1.5 1.1 2.4 0.9 .0.4 -2.4 -6.4 -7.8 2.5 1.9 1.0 1.2 1.3 0.7 .().I 0.6
23, (1.2504) 0.4 0.8 0.6 1.2 2.5 1.3 0.1 -2.7 -4.7 -8.2 2.8 1.8 0.9 1.0 0.7 0.8 '().3 0.1
24, (1.3431) 1.9 1.0 1.6 0.4 3.3 2.5 1.2 -1.3 28.9 -6.8 3.7 3.2 2.1 2.0 2.3 1.7 1.1 1.4



TABLE 5-6

PERCENTAGE DEVIATION nOM TIlE MEAN BEAD

HOLEI

1 2 3 4 , 6 7 8 9 10 11 12 13 14 IS 16 17 18
RUN'.(MEAN
HEAD,CM)

INLET PIPE POsmON I: 8..54 IN. FROM TROUGH BOITOM.

4, (2.84) 4.5 4.' 6.9 6.9 3.7 3.7 -11.4 -11.4 -8.0 -8.0 -5.2 -5.2 2.1 2.1 2.1 2.1 2.1 2.1
" (6.15) 4.7 4.7 3.9 3.9 1.6 1.6 .(l.8 -0.8 -1.7 -1.7 -2.5 -2.5 -2.' -2.5 -2.5 -2.5 -2.5 -2.5
CS, (4.24) 4.7 4.7 4.7 4.7 3.6 3.6 1.4 1.4 -1.0 -1.0 -3.4 -3.4 -6.0 -6.0 -3.4 -3.4 -3.4 -3.4
7, (8.06) 2.3 2.3 2.3 2.3 0.5 0.5 0.5 0.5 -0.1 -0.1 -0.8 -0.8 -3.3 -3.3 -0.8 -0.8 -2.0 -2.0
8, (10.50) 1.9 1.9 2.8 2.8. 0.9 0.9 -0.5 '().5 -1.0 -1.0 -1.~ -1.5 -1.0 -1.0 -1.0 -1.0 -1.9 -1.9
9, (13.04) 2.0 2.0 3.1 3.1 0.5 0.5 -0.7 -G.7 -0.7 '{).7 .(J.7 '().7 -1.1 -1.1 .(J.7 .(J.7 -1.9 -1.9

~ 10. (16.75) 1.5 1.5 2.1 2.1 0.3 0.3 1.2 1.2 0.2 0.2 '().9 '().9 -1.5 -1.5 -0.9 '().9 -2.1 -2.1v-
II, (19.19) 1.1 1.1 1.8 1.8 0.1 0.1 0.6 0.6 -0.1 .o.1 -0.7 -0.7 -1.0 -1.0 .o.5 .(J.5 -1.5 -1.5
12, (19.05) 1.3 1.3 1.8 1.8 0.3 0.3 0.0 0.0 -0.3 .o.3 .Q.5 .(J.5 -1.3 -1.3 .(J.5 .(l.5 -0.8 -0.8
13, (1.54) 14.4 14.4 14.4 14.4 3.8 3.8 -33.9 -33.9 -14.1 -14.1 -2.7 -2.7 3.8 3.8 -2.7 -2.7
14, (0.79) 21.0 21.0 16.8 16.8 -12.9 -12.9 -43.6 -43.6 -12'.7 -125.7 12.2 12.2 21.0 21.0 12.2 12.2

INLET PIPE POsmON 2: 1.875 IN. FROM TROUGH BOTIOM.

15, (0.81) 26.4 26.4 37.7 37.7 -1.3 -1.3 -1520 -1520 -305.0 -305.0 19.0 19.0 22.9 22.9 14.7 14.7 4.7 4.7
16, (1.61) 19.5 19.5 10.6 10.6 17.4 17.4 -3.9 -3.9 -192.7 -192.7 5.3 5.3 10.6 10.6 .(J.6 '().6 -3.9 -3.9
17, (2.73) 11.9 11.9 9.0 9.0 7.S 7.5 -5.0 -5.0 -16.2 -16.2 -1.1 -1.1 2.5 2.5 -5.0 -5.0 -11.4 -11.4
18, (3.90) 0.0 0.0 3.9 3.9 2.5 2.5 1.3 1.3 -0.5 .(l.5 -2.6 -2.6 0.0 0.0 -2.6 -2.6 -2.6 -2.6
19. (5.71) 1.6 1.6 2.4 2.4 3.2 3.2 0.7 0.7 -0.5 -0.5 -2.0 -2.0 .(J.2 -0.2 -2.0 -2.0 -2.9 -2.9
20. (7.70) 2.5 2.5 1.9 1.9 2.5 2.5 1.9 1.9 0.4 0.4 -1.3 -1.3 0.0 0.0 -4.1 -4.1 -4.1 -4.1
21, (10.14) 2.5 2.5 3.0 3.0 1.6 1.6 2.0 2.0 0.9 0.9 '().4 -6.4 -0.4 -0.4 -3.5 -3.5 -6.2 -6.2
22, (13.28) -2.2 -2.2 -1.4 -1.4 -1.0 -1.0 2.4 2.4 1.3 1.3 0.2 0.2 0.2 0.2 0.5 0.' 0.2 0.2
23, (16.14) -1.2 -1.2 -0.3 eO.3 -1.2 -1.2 1.6 1.6 0.9 0.9 0.1 0.1 0.1 0.1 0.4 0.4 '().3 '().3
24, (19.03) -1.2 -1.2 .{J.7 '{).7 -1.2 -1.2 1.4 1.4 0.8 0.8 0.1 0.1 -0.2 -0.2 1.1 1.1 -0.2 '().2



Qualitative Description ofObserved Maldistribution: Maldistribution effects were

observed mostly at low inlet flow rates(lO gpm and lower). The holes located directly

under the inlet pipe(Hole 9&10) exhibited the " tea-pot- effect for inlet flow rates below 8

gpm. This means that the flow rate through these holes was so low that the water slowly

crept out along the sides ofthe trough and then discharged from the edge. For inlet flow

rates between 8 and 14~ the water jets discharging from these holes were not always

continuous. They were often broken and wavy and spurted rather than flowed. At higher

inlet flow rates, though the individual flows for these holes did not deviate quantitatively

as much from the mean orifice flow, the water jets emerged laterally at an angle of

approximately 2S-3()O from the vertical. This could translate as over-irrigation ofsome

part ofthe cross section ofthe column. For the holes adjacent to Nos. 9 and 10 i.e. Holes

7,8,11 and 12, the same effects were observed but to a much lesser extent. The angle of

emergence ofthe jets however was IS-2()O and in the longitudinal direction, i.e. along the

length ofthe trough. Besides the above mentioned effects some other phenomena were

observed while conducting experiments. These included the formation oflocal shallow

vortices on the water surface and some internal recirculation ofwater. The vortices were

more like whirlpool formations occurring mainly at high inlet flow rates(above 18 gpm).

Internal circulation ofthe water was observed sometimes at low flow rates (below 10

gpm). This occurred on one side ofthe trough i.e. for Holes 9-18. The holes in front

would have jets inclined in one direction and the holes at the back would have jets inclined

in the opposite direction. This however was not permanent and it typically occurred just

after starting the experiment and persisted for about 20 minutes; then the flow would

straighten out and stabilize.
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CHAPTER VI

CONCLUSIONS AND RECOMMENDAnONS

The flow ofa fluid through square-edged orifices in single orifice plates and in an

actual distributor trough were studied. Flow rate and head data were collected. These

data were then reduced to orifice coefficients and Reynolds numbers. The single orifice

plate facility designed by Derasari(1991) was used to perform the tests on the orifice

plates. For the trough tests, the recirculating loop designed and constructed by Chatorikar

and Derasari(1991) was used. The distributor trough was supplied by Nutter Engineering,

Tulsa, OK. It was a stainless steel trough, 11 gage(O.12 in.) thick, and had 18 orifices

punched in it, each of 11/32 in. diameter. From the experiments the following

conclusions were drawn.

Conclusions

1) From the single orifice plate studies, it was concluded that manufacturing tolerances

and punch direction did not have any effect on the values oforifice coefficients.

However, the presence ofburrs was seen to have a slight influence on the flow through

the orifice. Higher orifice coefficients were obtained for plates whose surfaces were

deburred.

2) Given the inlet flow rate, a single value ofthe orifice coefficient could be obtained from

single orifice plate tests which could then be used to predict the head in the distributor

77



trough. However, these predictions were accurate only for flow rates between 8 & 18

gpm. Ifpredictions are to be made outside this range of inlet flow rates, then more

than one value ofthe orifice coefficient will have to be obtained from the single orifice

tests.

3) For heads more than 2 inches(5 cm.),which corresponded to Re> 5000, it was

concluded that there is no significant interaction between holes. This means that for the

same hole geometry, the same value of Co was obtained for the single orifice tests and

the multi-hole distributor tests.

4) Submerging the inlet pipe below the water surface did not seem to have any major

effect on the distribution.

5) Flow distribution using the distributor trough was quantified in terms of the coefficient

ofvariation for individual orifice flows. It was observed that for heads greater than 2

inches(5 em.), the Cv values were less than 10%, which indicated reasonably good

distribution. At lower heads, various degrees of maldistribution were observed.

Hence, the distributor should Dot be operated at heads less than 2 inches.

6) The use of a momentum breaker improved the distribution but since it was located at

the end of the trough rather than the center, more runs will have to be performed to

validate this conclusion.

7) Leveling of the distributor was observed to be an important factor. The distribution

deteriorated when the distributor was not leveled properly.

Recommendations

Experimental research in the field of liquid distributors provides valuable

information necessary for the design ofpacked columns. The following suggestions are

made for further research:
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1) Conduct tests with and without the momentum breaker using the same inlet pipe

position to compare qualities ofdistribution.

2) Conduct tests at heads less than 2 inches. These could provide useful information for

turndown requirements.

3) Conduct tests using troughs having different hole sizes. Also, troughs with orifices

punched in the sides could be tested.

4) Conduct more single orifice tests using different liquids to confirm whether the

Reynolds number is indeed a sufficient correlating parameter.

5) The effect of the horizontal velocity component was studied in a parallel program in

this project. Troughs having more than one orifice could be analyzed for the effect of

the horizontal component ofvelocity.

6) Study the effects ofout of levelness of the distributor using troughs inclined at some

known angle to the horizontal. Sag and tilt effects can be thus analyzed.

79



BmLIOGRAPHY

Albright, M. A» "Packed tower distributors tested.•, Hydrocarbon Proc., pp. 173-177,

(Sept. 1984).

Andrews, K. A and Sabersky, R H., "Flow through an orifice from a transverse stream."»
Transactions ofthe ASME, 112, pp. 524-6 (December 1990).

Bell, K.l, Johannes, A J., and Kun_ J., "Liquid distributors - Project proposal"»
submitted to Oklahoma Center for Advanced Science and Technology, 1991

Bemer, G. G. t and Zuiderweg, F. J., "Radial liquid spread and maldistribution in packed
columns under different wetting conditions.", Chemical Engineering Science, Vol
no. 33, pp. 1637-1643, (1978).

Benefield, L. D., "Treatment plant hydraulics for environmental engineers." t Prentice-Hall,
Englewood Cliffs, N.J., 1984.

Boniface» A, "Distributors.", The Chemical Engineer, 469, pp. 19-24, (Feb. 1990).

Bonilla, J. A, "Don't neglect liquid distributors.", Chem. Eng. Prog., 89(1), pp. 47-61,
(March 1993).

Chao» J.» and Trussel, R. R., "Hydraulic design oftlow distribution channels.", Journal of
the Environmental Engineering Division, ASCE, 106(2), pp. 321-335, (April 1980).

Chen, G. K., "Packed column intemals.", Chemical Engineering, 2.W1 pp. 40-51 J

(March 5, 1984).

Derasari, J.U.» "Analysis offluid flow through square-edged orifices.", M.S Thesis,
Oklahoma State University, 1993.

Hager, W.H., "Flow in distribution conduits-, hoc. Instil. Meek Engrs, 200(A3). pp.
205-13 (1986).

80



Hoek, P. J., Wesselingh, J. A, and Zuiderweg, F. J., Chem. Eng. Res. [)es., M. p. 431,
(Nov. 1986).

Iciek, J., "The hydrodynamics ofa free liquid jet and their influence on direct contact beat
transfer-I.", Int. J. Multiphase Flow, MJ1 pp. 239-249 (1980).

lciek, J., "The hydrodynamics ofa free liquid jet and their influence on direct contact heat
transfer-II.", Int. J. Multiphase Flow, ~ pp. 251-260 (1980).

Judd, H. and King, R.S., "Some experiments on the frictionless orifice.", Engineering
News, 56(13), pp. 326-330 (March 1908).

Kunesh, J. G., Lahm, L. L., and Yanagi, T., "Controlled maldistribution studies on random
packing at a commercial scale.", I. Chem. E. Symposium Series No. 104, pp. A233­
A244 (1987).

Kunesh, J. G., Lahm, L. L., and Yanagi, T., "Commercial scale experiments that provide
insight on packed tower distributors.", Inti. Eng. Chem. Res.,~ 1845-1850,
(1987).

Lockett, M.l. and Banik, S., "Weeping from sieve trays.", AlChE AnnualMeeting, San
Francisco, 1984.

Medaugh, F. W. and Johnso~ G. D., "Investigation ofthe discharge and coefficients of
small circular orifices.", Civil Engineering, 1.CZ1 pp. 422-424 (1940).

Miller, R. W, "The Stolz and ASME-AGA orifice equations compared to Laboratory
Data. It, Journal ofFluids Engineering, .lQ.L pp. 483-90 (December1979).

Nutter, D. E., "Nutter RingsTM, A random packing developed for consistent
performance.", I. Chem. E. Symposium Series No. 104, p. A129 (1987).

Nutter Bulletin TI-l., "Nutter packed tower internals.", Nutter Engg., T_ O~ 1987.

Nutter Bulletin N-2., Nutter Engineering, Tulsa, O~ 1987.

Obo~ N. T., Graska, M. L., and Trabold, T. A, "The near field behavior ofround jets at
moderate Reynolds numbers.", The Canadian Journal ofChemical Engineering,..§2,
pp. 587-93, (October 1984).

Perry, R.H., "Chemical engineers' handbook", 6th ed., Mc-Graw-Hill Inc., 1984.

Perry, D., Nutter, D. E., and Hale, A, "Liquid distribution for optimum packing
performance.", Chem. Eng. hog., I@ pp. 30-35, (Jan. 1990).

81



Pollard, A, and Iwaniw, M. A, "Flow from sbarp-edged rectangular orifices-The effect of
comer rounding.", Technical Notes, AlAA Journal, 23, pp. 631-33, (April 1985).

Ramamurthy, A S., Tim, U.S., and Sarrat: S., "Rectangular lateral orifices in open
channels.", Journal ofEnvironmental Engineering, 112(2), pp. 292-300 (April
1986).

Ramamurthy, A S., Tim, U. S. and Rao, M. V. J., "Weir-orifice units for uniform flow
distribution.", Journal ofEnvironmental Engineering, II),1), pp. lSS-66 (February
1987).

Ramamurthy, A S., and Carballada, B. L., "Two dimensional lateral flow past a barrier.",
Journal ofFluids Engineering, 112(2), pp. 292-300 (April 1986).

Reid, R. C., Prausnitz, J. M., Sherwood, T. K., "The properties ofliquids and gases.", 3rd
ed., Mc-Graw-Hill, New York, 1977

Rou~ R. W., "Handbook ofseparation process technology", John Wl1ey & sons Inc.,
1987.

Tuve, G. L., and Sprenkle, R.E., " Orifice discharge coefficients for viscous liquids.",
Instruments, ~ pp. 201-6 (November 1933).

Zuiderweg, F. J., and Hoek, P. J., "The effect ofsmall scale liquid maldistribution
("Natural flow") on the separating efficiency of random packings.", I. ehem. E.
Symposium Series No. 104, (1987).

Zuiderweg, F. J., Hoek, P. J., and Lahm, L. Jr., "The effect ofliquid distribution and
redistribution on the separating efficiency ofpacked columns.", I. ehem. E.
Symposium Series No. 104, (1987).

82



APPENDIX I

PLATE NOMENCLATURE

In the nomenclature used to describe the orifice plates, the first letter represents

the manufacturer code, the second number denotes the direction offlow relative to the

punch direction, the third number denotes the plate thickness and hole diameter, and

finally the last two letters indicate whether the plate is deburred or not. The different

codes are described below.

Manufacturer Code: A - Koch; B - Nutter; C - Norton; D- Glitsch; E - ACS

ST - Standard Plates I Drilled Holes I O.S.U

Flow Direction Code: 0 - Parallel to Punch Direction; 1 - Counter to Punch Direction

Plate Ihi9kness and Hole Diameter Code:

Hole Diameter, in.

0.25

0.50

0.75

12 gage 0.25

12 gage 0.50

12 gage 0.75

14 gage 0.25

14 gage 0.50

14 gage 0.75

DS I DB - Deburred Surface

Plate Thickness

0.25 in.

0.25 in.

0.25 in.

Plate Number

1

2

3

4

S

6

7

8

9

Deburrina Code: ND - Non Deburred;
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Example: AOIND - A implies it is a Koch plate, 0 means the flow is parallel to the punch

direction, 1 indicates that it is a 14 gage thick plate with a 0.25 in. hole and ND

implies that it is not deburred.
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APPENDIX 2

MEASUREMENTS OF ORIFICE PLATE HOLE DIAMETER

MANUFACTURER: B TABLEA2-1
PLATE PUNCH MEASURED HOLE DIAMETER, INCHES AVG

DIAMETER HOLE
1 2 3 4 5 6 7 8 9 10 DIA

B04ND 0.25 0.150 0.250 0.250 0.249 0.249 0.248 0.250 0.250 0.250 0.250 0.2496

B04DS 0.25 0.248 0.150 0.250 0.249 0.249 0.251 0.251 O.1S1 0.249 0.248 0.2496

00
BOSND 0.50 0._ 0.496" 0.497 0.495 0.498 0.500 0.495 0.498 0.500 0._ 0.4979v.

BOSDS 0.50 0._ 0.497 0.497 0.502 0.502 0.500 0.497 0.499 0.498 0.498 0.4990

B06DS 0.75 0.747 0.749 0.746 0.749 0.748 0.749 0.748 0.756 0.748 0.750 0.7484

807ND 0.15 0.150 0.150 0.250 0.250 0.149 0.250 0.250 0.250 0.149 0.151 0.2499

B08ND 0.50 0.499 0.495 0.500 0._ 0.496 0.499 0.497 0.498 0.501 0.496 0.4981

B08DS 0.50 0.497 0.497 0.500 0.499 0.499 0.497 0.499 O.soo 0.499 0._ 0.4987

B09ND 0.75 0.748 0.748 0.746 0.746 0.749 0.748 0.749 0.748 0.756 0.748 0.7480

BlOND 0.125 0.122 0.123 0.123 0.124 0.122 0.122 0.122 0.124 0.122 0.122 0.1226



APPENDIX 2(CONTD.)

MEASUREMENTS OF HOLE DIAMETER

MANUFACl'URER: C
TABLEA2-2

PLATE PUNCH MEASURED BOLE DIAMETER, INCHES AVG
DIAMETER HOLE

1 2 3 4 5 , 7 8 9 10 DIA

00
0\ COSND 0.50 0.499 0.497' 0.498 0.498 0.498 0.499 0.498 0.500 0.500 0.4'S 0.4982

COlND 0.50 0.493 0.500 0.493 0.497 0.495 0.500 0.496 0.500 0.497 0.499 0.4970



APPENDIX :1 (CONTD.)

MEASUREMENTS OF HOLE DIAMETER



APPENDIX 2 (CONTD.)

MEASUREMENTS OF HOLE DIAMETER

MANUFACTURER: E
TABLEA2-4

PLATE PUNCH MEASURED HOLE DIAMETER, INCHES AVG
DIAMETER HOLE

1 2 3 4 5 6 7 8 , 10 DIA

00
E05ND 0.50 0.501 0.501" 0.498 0.501 0.498 0.501 0.499 0.49900 0.501 0.500 0.4999

EOaND 0.50 0.501 0.501 0.500 0.502 0.502 0.500 0.497 0.501 0.500 0.502 0.5006





APPENDIX 4

FLOW METER CALlBRAnON
TABLEA4-1

FLOW RATE
MEASUUD
GPM (A)

FLOWMETER
READING
GPM (8)

PERCENT
ERROR

l00*(A-B)lA
1.34
2.37
2.36
3.44
4.42
4.47
5.77
5.71
6.S5
6.45
7.49
7.S7
8.34
8.50
9.33
9.27
10.56
10.48
11.44
11.S1
12.47
13.44
13.37
14.31
14.51
ts.so
15.15
16.27
16.16
16.93
17.33
18.58
18.41
19.10
19.47
20.75
20.65
20.98
21.78
22.99
22.63
23.94

1.33
2.30
2.31
3.41
4.41
4.42
5.78
5.77
6.51
6.61
7.69
7.68
8.53
8.41
9.41
9.48
10.70
10.75
11.60
11.63
lUI
13.60
13.57
14.51
14.60
15.51
15.51
16.46
16.52
17.59
17.60
18.70
18.70
19.57
19.58
10.60
20.62
21.68
21.75
22.57
22.60
23.SS

AVG.%ERROR

90

0.75
2.95
2..12
0.87
0.23
1.12
-G.17
-8.87
.4).46
-2.48
-2.67
-1.45
-2.28
0.24
-0.86
-2.%7
·1.33
-2.58
-1.40
-1.04
-G.88
-1.19
-IS)
-1.82
-G.62
-0.06
-1.70
-1.17
-2.23
-3.90
-1.s6
-0.65
-1.58
-1.93
-G.s6
0.72
0.15
-3.34
0.14
1.83
0.13
1.63
1.19



APPENDIX 5

Derivation or Orifice Coefficient Equation

Fig. AS-I shows the stations to which the Bernoulli equation applies.

A~ ._.._ _ _ _.._:w~~.~~~! ~.r.~Q~~ .

B/il i i II
; ,

i i ; i! I i li I
! j : j

t ~II It !I
II

i. ! I
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J! i I C I

II I I ; ;
Ii Ii ! i t I
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t! i j ! I

II
II i!

II
i I i I

! :
I! i 1

: 1

It Ii II i i I I

Discharge Jets

Fig. AS-I Flow System Showing Stations For Use in Bernoulli's Equation
(Front View ofTrough)

The main assumptions are:

1) Incompressible fluid

2) Steady state

3) Uniform flow across A and B

4) Pressures at A and B remain constant and are equal to the atmospheric pressure.

5) Frictional effects are negligible, i.e., they are not considered in the derivation but are

incorporated through the orifice coefficient.

Bernoulli's Equation, using the above assumptions, can be written as
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h+gZA.+ aA vi =~+gZB+ avip 8
c

28
c

P 8c 28c (AS-I)

This reduces to

aA Vi-auvi = PB-PA +( _ )..l.
28c P ZB ZA 8c (AS-2)

For an incompressible fluid t we can assume the density to be constant. The

continuity equation then gives

-(VaIVb) ={(7tDB
2/4)(N)}/AT = pl (AS-3)

where

DA =2R.A =2~; (AS-4)

RA =radius, m or ft

AT = cross section area ofthe stream at the surface in the trough, m2 or ft2

Wp = wetted perimeter, m or ft

Os =d =diameter oforifice

Substituting (AS-3) in (AS-2)

~4Vi-aBVi _ PB-PA ( _ )..l.
28c - P + ZB ZA 8c (AS-S)

Vi(aAJi4-aB) = PB- PA (2&J +(ZB - ZA)2g (AS-6)
P

Since PA = Pa =Patmosphere and ZA-ZB = h = liquid level above the orifice,

~i~:;~ ~r=-2gh ~ (AS-7)

2 -2gb
VB = (aA~ _aB) · ··· · ····.. · · · ·..· ·(AS-8)

The effects ofjet contraction, kinetic energy correction and mction are

incorporated in an orifice coefficient, Co- Eqn(AS-8) becomes

VB = J
I
C:

p4
.J2gh (AS-9)
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This is the equation for determining the orifice coefficient.

For our case p«1 , so eqn (AS-9) becomes

VB =eo.J2gh (AS-tO)
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APPENDIX 6

SINGLE ORIFICE PLATE DATA

All the single orifice plate data taken are documented here. The measured

variables were the head in em., and the flow rate in mllsec or gpm. The flow rate was

initially measured using a cylinder and stopwatch. The data thus collected were in terms

ofmVsec. These were then converted to gpm. Subsequently however, after calibration of

the flow meter, the flow rate was measured directly in gpm using the same. The head and

flow rate data were then converted to orifice coefficients and Reynolds numbers. Tables

A6-1 to A6-7 show the data for tests on plates that were also tested by Derasari. All

other data are collected using plates hitherto untested.
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Plate: AOi ND
Hole Diameter: 0.2500 In.
Plate Thickness: 0.21 In.
Uquld: Water
Increasing Head
Non DebumKI

TABLEA8-1

Dat8:01107193
liquid Temperatuna: 11.1 F
liqUid Density: 1000 KglCu.m
liquid VIscosity: 1.214 cp
zero Point: 12.8 CIn.
Flow P...llel to Punch Dll8Ctlon

LIQUID-~- -NET VOLUME TIME FLOW ReYNOWS---- ORIFICE
ELEVATION HEAD COLLECTED RATE NUMBER COEFF.

eM eM ML SEC GPM
~~-- O.I-~--~-- 362.& 61.30 - O.OM- 111----~-~---- -----0:111'

14.1 1.1 417.1 27.60 0.241
2_

0.1121
19.2 8.1 482.1 18.80 0.481 4A4 0.1210
21.1 I.t 431.0 13.20 0.122 5101 0.7873
23.3 10.7 412.S 11.80 0._ 5424 0.7830
29.1 17.3 421.0 10.10 0.681 8132 0.7221

\0 31.8 23.0. "2.1 9.87 0.721 7011 0.6101
'-" 36.a 24.2 477.1 10.20 0.748 72M O.8I1S

31.1 28.3 420.0 1.17 o.m 7112 0.8811
19.5 48.' 472.1 7._ 1.01' 1111 0.H11
11.1 47.3 377.1 8.06 0._ 1810 0.M18
80.1 - 47.1 397.1 8.1' 1.023 1117 0.1841
11.3 48.7 420.0 8.41 1.031 10181 0.8112
11.3 12.7 401.0 8.02 1.017 10422 0.8801



Plate: A01 NO
Hole Diameter: 0.2500 in.
Plate Thickness: 0.25 in.
Liquid: Water
Decreasing Head
Non Deburred

TABLEA6-2

Oate:01/07193
Uquid Temperature: 51.5 F
Liquid Density: 1000 KGlCU.M
Liquid Viscosity: 1.294 cp
Zero Point: 12.6 eM
Flow Parallel to Punch Direction

...0
(3\

LI~OID NET VoLUME TiME FLow REVROCos ORIFICE
ELEVATION HEAD COLLECTED RATE NUMBER COEFF.

eM eM ML. SEC GPM
63.7 51.1-o~-~~--~05.0-~----- -·-5.-gT~-- ---------,-:-070 10509 0.6764
62.5 49.90 370.0 5.52 1.063 10384 0.6763
55.0 42.40 395.0 6.34 0.988 9652 0.6820
53.0 40.40 380.0 6.59 0.914 8933 0.8466
47.0 34.40 372.5 6.97 0.847 8279 0.6495
44.5 31.90 435.0 8.32 0.829 8100 0.6598
43.5 30.90 430.0 8.41 0.811 7921 0.6556
38.0 25.40 2n.5 5.81 0.757 7399 0.6755
32.5 19.90 225.0 5.44 0.656 6407 0.6608
25.2 12.60 465.0 12.84 0.574 5610 0.7272
20.5 7.90 402.5 12.86 0.496 4848 0.7937
17.6 5.00 405.0 15.76 0.407 3981 0.8191
14.4 1.80 407.5 29.88 0.216 2112 0.7245
13.6 1.00 410.0 34.27 0.190 1853 0.8527
13.2 0.55 320.0 39.70 0.128 1248 0.7747



Plate: 8T01 ND
Hole Diameter: 0.2495 In.
Plate Thickness: 0.25 In.
Uquld: Water
Inc.....lng Head
Drilled Hole

TABLEA6-3

Date:01/17113
Uquld Temperature: 47.1 F
Uquld Density: 999.8 KglCu.m
Uquld VIscosity: 1.378 cp
zero Point: 12.3 CIII.
Flow Parallel to Punch Dll8Ctlon

DQOID----·---~ NET-- --- VOLUME TIMe FLOW REYNOLDS ORIFICE
ELEVATION HEAD COu.ECTED RATE NUMBER COEFF

eM eM ML SEC GPM
D.W-----------O.IO - 431 101.00 0.011 IZ1 0.3441
18.00 3.70 435 11.11 0.311 3393 0.1883
11.80 8.30 420 13.14 OAI2 4520 0.1144
20.10 7.80 400 11.30 0.111 511t 0.9070
20.80 1.10 460 12.87 0.178 1291 0.8811
22.M 10.2& 410 11.01 0.848 StU 0.t103

\0 24.45 12.1& 467.1 10.81 0.613 6373 0.1878
~ 21•• 13.• 487.1 10.11 0.731 8780 0.1011

29.90 17.80 430 1.12 0.140 7717 0.1033
31.10 11.10 470 1.81 0.110 7108 0.1987
32.10 20.10 4S8 1.24 0.171 1047 0.8727
37.30 21.00 4IS 7.12 0.110 1012 O.IISO
14.90 42.80 452.S 7.07 1.011 1327 0.7017



Plate: STOiND
Hole Diameter: 0.2491 in.
Plate Thickness: 0.2& in.
liquid: Water
DecntaSlng Head
Drilled Hole

TABLEAI-4

Date:01117193
liquid Temperatu18: 47.1 F
liquid Density: "1.1 KglCu.m
liquid VIscosity: 1.378 cp
zero Point: 12.3 CIn.
Flow Parallel to Punch Direction

UQUID NET VOLUME TIME -~FLOW --~-~ ORIFICE
ELEVATION HEAD COLLECTED RATE NUMBER COEFF

eM eM ML. SEC GPM
14.10 42.10 425.1 7.07

----------

O.IAO 1771 O.UII
13.70 41.40 435.0 8.90 0.9994 9188 0.7012
12.90 40.80 470.0 7.23 1.0301 9474 0.7301
11.20 38.90 437.5 8.97 0.9910 8148 0.7202
48.45 34.11 462.1 7.13 0.9401 1143 0.7282
40.00 27.70 431.0 8.22 0.1389 7712 0.7111

\0 31.80 19.30 460.0 10.13 0.7118 1811 0.7317
00 27.80 15.sO 420.0 10.27 0.8413 S980 0.7433

24.SO 12.20 435.0 11.11 0.1839 1388 0.7141
23.10 10.10 440.0 12.17 0.1731 1281 0.7173
21•• I.U 410.0 12.24 0.1310 4881 0.7131
18.40 8.10 437.5 13.13 0.417t 4877 0.1100
17.35 1.01 421.0 11.38 0.4310 4027 o.alOG
17.00 4.70 452.1 17.&4 0.4090 371t 0.1111
18.48 4.11 471.0 19.11 0.3151 3148 0.au2
1S.M 3.U 470.0 21.17 0.3407 3132 0.1402
14.10 2.10 410.0 24.74 0.2113 26SO 0.1232
14.20 1.10 471.0 31.89 0.2378 2184 0.7712



TABLEAU

PIate:B14DS Date:01/11193
Hole DIameter: 0.2490 in. liquid Temperature: 11 F
Plate Thickness: 12 Gage. liquid Density: 1000 KglCu.m
Uquld: Water Uquld VIscosity: 1.304 cp
Inc....lng Head zero Point: 11.7 cm.
Debun8d Flow Counter to Punch Dlntetlon

UQUib Ni!T VoluII! tiMe FLOW Ri!YNoLbi okiFlee
ELEVAnON HEAD COLLECTED RATE NUMBER COEFF.

eM eM ML SEC GPM
13.10 i.bO 41i.1 i1.i1 o.M' 26. o.liOi
14.11 3.15 482.1 27.74 0.2643 2173 0.8741
1S.1S 3.41 457.1 28.24 0.2784 2881 0.8744
11.70 4.00 412.5 21.33 0.3088 2911 0.8147
18.00 4.30 411.0 20.14 0.3117 3073 0.8_
18.75 I.OS 480.0 21.11 0.3441 3357 0.8914

~ 18.80 7.20 472.8 17.M 0.4311 4201 0.7211
20.90 9.20 411.0 13.32 0.4831 4101 0.7310
23.80 12.20 401.0 11.14 0.1183 1417 0.721t
28.21 14M 441.0 11.13 0.1113 1717 0.7028
31.SO 18.10 451.0 10.13 0.1880 14M 0.8714
32.7& 21.05 411.0 1.37 0.7021 68M O.ltH
38.00 24.30 471.0 10.24 0.7313 7111 0.1781
38.71 27.08 432.1 1.74 0.7844 7838 O.IIH
44.10 33.10 470.0 1.78 0.1418 8212 O.HU
14.30 42.80 421.0 7.18 0.1423 1174 0.8843



PIate:B14D8
Hole Diameter: 0.2490 In.
Plate thickness: 12 Gage.
Uquld: Water
oec....lng Head
Deburred

TABLEAU

Date:01/11193
Uquld T...peratu..: 51 F
Uquld Density: 1000 KglCu.m
Uquld VIscosity: 1.304 cp
zero Point: 11.7 em.
Flow Counter to Punch Dll8Ctlon

UQUID NET -- ------nVOLUME - TIME FLOW REYNOLDS ORIFICE
ELEVATION HEAD COLLECTED RATE NUMBER COEFF.

eM eM ML. SEC GPM
14.30 42.10 421 7.11 0.8423 9174 0.1143
12.80 40.90 as 7.a 0.9218 8971 0._3
41.10 34.20 as 8.10 0.8113 82at O.ISII
44.30 32.80 460 1.53 0.1313 1142 0.1831
31.1S 28•• 410 8.31 0.7121 7811 0.8113
32.10 20.80 421 9.19 0.7021 1140 0.8112.... 21.10 18.80 421 10.72 0.8281 8111 0.8110

8 28.10 14.10 440 11.11 0.5171 171' 0.8t17
21.11 13.46 as 12.21 0.6841 "" 0.1.
24.30 12.10 440 12.11 0.1441 001 0.1112
18.11 1.21 441 11.12 0.414S 4421 0.7172
18.71 7.01 as 18.11 0.4102 3994 0.7002
15.OS 3.35 421 24.71 0.2721 2114 0.8712



TABLEA6-7

Plate: A06ND Date:02l27/93
Hole Diameter: 0.4986 in. Liquid Temperature: 10 F
Plate Thickness: 12 Gage. Liquid Density: 999.699 KglCu.m
Liquid: Water Liquid Viscosity: 1.325 cp
Increasing Head zero Point: 12.95 em.
Non Deburred Flow Parallel to Punch Direction

liQUID NeT voLUME TiME FLOw ReYNoLDs ORIFICE
ELEVATION HEAD COLLECTED RATE NUMBER COEFF.

eM eM ML. SEC GPM
13.18 0.10 935 17.7! 0.8564 4002 1.0878
14.06 1.10 915 16.82 0.9169 4387 0.9888
14.&0 1.55 920 14.70 0.9921 4747 0.9011
14.90 1.95 935 13.69 1.0827 5180 0.8768
11.16 2.20 960 13.09 1.1106 5501 0.8771
15.50 2.&5 935 12.01 1.2341 5908 0.8739..... 15.96 3.00. 1550 18.77 1.3090 8283 0.85470

~ 18.26 3.30 1600 18.42 1.3769 6588 0.8672
16.66 3.70 1630 18.14 1.4244- 6818 0.8374
17.10 4.16 1740 18.44 1.4968 7157 0.8303
17.70 4.75 1820 18.26 1.5800 7580 0.8198
18.40 s.• 1700 18.09 1.8749 8014 0.8113
19.1& 8.20 1880 16.88 1.7815 1441 0.801a
11.ao 8.U 1820 11.81 1.8435 8821 0.798S
20.65 7.70 1900 15.62 1.9408 928S 0.780t
21.30 8.3& 1810 14.27 2.0107 9821 0.7888
22.0 9.70 1860 13.74 2.14&9 10288 0.7782
23.1& 10.20 1900 13.80 2.2148 10197 0.7142
24.40 11.4& 1920 13.50 2.2M5 10788 0.7534
24.8& 11.90 1820 12.44 2.3192 11097 0.7803
25.60 12.65 1900 12.72 2.3878 11330 0.712a
26.30 13.3S 1180 12.33 2.4170 11881 0.7"1
27.00 14.06 1840 11.77 2.4781 11_ 0.7478
27.7& 14.80 1900 11.82 2.5411 12193 0.7490
21.45 15.10 1820 11.2S 2.5645 12271 0.7388
29.1S 18.20 1840 11.08 2.1372 1281' 0.7410
29.90 16.95 1860 10.98 2.8709 12780 0.7338



TABLE A6-7(CONTD.)

UQUID ~ NET VOLUME-- ---TIME -- _. FLOW--· REYNOLDS ORIFICE
ELEVATION HEAD COu.ECTED RATE NUMBER COEFF.

eM eM ML SEC GPM
au.1O 17.11 1830 ------ 10.63------~--u2.1AI 13112 O~74'5

.....
S

31.30
32.10
32.81
33.10
34.00
34.8&
31.9&
38.31
37.10
31.41
31.01

11.31
19.11
19.90
20.1S
21.OS
21.90
23.GO
23.40
24.A
21.10
28.10

1880
1880
1840
19301_
1890
1180
1830
1840
1900
1900

10.59
10.3'
9.11

10.41
10.40
1.88
9.&1
9.34
9.20
9.14
9.08

2.1141
2.1883
2.1197
2.9319
2.9871
3.0324
3.107S
3.1019
3.1704
3.2153
3.3244

13468
13721
13971
140U
14291
14110
14870
14882
18170
11781
11907

0.7429
0.7412
0.7401
0.7331
0.7383
0.7328
0.7328
0.7281
0.7238
0.737t
0.7358



TABLEAU

Plate: AOIND Date:02l27193
Hole Diameter: G.49l1ln. Uquid Temperature: SO F
Plate Thickness: 12 Gage. Uquld Density: 999.699 KglCu.m
Uquld: Water Uquld Viscosity: 1.321 cp
Dec.....lng Head zero Point: 12.11 CR1.
Non Deburred Flow Parallel to Punch Dll8Ctlon

LIQUID NeT VOLUMe TIMe FLOW Rf!YNoLbi ORiFici
ELEVATION HEAD COLLECTED RATE NUMBER COEFF.

eM CM ML. SEC GPM
ii.R H.io ,•.0 I.Oi i.i244 1116t o.lBi
38.70 25.71 1120.0 1.73 3.3048 11113 0.7381
38.00 21.01 2000.0 9.99 3.1738 11118 0.7170
37.30 24.31 1810.0 9.41 3.1870 15154 0.7211
36.&0 23.58 1810.0 9.38 3.0U4 14868 0.7143
31.85 22.90 1810.0 9.20 3.1187 14923 0.7370... 31.00 22.06 1810.0 9." 3.0382 1"28 0.73120
34.20 21.21 1170.0 9.84 3.0121 14415 0.7390w
33.41 20.10 1170.0 10.06 2.N88 14100 0.7.
32.81 19.70 1840.0 10.10 2.1871 1311t 0.73A
31.10 11.11 1ISO.0 10.37 2.1210 13132 0.7348
31.10 11.15 1910.0 11.31 2.7892 13348 0.7404
30.21 17.30 11SO.0 10.11 2.7021 12133 0.7341
29.41 18.10 1900.0 11.31 2.8488 12184 0.7311
21.70 11.76 1100.0 11.49 2.1213 12143 0.748'
21.00 16.01 1950.0 12.18 2.1421 12164 0.7410
27.11 14.20 1960.0 12.37 2.1117 12011 0.71H
21.40 13.41 1970.0 12.74 2.4112 11721 0.7_
21.10 12.1S 11SO.0 12.30 2.3142 1140t 0.7121
21.01 12.10 1920.0 13.08 2.3289 111M 0.711S
14.40 11.41 1910.0 13.11 2.2172 10112 0.7877
23.40 10.46 1130.0 14.02 2.1122 10442 0.7114
22.70 t.71 1110.0 13.74 2.18tO 10371 0.7_
21.10 I." 1100.0 11.GO 2.0071 HO' O.77U
20.71 7._ 1100.0 1&.34 1.1834 I. 0.7.
20.10 7.11 1890.0 11.17 1.1710 1177 0.7114
11.11 8.80 1810.0 18.41 1.1073 1841 0.7111



.....
i

TABLE A6-I(CONTD.)

UQUID NET -- .- .. VOLUME -- - -TIME FLOW REYNOLDS ORIFICE
ELEVATION HEAD COLLECTED RATE NUMBER COEFF.

CM eM ML. SEC GPM
11.10 1.• --·-- 1810.0- 17.41 1.1130 .1. 0.1001
18.30 1.31 1910.0 11.40 1.8411 7874 0.1041
17.90 4.• 1960.0 19.49 1.1941 7828 0.1103
17.30 4.35 1930.0 19.99 1.5305 7323 0.1298
18.10 3.11 1910.0 20.90 1.4487 8932 0.8348
18.00 3.01 1920.0 22.81 1.3343 8314 0.1840
11.21 2.30 1920.0 25.18 1.2097 1788 0.9020
14.70 1.71 1910.0 21.13 1.0783 1150 0.1201
13.10 O.IS 1390.0 21.71 0.1170 4101 1.0112



TABLEA6-9

Plate: A18ND Date:02l28/93
Hole Diameter: 0.5004 in. Liquid Temperature: 50 F
Plate Thickness: 14 Gage. Liquid Density: 999.699 Kg/Cu.m
Liquid: Water Liquid Viscosity: 1.325 cp
Increasing Head Zero Point: 12.75 em.
Non Deburred Flow Counter to Punch Direction

LIQUiD NET VOLUME TIME FLow REYNOLDS oRIFice
ELEVATION HEAD COLLECTED RATE NUMBER COEFF.

CM CM ML. SEC GPM
13.15 0.40 915 23.55 0.6159 2936 1.0929
13.30 0.55 905 21.43 0.6694 3191 1.0130
13.5& 0.80 905 19.52 0.7349 3503 0.9222
13.80 1.05 920 17.66 0.8258 3936 0.9044
14.15 1.40 910 15.88 0.9084 4330 0.8618
14.45 1.70 1470 23.69 0.9836 4689 0.8467

~ 15.15 2.40 1710 23.62 1.1476 5470 0.8314
0 15.40 2.65 · 1790 23.90 1.1872 5659 0.8185
\-"

15.70 2.95 1650 20.95 1.2485 5951 0.8151
15.95 3.20 1870 22.66 1.3082 6238 0.8207
15.95 3.20 1940 23.66 1.2998 6196 0.1154
16.20 3.45 1810 21.40 1.3408 6391 0.8101
16.20 3.45 1940 22.61 1.3601 6483 0.8211
16.55 3.80 1830 20.74 1.3987 6667 0.8053
16.65 3.80 1995 22.42 1.4106 6724 0.8121
16.95 4.20 1860 20.11 1.4662 6989 0.8029
16.95 4.20 2085 22.59 1.4631 6974 0.8012
17.35 4.60 1795 18.60 1.5291 7292 0.8005
17.35 4.60 1830 11.99 1.5276 7282 0.7993
17.70 4.95 1890 19.06 1.5719 7493 0.7928
17.70 4.95 1(, .;~ 16.00 1.5152 7558 0.7996
11.10 5.35 1855 17.96 1.6373 7804 0.7944
18.10 5.35 1830 17.72 1.6371 7804 0.7943
11.70 5.95 1790 16.64 1.7052 1128 0.7148
18.70 5.95 1825 16.19 1.7121 8165 0.7811
19.15 6.40 1815 16.27 1.7614 8429 0.7845
19.20 6.45 1920 16.95 1.7958 1551 0.7935



TABLE A8-9(CONTD.)

UQUib NeT VOLUM! TiMe FLOW ReYNoLb§ oRiFice
ELEVATION HEAD COLLECTED RATE NUMBER COEFF.

eM eM ML SEC GPM
1i.18 1.66 1126 18.12 1.Mfb ii64 u.fiJi
19.70 8.96 1865 15•• 1.8101 1119 0.7171
20.40 7.U 177S 14.73 1.9102 91. 0.7711
2OAO 7.U 1935 15.98 1.9195 9150 0.778'
2O.N 1.20 1135 14.76 1.1701 9314 0.7724
21.00 8.25 1170 11.02 1.9736 9401 0.7711
21.40 I.U 1771 13.93 2.0199 9628 0.770a
21.40 I.U 1890 14.74 2.0328 9689 O.77SS
22.N 10.20 1930 14.0& 2.1771 10310 0.7652
22.95 10.20 1135 13.27 2.1920 1044' 0.7703
23.50 10.75 1125 12.92 2.2392 10874 0.7184
23.60 10.1S 187& 13.24 2.2441 10701 0.7649
24.1S 11.40 1Ito 13.03 2.2993 10960 0.7643
24.20 11M 1_ 12.13 2.2N1 10951 0.7622

~
24.10 12.05 1810 12.30 2.3327 11111 0.7542

g 24.1& 12.10 18to 12.13 2.3352 11131 0.7134
21.51 12.10 17H 11.to 2.3911 11_ 0.7501
21.10 12.71 1120 12.01 2.3113 11_ 0.7508
21.90 13.15 1820 11.97 2.4102 11411 0.7451
28.00 13.21 1141 11.11 2.4474 11667 0.7148
27.10 14.3S 1750 10." 2.1242 12032 0.7478
27.30 14.5& 1100 11.13 2.S48O 12138 0.7411
27.10 11.11 1MO 11.lt 2.1114 12321 0.7411
27.M 11.20 1_ 11.10 UUI 12222 0.7_
21.71 11.00 iUS 11.04 2.1341 12110 0.7392
28.10 18.OS 1920 11.12 2.1420 121M 0.7401
29.3S 11.80

1_
11.10 2.1171 12813 0.7404

21.4& 18.70 1_ 10.17 2..7012 128M 0.7429
30.25 17.10 1_ 10.74 2.7379 1_1 0.7341
30.30 17.11 177S 10.31 2.7211 1300t 0.7311
31.10 11.31 1_ 10.M 2.7111 13114 0.7207
31.20 11.45 1131 10.44 2.7.2 13282 0.7280
31.10 11.01 17_ 10.01 2.1048 13370 0.7212
31.80 11.01 1_ 10.14 2.1201 13447 0.7213



TABLE AI-9(CONTD.)

UQUIDun_ - NeT VOLUMe TlMe- FLOW ReYNOUJ8 - ORIFICE
ELEVATION HEAD COLLECTED RATE NUMBER COEFF.

eM eM ML SEC GPM
32.-.0--- 20.01 1100 1.11 - Z.I7I3 137Z5~--~·- 0.7211

1-
o"',

32.10
33••
33.60
M.30
M.71
35••
31••
36.40
37.1S
37.a
31.10
39.30
39.41

20.01
20.10
20.11
21••
22.00
23.20
23.20
23.81
24.40
25.10
21.75
28••
26.70

1131
1740
1790
1775
1140
1100
1120
1780
1810
1800
1880
1135
1120

9."
9.31
9.59
t.M
9.70
9.37
9.22
1.14
9.19
9.38
1.23
I.IS
8.M

2.911e
2.9406
2.95Ie
3.0128
3.0070
3.0412
3.1291
3.0872
3.1911
3.2110
3.2311
3.2861
3.3783

13180
14017
14104
14380
14334
14118
14918
14718
11212
18308
11425
11881
18104

0.7298
0.7238
0.7272
0.728a
0.7191
0.7011
0.7291
0.7124
0.7280
0.7193
0.7117
0.7111
0.7337



TABLEA6-10

Plate: A11ND Date:02l28193
Hole Diameter: O.S004ln. Uquld TemperatuN: 10 F
Plate thickness: 14 Gage. Uquld Density: 991.819 KglCu.m
Uquld: Water Uquld VIscosity: 1.321 cp
Decreasing Head Zero Point: 12.71 CIn.
Non Deburred Flow Counter to Punch Direction

UQUib NeT VoLUMe TIMI! FLow Ri!YNoLb8 ORiFICe
ELEVATION HEAD COLLECTED RATE NUMBER COEFF.

eM eM ML. SEC GPM
ii.• 2i.16 '120 I.U i.SiD 'I'. b.fiif
31.81 28.10 17A 8.47 3.2148 15817 0.7211
38.U 26.10 18" 9.01 3.3212 11851 0.7301
31.00 21.25 1830 1.06 3.201t 11213 0.7111
37.61 24.90 18SO 1.1S 3.2241 15372 0.7213
36.80 23.1S 1_ 9.40 3.1282 14112 0.7181

~ 38.1S 23.80 1_ 1.31 3.1_ 14911 0.72110
00 31.30 22.U 1860 1.61 3.0113 14181 0.7223

31.30 22.U 1_ 9.14 3.0740 14813 0.7211
34.70 21•• 19_ 1.13 3.0110 14817 0.7310
M.IO 21.71

i_
t •• 3.0114 143" 0.7218

33•• 20.70 1760 t.21 3.00M 14331 0.7418
33•• 20.70 1_ 10.12 2.1782 14117 0.7M1
32.80 19.1S 1130 10.01 2.1110 13114 0.7300
32.U 1t.IO 1_ 10.35 2.9100 13172 0.7331
31.U 18.10 173S 9.11 2.1471 13872 0.7311
31.10 11.71 1730 1.81 2.1301 13411 0.73M
30.70 17.1S 17A 10.21 2.7248 12111 0.7218
30.11 17.90 1731 t.92 2.7721 13218 0.7314
21.10 18.11 1710 10.21 2.8111 12111 0.7371
21.U 11.10 17_ 10.30 2.7017 12112 0.7417
21.40 1S._ 11M 11•• 2.1188 12473 0.7423
28.40 1S.8I 1140 11.08 2.1372 12171 0.7481
r1.U 14.10 1140 11.38 2.1131 12218 0.7477
27.10 14.71 1_ 12.20 2.1417 12140 0.7442
H •• 13.70 1730 11.04 2.4141 11141 0.7132
21•• 13.70 1170 11.11 2.411I 11184 0.7147



TABLE A6-10(CONTD.)

UQUlb NeT yoLUMe TIMe FLOW kiNNoLbi oRiFIcE
ELEVATION HEAD COLLECTED RATE NUMBER COEFF.

eM eM ML SEC GPM
BJib 12.18 iiZ6 i2.u2 2••2 ,'44' 6.1844
21.60 12.71 1710 11.8' 2.3118 11377 0.7101
24.70 11.91 1780 12.12 2.3281 110lS 0.7ul
24.• 11.90 1100 12.22 2.3350 11130 0.7198
23•• 10.90 1700 12.GO 2.2417 10701 0.7834
23.60 10._ 1770 12.17 2.2321 10640 0.7801
22.80 10.01 1140 13.40 2.1767 10378 0.770e
22.80 10.01 1710 12." 2.1722 10354 0.7880
21.45 1.70 17M 13.11 2.0354 9702 0.7744
21.40 1.81 1870 14." 2.0114 9779 0.712'
20.31 7.80 1_ 14.73 1.9371 1234 0.7888
20.31 7.60 1140 11.21 1.9177 9141 0.7107
18." 1.90 1110 11.34 1.8231 1194 0.7712

~ 18.81 8.90. 1170 11.22 1.9477 9214 0.1321
~ 11.10 8.OS 1770 18.42 1.7011 Ii" 0.7717

11.70 1.11 1700 11.11 1.7_ 8203 0.7117
17.71 1.00 1730 17.31 1.mo 7117 0.7111
17.10 1.01 1770 17.73 1.IIB 7sa 0.7to3
11.90 4.11 1710 11.34 1.4110 8114 0.8037
18.81 4.10 17A 11.08 1.411I ItM 0.1087
18.00 3.21 1S30 11.27 1.3271 1321 0.1284
11.OS 3.30 1141 21.12 1.3343 U60 0.1243
11.10 2.11 1130 23.1S 1.2131 1173 0.13H
11.80 2.1& 113& 23.1' 1.2141 Ita2 0.1342
14•• 1.10 1HO 23.M 1.0321 4122 0.M37
14.10 1.11 1170 23.18 1.0371 4947 0.1183
13.40 0.11 1UO 31.11 0.1842 3111 0.'241
13.30 o.u 1300 31.40 0.1M3 3128 0."31



TABLEA6-11

Plate: A07ND Date:03102193
Hole Diameter: 0.2496 In. Uquld Temperature: 12 F
Plate Thickness: 14 Gage. Uquld Density: 899.599 KglCu.m
Uquld: Water Uquld VIscosity: 1.219 cp
Inc....lng Head zero Point: 12.7 CIn.
Non Debul18d Flow Parallel to Punch Dll8Ctlon

UQUid N!t vOLUME tiMe FLOW ReYNoLDs ORIFiCE
ELEVATION HEAD COu.ECTED RATE NUMBER COEFF.

CM eM ML SEC GPM
13.id 0.16 a,0 34.0! 0.,110 '111 0.161'
13.60 0.80 478 39.38 0.1924 1889 0.9141
14.21 1.A 100 32.31 0.2448 2403 0.1181
14.31 1.81 AO 37.03 0.2413 2431 0.171'
11.30 2.80 842 M.20 0.2978 2122 0.1324
11.51 2.1& 715 38.58 0.3100 3044 0.1283..... 11.70 3.00. 83S 31.74 0.3171 3114 0.1211~

0 18.71 4.01 720 31.40 0.3631 HIt 0.1147
11.10 4.20 731 31.12 0.3618 3UO 0.1138
18.41 1.71 131 31.27 0.4241 4171 0.7"1
11.10 1.10 MI 31.31 0.427' 4201 0.1013
11.90 7.20 901 30.17 0.4893 4801 0.7111
20.01 7.U til 30.12 0.4712 4117 0.7107
21.41 1.71 tJl 21.80 0.1127 1034 0.7811
21.SO 8.80 832 28.11 0.1173 SOlO 0.711I
22.80 1.10 170 21.13 0.141I 1311 0.7117
22.11 10.11 131 28.12 0.1121 1430 0.7821
23.80 10.10 ato 24.7& 0.1700 1117 0.7788
23.10 10.10 I_ 21.74 0.1718 RI4 0.7887
24.N 12.21 113 23.N O.IOH It27 0.7771
21.01 12.3S 121 24.17 0.1018 1177 0.7812
21.40 13.70 130 23.31 0.1324 8210 0.7707
21.10 13.80 III 23.70 0.1388 1272 0.7711
21.01 11._ • 11.18 0.111t 87M 0.7711
21.30 11.10 100 20.1' 0.8121 1104 0.7171
30.30 17.80 887 11.13 0.7011 8"3 0.7824
30.40 17.70 - 22.02 0.7113 8114 0.7121



TABLE A8-11(CONTD.)

UQUld Nmt yoLUMe fiME FLow REYNoLbi oki'ice
ELEVATION HEAD COLLECTED RATE NUMBER COEFF.

eM eM ML SEC GPM
31.• 11.26 116 '1.48 0.1426 t. 0.1iD
32.60 11.90 15. 33.31 0.7590 7454 0.7871
32.70 20.00 1&50 32.01 0.7886 7128 0.7732
33.00 20.30 1571 32.31 0.7727 711I 0.7738
33.00 20.30 1510 30.12 0.7741 7602 0.7710
34.00 21.30 1680 31.18 0.7881 7720 0.7883
34.11 21.41 1830 32.52 0.7MS 7102 0.7731
36.30 23.60 1920 38.81 0.8314 8184 0.7718
38.10 23.10 1730 33.10 0.821S 8138 0.7180
40.00 27.30 1780 31.11 0.113I 8871 0.7827
40.71 28.01 1760 31.02 0.8943 1782 0.7817
41.00 28.30 1100 31.78 0.1914 8822 0.7818
41." 28.N 1740 30.18 0.9017 IIS4 0.7Ut..... 42.00 29.3Q 1720 29.79 0.1113 ItII 0.7827.......... 42.78 30.01 1100 31.02 0.1111 9033 0.7181
43.20 30.10 1_ 27._ 0.91 to to24 0.71Ot
".31 31.U 1130 31.00 0.1_ lilt 0.7103
41.00 33.30 1170 3O.R 0.9700 NH 0.7112
".30 33.80 18" 27.38 0.9782 H1I 0.7820
48.71 34.01 1130 21.47 0.1144 MIl 0.71Ot
41.U 3I.U 1820 30.41 0.IH2 1102 0.7141
41.01 38.SS 2000 31.41 1.0094 "12 0.7112
41.10 38.80 1_ 30.47 1.0141 Hl2 0.7M3
41.10 38.10 1_ 28.10 1.0112 "30 0.7111



TABLEA8-12

Plate: A07ND Date:03lO2I93
Hole Diameter: 0.2496 In. Uquid Temperature: 12 F
Plate Thickness: 14 Gage. Uquld Density: 999.S99 KglCu.m
Uquld: water Uquld VIscosity: 1.288 cp
Decreasing Head zero Point: 12.7 em.
Non Debuned Flow Parallel to Punch DIrection

LiaUiO NET YOLoMI! TIME FLOw Ri!tNOLb9 ORiPiem
ELEVATION HEAD COLLECTED RATE NUMBER COEFF.eM eM ML. SEC GPM

41.86 Sl.id 1118 H.iO '.0112 Hid d.tiii
41.40 31.70 1911 30.48 0." 9777 0.7118
4I.1S H .• 19H 30.83 1.0014 9134 0.7187
47.81 34." 1930 3O.1S 0.9117 973' 0.7117
47.40 34.70 1110 30.41 0.9121 8112 0.7127
48.01 33.31 119S 30.81 0.9721 8113 0.71N

~ 48.GO 33.30 1918 31.41 0.8112 1478 0.7141~

tv 44.10 31.80 1820 30.31 0.9111 8347 0.7814
44.20 31.10 1140 31.02 0.9403 1234 0.7U7
44.10 31.40 1120 30.4' 0.9482 1212 0.7817
a .• 30.7S 1810 30.17 0.13M 1217 0.78J1
43.40 30.70 17M 30.72 0.1212 10M 0.7M1
42.70 3O.GO 1IH 30.11 0.1810 IlOl 0.7t72
42.40 29.70 1770 3O.lt 0.9172 1007 0.7112
42.01 29.31 1_ 31.4' 0.1011 1111 0.7144
41.21 21.11 17_ 30.13 0.9041 1188 0.7831
40.11 21.21 1720 30.11 0.1187 8727 0.7M2
40.00 27.M 16H 30.72 0.87" 1111 0.7111
31.1S 26•• 1110 30._ 0.1714 8117 0.7143
31.10 21.10

1_
30•• 0.1110 1431 0.7828

31.30 21.80 1720 32.01 0.1417 1343 0.7171
37.10 24.10 1170 31.28 0.1471 8311 0.7873
37.10 24.40 iNS 31.01 0.1387 8238 0.7811
38.21 23.11 1_

31.78 0.1231 1087 0.7.
31.1S 23.1S 1110 30.82 0.1231 IOU 0.7717
34.. 21.11 1170 31.14 0.7112 7141 0.7741
U.1S 20•• 1140 31M 0.7710 7820 0.7740



TABLE A6-12(CONTD.)

UQUlb NeT vOlUME TIMe FLOW ReYNoLDS ORIFice
ELEVATION HEAD COLLECTED RATE NUMBER COEFF.

eM eM ML SEC GPM
i2.• 11.• 1148 ii.44 0.1812 tm b.l116
32.36 19•• 1910 40.02 0.7566 7429 0.7898
31.16 11M 1420 30.63 0.7349 7216 0.7717
30.05 17.35 1410 31.34 0.7132 7003 0.7723
29.7& 17.05 1690 37.97 0.7056 892e 0.7707
29.80 18.90 1460 32.51 0.7055 6928 0.7741
28AS 15.7& 1810 42.22 0.6796 6673 0.7724
27.15 1S.15 1320 31.41 0.6662 6542 0.1720
27.00 14.30 1370 33.33 0.8&16 6391 o.m2
26.80 14.10 1410 34.81 0.8458 1342 0.7751
25.10 12.10 1300 33.41 0.6168 6057 G.rm
21.00 12.30 1190 30.70 0.61" 6034 0.7903
24.2& 11.65 1310 34.92 0.5947 .39 0.7893

~ 23.70 11.00 1110 30.70 0.5732 &821 0.7795....
\j.) 23.40 10.70 11&0 31.77 0.5738 5US 0.7913

22.65 I.N 1130 32.54 0.510& I40S 0.7172
21.00 8.30 1030 31.13 0.5130 1037 0.1031
20.65 7.1S 1100 33.71 0.7&24

7_
1.2113

20•• 7.75 910 21.11 0.4128 473' 0.7120
19.10 8.10 870 30.12 0.4504 4423 0.7791
11.H 1.2S m 32.06 0.4421 434S 0.7114
18.20 1.10 MS 32.38 0.4137 4062 0.7917
11.10 1.40 m 30.'1 0.4092 4011 0.7944
11.30 3.10 1M 31.82 0.3423 3311 0.8137
18.00 3.30 ISO 3O.N 0.3326 32M 0.1251
14.10 2.10 DO 31.20 0.2893 2644 0.8312
14.30 1.10 410 3O.M 0.2482 2437 O.IUG
13.40 0.70 110 10.01 0.1131 11M 1.0410



TABLEA6-13

Plate: BOIND Date:03l23193
Hole Diameter: 0.4911 In. Uquld Temperature: H F
Plate Thickness: 14 Gage. Uquld Density: 999.338 KglCu.m
Uquld: Water Uquld Viscosity: 1.207 cp
Incl888lng Head Zero Point: 12.25 CIn.
Non Deburred Flow Parallel to Punch Dlntetion

uaOID NeT VOLUMe TIMe FLOW REYNoLbi ORiFice
ELEVATION HEAD COLLECTED RATE NUMBER COEFF.

CM eM ML. SEC GPM
12.a 0.10 BiB 11.22 0.4411 2m o.•!
12.U 0.60 1210 38.M 0.1277 2760 0.7718
13.01 0.80 1300 31.30 0.6584 3444 0.1338
13.01 0.80 1330 32.28 O.6S3S 3419 0.1271
13.M 1.30 1811 31.31 0.1512 4453 0.1418

..... 13.M 1.30 1700 31.87 0.8509 4451 0.1413.... 13.11 1.80· 1860 31.79 0.9275 4182 0.8301~

13.11 1.80 1140 31.70 0.9201 4813 0.1231
14.8S 2.80 17" 24.41 1.1824 8011 0.8111
14.11 2.80 1830 28.41 1.09M 1748 0.7718
11._ 3.10 1_ 23.80 1.2414 M38 0.1037
11.40 3.11 2080 28.13 1.2497 IIH 0.7171
11.90 3." 1850 21.M 1.3342 8110 0.7110
11.10 3.81

1_
23.11 1.U71 7011 0.7H1

18.as 4.10 1110 21.27 1.4716 7720 0.7713
18.to 4.81 1820 20.11 1.4140 7783 0.771'
17.21 1.00 1_ 20.81 1.12U 7_ 0.7742
17.30 S.OI 1_ 20.41 1.1414 IOtO 0.7714
17.10 s.u 1_

11.31 1.1U1 1111 0.7731
17.M 1.30 1_ 11.7' 1.H12 1201 0.7720
17.10 I.IS 1855 11.34 1.8034 UN 0.7140
17.10 1.11 1120 18.89 1.8_ l11t 0.7710
11.U 1.10 illS 17." 1.1810 III- 0.7117
11.31 1.10 2000 11.8' 1.8713 a710 0.7817
11.71 8.SO 1110 17.14 1.7184 1171 0.7821
18.80 I.M 1120 17.71 1.7101 1110 0.7172
11.41 7.20 1110 11.77 1.1114 1111 0.7810



TABLE A8-13(CONTD.)

eQUiD N!T VOLUMe TIME FLOW lUlYNoLbi oRiFice
ELEVATION HEAD COLLECTED RATE NUMBER COEFF.

eM eM ML SEC GPM
'i.iI f.SO ,Mb 11.il 1.1iZ1 ISli 0.11'5
20.50 8.21 2001 18.88 1.90SS 998' 0.7114
20.50 8.21 1_ 1S.58 1.9332 10114 0.7823
21.30 9.OS 2000 11.74 2.0142 10138 0.7114
24.00 11.75 1920 13.48 2.2579 11812 0.7481
24.10 11.H 1920 13.48 2.257t 11812 0.7429
24.81 12.40 1920 13.23 2.300s 1203S 0.7400
24.65 12.40 1930 13.14 2.3283 12111 0.748'
21.20 12.91 1880 12.82 2.3383 12223 0.7314
21.20 12.91 1996 13.31 2.3780 12430 0.7471
21.7& 13.50 1940 12.88 2.3878 12491 0.7380
21.10 13.0 1940 12.18 2.3914 12111 O.73A
28.&0 14.25 2120 13.95 2.4090 12803 0.7221.... 28.10 14.U 2010 13.03 2.4413 12793 0.7337......

Vl 28.10 14.81 1120 11.54 2.5001 1307t 0.7311
28.90 14." 1180 11.10 2.4987 13072 0.7314
27.20 14._ 11H 12.04 2.41S0 130U 0.7301
27.20 14.H 1130 12.20 2.1077 13120 0.7348
28.00 1&.7& 2200 13.61 2.1493 1m7 0.7271
21.01 1&.10 2218 13.11 2.8297 13234 0.7_
2a.70 18.45 19tO 12.22 2.A11 13501 0.7_
21.71 18.50 1910 11.a 2.8374 137M 0.7314
29.41 17.20 211& 12.77 2.6214 137M 0.7170
29.10 17.21 1940 11.53 2.8872 13H4 0.7274
30.01 17.10 2121 12." 2.8820 14031 0.7200
30.10 17.11 197& 11.12 2.7177 14218 0.7288
3O.N 18.70 2110 12.48 2.7301 14287 0.7113
31.00 11.71 2070 11.81 2.7711 14138 0.7_
31.81 11.80 2070 11.11 2.asot 1411& 0.72M
31.11 19.80 1_ 11.13 2.1414 1au 0.7289
32.40 20.11 2010 11.1' 2.110O 14110 0.7111
32.40 20.11 2001 11.01 2.11I1 141M 0.7231
33.40 21.11 2000 10._ 2.1781 11114 0.7332
33.40 21.11 2040 10.11 2.1141 1_7 0.7300



......

......
0\

TABLE A6-13(CONTD.)

UQUID NET VOLUME TIME FLOW- ---- REYNOLDS ORIFICE
ELEVATION HEAD COLLECTED RATE NUMBER COEFF.

eM eM ML SEC GPM
34.10 D •• 2110 1'.49 --3:0Z14- --------11807 ~------~---~

0.7239
34.65 22.40 2280 11.10 3.0381 15814 0.7268
35.65 23.40 2171 11.22 3.0729 18077 0.71M
35.70 23.41 2111 11.1S 3.0042 11717 0.7027
38.80 24.SS 2048 10.31 3.1489 18474 0.7118
38•• 24.SO 2170 10." 3.1300 16371 0.7148
37.90 2&.6& 2130 10.58 3.1814 188M 0.7137
37•• 21.70 2100 10.41 3.1971 18730 0.7141
a8.40 26.11 2010 10.13 3.254' 17029 0.72Ot
31.40 28.11 2101 10.31 3.2240 18187 0.7141



TABLEA8-14

Plate: BOIND Date:03l23193
Hole Diameter: 0.4981 In. Uquld Temperature: 58 F
Plate Thickness: 14 Gage. Uquld Density: 991.331 KglCu.m
Uquld: Water Uquld Viscosity: 1.207 cp
Decreasing Head zero Point: 12.21 CIn.
Non Debul18d Flow Parallel to Punch DIrection

UQUid Ni!T voLUME TIM! FLOW ReYNoLDS oRiFice
ELEVATION HEAD COLLECTED RATE NUMBER COEFF.

eM CM ML. SEC GPM
••46 2i.iS zi. 10.D 3.2246 f.i 0.7141
37.11 21.30 2031 1.91 3.2211 18184 0.7271
37." 21.20 2210 10.17 3.2229 18181 0.7272
38.70 24.41 2010 10.18 3.1381 16407 0.7114
36.61 24.40 2100 10.87 3.1199 18322 0.7114
31.71 23.10 20H 10.49 3.1014 18247 0.7_....
31.65 23.40 2000 10.21 3.0931 18112 0.7242....

~ 34.80 22.11 1lto I.M 3.0111 11713 0.7182
M.71 22.10 200s 10.48 3.03M 1A97 0.7_
33.10 21._ 1_ 10AI 2.181t 114M 0.7210
33.88 21.80 2131 11.31 2.1714 11141 0.7242
32.70 20.41 1_ 10.11 2.1141 11012 0.7228
32.70 20.41 20A 11.28 2.117t 18101 0.7233
31.70 11.41 2000 11.12 2.7121 143M 0.7011
31.70 11.41 1190 11.01 2.1441 14111 0.730S
30.70 11." 1110 11.1t 2.7824 14412 0.7284
30.11 11.40 2000 11.12 2.7121 143N 0.7217
21.70 17.41 1_ 11.44 2.7111 14201 0.73M
21.11 17.40 2080 11.81 2.1201 147_ 0.7111
21.N 11.10 1190 11.11 2.1332 13778 0.7320
21.11 18.80 1110 11.12 2.1132 13117 0.7.
21.10 18.21 2001 12.27 2.1tN 13112 0.7271
21." 18.20 1120 11.M 2.4743 12141 0.1113
27.10 is.. 1_ 11.7a 2.1478 13321 0.7S1t
27.10 is.. 1830 11.42 2.1402 13211 0.7H1
ft.SO 14•• 1_ 12._ 2.4112 12111 0.7441
28." 14.20 2120 13.70 2AAO 12833 0.7a73



TABLE A1-14(CONTD.)

UQUid Nst VoLUMe fill! FLow ReYNoLb$ oRIFice
ELEVAnoN HEAD COLLECTED RATE NUMBER COEFF.

eM eM ML. SEC GPM
B.R is.16 i. ii.iS Z:46ii 1M' d.lii1
H .• 13.70 1960 12.86 2M42 1213' 0.7110
26.00 12.71 1971 13.47 2.3243 12160 0.7373
26.00 12.71 1910 13.13 2.3060 12084 0.7318
24.35 12.10 1_ 13.04 2.2918 11918 0.7481
24.30 12.06 1910 13.11 2.2748 11900 0.7422
23.80 11.1& 1_ 14.1' 2.2334 11184 0.7443
23.80 11•• 1970 13._ 2.2487 11754 0.7488
23.40 11.1S 1941 13.11 2.2213 11821 0.75U
23.40 11.1S 1900 13.8' 2.2001 11110 0.7483
23.10 10.11 1920 14.08 2.1647 1132S 0.7444
23.10 10.15 1885 13.79 2.1889 11336 0.7411
22.&0 10.21 171S 13M 2.11ot 11043 0.7468

..... 22M 10.20 1970 14.71 2.1172 11078 0.71Ot

.......
22.01 9.10 · 1160 14._ 2.0783 10173 0.711100
22.01 9.10 2031 11.17 2.0711 10A9 0.74M
21•• 9.40 1971 11.30 2.0463 1070S 0.7HO
21•• 1.40 2010 11.62 2.03tt 10872 0.71H
20.70 8.41 11M 11.34 1.8314 1012S 0.7141
20.71 1.&0 1970 11.81 1.9653 10212 0.7131
it.• 7.40 i12S 11.17 1.13OS 1177 0.7122
1t.A 7.30 2111 11.80 1.8021 taO 0.7SH
11.40 8.1S 1ttO 11.70 1.lIIt 1121 O.77OS
11._ 1.10 1ISO 17M 1.8812 8727 0.71SO
17.10 4._ 201S 20." 1.5218 7111 0.7827
17._ 4.10 1110 17." 1.101O 7111 0.77"
11.00 3.75 1ttO 23.32 1.3527 7077 0.7112
11.16 3.70 1171 22.01 1.3104 7011 0.7M2
14.80 2.U 1870 27.11 1.1271 IIOG 0.7'"
14.10 2." 1111 21.11 1.1213 Stol 0.8010
14.01 1._ 1HO 31.13 0.1471 4_ 0.711I
14.. 1.10 1ISO 30.70 O.NU 4117 0.8011
13.00 0.71 i. 31.31 0.1717 3140 0.11IO
12.10 0.11 1210 31M 0.8010 3180 0.1141



TABLEA8-11

Plate: B18ND Date:03l27J93
Hole Diameter: OAll1 in. Uquld Temperature: 12 F
Plate Thickness: 14 Gage. Uquld Density: 999.695 KglCu.m
Uquld: Water Uquld VIscosity: 1.289 cp
Inc....lng Head Zero Point: 12.40 em.
Non DebumKI Flow Counter to Punch DIrection

mOlb Ni!T VOLUMe TIMI! FLOW fteYNoLb5 oRIFice
ELEVATION HEAD COLLECTED RATE NUMBER COEFF.

CM eM ML SEC GPM
13.il d•• 1. 31.14 dJ444 ZiH d.Ciii
13.21 0•• 1020 30.13 0.527' 2617 0.84IS
14.10 1.70 1745 31.24 O.IISI 4391 0.7892
14.01 i .• 1700 30.63 0.8798 4383 0.7718
14•• uo 1160 28.11 1.1093 5501 0.7_

~ 14.91 2M 1970 28.02 1.1145 5&27 0.7IOS..... 11.00 3.10 1160 23.82 1.3114 .23 0.7112\0
16.00 3.10 1171 23.77 1.3171 1132 0.7113
11.• 4M 2101 23.31 1.4311 7091 0.711I
11.to 4.SO 1100 11.17 1A281 7018 0.7821
17.tO 1.10 1971 11.71 1.1120 7141 0.7141
17.M SM 1160 11.17 1.117' 7873 0.7133
11.11 1M 2111 2O.1S 1.113I 1211 0.7421
11.10 1.10 1160 11.32 1.1160 8410 0.71_
1t.1O 7.20 1_ 17.13 1.7737 17M 0.7487
11.10 7.20 1131 17.31 1.7171 1787 0.7413
20•• 7.tO 2010 17.01 1.88SI 1211 0.7111
20.31 7.N 1160 18.13 1.11I3 1211 0.7101
21.11 1.7S 2140 17.41 1.1421 .- 0.7440
21.20 1.10 2011 11Ai 1.MII t6S3 0.7432
21.10 lAO 2111 17.22 2.0114 "71 0.7431
21.80 1.40 2010 11.1t 2.0072 11M 0.7411
22.10 10.20 2010 11.11 2.1017 10417 0.747'
22.. 10.21 2010 is.. 2.0ItI 103M 0.7313
23.70 11._ 2215 11.07 2.1ISO 10ae 0.7312
23.70 11.30 1140 13.26 2.1117 1010t 0.7412
24.10 12.20 2000 13.18 2.2174 11344 0.7411



TABLE A8-1I(CONTD.)

UQUib NEt VolUMe TIMe FLow ReYNolbi oRIFice
ELEVATION HEAD COLLECTED RATE NUMBER COI:FF.

eM eM ML SEC GPM
R.id '2:26 '1'6 13.'1 Z:iUUl 11416 6.141'
21.71 13•• 200& 13.42 2.3IM 11741 0.7342
25.7& 13•• 2090 13•• 2.37. 11771 0.7382
26.80 14.40 2200 14M 2.4151 11977 0.7209
28.90 14.SO 1990 12.11 2.4828 12212 0.7325
27.85 1S.4I 2145 13.84 2.4929 12383 0.7183
27.M 1S.I& 1980 12.24 2.1143 12717 0.736S
29.01 18•• 1920 11.47 2.8135 13119 0.7368
29.10 16.70 2045 12.38 2.1111 12988 0.7258
29.90 17.10 1990 11.84 2.6843 13213 0.7214
29.90 17.SO 1980 11.11 2.1149 13311 0.7270
30.90 11.10 2000 11.10 2.7161 13872 0.7280.... 3O.N iSM 2090 12.01 2.7494 13131 0.7231

~ 31.90 1t.SO 1_ 11.18 2.8141 13911 0.721t
31._ 1t.U 1121 10.78 2.8307 14038 0.7211
32.80 20.20 2231 12.33 2.1734 14210 0.7241
32.70 20.30 1820 10.M 2.7084 13422 0.1104
33.S0 21.10 2040 11.03 2.1318 14140 0.7221
33.11 21.11 2010 11.04 2.117I

1__
0.7.

14.10 22.10 2000 10.13 2.1121 147t1 0.7111
SUI 22.11 1MO 10.27 2.1144 14110 0.7207
3S.SO 23.10 2040 10M 3.0121 11_ 0.72M
M.A 23.13 2000 10A1 3.04SI 11103 0.7173
3I.U 24.21 1_ 1.74 3.0123 11331 0.7112
38.70 24.30 illS 10.12 3.1013 1M20 0.1144
".20 21.10 2210 10.11 J.2288 11013 0.7014
3t.11 21.71 111I 1.11 3.2111 11121 0.7121



TABLEA8-16

Plate: 81aND Date:03127193
Hole Di8meIer: 0.4911 In. Uquld Tempenltu18: 52 F
Plate Thickness: 14 Gage. liquid Density: 999.SIS KglCu.m
Uquld:W.r liquid VIscosity: 1.211 cp
Dec....lng Head zero Point: 12.AO em.
NonDebumKI Flow Counter to Punch Direction

eQUib NiT yoLUME fiMe PLOW RrnOLDi ORiFice
ELEVAnON HEAD COu.ECTED RATE NUMBER COEFF.

eM eM ML SEC GPM
il.16 ii.• 2216 1d.1i i.2M iiiii 6.toa
39.15 28.71 1965 9.sa 3.2115 18000 0.7121
31.7& 28.35 1t30 '.Ii 3.2171 15831 0.7019
38.70 28.30 1980 8.88 3.2412 11_ 0.7171
37.10 21.10 1990 10.GO 3.1148 11123 0.7078
37.11 HM 2130 10.87 3.1148 11172 0.71_..... 38.10 24.40 1930 1.81 3.1173 1507 0.7240N..... 36.75 24.35 1MS 1.1' 3.1171 11341 0.71A
31.10 23.10 1ltO 1.11 3.0324 14922 0.71.
31.40 23.00 2000 10M 3.0023 14774 0.7011
34.00 21.80 21. 11.07 3.0711 11111 0.74M
33.90 21.10 201S 10.70 2.11I2 1.to 0.7212
32.H 2O.R 1975 10._ 2.17. 14147 0.7183
32.10 20.10 2011 10." 2.1OM 14302 0.7271
31.to 11.10 2040 11M 2.1243 1._ 0.7244
31.to 11.10 1130 10M 2.1120 13837 0.7213
31.GO 11.to 1910 11.40 2.7132 13141 0.7231
3O.N 11M 1990 11M 2.7_ 13110 0.7220
B.IS 17..

1_
11.71 2.1U2 13100 0.7210

21.11 17.11 1110 11.17 2.1717 13147 0.7307
28M 11.11 1100 11M 2.1014 12121 0.7343
21•• 11.01 1121 11.04 2.1_ 1211I 0.7401
27.11 11.11 1110 12.1t 1.41" 11102 0.7031
27.to 11.20 1140 11.17 2.1210 12401 O.73M
28M 14.11 1100 1U1 2.4321 11172 0.7328
21.11 14.11 illS 12.37 2A2I4 11110 0.7312
21.21 12.11 1170 13M 1.31. 11400 0.7320



TABLE A6-18(CONTD.)

UQUlb NiT vOLOMI! tiMe FLOW REYNoLbi oRIFice
ELEVATION HEAD COLLECTED RATE NUMBER COEFF.

eM eM ML. SEC GPM
D.li 12.id i64i ii.• 2:Si. 1,m 6.1.'
24.10 11.70 1910 13.12 2.23M 11020 0.7418
24.00 11.80 1901 13." 2.2270 10951 0.7406
23.10 10.70 1141 14.38 2.1441 1OSS1 0.7424
23.10 10.70 1971 14.13 2.1147 10803 0.7481
22.11 9.75 1910 11.10 2.0178 10121 0.7484
22.10 t.70 2000 15.57 2.0362 10020 0.7_
21.41 I.OS 1_ 11.11 1.9711 1726 0.7442
21.40 1.00 1970 11.77 1.9102 1744 0.7478
20.80 1.20 1820 11.M 1.1048 8372 0.7IM
20•• 1.11 illS 11.11 1.8toO t300 0.74"
20.00 7.10 1141 18.11 1.1111 89_ 0.7480
11.11 7.11 1170 17.24 1.1114 1113 0.7487

..... 11.20 8.10 1120 17.70 1.7111 8481 0.7481
~ 11.11 1.7S" 1Ito 17.41 1.7208 141I 0.7102

11.80 1.40 1_ 17.17 1.1781 1211 0.7113
17.10 1.10 1110 11.GO 1.1U1 7711 0.7171
17.10 1.10 1140 11.77 1.11II 7814 0.7113
11.10 3.70 1140 22.34 1.3011 M2I 0.711I
11.10 3.70 1_ 21.72 1.3174 1412 0.7717
11.40 3.GO 1_ 21.31 1.1141 1732 0.7811
11.40 3.GO 1820 14.82 1.1711 1788 0.710
14.ao 1.10 1140 31.31 0.1311 4IM 0.711I
14.30 1.10 1110 SO.14 0.1304 4I7a 0.7141
13.10 1.10 1240 SO.77 0.131I 3143 0.18"
13.41 1.01 1230 30.11 0.1310 J13t 0.7012



TABLEA6-17

Plate: BOlDS Date:03I21113
Hole Diameter: OA.7 in. Uquld Temperatu18: 14 F
Plate Thickness: 14 Gage. Uquld Density: 199.474 KglCu.m
Uquld: water Uquld VIscosity: 1.248 cp
Increasing Head zero Point: 12.40 em.
DebumKI Surface Flow Parallel to Punch DlNetlon

mOlD Nfi VOLUMe tiMe PLOW Ri!YNoWi oR.Pitt!
ELEVATION HEAD COLLECTED RATE NUMBER COEFF.

eM eM ML SEC GPM,s.a 1.il '146 i1.• o.i'. 41. o.ail
13.11 1.21 1141 30.13 0.8141 4329 0.8832
14.40 2.00 1180 29.33 1.0113 1381 0.1484
14.40 2.00 1180 29.M 1.0171 U80 0.144'
11.21 2.11 1971 21.10 1.2371 8272 0.1213
11.21 2.11 2000 21.13 1.2411 82M 0.1312

..... 18.01 3.U 2041 23.02 1.4012 7131 0.8321N
~ 11.10 3.70· 1140 21.10 1.4042 7111 0.1241

17.10 4.70 20B 20M 1.1121 7'18 0.1141
17.11 4.7S 1130 11.11 1.1811 7141 0.1130
11.11 1.71 1131 17.13 1.7107 8172 0.1011
11.11 1.71 111I 18.02 1.7111 1711 0.1104
11.GO I.SO 1_ 17.04 1.1280 t2M O.ICMO
11.GO 1.10 1170 17.11 1.I1N lUI 0.1004
11.11 7.21 1_ 18.11 1.IUI 1101 0.1114
11.70 7.30 1_ 11.18 1.1212 1711 0.1011
20.81 1M 1170 11.27 2.0411 10317 0.7141
20.11 1.41 111I 11.40 2.0433 10317 0.7M2
21.7S I.M 1110 14.01 2.1811 10NS 0.7.
21.71 1.31 f_ 14.12 2.1m 10137 0.7173
22._ t.1I 111I 14.11 2.1114 11133 0.7IM
22.40 10.GO 2020 14.31 2.2212 11_ 0.7111
23.10 f1.20 2010 13.13 2.3377 11_ 0.7113
13.10 11.20 1NO 13.17 2.3471 11_ 0.7121
J4.IO 12.10 1110 12.11 2AI03 12421 0.7.'
24.41 12.01 1170 1U1 2.4213 12Mt 0.7104
••71 13.31

1_ 12.32 2.147' 12114 0.7171



TABLE A8-17(CONTD.)

eQUib NiT VOLUMe tiMe FLOW RiYN6Lb8 6MPle!
ELEVAnON HEAD COLLECTED RATE NUMBER COEFF.

CM CM ML SEC GPM
B.18 1i.iI Z2dB ii.M Z:I. '.2 6.1'16
21.10 14.10 2020 12.1S 2.8333 13348 0.7814
28.10 14.10 1190 11.92 2.I4M 11411 0.71A
21•• 11.11 1111 11.31 2.7822 14103 0.7188
28•• 1S.11 19tO 11.3t 2.71N 14031 0.7881
29.40 17.GO 2010 11.12 2.1813 14121 0.7112
29.40 17.GO 2030 11.28 2.117' 14487 0.7132
3O.U 18.21 2001 10.17 2.9231 14822 0.7734
3O.U 11.21 1190 10.48 3.0101 ism 0.7112
31.71 11._ 1910 10.28 3.0213 1U1O o.ml
31.10 11.40 1980 10.09 3.0783 1S801 0.7too
32.70 20.30 1190 10.20 3.0927 11877 0.7788
32.70 20.30 1940 10.01 3.0722 11173 0.7701

~ 33.30 20.10 1180 1.71 3.1IM 11137 0.711I
~ 33•• 20.11 20M 10.14 3.1101 11170 0.7777

14.20 21.10 2020 1.11 3.2112 11313 0.7711
34.20 21.10 1110 1.71 3.2013 11_ 0.7787
14.11 U.ll 2010 1.74 3.2713 111I3 O.77M
M•• U.II 1980 1.47 3.2101 1.31 0.7801
11.30 22.10 2000 I.eo 3.3021 11741 0.7711
31.30 22.10 2040 1.71 3.U04 111I2 0.78M



TABLEA6·18

Plate: BOlDS Date:03128193
Hole Diameter: 0.4987 In. Liquid Temperatu18: 54 F
Plate Thickness: 14 Gage. Liquid Density: 999.474 KglCu.m
Uquld: Water Uquld Viscosity: 1.241 cp
oec....lng Head zero Point: 12.40 em.
Deburred Surface Flow Parallel to Punch Direction

LlaUiD Net VoLUMe TIMe FLOW REYNoLDs ORiFice
ELEVATION HEAD COLLECTED RATE NUMBER COEFF.

eM eM ML. SEC GPM
D.SO 22.lb ZOOb i.ld i.SOB 11141 d.ttli
31.30 22.90 2040 9.71 3.3304 18182 0.7184
34.20 21.10 1950 9.49 3.2173 18111 0.7883
34.11 21.71 1990 1.78 3.22IS 18310 0.781S
32.80 20.40 1990 10.22 3.0886 11848 0.7722
32.80 20.40 20GO 10.27 3.0870 15849 0.7723.... 31.80 19.40 1895 9.U 3.0497 11418 0.7824

~
V\ 31.80 19.40 1880 9.79 3.0441 11431 0.71Ot

30.11 IBM 1980 10.61 2.1723 11087 0.7111
30.11 18.45 207S 11.1a 2.1421 14914 0.7740
29.10 17.40 1960 10.10 2.1711 14583 0.7713
21.81 17.a 1950 10.84 2.9012 14727 0.7_
28.10 18.10 1980 11.08 2.8092 14240 0.7811
28.45 18.OS 2010 11.74 2.7110 14031 0.7107
27.40 11.00 1995 11.73 2.'961 13888 0.7888
27.40 11.00 1911 11.71 2.8171 13821 0.7140
28.60 14.20 2010 12.18 2.8203 13282 0.7117
28.SO 14.10 2028 12.1S 2.131S 13319 0.7831
21.10 13.10 2031 12.84 2.1124 127_ 0.7843
21.40 13.00 2231 14.21 2.4183 12803 0.7782
24.45 12.OS

1_
12.lt 2.4741 12541 0.1053

24.40 12.00 1910 12.13 2.4093 12213 0.7111
23.SO 11.10 2030 13.11 2.3081 11813 0.7123
23.40 11.00 2020 13.78 2.3271 117M 0.7128
22.60 10.20 illS 13.11 2.2S08 11409 0.7183
22.81 10.11 1100 13.47 2.2360 11334 0.71ao
21.10 t.40 1950 14.17 2.1111 11011 0.8040



TABLE A8-18(CONTD.)

LlaUiD NeT VoLUME TIMe FLow REYNoLD! ORiFice
ELEVATION HEAD COLLECTED RATE NUMBER COEFF.

CM CM ML. SEC GPM
21.18 i.R 1126 14.61 2.1101 1u. O.tHZ
21.00 8.60 2016 15.45 2.0674 10480 0.7988
21.00 8.60 1980 11.12 2.0759 10523 0.7998
20.30 7.90 1990 18.11 1.9581 8928 0.7872
20.31 7.91 1970 11.10 1.971& 10019 0.7921
19.40 7.00 1940 16.49 1.8841 9483 0.7981
19•• 8.1S 1t80 18.54 1.1785 9522 0.8011
18.60 8.20 1930 17.27 1.7711 8910 0.8039
11.• 8.11 1170 18.60 1.7857 90&2 0.8138
17.71 5.U illS 18.82 1.8487 8347 0.8044
17.70 S.30 2000 19.18 1.1&30 837t 0.8113
18.80 4.40 1970 20.83 1.6137 7873 0.8114
16.80 4.40 1990 20.6' 1.5247 7728 0.8213

~ 18.20 3.80 1910 21.53 1.4063 7121 0.8111
~ 11.30 2.10' 200S 21.22 1.2802 8381 0.8382

11.21 2.11 1621 20.52 1.2513 8383 0.8402
14.10 2.10 171S 21.99 1.0117 1118 0.8411
14.41 2.01 17_ 21.71 1.0118 1483 0.1137
13•• 1•• 18_ 30.58 0.8711 4443 0.8880
13.80 1.20 18" 30.83 0.17" 4433 0.1022



TABLEA6-19

Plate: 8180S Date:03l30193
Hole Diameter: 0.4917 In. Uquld Temperatu18: U.I F
Plate Thickness: 14 Gage. Uquld Density: 999.384 KglCu.m
Uquld: water Liquid Viscosity: 1.222 cp
Increasing Head zero Point: 12.40 em.
Deburred Surface Flow Counter to Punch DIrection

UQUib NiT YOLUMe TiMI! FLOW Ri!YNOLbi ORiPic!
ELEVATION HEAD COLLECTED RATE NUMBER COEFF.

eM eM ML. SEC GPM
ii.ld 1.46 1ISo 31.15 0.1144 aoa d.tSbd
13.80 1.40 1SOO 31.39 0.7571 4041 0.7234
14.80 2.40 1810 21.98 1.0291 1498 0.7108
14.80 2.40 1970 30.14 1.0228 S484 0.74&e
15.SO 3.10 1845 2&.20 1.180e 8202 0.7448
1S.1O 3.10 1820 24.N 1.1583 8178 0.7421..... 18.80 4.40 17. 2O.eo 1.3642 7290 0.734t

~ 18.80 4.40' 1910 22.13 1.3812 7311 0.7370
19.10 8.70 1930 18.54 1.8502 8811 0.7204
19.10 8.70 1950 18.74 1.6498 8811 0.7201
21•• 8.10 1920 1S.A 1.9580 104&3 0.7171
21.40 13.00 illS 13.21 2.2310 11_ 0.7014
21.80 13.20 1980 13.70 2.2879 12119 0.7013
21.90 18.10 1_ 12._ 2.4111 13112 0.8148
28.00 18.80 1810 12.09 2.S043 13383 0.8841
30." 11.11 1840 11.72 2.1240 14022 0.8884
30.11 11.11 1840 11." 2.637S 140M 0.8918
33.00 20.80 222& 12.M 2.7211 14544 0.1771
33.10 20.70 1910 11.21 2.7tOO 14_ 0.1921
31.11 22.75 21to 12.08 2.1788 11383 0.8818
31.30 22•• 1985 10.74 2.1003 114. 0.1841
37.80 21.20 1tOO 1.71 3.0798 18417 0.8t32
37.80 21.20 1140 10.02 3.0811 18401 0.8_
4O.7G 21.30 2010 I .• 3.2023 17113 0.1102
40.71 28.31 1t80 1.11 3.2183 171M 0.11_
41•• 29.11 11tO 1.11 3.2111 17397 0.1113
41.80 29.20 2000 1.14 3.1111 17041 0.1811



TABLEA8-20

Plate: B1IOS Date:03130193
Hole Diameter: 0.4187 In. Uquld Temperature: 55.5 F
Plate Thickness: 14 Gage. Uquld Density: 999.384 KglCu.m
Liquid: Water Liquid Viscosity: 1.222 cp
Dec.....lng Head zero Point: 12.40 em.
Debunecl Surface Flow Counter to Punch DI18ction

DCSUlb NET vomME TIME FLOw REYNoLD8 O".,eE
ELEVATION HEAD COLLECTED RATE NUMBER COEFF.

eM eM ML SEC GPM
41.16 H.zd zObo i.M 3.,111 11141 o.ca'
39.40 27.00 1945 9.10 3.1481 16318 0.8141
39.40 27.00 1865 10.03 3.1OH 1&1. 0.87S3
37.1S 24.71 2050 10.87 2.919& 15504 0.8790
37.10 24.70 1160 10.34 3.0048 11583 0.8832
37.01 24.81 1950 10.14 3.04U 16808 0.8938..... 31.70 24.3Q 1920 10.14 3.001S 1.. 0.8180N

00 38.70 24.30 1110 10.38 2.9780 11444 0.8828
31.21 22.11 1t50 10.87 2.1870 1S024 0.8148
31.20 22.10 1180 10.21 2.9071 1S078 0.8110
31.20 22.10 1870 10.11 2.1321 11208 0.88M
31.GO 18.80 2030 12•• 2.8248 13812 0.1177
21.OS 11.M 1160 13.02 2.3163 12371 0.8111
27.10 11.40 1910 13.02 2.3741 12312 0.11_
24.GO 11.10 1820 14.18 2.1414 11147 0.7131
23.M 11.11 1890 14.74 2.1401 11019 0.7111
21.10 9.40 1120 11.73 1.1341 10034 0.7131
21.7S 8•• 1170 11.02 1.1413 10109 0.7203
18.30 8.90 1880 18.11 1.1824 .21 0.7111
11.30 8.to 1830 11.44 1.Ut1 1804 0.7137
11.GO I._ 1_ 20.45 1.1118 7139 0.7217
11.1S 4.11 1820 22.13 1.3332 8114 0.7314
11.10 4.10 1160 23.12 1.343' IHI 0.74.
14.70 2.30 1890 28.14 1.00M 1231 0.7121
14.SO 2.20

1_ 28.11 1.017' 1278 0.7714
13._ 1.20 1390 30•• 0.7274 3772 0.7S03
13._ 1.20 1420 30.11 0.7211 3710 0.7111



TABLEA6-21

Plate: C08ND Date:04I04193
Hole Diameter: 0.4970 In. Uquld Temperatu18: M F
Plate thickness: 14 Gage. Liquid Density: 999.402 KglCu.m
Uquld: Water Uquld VIscosity: 1.244 cp
Increasing Head Zero Point: 12.40 em.
Non debumtd Surface Flow Parallel to Punch Direction

UQUID NET voLUME 'nME I![OW REYNoLDS oAil!l~E
ELEVATION HEAD COLLECTED RATE NUMBER COEFF.

eM eM ML. SEC GPM
1S.D 1.i8 i. 5,.'6 6.11s1 ao. O.M"
13.M 1.1S 1440 28.84 0.7970 4118 0.8451
14.25 1.85 1920 31.1S 0.9788 S044 0.1170
14.21 1.85 1910 30.94 0.9718 6084 0.8188
11.10 2.70 1990 28.68 1.1833 8111 0.8192
11.10 2.70 1800 24.18 1.1800 8094 0.8170

~ 11.25 3.85. 1910 22.18 1.3613 7018 0.7922
~ 18.21 3.85 1780 20.72 1.3611 7072 0.7NO

18.15 ,.II 1830 16.96 1.7104 1133 0.7103
1t.OO 8.80 1920 17.44 1.7412 8013 0.7721
20.41 I.OS 1911 18.10 1.1712 9700 0.7131
20.41 I.OS 1_ 18.08 1.8784 1885 0.7120
22.30 9.80 1840 14.20 2.0141 10808 0.7427
22.30 9.80 1NO 11.02 2.0471 10174 0.7403
24.10 12.10 1920 13._ 2.2798 11774 0.74M
24.10 12.10 1930 13.48 2.2886 11721 0.7423
28.N 14.M 1880 12.13 2.48. 127. 0.7387
21.N 14.. 1110 12.47 2.4781 12802 0.7313
29•• 17.21 1181 11.48 2.7133 14013 0.7432
29•• 17.21 1120 11.31 2.8911 131M 0.7371
32.10 20.20 2010 11.13 2.1121 14785 0.7247
32.70 20.30 1910 10M 2.1172 14808 0.7240
••71 23.U 1110 t.11 3.0421 11711 0.7184
••71 23.31 1110 10.07 3.0817 111I3 0.7227
38.71 28•• 1_ 1.24 3.2186 18134 0.7224
38.10 28.40 1821 8.31 3.2m 18921 0.7217



TABLEA6-22

Plate: COaND 0818:04104I93
Hole Diameter: 0.4970 in. Uquld Temperatuna: IS F
Plate Thickness: 14 Gage. Uquld Density: 899.402 KglCu.m
Uquld: Water Uquid YISCOSIty: 1.244 cp
Decreasing Head zero Point: 12.40 em.
Non deburred Surface Flow Parallel to Punch Direction

LIQUID N!f volUME till FLC5W R!mUJS olfl~
ELEVATION HEAD COLLECTED RATE NUMBER COEFF.

eM CM ML. SEC GPM
il.16 21.46 'ii& 1.31 i.zl1f '1141 o.1Zif
35.80 23.40 1940 9.91 3.0907 11793 0.7289
31.80 23.40 1920 9.88 3.0868 11773 0.7260
32.95 20.1S 1870 10.22 2.9008 14821 0.7279
32.85 20.45 1940 10.5& 2.1150 14895 0.7333
29.60 17.10 1970 11.93 2.8178 13378 0.7202....
29.10 17.10 1935 11.61 2.8420 13100 0.7289w

0 28.91 14.1S 1960 12.70 2A340 12437 0.7219
28.90 14.50 1950 12.71 2.4321 12427 0.7288
24.10 11.70 18SS 13.07 2.249a 114M 0.7483
24.10 11.70 1910 14.01 2.2292 11391 0.7414
22.01 9.85 1960 11.21 2.0427 10431 0.7481
22.0& 9•• 1861 11.44 2.0174 10308 0.7388
19.1S 7.45 1810 17.31 1.1090 1244 0.7140
18.80 7.40 1940 17.1S 1.7921 1117 0.7411
17.80 1.20 1145 19.08 1.U46 7841 0.7818
17.50 1.10 1_ 20.27 1.128' 7812 0.7702
15.70 3.30 1910 23.99 1.2821 8448 0.7904
11•• 3.2S 2015 21.47 1.2141 MOl 0.7814
14.40 2.00 2000 30.91 1.0217 1241 0.8211
14.40 2.00 1780 27.24 1.0242 1233 0.8231
13.50 1.10 1511 31.41 0.71tt 4087 0.8877
13.50 1.10 1810 32.17 0.7833 4013 0.1606



TABLEA6-23

Plate: DOIND
Hole Diameter: 0.4"2 In.
Plate Thickness: 14 Gage.
Uquid: Water
Incl88Slng Head
Non debumMI Surface

Date:04I05193
Liquid Temperature: 16 F
Uquld Density: 999.338 KglCu.m
Uquld Viscosity: 1.212 cp
zero Point: 12.40 em.
Flow Parallel to Punch Dll8Ctlon

liQUiD NIT I![l)W RE'1FmL1fI oll"~E
ELEVAnON HEAD RATE NUMBER COEFFICIENT

eM eM GPM
13.40 1.60 0.14 - b.Rm
13.40 1.00 0.74 _3 0.8345
14.15 1.75 0.94 4907 0.8013
14.1S 2.45 1.11 519.- 0.7997
15.40 3.00 1.21 6316 0.7878
IS.9O 3.sG 1.30

6_
0.783'....

16.75 4.35 1.45 7S69 0.7840Uo)..... 17.95 5.SS 1.60 8352 O.76S9
19.00 6.60 1.7S 9135 0.7682
20.40 8.00 1.95 10179 0.7774
21.60 9.20 2.05 10701 0.7622
23.90 11.sG 2.24 11693 0.7449
:IS.?O 13.30 2.39 12476 0.7390
27.65 15.15 US 13311 0.7364
30.35 17.9S 2.73 14251 0.7266
33.10 20.70 2.91 15191 0.7213
36.20 23.80 3.19 16652 0.7374
36.20 23._ 3.21 16757 0.1420
38.20 2S.8O 3.29 17174 0.7304
38.2S 2S.SS 3.30 17227 0.7319



TABLEA8-24

Plate: D08ND
Hole Diameter: 0.4992 In.
Plate Thickness: 14 Gage.
Uquld: Water
Dec....lng Head
Non debumMI Surface

Date:04I0SI93
Uquld Temperature: 16 F
Uqukl Density: 999.331 KglCu.m
Uquld Viscosity: 1.212 cp
zero Point: 12.40 CIII.
Flow Parallel to Punch Dll8Ctlon

UQUiD A!f FLOW Rmim:lSl olUJ!leE
ELEVAnoN HEAD RATE NUMBER COEFFICIENT

eM eM GPM
38.26 -~.-----------------3~30- -'6968- 0.731'

.....
U)
~

31.40
32.90
30.70
27.90
21.50

,23.46
21.00
19.20
17.50
16.01
15.10
1tt.OO
13.40

23.00
2O.so
11.30
11.50
13.10
11.01
1.60
8.80
1.103._
2.70
1.60
1.00

3.08
2.11
2.72
2.13
2.34
2.11
1.12
1.73
1.10
1.31
1.13
0.8t
0.11

11734
14110
13_
13009
12032
11_
.72
lIN
7712
1731
1810
4678
3147

0.71.
0.71.
0.7170
0.7247
0.7211
0.7214
0.7313
0.7481
0.7410
0.7732
O.77U
0.7934
0.7711



TABLEA6-25

Plate: EOaND
Hole Diameter: 0.5006 In.
Plate Thickness: 14 Gage.
Uquld: Water
Increasing Head
Non deburntd Surface

Date:04106I93
Uquld Temperature: ••7 F
Uquld Density: 199.138 KglCu.m
Liquid Viscosity: 1.211 cp
zero Point: 12.40 em.
Flow Parallel to Punch Direction

UQUID NIt FLow REYNmSS oRft!
ELEVATION HEAD RATE NUMBER COEFFICIENT

eM CM GPM
1S.46 1.66 o.il il14 0.7111
13•• 1.41 0.89 4810 0.8281
14.40 2.00 1.04 1387 0.8248
15.00 2.80 1.19 8184 0.1271
15.10 3.40 1.34 8941 0.8148

~ 16.91 4.11 1.11 7821 0.7931w .w 17.80 1.40 1.83 1443 0.7888
19.20 8.80 1.79 8271 0.7887
20.50 1.10 1.N 10100 0.7883
22.01 9•• 2.10 10877 0.7111
23.70 11.30 2.26 117_ 0.7131
21.11 13.1S 2.42 12138 0.7413
27.40 11.00 2.R 13280 0.7412
29.20 18.10 2.70 13_ 0.7317
31.50 18.10 2•• 14114 0.7338
U.30 20.10 2.97 11314 0.7211
ss.oo 22.80 3.12 18181 0.7380
36.90 24.10 3.32 17197 0.7822
38.10 24.10 3.32 17117 0.7822



TABLEA8-28

Plate: EOaND
Hole Diameter: 0.S006 in.
Plate Thickness: 14 Gage.
Uquld: Water
Decreasing Head
Non debuned Surface

Date:04106193
Uquld Temperature: 1S.7 F
Uquid Density: 999.S3I KglCu.m
Uquid Viscosity: 1.218 cp
zero Point: 12.40 CIn.
Flow Parallel to Punch Direction

DQUID -NEI-~-----~1=LOW- - REYNOlDS------ ---ORIFICE
ELEVATION HEAD RATE NUMBER COEFFICIENT

eM eM GPM
.~.~----- 24:.- 3.31 11972 0.7491

....
~

38.90
34.70
34.70
32.40
30.40
21.41
28.10
24.71
22.10
20.90
11.20
17.80
11.10
14.20
13.51

24.10
22.30
22.30
20.00
11.00
18.01
14.10
12.31
10.20
1.10
8.80
1.20
3.10
1.10
1.11

3.30
3.14
3.14
2.91
2.71
2.82
2.47
2.32
2.13
1.96
1.77
1.57
1.21
1.01
0.71

18920
18100
18100
14921
14112
13434
128U
118M
10121
10010
1071
aoso
8401
1178
319'

0.7478
0.7416
0.7416
0.7287
0.7291
0.7334
0.7371
0.7403
0.7478
0.7139
0.7811
0.7721
0.7961
0.1442
0.11.



TABLEA6-27

Plate: E1SND
Hole Diameter: O.~999 In.
Plate Thickness: 12 Gage.
Uquld: water
Increasing Head
Non debumad Surface

Date:04107113
Uquld Temperatu18: 11.1 F
Uquld Density: 999.384 KglCu.m
Uquld VIscosity: 1.222 cp
zero Point: 12.80 em.
Flow Counter to Punch DIrection

LIQUID NEt FLOW-----REYNO~-------- -ORIFICE
ELEVATION HEAD RATE NUMBER COEFFICIENT

eM eM GPM
1:r.60-----~-- o.w-~--- 0.74 3799 0.8712

~

wu.

14.10
14.75
15.51
16.50
17.10
19.00

.20.1S
22.3S
23.90
21.75
21.30
30.90
33.90
38.40
31.10

1.10
2.15
2..
3.90
5.00
1.40
1.2&
9.71
11.30
13.11
11.70
11.30
21.30
23.10
21.10

0••
1.11
1.31
1M
1.11
1.80
1.97
2.14
2.28
2.41
2.14
2.11
2.11
3.1'
3.21

4871
1904
8728
7111
1266
9242

10111
1011I
11707
12S80
131S1
14428
1US2
11321
11193

0.1723
0.8120
0.8&77
0.1427
0.8097
0.8001
0.7713
0.7707
0.7827
0.7117
0.7412
0.7.7
0.72M
0.7330
0.7321



TABLEA6-28

Plate: E1SND
Hole Diameter: 0.4999 In.
Plate Thickness: 12 Gage.
Uquld: Water
Dec....ing Head
Non debumtd Surface

Date:04I07193
Uquld Tempendu18: R.S F
Uquld Density: 199.364 KglCu.m
Uquld VIscosity: 1.222 cp
Zero Point: 12.60 CIII.
Flow Counter to Punch DlNCtIon

UQUID NET - FLOW -- -REYNOLDS ORIFICE
ELEVATION HEAD RATE NUMBER COEFFICIENT

eM eM GPM
38.10 25.60---~-----~-- - 3.28--- ---- 17021 - 0.7326

.....
w
0\

35.so
32.10
30.10
28.10
26.10
24.&0
22••
20.55
11.30
17.40
11.40
15.40
1~35

13.40

22..
19••
17.SO
15.so
13.10
11••
9.U
7••
1.70
4.10
3.10
2.10
1.75
0.10

3.07
2..
2.78
2.11
2.46
2.32
2.12
1.11
1.79
1.11
1A2
1.28
1.00
0.80

15813
11003
14279
13103
12727
12003
109U
1001I
9281
8011
7341
8111
1173
4131

0.7214
0.7310
O.7~11

0.7411
0.7521
O.7M3
0.7874
0.7777
O.777e
0.711I
0.1111
0.8468
0.1101
1.00SI



TABLEA8-29

Plate: DOSND
Hole Diameter: GAl7i In.
Plate Thickness: 12 Gage.
Uquld: Water
Incl88Sing Head
Non debul11Ml Surface

Date:04I09193
Uquld Temperatu18: 1S.3 F
Uquld Density: 111.377 KgICu.rn
Uquld VIscosity: 1.225 cp
zero Point: 12.10 em.
Flow Parallel to Punch DIrection

[JQUID~-~-------- -- NET------- ----~FL~--- - -------REYNOLDS ORIFICE

ELEVAnoN HEAD RATE NUMBER COEFFICIENT
eM eM GPM

f3.80 1.30-- -.- -. ---- - --0.84 - 4291 0.8371

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

14.40
14..
15••
11••
11.30
20.30
22.20
24.10
28.71
21.21
30.10
32.70
31.00
38.20
38.30

1._
2M
3.40
4M
1.80
7.80
1.70
11.80
14.21
15.71
17.10
20.20
22.10
21.70
25.10

1.01
1.1S
1.33
1.49
1.17
1.11
2.01
2••
2.47
2.11
2.72
2.18
3.03
3.30
3.33

S160
A75
8794
7812
lUi
97A

10828
11411
1211'
13232
13898
14713
1M80
11111
17012

0.1333
O.AII
0.1203
0.8032
0.7111
0.7777
0.7S11
0.7113
0.7441
0.7422
0.7373
0.7217
0.7214
0.7403
0.7411



TABLEA6-30

Plate: D06ND
Hole Diameter: GAl7i In.
Plate Thickness: 12 Gage.
Uquld: water
Dec....ing Head
Non debumMI Surface

Date:CMI09I93
Uquld Tempel1ltUre: ••3 F
Uquld Density: 999.377 KglCu.m
Uqulcl VIscosity: 1.226 cp
Zero Point: 12.50 CIn.
Flow Parallel to Punch DIrection

UQuro-~---- NET-~-- -- FLOW-- REYNOLDS ORIFIce
ELEVATION HEAD RATE NUMBER COEFFICIENT

eM eM GPM
31.31 26.85 3.33 17273 _. 0.7441

.....
Ij)
00

37.60
35.50
33.30
31.20
29.00
27.20
24.75
22..
20.as
11.21
17.10
16.50
11.10
14.10
13.u

25.00
23.00
20.10
11.70
18..
14.70
12.25
10.•
1.31
8.71
1.30
4.00
3.00
2.10
1.01

3.23
3.10
2..
2.10
2.82
2.41
2.29
2.13
1.92
1.73
1.17
1.40
1.23
1.01
0.77

187M
18080
15457
14124
135.
12884
11871
11048
9919
8873
1143
7212
1310
I44e
3114

0.7348
0.7311
0.7431
0.7383
0.7338
0.7311
0.7441
0.7493
0.7SH
0.7172
0.77.
0.7.1
0.807'
0.1240
0.1S4I



TABLEA8-31

Plate: B05ND
Hole Diameter: 0.4979 In.
Plate Thickness: 12 Gage.
liqUid: Water
Increasing Head
Non deburred Surface

Oate:04I11/93
liquid Temperature: 58.5 F
liquid Density: 999.299 KglCu.m
liquid VIscosity: 1.203 cp
Zero Point: 12.70 an.
Flow Parallel to Punch Direction

LIQUID NET - -- - FLOW -ReYNOLDS~------ ORIFICE
ELEVATION HEAD RATE NUMBER COEFFICIENT

eM eM GPM
13.50-- -0.80--· --- - 0.78 ----4113 -- -- ---0-:9885

.....
U-)
\0

14.05
14.80
15.60
18.60
17.75
18.95
20.30
21.70
23.45
25.20
27.15
29.10
31.15
33.40
33.45
35.75
35.75
37.85
37.70
40.15

1.35
2.10
2.90
3.90
5.05
8.25
7.60
9.00
10.75
12.50
14.45
18.40
18.45
20.70
20.75
23.05
23.05
24.95
25.00
27.45

0.93
1.12
1.27
1.42
1.58
1.72
1.87
2.00
2.14
2.29
2.43
2.58
2.71
2.89
2.89
3.00
3.03
3.12
3.15
3.28

4904
5908
6897
7488
8226
9070
9881
10~

11285
12078
12814
13805
14290
15240
15240
15820
1sg78
18453
16811
17298

0.9073
0.8761
0.8454
0.8151
0.7869
0.7799
0.7889
0.7557
0.7399
0.7342
0.7248
0.7222
0.7152
0.7200
0.7192
0.7083
0.7154
0.7081
0.7141
0.7097



TABLEAI-S2

Plate: BOSND
Hole Diameter: 0.4979 In.
Plate Thickness: 12 Gage.
Uquld: water
oec....lng Head
Non debumKI Surface

Date:04I11193
Uquld Temperatunt: A.I F
Uquld Density: 999.291 KglCu.m
Uquld VIscosity: 1.203 cp
zero Point: 12.70 em.
Flow Parallel to Punch DIrection

UQUID - ··-NET --_ ..-Fl:.OW-~~- ~--~-REYNOlDS~------------ -ORIFICE

ELEVAnON HEAD RATE NUMBER COEFFICIENT
eM eM GPM

40.1& 21M -- ~ 3.21--------------.~·'6109---~------0J097

......
~

38.05
36.11
31.00
33.80
31.80
30.00
21.21
26.40
U,80
23.00
21.00
11.GO
17.11
11.10
14.41
13.10

21.31
23M
23.30
21.10
19.10
17.30
11••
13.70
12.10
10.30
1.30
1.30
4••
2.80
1.71
0.80

3.13
3.04
3.04
2.18
2.73
2.11
2.49
2.31
2.22
2.01
1.1t
1.17
1M
1.22
0••
0.77

18138
1A72
1A72
14147
14074
13458
12838
12111
11444
10723
t743
1801
747S
1211
1103_I

0.7047
0.7111
0.7139
0.7107
0.7011
0.7113
0.71M
0.7117
0.7234
0.7147
0.7437
0.7142
0.7712
0.1281
0.1413
0.1711



TABLEA8-33

Plate: 806DS
Hole Diameter: OA990 In.
Plate Thickness: 12 Gage.
Uquld: Water
Increasing Head
Debul18d Surface

Date:04I12193
Uquld Temperatu..: II F
Uquld Density: 999.1. KglCu.m
Uquld VIscosity: 1.177 cp
zero Point: 12.85 CIn.
Flow Parallel to Punch Dil8Ctlon

LJ~~---- ~---~NET- ~~ ~I:OW REYNOLDS ORIFICE
ELEVAnON HEAD RATE NUMBER COEFFICIENT

eM eM GPM
13.60 ~-- 0.85 0.71 -41. 0.9641

....
~
t-'

14.00
14.50
11.10
18.M
18.10
20.00
21.40
22••
24••
26.21
28.40
31.10
33.40
33.40
34.10
34.10
37.20
37.20

i .•
1••
2••
4.30
I .•
7.as
1.71
10.20
12.00
13.80
11.75
11.a
20.71
20.7&
22.2S
22.2124._24._

0.97
1.10
1.33
1M
1.74
1.10
2.01
2.21
2.31
2.11
2.87
2."
3.01
3.08
3.19
3.21
'.M3.37

1211
S911
71R
1340
1312
10223
11030
11891
128.
13101
14388
1U81
1M81
18172
17114
17272
1807t
18133

0.9422
0.9127
0••91
0.1431
0.8111
0.7101
0.7121
0.71Ot
0.711I
0.7111
0.7113
0.7114
0.7111
0.7131
0.7132
0.7110
0.71A
0.7178



TABLEA8-34

Plate: BOlDS
Hole Diameter: 0.4990 In.
Plate Thickness: 12 Gage.
Uquld: Water
Dec....lng Head
Debumtd Surface

Date:04I12193
Uquld Temperatu18: 58 F
Uquld Density: 999.188 KglCu.m
Uquld Viscosity: 1.177 cp
zero Point: 12.85 CIII.
Flow Parallel to Punch Dll8Ctlon

UQUID - NET ~ - - --FLOW ---- --- REYNOLDS ORIFICe

ELEVATION HEAD RATE NUMBER COEFFICIENT
eM eM GPM

37.20 24.•- 3.33 17_ 0.711I

......
~

37.20
35.20
35.20
33.10
33.10
30.ao
21.3S
28.3S
24.00
22.20
20.70
11.20
17.ao
11.10
14.10
14.10
1S.1O

24••
22••
22••
20.11
20.11
17.11
11.70
13.70
11.31
9.11
I.OS
,.II
4.11
3AS
2.21
1AS
0••

3.34
3.23
3.24
3.07 ·
3.11
2.12
2.84
2.48
2.30
2.13
1.11
1.11
1.81
1.41
1.21
0••
0.80

1781t
17038
17091
161M
1MOS
14878
13928
1313S
12132
112M
10444
114I
Nn
7ae
1S12
1222
4220

0.7_
0.7671
0.7700
0.7588
0.7887
0.7133
0.7511
0.7112
0.7701
0.777'
0.7171
0.7112
0.1211
0.11I7
0.1104
O.I27t
0.1713



TABLEA6-35

Plate: CiSND
Hole Diameter: OA982 In.
Plate Thickness: 12 Gage.
Uquld: Water
Increasing Head
Non debul1'8d Sulface

Date:04I12193
Uquld Temperature: 16.1 F
Uquld Density: 999.299 KglCu.m
Uquld Viscosity: 1.203 cp
Zero Point: 12.8 em.
Flow Counter to Punch Dil8Ctlon

UQUID - - NET -- --ROW --~~- --- - - ReYNOLDS ORIFICE
ELEVAnON HEAD RATE NUMBER COEFFICIENT

eM eM GPM
13.CO 1.66 0.11 4113 b.lAa
14.20 1.60 0•• 1217 0.1181
14M 2.20 1.15 8060 0.8771
1&.35 2.75 1.30 8851 0.117'

~ 18.40 3.80 1.47 7747 O.IUI
~ 17.40 4.10 1.61 841& 0.1320w

11.11 6.05 1.77 9328 0.1147
20.31 7.71 1.96 10328 0.7971
21.71 1.11 2.12 11172 0.7931
22•• 10._ 2•• 111A 0.7111
24.eo 12.20 2A2 12713 0.7144
28.70 14.10 2.17 13544 0.77.
28.10 18.00 2.72 14331 0.7811
31.11 11." 2.87 11121 0.7141
33.10 21.00 3.03 11_ 0.74M
13.10 21.00 3.07 11171 0.711I
31.11 23._ 3.22 11170 0.7141
35.M D._ 3.24 17071 0.7591
37.40 24.10 3.- 17391 0.7103
37.40 24.80 3.- 17311 0.7103



TABLEA6-36

Plate: CiSND
Hole DIameter: GAII2 In.
Plate Thick.....: 12 Gage.
Uquld: Water
Dec....lng Head
Non c1ebumKI Surface

Date:04I12193
Uquld Temperature: I6.S F
Uquld Density: 991.299 KglCu.m
Uquld VIscosity: 1.203 cp
zero PoInt: 12.8 CIn.
Flow Counter to Punch DIrection

UQUID NET FLOW REYNOLDS ORIFICe
ELEVATION HEAD RATE NUMBER COEFFICIENT

CM eM GPM
37.40 24.80 3.30 17517 - 0.7103

~

t

35.M
35.90
33.&0
30••
21.30
25.90
24.30
22.10
20.10
19.40
17M
11.01
14.20
13M

23.3S
23.30
20.90
11.01
11.70
13.30
11.70
9.90
1.20
8.10
4..
2.41
1.eo
0.10

3.20
3.22
3.05
2.84
2.U
2.11
2.38
2.19
2.021._
1.121.­
1.01
0.72

17064
17181
182SS
11131
14283
13377
1217'
11871
107.
1913
11M
1M2
Al2
3U7

0.74.
0.7553
0.7614
0.711I
0.711I
o.m2
0.7812
0.7_
0.7187
0.1071
o.ua
0.1042
0.1040
0.1114



TABLEA6-37

Plate: BiaND
Hole Diameter: 0.4979 In.
Plate thickness: 12 Gage.
Uquld: Water
Inc.....lng Head
Non deburred Surface

Date:04I13193
Uquld Temperature: 17 F
Uquld Density: 999.251 KglCu.m
Uquld Viscosity: 1.194 cp
zero Point: 12.5 em.
Flow Counter to Punch DIrection

UQUID NeT - FLOW REYNOLDS ORIFICE
ELEVATION HEAD RATE NUMBER COEFFICIENT

eM eM GPM
13.10 -. -- --1.AO -- o.u- -- -4Al----~-------·-~o:n_43

....
t;;

11.00
11.1S
17.00
11M
2OAO
22AO
24••21.
29••
31.so
34••
38.80
38.80
38.18
38••
40.10
40.11

2.103._
4.10
8.00
7.to
9.to
12.11
14.05
18.1S
11.GO
21.1S
24.10
24.10
21.11
21.15
28.GO
28.05

1.12
1.29
1M
1.•
1.17
2.07
2.24
2.39
2..
2.81
2..
3.02
3.03
3.1S
3.11
3.21
3.21

1977
6114
7791
1801
9979
11047
11954
12714
13M2
143S1
11213
11117
11170
11814
11110
17344
17344

0.8030
0.791t
0.7102
0.7838
0.7142
0.7418
0.721S
0.7221
0.7081
0.88M
0.8tM
0.1173
0.1"7
0.7001
0.1tU
0.1112
0.8tH



TABLEA6-3I

Plate: SiSND
Hole Diameter: 0.4979 in.
Plate Thickness: 12 Gage.
Uquld: Water
Dec.....lng Head
Non debumtd Surface

Date:04I13193
Uquld Temperatuna: 57 F
Uquld Density: 191.211 KglCu.m
Uqulcl Viscosity: 1.114 cp
Zero Point: 12.1 CIn.
Flow Counter to Punch Dlntetlon

LIQUID NET FLOW ReYNOLDS ORIFice
ELEVAnON HEAD RATE NUMBER COEFFICIENT

eM eM GPM
40.. %8.01 -3.25 17Z17- - 0.61R

....
~

38.41
38.41
38.60
36••
M.20
32.11
21.10
27AO
24.10
23.10
20.10
11.20
17.00
11.10
14.10

25••
25••
24.10
24.01
21.70
19••
17.00
14.90
12AO
10.60
lAO
1.70
4.10
2.80
1.80

3.12
3.11
3.00
3.02
2.13
2.71
2M
2.42
2.21
2.11
1.91
1.71
1M
1.12
0.12

11178
11523
169_
18041
11031
14311
13S41
12U7
11914
11210
10147
1081
7UG
1110
4117

0.8943
0.8921
0.8927
0.'111
0.6187
0.1930
0.7011
0.7107
0.7243
0.7341
0.7470
0.741t
0.7111
0.7874
0.1241



TABLEA6-39

Plate: 81&OS
Hole Diameter: 0.4990 In.
Plate Thick.....: 12 Gage.
Uquld: Water
Inc.....lng Head
DebumNI Surface

Date:04I13193
Liquid Temperatuf8: 17.7 F
Uquld Density: _.202 KglCu.m
Uquld VIscosity: 1.182 cp
Zero Point: 12.6 CIn.
Flow Counter to Punch Dll8Ctlon

DQUlD~- ~NET------~-FLOW-------- ---REYNOLDS - -

ORIFICE
ELEVAnON HEAD RATE NUMBER COEFFICIENT

eM eM GPM
1S.Cd 1.66 0.11 401' o.Ulo
14.20 1.60 0•• 5081 O.IRS
14.10 2.20 1.13 SIlO to•UN
11.70 3.10 :.. 1.33 7050 ~.U2S
17.20 4.60 1M 8270 0.8209

~

11.1S 8.35 1.7' NIl 0.8017~
--..J 20.40 7.10 1.• 103to 0.7920

21.71 9.11 2.11 iii" 0.7872
21.10 9.20 2.12 11238 0.711I
23.GO 10.40 us 11127 0.7874
24.60 12.00 2M 12723 0.7811
26.70 14.10 2.A 13177 0.7714
21M 11.to 2.73 14472 O.77Z1
3O.to 11.30 2.11 11428 0.7877
33.00 2OAO 3.12 18140 0.7711
33.00 2OAO 3.12 18140 0.7711
34AO 21.10 3.20 111M 0.77.
34M 21.10 3.23 17123 0.7807
••40 23.10 3.38 17812 o.m3
3IAO 23.80 3.38 17812 o.m3



TABLEA6-40

Plate: B15DS
Hole Diameter: 0.4990 in.
Plate Thickness: 12 Gage.
Uquld: Water
Decreasing Head
Debumtd Surface

Date:04I13193
Uquld Temperature: 17.7 F
Uquld Density: 999.202 KglCu.m
Uquld Viscosity: 1.112 cp
zero Point: 12.1 CIn.
Flow Counter to Punch Direction

LIQUID ----~----- - ~~FLOW REYNOLDS ORIFICE
ELEVAnON HEAD RATE NUMBER COEFFICIENT

eM eM GPM
3-6~ ~-·~-23.80 ~__u -~--17110---- ------------ -- 0.7773

....
~
00

36.40
35.00
36.00
33.15
33.01
31.20
21.1S
27.GO
21.05
22.70
21.10
19.70
18.30
11.71
14.60
13.70

23.10
22.40
22.40
20.55
20.41
11.10
16.2&
14.40
12.41
10.10
I.SO
7.10
1.70
4.15
2.00
1.10

3.32
3.23
3.24
3.09
3.10
2.92
2.71
2.62
2.43
2.22
2.04
1.17
1.70
1.49
1.10
0.12

1me
17294
17348
1654&
16111
1&134
14724
14028
13011
11_
10923
10012
1102
7971
un
4310

0.7810
0.7702
0.7728
0.7893
0.7737
0.7841
0.76"
0.7792
0.m2
0.7184
0.7197
0.7920
O.IOH
0.1211
0.1771
0.1124



APPENDIX 7

DISTRIBUTOR TROUGH DATA

The data collected from tests on the distn'butor trough are doaunented here. Runs

1-3 are not included because they were test runs carried out to familiarize ourselves with

the apparatus. All other data are reported here. The inlet flow rate to the trough was

measured in gpm using the flow meter. Flow rates through individual orifices were

measured in mlIsec using a measuring cylinder and stopwatch. The head was measured in

em. The individual flow rates were added to give a total flow rate was then compared

with the flow meter reading. This gave us some idea ofthe accuracy ofthe flow meter.

Each reading for the head and flow rate was then converted to an orifice coefficient and

Reynolds number. Average values were calculated for each run.
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TABLEA7-1

RIID##4 Water Temperature: 71.3 F
Date: 6/13/93 Water DeDIItJ: 997.816 Kg I Ca.m.
Plate TIaldaaea : Ill. Water VIIeoIIty: 0976 ep
EsperImeDtaI CoIIdItIoD: COIIItaDt IDIet Flow ofWater (10.041P- _ Flow Meter)
IDIet at 8.541D. From BottoBa ~tIae T.....

RL\DING BOLE AVEG. ZERO VOLUME TIME NET now REYNOLDS ORD1CE
## N1JMBER BOLE POINT ELEVAnoN COLLECTED BEAD RATE NUMBER COEW.

DIA., IN. CM CM ML SEC CM GPM

1 1 0.3447 62.80 65.75 1340 33.sG 295 0.6341 S948 8.8734
2 1 0.3447 62.80 65JJO 1330 33.4S 3.00 0.6303 913 OM09
3 2 0.3458 62.80 6S.8O 1280 3197 3.00 0.6347 935 0.8614
4 2 0.3458 62.80 6S.8O 1400 3s.23 3.00 0.6. 5891 0.85S0

~ 5 3 0.3457 31.70 34.7S 127S 32.02 105 0.6312 S904 O.lSOI
U1 , 3 0.3457 31.70 34.75 1270 3L63 3.05 0.6365 S'54 US720

7 4 O.34SS 31.70 34JIO 12S0 31.37 3.10 0.6317 5'12 0.8448
8 4 O.34SS 31.70 34JIO 1270 31.89 3.10 0.6313 5909 U443, 5 O.Mi2 17M 20.55 1M 3L67 295 0.6307 5891 OM12
10 5 0.3462 17M 2O.5S 1270 32.12 2.95 0-'_ S8S4 U559
11 6 0.34SS 17M 20M 12SO 3L82 3.00 0-'227 5828 0.84'6
12 6 O.345S 17M 20M 1240 3LS7 100 0.6226 5828 U4'5
13 7 0.3454 90.20 92.75 1210 32.13 2.55 0S70 5519 0.-,

1~ 7 0.3454 90.20 92.75 12SO 3U5 2.55 0.5a9 5513 0M89
15 8 O.Mi2 M.2O 92.75 1220 32.22 2.55 0M02 M07 0.881'
16 8 0.34'2 90.20 92.70 1220 32.27 2.50 0St3 55" U890
17 , 0.Ma 1M 510 aM 2.U UMI 1877 0.2911



READING BOLE AVEG. ZERO LIQUID VOLUME TIME NET FLOW REYNOLDS ORDlCE, NUMBER BOLE POINT ELEVATION COLLECTED BEAD RATE NUMBER COEFF.
DIA., IN. CM CM ML SEC CM GPM

IS t 0.3448 1-'0 570 43.93 2.63 0.20S7 1929 0.2999
19 10 0.3457 1-'0 640 31.59 2.63 0.3212 3004 OMSI
20 10 0.3457 1-'0 SSG 26.38 2.63 0.3305 _2 0.4794
21 11 0.3464 2.80 s.so 1310 31S2 2.70 o.619S 5783 0.8832
22 11 0.3464 2.80 s.so 1300 33.34 2.70 0.6181 mo 0.8812
23 12 0.34S6 2.80 s.so 1310 34.20 2.70 0M72 _I 0.8697
24 12 O.34S6 2.80 s.so I%7S 33SI 2.70 0-'021 S633 0.8623
2S 13 0.3467 5'.90 62.80 1S20 39.02 2.90 O.617S 5760 0JU80
2(i 13 0.3467 5'.90 62.80 1S30 39.04 2.90 0.6212 5794 8.8531
rI 14 0.3445 S9.90 62J1O 1140 29.3S 2.90 U157 S780 O.8S64
28 14 0.3445 59.90 62.80 1240 32.03 2.90 U137 5161 0JJS36
29 IS 0.3452 29S 32.40 1280 33.20 2.90 UI12 5725 0.8466....

v. 30 IS 0.3452 29S 32.40 1240 3L88 2.90 0.61" 577' O.8S41.....
31 16 0.3447 29S 32.40 1280 33.63 2.90 U033 56'0 0.8382
32 16 0.3447 29S 32.40 12S0 32.86 2.90 0-'030 .7 OSJ17
33 17 0.3455 IS 4M 1220 32.02 2.90 0.6040 56S3 U3S2
34 17 0.3455 IS 4M

1_
42.09 230 0.6026 S640 0.8333

3S II 0.3449 IS 4.30 1340 35.83 2JIO 0.5928 SSS8 0.8372
36 18 0.3449 IS 4.30 1340 35.7~ 2M 0.5'43 5S72 U393

AVERAGE ZJJ4 0.5763 5394 U040
TOTAL IN rLOW 10.3741

GPM
Notes For We ...94 10.....red..11II.........dplflraadJ--_t"'" die 1dIuII.., ....11I.troll"
a.ee, for - ,...,.., IlIIIIIeM fer---... tall.- to M nenp~_ bMdtlor ..q..,...(7-1 a 11.12 ).



TABLEA7-2

R.. IIS WaterTeaaperatun: 72.3 F
Date: 6/14193 Water DeDIIty: WI.679 Ka I c....
Plate n.IdmeII : IllAIe Water VIIeaIIty: 0.958 ep
Esperl8leDtai CoDdIdoD: COIIItaDt IDIet Flow ofW_r (14.28.- _ Flow Meter)
IDIet at 8.S41L FIOla Bottom ofthe TIOIIIb

Rl.ADING BOLE AVEG. ZERO LIQUID VOLUME TIME NET now REYNOLDS ORD1CE
#I NUMBER BOLE POINT ELEVATION COLLBCI'ED IlIAD RATE NUMBER COEn'.

DIA., IN. CM CM ML SEC CM GPM

I 1 0.3447 62.75 6'.20 1710 31.45 6.4S OMl' 8237 0.8029
1 1 0.3447 '2.75 6'.20 1700 31.09 6.4S 0.8668 8283 0JJ074
3 2 O.34S8 62.75 69.20 1780 32.84 6.4S 0.8592 811S O.19S3
4 2 O.34S8 '2.75 ".20 J~10 32.63 6.4S 0.8599 8191 0.799

~ S 3 0.3457 3L7S 38.15 1730 31.94 6.40 0.8586 8181 0.7983
tJ\ , 3 0.3457 31.75 38.IS 1760 32.49 6.40 0JJ587 8182 0.7984~

7 4 0.345S 31.75 38.15 1710 31.49 6.40 0M08 8207 0.8013
8 4 O.345S 3L7S 38.15 1690 31.24 6.40 OJJ576 817' 0.7982
9 S 0.3462 17m 23JJ5 1700 31.13 us 0.867 8237 0.8121
10 S 0.3462 17m 23JJ5 1720 31-S9 us OM31 8212 o.-n
11 , 0.3455 17m 23JJ5 1700 31.47 us 0.85Q 8164 O-'*'
12 , 0.345S 17m 23JJ5

1_
31.18 us OJJ541 8143 0.8045

13 7 0.3454 90.10 9UO ISS«» 32.13 '-10 0.7647 7293 8.72'6
14 7 0.3454 90.10 9UO 1S20 3L32 6.10 8.7. 7337 0.7339
IS 8 0.3462 90.10 9UO lSOO 3LII 6.10 0.7'0 7m O.72SI

l' 8 0.3462 90.10 9UO lSOO 3L07 '-10 0.7'53 7282 O.TWI
17 9 0.3448 1m - 1320 3L84 '-05 usn '278 0.6311



READING ROLE AVEG. ZERO LIQUID VOLUME TIME NET ILOW REYNOLDS ORD1CE
1# NUMBER BOLE POINT £LEVATION COLLECTED BEAD RATE NUMBER COEFF.

DIA., IN. eM CM ML SEC CM GPM

18 , 0.3448 1-'0 · 1290 31.20 6.OS O.6SS4 6261 0.6300
19 10 0.3457 1-'0 · 1420 36.18 6.OS O.6m S928 O-S9S0
20 10 0.3457 1-'0 · 1310 33.84 6.05 0.6137 5847 O.s868
21 11 0.3464 2.70 8.70 1710 32.58 6.00 0.8320 7912 0.7957
22 11 0.3464 2.70 8.70 1800 33.69 6.00 0'" 8054 0.8100
23 12 O.34S6 2.70 8.70 1710 34.48 6.00 0.7862 7493 0.7554
24 12 0.34S6 2.70 8.70 1_ 34.09 6.00 0.7812 7. 0.7.
2S 13 0.3467 59.90 6S.9O 1690 31.72 6.00 0.8446 8024 0.8063
26 13 0.3467 59.90 65.90

1_
3U4 6.00 OJJS12 8087 0.81245

27 14 0.3445 59.90 6S.9O 1710 32.17 6.00 O.84~ 8057 0.8148
..... 28 14 0.3445 59.90 65.90 1700 3L71 6.00 0.8498 8126 U218
VI

29 15 0.3452 its 3S.SO 1760 32.81 6.00 OA103 8114 0.8189~

30 IS 0.3452 29S 3S.SO 1710 3L91 6.00 0.8495 8106 0.8181
31 16 0.3447 29S 3S.SO 1_ 3L6S 6.00 0.8414 8041 Ul27
32 16 0.3447 29S 3S.SO 1800 34.09 6.00 0.8370 7999 0.8084
33 17 0.3455 IS 7S 1780 33.37 6.00 U45' _2 Ul29
34 17 0.3455 IS ?S 1790 33.71 '-00 0.8417 1025 0.80'2
3S 18 0.3449 L!O 7.so 17A 33.13 '-00 0.8421 8043 0.8124
36 18 0.3449 IS 7S 1760 33.11 6.00 0.8426 8048 0.8129

AVERAGE 6.15 0.8144 7100 0.7770
TOTAL INnow lU598

GPM
N-. 'or~ IIOL' A 10 tM....... IIe8d III dae alMa......~....".. tile IduIM.d,..-11I. troqII.
..., forealalhtloa,lIIpOIII, _ ..for_ WeI... taIIea to be .....~___ Ior..q.....WeI (7-1 A 11-12).



TABLEA7-3

RUII#' Water Temperatare: 72.3 F
Date: 6115193 Water Deadty: WI.6'9 Ka I ea...
Plate 1'hIckDeI1 : III. Water VIlcollt1: 0.958 ep
EsperbDeDtai CoDdItIoD: CoDItaDt IDIet Flow ofWater (12.16 IP- OD Flow Meter)
IDIet at 8.St IL From Bottom ofthe Troap

READING BOLE AVEG. ZERO UQUID VOLUME TIME NET now REYNOLDS ORD1CE
f# NUMBER BOLE POINT ELEVATION COLLECTED BEAD RATE NtJMBER COItFF.

DIA., IN. CM CM ML SEC CM GPM

1 1 0.3447 62.7S 67.20 IS10 31.81 .us O.7S2S 7191 0.8439
2 1 0.3447 62.75 67.20 1470 31.15 .us 0.7481 714' 0.8390
3 2 O.34S8 62.75 67.20 1_ 31M .us 0.7463 7109 0.8317
4 2 O.34S8 62.75 67.20 1470 31.24 .uS O.74S9 710S 0.8312

... S 3 0.3457 31.7S 36.20 1700 36.16 .us 0.7453 7101 0.8310

~
, 3 0.3457 3L7S 36.20 1_ 31.41 .uS O.7~9 7117 0.8328
7 4 O.34SS 3L75 3UO 1470 3Lt7 .us 0.747' 7128 0.8345
8 4 O.34SS 3L75 36.20 1_ 3L03 .us o.74S9 7111 0.832', S 0.3462 17M 22.00 18 30.73 4M 8.7. 7117 0JJ363
10 S 0.3462 17M 22.00 1470 31M 4M 8.7S02 7138 O.a.
11 , O.34SS 17M 22.00

1_
31.12 4M 8.7473 7124 0.1389

12 , 0.34SS 17M 22.00 1470 3L22 4M 8.7464 711' U379
13 7 0.3454 90.10 94M 1330 3UO 4.30 U881 6486 0.7728
14 7 0.3454 9O.1~ 94M 1M 3UG 4.30 U822 eM 8.7752
15 8 0.3462 90.1 94M 1350 3UG 4.30 U730 6403 0.7611

l' 8 0.3462 90.10 94M 1350 3L17 4.30 08115 6389 0.7.
17 9 0.3448 1M . 1140 34.39 4.20 0.5255 5020 OMQ



READING BOLE AVEG. ZERO LIQUID VOLUME TIME NET FLOW REYNOLDS ORD1CE

t# NUMBER BOLE POINT ELEVATION COLLECTED BEAD RATE NUMBER CORn'.
DIA..IN. CM CM ML SEC CM GPM

18 9 0.3448 1.60 · 1180 35.26 4.20 o.s3OS 5068 0.6120
19 10 O.uS7 1-'0 · 970 30.64 4.20 O-SOIS 4782 O-S760
20 10 0.3457 1-'0 · 1040 33.76 4.20 0.4883 4653 o.s6OS
21 11 0.3464 2.70 6.80 1S6O 34.20 4.10 0.7231 ." 0.8366
22 11 0.3464 2.70 6.80 1620 3S.71 4.10 0.71'1 QJ38 0.8320
23 12 0.3456 2.70 6.80 14SO 34.30 4.10 0.6701 6387 0.7789
24 12 0.3456 2.70 6.80 1400 33.02 4.10 0.6121 ~ 0.7812
2S 13 0.3467 60.00 ~OO 1720 37.80 4.00 0.7213 A53 0.8434
26 13 0.3467 60.00 ~oo 1670 36.77 4.00 0.7200 6840 0.8418
rJ 14 0.344S '0.00 ~OO

1_
32.24 4.00 0.7179 QJ64 O.lSOI

28 14 O.344S '0.00 ~OO 1570 34.60 4.00 0.71'3 A78 O.lSle
~

29 IS 0.3452 29-SO 33.60
1_

28M 4.10 0.7095 '770 O.826SU\
U\

30 IS 0.3452 29-SO 33-'0 1670 36.81 4.10 8.7192 A63 0.8378
31 16 0.3447 29.50 33M 1_ 32.1' 4.10 0.7190 '871 0.8400
32 16 0.3447 29.50 33M 1630 35.84 4.10 0.7209 A90 0.8423
33 17 0.3455 1.50 SM 1S8O 3S.17 4.10 0.7121 '790 U282
34 17 0.3455 1.50 SM

1_
3S.S7 4.10 0.7131 '''' 0.12'3

3S 18 0.3449 LSO SM ISH 3336 4.10 8.7142 '121 U335
3' II 0.3449 1.50 5.'0 J.SOO 3153 ~10 O.7m fm3 0.827'

AVERAGE 4.24 0-"73 '02 0JJ02'
TOTAL IN FLOW 12.551'

GPM
Nate: For IIoIe 110I. 9 A 10.obIerYed Mad III.P.tIIbe wu dpllrandJ.....diu.....1Iad ' ....11.m.p.
a-, for calallatIoII ,..,... lilt-- for tllelelaolel wu..... IM...~"'"for adj__ 1aoIeI (7-1 a 11.12 ).



TABLEA7-4

R1III II 7 Water Tempentare: 73.2 F
Date: 6/16193 Water_tty: 997.s62 Ka I C......
Plate Tllicbel. : 111. WaterVIIeoItty: 0347 ep
Esperlmeatal CoDdItIoD: CODItaDt IDIet Flow ofWater (16.241P- _ Flow Meter)
ID1et at 8.541L From BottoIB oftbe T....p

READING BOLE AVEG. ZERO LIQUID VOLUME TIME NET now REYNOLDS ORD1C1
t# NUMBER BOLE POINT ELEVATION COLLECtED ID'AD RATE NUMBER COEFF.

DIA.,IN. CM CM ML SEC eM GPM
1 1 0.3447 62.75 71.00 1810 29!J7 8.25 03574 92S4 O.188S
2 1 0.3447 62.7S 71.00 1890 30.95 8.25 0-"80 9357 O.7t73
3 2 0.3458 62.75 7LOO 1920 31.Q 8.25 03622 9212 O.787S
4 2 0.3458 62.75 71.00 1_ 30.54 8.25 0.9654 9302 0.7902

..... S 3 0.3457 31.75 40.00 llSO 30.47 8.25 03625 9276 0.7182Ul
0\ 6 3 0.3457 31.7S 40.00 1780 29M 8.25 0.9568 9222 O.783S

7 4 0.3455 31.75 40.10 1920 31.9 US 0.9635 9291 0.7852
8 4 0.3455 31.75 40.10 1900 31.23 US 0-"44 9301 0.7859
9 S 0.3462 17.60 25.70

1_
30AI 8.10 036" 9331 0.7990

10 S 0.3462 17.60 25.70
1_ 30.29 &10 09734 ,. U022

11 6 0.34S5 17.60 2S.70 1900 31.34 8.10 83610 ,. 0."52
12 6 0.3455 17.60 25.70 1_ 3030 8.10 0.H45 '301 0:7980
13 7 0.3454 90.10 91.20 1810 32.IS 8.10 U924 ., 8.7•
14 7 0.3454 90.10 98.20 1730 30.10 8.10 0.1933 8617 8.7395
IS 8 0.3462 90.10 98.20 1710 3L15 8.10 UI59 852' 0.7301

l' 8 0.3462 90.10 91.20
1_

32.23 1.10 U853 1S20 0.7296
17 , U44I 1.60 . 1710 34.63 US 0.7121 7564 8.6523



READING BOLE AVEG. ZERO LIQUID VOLUME TIME NET now REYNOLDS ORDlCl
fI NUMBER BOLE POINT ELEVAnON COLLECI'ED BEAD RATE NUMBER COEFF.

DIA., IN. CM CM ML SEC CM GPM

18 9 0.3448 1.60 · 17SO 35.54 8.OS 0.7. ?SO 0.6SOS
19 10 0.3457 1.60 · 14S0 31.27 8.05 0.7351 708S 0.6094
20 10 0.3457 1.'0 · 14SO 30.99 actS 0.7417 7149 0.6149
21 11 0.3464 2.70 10.70 1880 31.70 8.00 0.9401 9043 0.7787
22 11 0.3464 2.70 10.70 1890 31J1S 8.00 0.9407 9048 0.7791
23 12 O.34S6 2.70 10.70 1750 30.75 8.00 03021 8697 0.7507
24 12 0.34S6 2.70 10.70 17SO 30.73 8.00 03027 8703 0.7512
2S 13 0.3467 60.00 67JJO 1830 30.41 7JJO 8.9539 9161 0.7988
26 13 0.3467 60.00 67JJO 1870 31.04 7JJO U550 9178 0.7997
27 14 0.3445 60.00 67JJO 1810 30.12 7JJO 03526 f213 0.B079
28 14 0.3445 60.00 67JJO 1910 31.90 7JJO 8.94'1 91SO 0JJ049

.... 29 IS 0.3452 29.50 37.50 1_ 3035 8.00 U47S '146 0.7903
Vl 30 IS 0.3451 29.50 37.50 1840 30.67 8.00 0.9510 9179 0.7932~

31 16 0.3447 29.50 37.50 1890 31.58 uo 0.9487 9170 0.7935
32 16 0.3447 29.50 37.50 1840 30M 8.00 0.94S2 9136 0."
33 17 O.345S 1.50 9.40 1900 32.06 7.90 U39S 9060 0.7871
34 17 0.3455 1.50 9.40 18S0 31.21 7..90

03_
9062 0.7873

35 18 0.3449 1.50 9.40 19S0 32.87 7.90 U404 9085 0."
3' 18 0.3449 1.50 9.40 1935 31.6' 7.90 0.9383 9065 0.7889

AVERAGE 8.06 U226 8931 0.7'11
TOTAL IN FLOW 1'-'062

GPM
Nee.: 'or bole DOL , a 10.oMen'ed Mad III. ___ tOe... tdp"'eudJ.....tro. tIIe..-Mad ,..-111.tnap.
.... for - JI'II1IOIIIt..Mad for---...... to t.e ......~..... tor adJMeIIt W. (7-1 a 11-12 ).



TABLEA7-S

Raa##8 Water Tempenture: 73.2 F
Date: 6'18193 Water DeDlIty: 997.s62 Ka I Ca.m.
Plate 11aIdmeI. : Illqe Water VIIeoIIty: 0347 ep
EsperbDeatai CODditIoD: CODItaDt IDIet Flow ofWater (18.10 I'm _ Flow Meter)
IaIet at 8.54 ID. From Bottom ofthe Troup

READING BOLE AVEG. ZERO LIQUID VOLUME TIME NET FLOW REYNOLDS ORDlCE, NUMBER BOLE POINT ELEVATION COLLECTED BEAD RATE NUMBER COEFF.
. DIA., IN. CM CM ML SEC CM GPM

1 1 0.3447 62.80 73.sG 1930 28M 10.70 1.0601 10247 0.7667
2 1 0.3447 62.80 73.sG 19S0 29.84 10.70 1.0644 10289 0.'6"
3 2 0.3458 62.80 73.sG 1930 28.62 10.70 1.0690 10JOO 0.7682
4 2 0.3458 62.80 73.sG 1960 29.12 10.70 1.0670 10280 0.7668

..... S 3 0.3457 31.70 42.S0 1970 29.24 10M 1.0680 10294 0.7644
CJ\ 6 3 0.3457 31.70 42.S0 1940 28.77 10M 1.0689 10302 0.765100

7 4 0.345S 31.70 42.S0 I_ 29.28 10M 1.0720 10338 0.7681
8 4 O.345S 31.70 42.S0 1990 29.63 10M 1.0646 10267 0."29
9 S 0.34'2 17M 28.20 1920 28.16 10M 1.0808 10402 0.7786
10 S 0.34'2 17M 28.20 1900 27S! 10M 1." 10401 O.T18S
11 6 0.345S 17M 28.20 1970 29.20 10M 1.0695 10314 8.773S
12 , O.345S 17M 28.20 1970 29.21 10M 1.0691 10310 0.7733
13 7 0.3454 90.2S 100.70 1M 29M 10AS 1.0136 fJ777 8.7.
14 7 0.3454 90.2S 100.70 1930 30.31 10AS L80'4 9737 O.73S7
IS 8 0.34'2 90.2S 100.70 1920 2930 10AS 1.0179 9797 0.7385
16 8 0.34'2 90.2S 100.70 1M 30.16 10AS LOI" 9813 0.7398
17 9 0.3448 1M - 1870 3L48 10M 0.9417 "" OM04



READING BOLE AVEG. ZERO LIQUID VOLUME TIME NET FLOW REYNOLDS ORDlCE
tI NUMBER BOLE POINT ELEVATION COLLEcrED BEAD RATE NUMBER COEFF.

DIA., IN. eM. eM. ML SEC eM. GPM
18 9 0.3448 1.60 - 1'30 32.36 10.40 0.9454 '136 0.6932
19 10 0.3457 1.60 - 1S30 26.83 10.40 0.9040 8713 0.65;3
20 10 0.3457 1.60 - 1620 28.19 10.40 0.9110 8780 0.6644
21 11 0.3464 2.75 13.10 1'10 28.S2 10.35 1.0616 10211 0.7730
22 11 0.3464 2.75 13.10 1870 27.94 10.35 1.0610 10205 0.7726
23 12 0.34S6 2.7S 13.10 1900 29.08 10.35 1.0357 998S 0.7577
24 12 0.3456 2.75 13.10 1900 28.99 10.35 1.0389 10016 0.7.
2S 13 0.3467 59.90 70.30 1960 29.09 10.40 1.0681 10264 0.774S
16 13 0.3467 59.90 70.30 1930 28.75 10.40 1.0642 10227 0.7717
27 14 0.3445 59.90 70.30 1920 28.62 10.40 1.0634 1028S 0.7811
28 14 0.3445 59.90 70.30 19S0 29.06 10.40 1.0637 10288 0.7812

...... 29 15 0.34S2 2~.sG 39.90 1_ 29.64 10.40 1.0S89 10221 0.7746U\
\0 30 15 O.34S2 29.sG 39.90 1970 29.36 10.40 1.0636 10_ 0.77_

31 16 0.3447 29.sG 39.90 19S0 29.27 10.40 I.WI 10_ 0.7747
32 16 0.3447 29.sG 39.90 2000 JO.l1 10.40 1.0529 10178 0.7724
33 17 0.3455 t.sG 11.80 1940 29.54 10.30 1.0411 10040 0.7639
34 17 O.34SS 1.sG 11.80 1_ 29.97 10.30 1.0473 10100 0.7.
3S 18 0.3449 t.sG 11.80 1_ 29.71 10.30 1.0S64 10_ 0.7m
36 18 0.3449 1.sG 11.80 I. 29.94 10.30 1.0536 10118 0.7758

AVERAGE lUG 1.0412 IONS 0.7.
TOTAL IN FLOW 18.7416

GPM
Note: For We IIOL , A 10 tile obIen'ed Iaead ID tile p... tabe wu IIpIfleatly dIIrenDt rro. tile 8dUl1lead p.... 1111 tile troqIa.
..., for_,...,.., _1Iead lor tIIeIe 1aoIeI ... taba to be avena-of,,""or IMIJ.-tlaolel (7-8 a 11-12).



TABLEA7-6

RDDII9 Water TemPerature: 73.0 F
Date: 6/19/93 Water DealIty: 997.'09 Ka I c...
Plate Tldelmell: 111. Water VIIcoIIty: 0.949 ep
EsperlmeDtal CoDdItIoD: COIIItMt IDIet Flow atWater (20.021P- _ Flow Mew)
IDIet at 8.S4 Ia. F.... 1IoUc.- oldie TrouP

READING BOLE AVE<;. ZERO LIQUID VOLUME TIME NET now REYNOLDS ORDlCE
t# NUMBER BOLE POINT ELEVATION COLLECDD BEAD RATE NUMBER COKW.

DIA., IN. CM CM ML SEC CM GPM

1 1 0.3447 62.80 76.10 19S0 26.77 13.30 l.lSI7 11138 0.7491
2 1 0.3447 62.80 '6.10 1910 26.02 13.30 LI636 11224 0.7549
3 :1 0.3458 ,2.80 ".10 1910 2M2 13.30 LIAI 11232 0.7530
4 2 0.3458 62.80 '6.10 1970 ~, 13.30 1.1709 1129 0.7sa

.... S 3 0.3457 31.70 4S.IS lass 2S.2O 13.45 Ll'" 11223 0.7.
~ , 3 0.34S7 31.78 4S.IS 1890 25.8S 13.45 LI_ 11148 0.7433

7 4 0.34SS 31.78 e.lS 1940 26.52 114S 1.1_ 11160 0.7446
8 4 O.34SS 31.70 4S.1S 20BS 28M 13.45 1.1520 11087 0.7397, 5 0.34'2 17M 30.70 1_ 25.27 13.10 1.1793 11327 0.7642
10 S 0.34'2 17M 38.70 1870 25.12 I1IG LIIOI 11334 0.7'-47
11 , O.34SS 17M 30.70 1m 26.14 13.10 I.I~ II_ 0.7575
12 , 0.34SS 17M 30.70 1M 26.52 13.10 1.171' 11275 8.7'22
13 7 0.3454 9O.2S 103.20 1820 25.59 I2.9S L1274 108S3 0.7312
14 7 0.3454 9O.2S 103.20 1850 26M I2.9S 1.U40 10821 O.73A
15 8 0.34'2 9O.2S 103.20 1950 27.31 I2.9S Ll3U 10871 0.7377

l' 8 U462 90.25 10120 1980 27.12 l2.95 L12I2 10836 0.7353
17 , U448 1M . 1_

2'-11 I2.9S IMJJ 10541 0.7187



READING BOLE AVEG. ZERO LIQUID VOLUME TIME NET now REYNOLDS ORDlCE, NUMBER BOLE POINT ELEVATION COLLECTED BEAD RATE NUMBER COEFF.
DIA., IN. CM CM ML SEC CM GPM

II 9 0.3448 1.60 . 1900 27.59 12.9S 1.0917 10527 0.7173
19 10 0.34S7 1.60 . 1770 2597 12.9S 1.0804 10392 0.7062
20 10 0.34S7 1.60 - 1880 27.22 12M 1.0948 1OS3O 0.71S6
21 11 0.3464 2.75 15.70 2000 27.34 12.9S I.IS" 11131 0.7549
22 II 0.3464 2.75 15.70 1890 25.87 1295 1.1S11 1111' 0.7539
23 12 0.34S6 2.7S 15.70 ISSO 2S.S3 12.9S 1.1487 11052 8.7512
24 12 O.34S6 2.75 15.70 1890 26.02 1295 l.lSl4 11078 0.75.lO
2S 13 0.3467 59.90 72.80 1870 25.64 l2.9O LIS61 11_ 0.7528
26 13 0.3467 9.90 72.80 1910 2UO 1230 LI556 11083 0.7524
27 14 O.344S S9.90 72.80 1910 25.9S 1230 LI_ 11261 0."94
28 14 O.344S 59.90 72.88 1820 24.82 1230 L1Ci24 11219 0.7.

...... 29 IS O.34S2 29.50 42.45 1M 26.77 1295 I.IA6 11179 8.76'08
0\ 30 IS 0.34S2 29.50 42.45 1880 2S.74 12.9S 1.1578 111S2 8.7•......

31 l' 0.3447 29.50 42.45 1920 2'-4S 12.95 1.1S07 11100 0.7.
32 16 0.3447 29.50 4US 1895 ~" 1235 1.IS14 11106 0.75"
33 17 0.3455 1.50 14.30 1M 27Al l2JJO 1.11l5 10M 0.7461
34 17 0.3455 1.50 14.30 1900 2U7 l1.8O Ll422 I~ 0.7518
3S 18 0.3449 1.50 14.30

1_
26.04 l1.8O LI-445 11033 0.7.

36 18 8.3449 1.50 14.30 1890 26.23 l1.8O Ll422 11012 8.7544
AV&RAGE l3.N Lim 11042 8.7482

TOTAL IN now • 20.6528
GPM

Notes Por IIoIe IlOl.'a 10 • .-...ed 1IeIMI1li. ___ ................."........__ ' .... 111 ........... lor_,...,..,.. lIeIMIfor...MIeI...............fII..-.a.loradj....MIeI(7-1ti 11-12).



TABLEA7-7

RIID## 10 Water Temperature: 72.2 F
Date: 6/2,0193 Water _tty: 997.702 XIIc.....
Plate 'I1aIdaaeII : 111. Water VIIc:oIIty: 0-"0 cp
EsperllDeDtai C..cIItIoa: CoaItat IDIet Flow ofWater (22.10 III- _Flow Meter)
IIIIet at 8.S4 ID. Proal Bottoaa~die TrouP

READING BOLE AVEG. ZERO UQUJD VOLUME TIME NET now REYNOLDS ORDlCE
1# NUMBER BOLE POINT ELEVATION COLLECI'ED BEAD RATE NUMBER COEW.

DlA..t IN. CM CM ML SEC CM GPM

1 1 0.3447 62.80 79. 1930 2183 17.00 1.2839 12244 0.7367
2 1 0.3447 62.80 79. 1880 23.09 17.00 1.2907 12M 0.7.

·3 2 0.34S8 62.80 79. 2110 26.06 17.00 L2835 12201 0.7318
.- 2 O.34S8 61.80 79. 1990 24.S6 17.00 l.aM 12210 0.7323
S 3 0.3457 31.70 4UO 1920 2334 17.10 L2713 12089 0.7231.....

~ 6 3 0.3457 31.70 48JJO 1910 23.49 17.10 L28I9 l2256 0.7332
7 4 O.34SS 31.70 4UO 1920 23.'2 17.10 L28N l22A. 0.7.
8 4 O.34SS 31.70 4UO 19S0 24.02 17.10 use 12244 0.7328
9 S O~2 17M 34M 1910 211' 16.10 L3073 12413 0.7481
10 S 0.3462 17M 34M 1900 22.99 16.10 1.3101 1209 0.'.
11 , O.34SS 17M 34M 19S0 2331 16.10 L292I 123M 0.7428
12 6 O.34SS 17M 34M 1920 %US 16.10 L2979 12349 G.7e7
13 7 0.3454 90.25 107.20 1940 24.08 1'-'5 L2771 12154 0.7309
14 7 0.3454 90.25 107.20 1940 24.16 1'-'5 L2729 1211~ 0.7285
15 8 O~2 90.25 107.20 1M 2U2 1'-'5 L2'20 11_ 0.7189

I' 8 8.34'2 90.25 107.20 1955 24.5S 1'-'5 U'23 11_ 8.7191
17 , 0.3448 1M . 1_

23.63 16.71 L2N7 12U4 8.7413



READING BOLB AVEG. ZERO LIQUID VOLUME TIME NET now REYNOLDS ORDlCE
1# NUMBER BOLE POINT ELEVATION COLLECTED BEAD RATE NUMBER COEFF.

DIA., IN. CM CM ML SEC CM GPM

18 9 0.3448 1.60 · 1930 23.90 16.78 1.2801 12204 0.7389
19 10 0.3457 1.60 · 1910 23.79 16.78 13127 12102 0.7308
10 10 0.3457 1.60 · 1780 n29 16.78 1.26S' 12037 0.7269
21 11 0.3464 2.75 19.3S 1890 23.21 16.60 L2908 12250 0.7422
22 11 0.3464 2.75 19.3S 1_ 2231 16.60 1.3008 l2344 0.7479
23 12 0.34S6 2.75 19.JS 1640 20AS 1'-'0 L2713 12092 0.7343
24 12 O.34S6 2.75 19.3S 1710 21.35 1'-'0 L26" 12076 8.7334
2S 13 0.3467 59.90 76.40 1840 22.77 16.S0 L2810 1214S 0.7375
26 13 0.3467 S9.90 76.40 1_ 23.OS 16.S0 Lm2 12128 0.7364
27 14 0.3445 S9.9O 76.40 1820 22.43 16.S0 L28Q 12213 8.7.
28 14 O.344S 59.90 76.40

1_
23.20 16.S0 UIJ4' 122S7 o.7~H

29 IS 0.3452 29.50 46.10
1_

24.1S 1'-'0 l.-s l2251 8.744'
..... 30 IS 0.3452 29.50 46.10 1930 2174 1'-'0 L28I7 l2272 O.7~2
0\ 31 I' 0.3447 29.50 46.10 1_ 23.28 luG ~I l2208 8.7433~

32 16 0.3447 29.50 46.10 1910 23.73 16-'0 L279 12168 0.7.
33 17 0.3455 IS 17.90 1940 24.23 16M L2692 12076 8.7.
34 17 0.3455 IS 17.90 1930 24.16 16.40 L2'63 l2048 0.7364
3S 18 0.3449 IS 17.90 19S0 24.29 16M L272C) 12129 O.742Ci
36 18 0.3449 IS 17.90 1940 24.28 16.40 ~ 12072 0.7391

AVDtAGIt 16.7S L2811 12195 0.737'
TOTAL IN now - 23m!8

CPM
Note: Por IaoIe ... 9 4 10 tile ....nd Mad III.PI tllbe WM .1p"'clldl1.....".. tile .aaI MIld p....1D abe tNqIL
a-, for_,...,...,..1aeIMI fIr_1IoIeIwu'" to Ite.....fII ...__ fir *'j.... 1IoIeI (1-1 A 11.12).



TABLEA7-8

R.... " 11 Water T...peratare: 73-S F
Date: 6/21193 Water Delulty: ",.sIS Kc I C1LIIL
Plate11IIckaeI. : 111. WaterVIIeoIIt,: 0.943 ep
EsperbDeDtai CoadldoD: CODItut IDIet Flow ofWater (US IP- OD Flow Meter)
IDIet at 8.S41a. P.... BoUom ~tIaeT",

RIADING BOLE AVEG. ZERO LIQUID VOLUME TIME NET FLOW REYNOLDS OJmrJCE
## NUMBER BOLE POINT ELEVATION COLLECTED BEAD RATE NUMBER CODY.

DJA,IN. CM CM ML SIC eM GPM

1 1 0.3447 62JJO 82.20 1820 21.31 19M 1.3539 13141 0.7272
2 1 0.3447 62JJO 82.20 1878 21.99 19M 1.3538 13141 0.7272
3 2 O.34S8 '2JJO 82.20 1920 22.34 19M L3'24 13182 0.7271
4 2 0.3458 62JJO 82.20 1920 22.41 1'.40 1.3581 13141 0.724'

.... S 3 0.3457 31.70 SI.2S 1_ 21.2S 19.ss ~1 13212 0.7262
~

, 3 0.3457 31.70 SI.2S 1840 21-S2 t,.ss 1.3554 13118 0.7210
7 4 0.3455 31.70 Sl.2S 1885 2137 I'.ss 1.3601 13171 0.7244
8 4 0.3455 31.70 SI.2S 1930 21.67 19.ss 1.349' 1306' 0.7188
9 5 0.3462 17M 36.10 189S 21.81 19.20 1.3773 13311 0.7372
10 5 0.344»2 17M 36.10 1905 2136 19.20 1.3751 13290 0.7.
II 6 0.3455 17M 36.10 1920 22.38 19.20 L3AO 13170 0.7.
12 , U4SS 17M 36.10 1920 22.2S 19.20 L3679 13247 0.7351
13 7 0.3454 9O.2S 109.ss 1710 20.91 19.30 L3494 13072 0.7237
14 7 0.34S4 90.25 lot.ss 1870 21-" 19.30 U. 13OS8 0.7230
15 8 0.3462 90.25 109.ss 189S 22A7 1'.30 L330 l2920 0.7137
l' 8 0.34'2 9O.2S 109.ss llSO 22.02 19.30 L3318 12871 0.7110
17 , U448 UO - 17SO 19.81 19.11 I.-.t l3SI9 0.7.



READING BOLE AVEG. ZERO LIQUID VOLUME TIME NET now REYNOLDS ORDlCE

• NUMBER BOLE POINT ELE\'AnON COLLECI'ED BEAD RATE NUMBER COEIT.
DIA., IN. CM CM ML SEC CM GPM

IS 9 0.3448 1M - 1790 2O.3S 19.18 1.3944 13530 O.7S28
19 10 0.34S7 1M - 1_ 2130 19.18 1.37S3 13311 0.7.
20 10 O.34S7 1M . 1_ 21.41 19.18 1.3771 13329 0.7_
21 11 0.3464 2.7S 21. 1810 20. 19.05 1.3741 13273 0.7375
22 11 0.3464 2.7S 21JJO 1870 21.61 I'.OS L3717 13250 0.7363
23 12 O.34S6 2.7S 21JJO 1890 22.07 I'.OS l.3S7S 13142 0.7320
24 12 0.3456 2.75 21JJO 1_ 21. 1'.OS 1.3621 13186 0.7344
2S 13 0.3467 5930 78.90 188S 21.87 19.00 1.360 131_ 0.7330
26 13 0.3467 5930 78.90 1_ 22.23 19.00 1.3584 13110 0.7288
27 14 0.3445 5930 78.90 1900 22.02 19.00 1.3678 l3284 0.7432
28 14 0.3445 59.90 78.90

1_
2L77 19.00 1.3689 I329S 0.7439

:!9 IS O.34S2 19S 4UO 19O5 nos 19.10 L3695 13274 0.7392
~ 30 15 O.34S2 29S 4UO 1920 22.30 19.10 L3648 13m 0.7367
0\ 31 16 0.3447 29S 4UO 1940 22.Q 19.10 L3SI9 131'1 0.7.(.h

32 16 0.3447 29S 48.60 1940 22.SO 19.10 U6A 132'7 0."
33 17 0.345S LSO 20M 1940 22.79 18.90 L34H lJ068 0.7309
34 17 0.3455 LSO 20M 1M 23.06 18.90 1.347~ 13048 0.7.
3S 18 0.3449 IS 20M l"5 23.11 18.90 L343I l3036 0.7304
36 18 0.3449 IS 20M 1895 22.26 18.90 L3495 1M1 0.7335

AVERAGE 19.1' L3619 13189 0.7322
TOTAL IN now - 24.51e

(;PM

Note: For We .... , a 10 tIM obIerved laud ID tIM P. tOe.. tdpllcllItI1 dBe..-t".. dIe..-1IIM, .... 1Ia die aro.p...., tor_'...,...,..Madfor...w................,.....forMJ...w..C7-1A 11.12).



TABLEA7-'

R1ID#l12 Water T..,eratare: 73.3 F
Date: 6I21J93 Water DeDdty: m.m Kg I Ca.m.
Plate1bIdmeI. : 111. WaterVllcollty: 0.944 ep
EsperlDaelltai COlldltlola: COIIItaDt IDIet Flow ofWater (23.SO 1'- _ Flow Meter)
IDIet at 8.S4 IlL FroID Bottom ~tbeTroup

READING . BOLE AVEC. ZERO LIQUID VOLUME TIME NET now REYNOLDS ORDlCE
## NUMBER BOLE POINT ELEVAnON COLLECTED BEAD RATE NUMBER COEW.

DIA., IN. CM CM ML SEC eM GPM

1 1 0.3447 62JJO 82.10 1_ 21.80 19.30 1.3671 13256 O.7~2

2 1 0.3447 62JJO 82.10 I'" 20.82 1'.30 1.-7 132S2 0.7•.
3 2 0.34S8 62JJO 82.10 1M 2U2 19.30 1.3595 13141 0.7275
4 2 O.34S8 62JJO 82.10 189S 21-" 1'.30 I.-I 13204 0.7310

..... S 3 0.3457 31.70 51.10 1890 2132 19.40 1.36A 13215 0.7'"
~ , 3 0.3457 3L70 SLI0 1870 21M 1'.40 1.36'1 13238 0.7312

7 4 0.3455 31.70 SI.10 1890 21.93 19.40 1.-2 13217 0.7304
8 4 0.3455 31.70 51.10 1875 21.78 1'.40 L3U7 13202 O.72H, S 0.3462 17M 36.70 1915 21JJ8 1'.10 L3874 13395 0.7446
10 S 0.3462 17M 36.70 1830 20.91 19.10 1.3173 ~ 0.7445
11 6 0.3455 17M 36.70 1865 2lQ 19.10 L3U8 13223 O.7~S

12 6 0.3455 17M 36.70 1830 2LIS 1'.10 L36M 132S0 8.7.
13 7 8.3454 9O.2S 109.30 1810 2L17 19M L3553 13115 0.7317
14 7 8.3454 90.2S 109.30 1795 21M 19M L3511 13075 0.7294
15 8 0.3462 9O.2S 109.30 189S 22.41 19M L3405 12941 0.7203
16 8 0.3462 9O.2S 109.30 U3S 2231 UM L:m9 1292' O.7~

17 , 0.3448 1M - 1_
21M 19.00 L3a7 ~2 0.7533



READING BOLE AVEG. ZERO LIQUID VOLUME TIME NET now REYNOLDS ORDlCE
1# NUMBER BOLE POINT ELEVATION COLLECI'ED BEAD RATE NUMBER COEFF.

DIA., IN. CM CM ML SEC CM GPM

18 9 0.3448 1.60 · 1_ 21.48 19.00 1.3874 13449 0.7S26
19 10 0.3457 1.60 ·

1_
21.81 1'.00 13664 13211 0.7373

20 10 0.34S7 1.60 · 1920 22.31 19.00 1.3642 13190 0.7362
21 11 0.3464 2.7S 21.70 1870 21.68 IUS 1.3673 131'3 o.73S8
22 11 0.3464 2.75 21.70 1_ 21-S2 IUS 1.3701 13220 0.7373
23 12 0.3456 2.75 21.70 18S0 21.67 18.9S 1.3533 13088 0.7317
24 12 O.34S6 2.75 21.70 1930 22.48 IUS 1.3610 13162 0.7358
25 13 0.3467 59.90 78.70 1840 21.56 lUO 1.3S29 13042 0.72fJ7
26 13 0.3467 59.90 78.70 1_ 22.24 18.80 L3543 130S6 0.7304
27 14 0.3445 S9.90 78.70 19S0 22.74 18.80 1.3S93 13189 0.7426
28 14 0.3445 59.90 78.70 1- 21.75 18.80 1.3SS6 131S2 O.7~

29 IS 0.3452 29S &4S 1910 22.34 IUS 1.3S53 13123 0.7344
..... 30 15 0.3452 29S &4S 1920 22M IUS 1.3587 13~ 0.7363
0\

31 16 0.3447 19S &4S 1910 22.27 IUS L3S" 13183 0.7.--J

32 l' 0.3447 29S &4S
1_

22.13 IUS L3'10 131" o.73fJ7
33 17 0.3455 IS 20.40 1945 2234 18.90 L3440 1_2 0.7.
34 17 0.3455 IS 20.40 1_ 22M 18.90 1.3410 1m3 0.7264
35 18 0.3449 LSO 10M 1870 22._ 18.90 L3425 13010 0.72'1
36 18 0.3449 IS 20M 1930 22S 18.90 L3SU 13102 0.734'

AVUtAC& 19.05 I.-I' 13172 0.7347
TOTAL JNrLOW -~

GPM
Nate: I'or We DOl. , a 10 die oIJIeryed IaeM III tile __..be.......1ItI1 arer.t,... die 8CtUI1IMd , ..... 11I die troIIP-
a-. lor alcaladoII ,...,..,..1IMd for...w........ to Ite.....ffI_ ... forMj.-__ (1-16 11.12).



TABLEA7-10

R..II 13 Water Temperature: 75.7F
Date: 6123193 Water Deadty: ",.222 Kg I Ca.m.
Plate TbIdoaeI. : l1a. WaterVIIeoIIty: 0.917 ep
EsperlaaeDtal COIIdIdoD: COIIItaDt IDIet Flow oIWater (7.35IPm _ Flow Meter)
IaIet at 8.S41D. From BottoIa oftbe TrotIIb

READING BOLE AVEG. ZERO LIQUID VOLUME TIME NET fLOW REYNOLDS ORD1C1
t# NUMBER BOLE POINT ELEVADON COLLECTED IlIAD RATE NUMBER CODY.

DIA., IN. CM CM ML SEC CM GPM

1 1 0.3447 62.80 6UO lOGS 30-'1 1.80 G.S154 Sl43 03089
2 1 0.3447 62.80 6UO 1025 32.0' 1.80 O.s063 5OS3 0M29
3 :1 U4S8 62.80 6UO IO'S 31.72 1.80 0.972 S344 0.9413
4 2 O.34S8 62.80 6UO IIGS 32.88 1.80 8.S327 sm 0.9334

~ 5 3 0.3457 31.70 33.SO 930 31.04 1.80 0.4749 4726 0.8327
0\ 6 3 0.3457 31.70 33.SO 9SS 31.91 L80 0.4744 4720 0.831700

7 4 O.34SS 31.70 33.sG 930 32.07 I. OAS97 4S77 0'"
8 4 O.34SS 31.70 33.SO lOIS 3S.68 I. 0AS09 .u9O 0.7915, 5 o.Mi2 17M 19.20 1010 32.39 1M 0A943 4911 Ule
10 5 o.Mi2 17M 1'.20 1010 32.53 lAO OM22 eM 0.912'
11 , 0.3455 17M 19.20 9SS 34.84 lAO 0A345 4326 0..,
12 , 0.3455 17M 19.20 - 31.82 lAO 8M20 4401 0.1229
13 7 0.3454 9O.2S 'lAO 9SS 31M LIS · 0Aal GO L0730
14 1 0.3454 9O.2S 'lAO 9SS 31M LIS 8M21

_1
L0593

15 8 o.Mi2 9O.2S 'lAO 640 31.21 LIS 0.3251 3230 0.7109
16 8 8.34'2 9O.2S '1M 638 31M LIS 8.3217 3m 0.7037
17 , 0.3448 1M . 275 4339 . o.ml -



READING BOLE AVEG. ZERO LIQUID VOLUME TIME NET FLOW REYNOLDS ORDlCE
1# NUMBER BOLE POINT ELEVATION COLLECTED IIEAJ) RATE NUMBER COEFF.

DIA...IN. CM CM ML SEC CM GPM
II 9 0.3448 1.60 - 320 S4.0t - 0.0939 937
19 10 0.3457 1.60 . 170 3'.5S - 0.0681 678
20 10 0.3457 1.60 - 145 37.30 - 0.0616 613
21 11 0.3464 2.75 4.18 945 30.84 l.3S 0.48S7 4823 09794
22 11 0.3464 2.75 4.10 940 30.92 l.3S 0.4819 478S 0.9717
23 12 0.34S6 2.7S 4.10 920 35.70 1.35 0M8S 406& 0.8275
24 12 O.34S6 2.75 4.10 80S 31.29 1.35 0.4078 4OS9 0.8261
15 13 0.3467 59.90 61.40 Me) 31.73 1.50 0.4796 47S8 O-'ISi
26 13 0.3467 S9.90 61.40 970 32.09 1.50 0.4792 4754 0314'
27 14 0.3445 59.90 61.40 97S 34.27 1.50 OASIO .tS03 0.8722
28 14 O.344S 59.90 61.40 94S 32.62 1.50 OAS'2 eas 0.-1
29 IS 0.3452 29.50 31.10 980 33.2S 1.60 0.4'12 46S6 0.8713

.... 30 IS 0.3452 29.50 31.10 970 32.56 1.60 0.4722 4706 0..,
0\

31 16 0.3447 i9.50 3LI0 9SO 32.92 1.60 OA57S 4S65 O.8SSCi\C

32 16 0.3447 29.50 31.10 915 31M 1.60 OM10
_1

0.23
33 17 0.3455 1.50 3.00 970 32.35 1.50 0..,753 4732 03139
34 17 0.3455 1.50 3.00 98S 33.24 1.50 OM97 W17 0-'032
3S 18 0.3449 1.50 3.00 96S 3152 1.50 0.4564 4551 0.85
36 18 0.3449 1.50 3.00 940 31.33 1.50 0.4756 4743 0-'177

AVERAGE 1.54 OA_ 4111 Ul21
toTAL INnOW - 7.571~

GPM

Note: Nolaead"'" onr 1IoIeI' A 10.....ar.IpIee'+Ia"'''. Wet ........



TABLEA7-11

RlIIl II 14 Water Temperatare: 74.3 F
Date: 6125193 Water Deulty: 997.419 Ka I C......
Plate Thlelmel. : 111. Water VIIcoIIty: 0.932 ep
Experimeatal CoDdItloD: C....t IDIet Flow ofWater (5.65 IPm _ Flow M*r)
IDIet at 8.541a. From Botto. of the Troap

READING BOLE AVEG. ZERO LIQUID VOLUME TIME NET now REYNOLDS ORlFlClt
## NUMBER BOLE POINT ELBVADON COLLECTED BEAD RATE NUMBER CODY.

DIA., IN. CM CM ML SEC eM GPM

1 1 0.3447 62.80 U80 86S 3033 LOO 0M33 4354 1.0488
2 1 0.3447 62.80 U80 - 31.62 LOO 0.4412 4332 L0437
3 2 O.34S8 62.80 63.80 ISO 28.47 LOG GA733 4633 Ll12C5
4 2 0.3458 62.80 U80 '10 30.18 LOO GA780 4679 1.1236

..... 5 3 0.34S7 31.70 32.6S 740 30.16 0-" U889 3808 03_
--...I 6 3 0.34S7 31.70 32.6S 750 30.74 035 U868 3787 033330

7 4 0.3455 31.70 32.6S - 31.49 0.95 0.3423 33S4 U270
8 4 0.3455 31.70 32.6S 670 30M 035 O.3-U4 3314 0.&320, 5 0.-2 17.90 11M as 31.34 0.70 0.4173 4080 L1698
10 S 0.-2 17.90 18.60 82S 31.34 0.70 0.4173 4010 Ll'"
11 , 0.3455 17.90 11M 640 31.76 0.70 8.3194 3130 0.8991
12 6 0.3455 17.90 lUG 670 33.S8 8.70 8.3163 30ft U902
13 7 0.3454 90.25 90. - 31.36 OS U336 3270 LOAO
14 7 0.3454 9O.2S 90. 710 31.90 US 8.3528 3458 LI210
15 8 0.34'2 90.25 9UO 2S5 31.30 US o.l2tl 12Q e..4
16 I 0.-2 9O.2S tuG 2SS 3L73 US 8.1274 lW 0M29
17 , 0.3448 1M . 1'0 Kif . U7G 128



READING BOLE AVEG. ZERO LIQUID VOLUME TIME NET FLOW REYNOLDS ORDlCl, NUMBER BOLE POINT ELEVATION COLLECTED BEAD RATE NUMBER COEFF.
DIA., IN. CM CM ML SEC CM GPM

II 9 0.3448 1.60 - 16S 34.57 - 0.0757 743
19 10 0.3457 1.60 - 170 40.74 - 0.0661 648
20 10 0.3457 1.60 . 145 37.74 - 0.0609 S96
21 11 0.3464 2.75 3.10 590 3133 0.35 0.2929

_2
1.15"

22 11 0.3464 2.75 3.10 570 31.33 O.3S 0.2884 2818 1.1420
23 12 O.34S6 2.75 3.10 m 32.03 O.3S 0.1460 1430 0.5808
24 12 O.34S6 2.75 3.10 30S 31.82 0.3S G.1SI' 1_ O-'04S
2S 13 O.34Ci7 59.90 60.80 780 31.77 0.90 0.3892 3800 0-"94
26 13 O.34Ci7 59.90 60.80 900 36.11 0.90 O.39S1 3858 03739
27 14 0.3445 59.90 60.80 630 28.81 0.90 0.3466 3406 0.8655
28 14 0.3445 59.90 60.80 S70 26.80 0.90 0.3372 3313 0.8411

..... 29 15 0.3452 29.so 3O.so 820 31. 1.00 0M77 3M O.Mll
--..J

30 IS 0.3452 29.50 30.50 810 3167 LOO 0.4054 3976 0-"'4~

31 16 0.3447 29.50 30.50 7'4) 32.38 LOO 8.3721 3654 0.-2
32 16 0.3447 29.50 JOS 745 31.84 1M 0.3709 3'42 U775
33 17 0.3455 1.50 2M 900 3S.S9 0.90 0.A009 3W1 8-'"0
34 17 0.3455 1.50 2M 875 34.94 0.90 o.w70 ., 0.9854
3S 18 0.3449 1.50 2M 860 33.74 0.90 OM41 3M 1.ON4
36 II 0.3449 IS 2M 910 36.10 0.90 ~ Jg22 0M53

AVERAGE 8.79 0.303 3128 U302
TOTAL JNnO\\' - 5.,.

CPM

Note: No 111M-.,..s..... IaoIeI' 6 10....oldie"h'sa"flldle 1IIIIt.....



TABLEA7-12

bD##lS Water Temperatan: '6.0 P
Date: 6I2fW3 Water De8l1ty: Wl.I97KI1 c...m.
Plate1'hIdmeI1 : 111. Water VIIeoIIty: 0.932 ep
Esperlaamtal CODdItIoD: COIIItaDt IDIet now~Water (5.921'- _now M*r)
IDIet at 1.875 Ia. From Bottom oftbe Trollp

READING BOLE AVEG. ZERO LIQUID VOLUME TIME NET FLOW REYNOLDS ORD1CE

" NUMBER ROLE POINT ELEVADON COLLECI'ED BEAD RATE NUMBER CODY.
DIA.. IN. CM CM ML SltC CM GPM

1 I 0.3447 62JJO 63.90 885 32.'3 1.10 0.4_ 4214 0.9610
2 1 0.3447 62JJO 63.90 ISO 31.s6 1.10 O.4~' 4284 0-"30
3 2 O.34S8 62JJO 63.90 ISO 32.43 1.10 0.4ISS 4ISS 0.9313
4 2 0.3458 62JJO U90 86S 32.84 1.10 0A175 417' 0.9_... 5 3 0.3457 31M 32.90 840 32.OS 1.30 0.4ISS 41SCi 0.8571

-...J
6 3 0.3457 31M 32.90 840 32.21 1.30 0.4134 4136 O.8S28N

7 .. 0.3455 31M 32.90 80S 32.74 1.30 U898 3902 0.8050
8 .. 0.3455 31M 32.90 80S 3U4 L30 0.3910 3914 0JJ075
9 5 0.3462 17.50 18.30 830 37.53 OM O.3S06 3S02 0"1'3
10 S 0.3462 17.50 18.30 830 37.61 OM 0.3498 349S 0.9173
11 6 0.3455 11.50 18.30 740 34.54 OM U3H 3400 0.842
12 6 0.3455 17.50 18.30 730 3U5 OM U39f 3402 0.--
13 7 0.3454 90.20 90.25 370 J6.S7 0.05 0.1.-

1_
lMOO

14 7 0.3454 90.20 90.25 380 3739 US 0.1'11 1613 1-"'6
15 I 0.3462 90.20 9O.2S eo 31A7 US 0.U04 1902 1.9HI
16 8 o.Mi2 90.20 90.25 - 34.61 US G.2IH 2192 2.3013
17 , 8.3448 1M 1M 415 40.27 G.2O 8.1170 1875 OMI'



READING ROLE AVEG. ZERO LIQUID VOLUME TIME NET now REYNOLDS ORDlCE
tI NUMBER BOLE POINT ELEVATION COLLECTED BEAD RATE NUMBER COEW.

DlA., IN. CM CM ML SEC CM GPM

IS t 0.3448 1.40 1-'0 475 40.10 0.20 0.1878 1883 03928
19 10 O.34S7 1.40 1-'0 28S 38M 0.20 0.1174 1174 0.6173
20 10 0.3457 1.40 L60 325 37.24 8.20 0.1383 1384 0.7276
21 11 0.3464 2.70 3.70 825 32.34 1.00 0.4044 4037 03473
22 11 0.3464 2.70 3.70 89S 34.67 1.00 0.4092 4086 0.9586
23 12 O.34S6 2.70 3.70 81S 32.78 LOG 0.3941 3944 09276
24 11 0.34S6 2.70 3.70 ISS 3U6 LOO 0.3697 3700 0.8701
2S 13 0.3467 S9.70 ".75 93S 38.06 1.05 0...- MS 0.8888
26 13 0.3467 S9.70 60.75 - 36.79 LOS 0.3835 382S 0.8752
27 14 0.3445 59.70 60.75 91S 39.41 1.05 O.3AO 3695 O.8S07
28 14 0.3445 59.70 60.75 79S 3195 LOS 0.3712 3127 0.8580
29 IS 0.3452 29.40 3O.3S 80S 33.02 035 0.3865 3872 0..9353..... 30 IS 0.3452 19.40 30.35 9SO 38.91 035 U870 3878 03361---J

\J-) 31 16 0.3447 29M 3O.3S - 36.e 035 0.3720 3732 03029
32 16 0.3447 29M 3O.3S 910 3&90 035 0.3701 3721 0.-1
33 17 0.34SS lAO US 900 38.IS US 0.3740 3743 0.9552
34 17 0.34SS lAO US 'IS 3U3 0.15 0.37'4 37'1 0.H15
35 18 0.344' 1M US 875 38M US 0.... ~14 0-'237
36 18 0.3449 1.40 2.25 M ~2.02 US 0.3622 302 03282

AVERAGE 0.81 O~ 336' LOI03
TOTAL INILOW - 6.0580

GPM

Note: NeaIIIIbIe1Iud"'"cw.1IoIeI7 A 1 ___~dIe.,aa*hI'"fl.Wet ......
a-......._ ........d.



TABLEA7-13

Ibm I 16 Water Temperature: 7S-0 F
Date: 6129/93 Water Deulty: 997.321Kg I C.....
Plate 11aldoaeu : 111. Water VIIeoIIty: 0.924 ep
EsperbDeatal C.dIdoa: Coanat IDIet Flow ofWater (8.061'18 011 Flow M...)
IDIet at l.87S IlL ProID Bottoaa~ the Troap

READING BOLE AVEG. ZERO LIQUID VOLUME TIME NET now REYNOLDS ORDlCl, NUMBER BOLE POINT £LEVAnON COLLECTID BEAD RATE NUMBER CODY.
DIA.,IN. CM CM ML SEC CM GPM

1 1 0.3447 62M 64.60 965 29.8S 2.00 O-S12S 5076 0.8573
2 1 0.3447 62M 6UO 98S 30.31 2.00 0.5152 SI02 0.1618
3 2 0.3458 '2M 64.60 975 lOA1 2.00 0.5082 SOlI OM48
4 2 0.3458 62.'0 64.60 - 30.27 2.00 UOS4 4_ 0.8400
5 3 0.3457 31.70 33S - 30.27 I. OS27 .j- Uliet....

....-J 6 3 0.3457 31.70 33S 9SS 30.16 I. OSt, 4957 UMN)
~

7 4 0.3455 31.70 33S 970 30.78 I. OA'" 4936 0.17"
8 4 0.3455 31.10 33.SO - 27!J7 I. OM87 ~ 0.1754
9 S 0.3462 17M 19.3S - 30.59 us 0.-1 4931 O.l39t
10 S 0.3462 17M 19.3S 985 31.10 1..95 0.5021 4951 OJJ02
11 , 0.3455 17M t,.3S 9SO 30M 1..95 0A947 ., U343
12 , 0.3455 17M t9.3S 9SS 30...2 US 0A9TI 4917 0JL192
13 7 0.3454 90.05 91.60 9SO 31M 1M 0A48 4792 oal"
14 7 0.3454 90.05 91.60 930 30.81 1M 0.4785 4730 ~

15 8 0.3462 9O.os '1M 'IS 3L12 LS5 8M61 .s96 U780
16 8 0.3462 to.05 'UO 94S 3L97 L5S 0M86 eM21 0JJ827
17 , 0.3448 t.25 LIO 518 32.77 OM 8.W7 24C3 8.7865



READING BOLE AVEC. ZERO LIQUID VOLUME TIME NET FLOW REYNOLDS ORD'lCE
## NUMBER BOLE POINT ELEVATION COLLECTED BEAD RATE NUMBER COEFF.

DIA., IN. CM CM ML SEC CM GPM
18 9 0.3448 1.25 1.80 540 33.33 O.ss O.2S68 2543 0.8188
19 10 O.34S7 L2S 1.80 600 33.32 o.ss O.28SS 281' 0.9053
20 10 0.3457 L2S 1.80 620 33.53 o.ss 0.2931 28'S 03297
21 11 0.3464 2-'0 4.30 940 31.59 1.70 0.4717 4649 OM7S
22 11 0.3464 2-'0 4.30 970 32.64 L70 0.4711 4643 0.8464
23 12 0.3456 2-'0 4.30 lIS 29.42 1.70 0.47" 4711 0M07
24 12 0.3456 2-'0 4.30 895 30.36 1.70 0.4673 4'16 OM3S
2S 13 0.3467 S9.6O '1.40 94S 32.27 1.80 OM42 4571 0'-'2
26 13 0.3467 9.60 61.40 94S 32.71 1.80 0.4580 4510 0.7983
27 14 O.344S 59.60 61.40 93S 32M 1.80 O.4S66 4S2S 0.80'1
28 14 0.3445 59.60 61.40 - 33S 1.80 0.4489 4448 0.7924

2' IS 0.3452 29.40 31.00 940 32.81 1M 0.4542 ....92 0.8470

.... 30 IS 0.3451 19.40 31.00 - 32.81 1M 0AS90 4S39 0J50
-...J 31 16 0.3447 29.40 31.00 890 31.84 1M 0.4431 089 0.8287u.

32 16 0.3447 29.40 31.00 890 31.84 1M 0.4431 089 0.8287
33 17 O.34SS lAS 3.00 910 30.83 IS 0.4679 4623 0.88S0
34 17 O.34SS lAS 3.00 95S 31.91 US 8.4744 4QJ8 0.8973
3S 18 0.3449 lAS 3.00 890 30M IS OM02 45SS 0.8734
36 18 0.3449 lAS 3.00 HO 32.82 US OM37 4590 0.-1

AVERAGE UI OA555 81 0.1555
TOTAL INft.OW - 8.tm

(GPM)

Nate: lDwer Mad ... obIerYed onr IrtoIeI , a 10 beat..ofdle "'II1II1 t«eet Gfdle Wet ........



TABLEA7-14

RaDII 17 WaterT..peratare: 77.0 F
Date: 61301J3 WaterDeulty: 997.04SKg I CIL..
Plate1'IaIcbeI1 : 111. Water VIIcoIIty: 0.900 ep
Esperlmeatal COBdltloD: CODItaDt IDIet Flow 01Water (10.00 IPm OR Flow Meter)
IDIet at 1.875 IL From Bottoaa ofthe Troup

READING BOLE AVEG. ZERO LIQUID VOLUME TIME NET PLOW REYNOLDS ORDlCE
t# NUMBER BOLE POINT ELEVATION COLLEenD BEAD RATE NUMBER COllY.

DIA.., IN. CM eM ML SEC CM GPM

1 1 0.3447 62.60 670 1770 4S-1S 110 0.'214 6317 O.83SO
2 1 0.3447 62.60 65.70 1780 4S.33 3.10 0.6225 028 0.8364
3 2 O.34S8 62.'0 65.70 1370 35.04 3.10 0.6198 6. 0.8275
4 :2 O.34S8 62.60 670 1390 35.6S 110 0.6181 6263 O.82S2

..... 5 3 O.34S7 31.70 34.70 1375 35.3S 100 0.6166 6250 0.8373
~ , 3 0.3457 31.70 34.70 1390 35.70 100 0.6172 6256 0.83820\

7 4 0.3455 31.70 34.70 13'S 3S.27 3.00 0-'135 ,m 0.8341
8 4 0.345S 31.70 34.70 1370 35.48 3.00 0.6121

6_
0.8322, S 0.3462 17.40 20.35 14SS 37.70 2.9S OAil11 '192 0.8354

10 S 0.3462 17.40 2O.3S 18 37.54 2.9S OAil23 '197 0.8361
11 , O.34SS 17.40 20.35 1375 3S.87 2.9S O.wn '163 0.8331
12 6 O.34SS 17M 20.35 138S 36.00 2.95 UCM 'ISS 0.8362
13 7 0.3454 90.05 92.65 123S 3S57 2.60 G.SS04 B4 0JJ043
14 7 0.3454 90.05 92.'5 12SS 36.11 2.60 0.550' ., 0JJ051
IS 8 0.3462 9O.OS 92.6S 127S 34.22 2.60 0.906 5978 O.l5fl
16 8 0.3462 9O.OS 92.6S 1330 35.35 2.60 0.5964 '037 OM?S
17 9 0.3448 1.25 :uo 935 37.52 US U950 4015 0M93



READING BOLE AVEG. ZERO LIQUID VOLUME TIME NET now REYNOLDS ORIFICE
## NUMBER BOLE POINT ELEVATION COLLECI'ED BEAD RATE NUMBER COEFF.

DIA., IN. CM CM ML SEC CM GPM

18 9 0.3448 1.25 3.60 985 38.92 2.35 0.4012 4077 0.6188
19 10 0.3457 1.25 3.60 770 31.34 US O.389S 3948 O-S"6
20 10 0.3457 1.25 3.60 - 36-S1 2.35 0.3908 3961 O-S'"
21 11 0.3464 2.60 5.30 1270 33.'6 2.70 G.S963 6032 0.8502
22 11 0.3464 2.60 5.30 1320 35.28 2.70 0-S931 6MO 0.8456
23 12 0.34S6 2.60 5.30 IISO 30.88 2.70 O-S903 5_ O.84SS
24 12 0.34S6 2.60 5.30 1200 32.20 2.70 0.5_ 5990 0.8461
2S 13 0.3467 59.60 62.40 1740 47.44 2.80 O.s814 S876 0.8126
26 13 0.3467 59.60 62.40 1188 31M 2.80 o.s871 5934 0.8205
27 14 0.344S 59.60 62.40 1120 3O.SS 2JIO O.s812 S'11 U226
28 14 O.344S 59.60 '2AO 1130 3LOO 2JIO o.sT18 5f177 0.8179
29 IS 0.34S2 29.40 32.00 1120 30.55 2.60 8.S812 ., US02

~ 30 IS 0.3452 29.40 32.00 1SOO 40.76 2M 0.5834 5922 O.ss=u
-..J 31 16 0.3447 29.40 32.00 1100 3O.S1 2M G.S715 5810 0.&185.....:a

32 16 0.3447 29.40 32.00 1120 30.90 2M O-S74ci 5841 0.8430
33 17 0.34SS l.4S 3.90 1280 35M US O-S722 S803 0M09
34 17 0.3455 I.4S 3.90 lUG 30JIS US O.575S S837 0.8658
3S 18 0.3449 lAS 3.90 1090 30.47 US 0.5671 5761 0.8561
36 18 0.344, lAS 3.90 1090 JO.sG US O.566S 57!' 0.8553

AVDlAGE 2.73 O.57OS 5786 0.8126
TOTAL INPLOW - 1O.26a

(GPM)



TABLEA7-15

IbID." 18 Water Tempentare: 76.0 F
Date: 7/2/93 Water Delulty: W7.045Ka I C......
Plate 11ddoaeI. : 111. W.terVIKoIIty: 0.912 ep
EsperImeDtai C.dIdoa: COIIItut IDIet Flow ofWater (12.011P" _ Flow Meter)
IDIet at 1.8751D. From Bettoaa ofthe T....p

READING BOLE AVEG. ZERO LIQUID VOLUME TIME NIT now REYNOLDS ORDlCE, NUMBER BOLE POINT ELEVATION COLLECTED IIItAD RATE NUMBER CODY.
DIA., IN. eM CM ML SIC eM GPM

1 1 0.3447 62J1O 66.70 1_ 37.12 3.90 0.7174 7198 O.lS'S
2 1 0.3447 62J1O 66.70 1690 37.38 330 0.7167 7191 O.lSl'
3 1 O.34S8 62J1O 66.70 1370 30.03 330 0.7232 7233 0.8609
4 2 O.34S8 62J1O 66.70 1375 30.13 330 8.7234 723S 0.1'11.... S 3 0.34S1 31.7S 3SJJO 1S6O 34.33 4.05 0.7203 ,. 0.8419-...J

00 6 3 0.34S1 3°1.7S 35.80 1570 34M 4.05 0.7222 7m 0.8441
7 .. 0.3455 31.7S 35JJO 1440 32.01 4.05 0.7131 7138 0.8344
8 4 0.3455 31.75 35.80 137S 3OA3 US 0.7163 7170 0.8382
9 S 0.3462 17.sG 21.sG 1360 30.02 4.00 0.7181 71741 0.8421
10 S 0.3462 17.sG 21.sG 1385 30.63 4.00 0.7168 71'1 OJJ4N
11 6 0.3455 17.sG 21.sG 1'20 36.63 4.00 0.7011 7011 0.t255
12 , 0.345S 17.sG 21.sG 1465 3101 UO 8.7035 7042 0.I2U
13 7 0.34S4 9O.OS 94.00 lSSO 35M US U852

_1
Ul23

14 7 0.3454 9O.OS 94.00 16" 39.11 US UI70 "" UI45
15 8 0.3462 9O.OS 94.00 1275 30.70 US U5I3 6577 8.770
16 8 0.3462 9U5 94.00 l280 30.75 3.95 U5" 6592 8.7787
17 , U44I 1M 6M 1330 34M UI 1.'113 '131 0.1331



READING BOLE AVEG. ZERO LIQUID VOLUME TIME NET now REYNOLDS ORDlCE
t# NUMBER BOLE POINT ELEVAnON COLLEcrED IIItAD RATE NUMBER COEFF.

DlA.,IN. CM CM ML SEC CM GPM
18 9 0.3448 lAO '-40 1520 39.21 3.88 0.614S 6164 0.7376
19 10 0.3457 lAO 6.40 1220 ~2.07 3.88 0.6030 6033 0.7201
20 10 0.34S7 lAO 6.40 1210 3167 3.88 O-'0S6 60S' 0.7232
21 11 0.3464 1.70 ,.so 136S 31.16 3.80 0.6944 '933 O.834S
22 11 0.3464 2.70 ,.so 142S 32.49 3.80 0.6953 6942 O.83SS
23 12 0.3456 2.70 ,.so 1370 31.33 3M 0-"32 "37 0'"
24 12 0.3456 2.70 6.SO 1M 31.43 3M o.as, 6864 0.8281
2S 13 0.3467 59.70 63.60 1730 39.22 330 0.6992 '''5 0.8280
26 13 0.3467 S9.70 63.60 1400 31.76 330 0.6_ 6971 0.8275
27 14 0.3445 59.70 63.60

1_
33.53 330 0.6902 6m um

28 14 0.3445 59.70 63.60 1M 30.88 330 0.6981 ,. 0.&173.... 29 15 0.3452 29M 33.20 1M 30.93 3.80 0-'970 6983 U435-...I
\0 30 15 0.3452 29M 33.20 1630 31.16 3.80 0.853 ,. 0.841..

31 16 8.3447 29M 33.20 1- 3L1S 3.80 O.AM "13 0.8362
32 16 0.3447 29M 33.20 1_ 3113 3.80 UlU2 686S 0.&104
33 17 0.34SS 1M 5.20 1340 30M 3.80 0.QJ83 A90 0.8315
34 17 0.34SS 1.40 5.20 1340 3L07 3.80 0.., ... 0.829
35 18 0.3449 1M 5.20 l310 30M 3.80 06752 6711 U185
36 II 0.3449 1M 5.20 -.- 32.A4 180 06743 6"2 U175

AVERAGE 1M 0.A78 QJI4 U204
TOTAL JNnOW - 12.3797

(CPM)
Nate: For 1aoIeI1IO.' A 10.__••n.............,....die.......

n.,M'....~..........--7-8.. 11.12... ....tfor...Wtoa",..... eMIi_Cfor9-1..



TABLEA7-16

RaDII 19 Water Tempentare: 77.3 F
Date: 7/3/93 Water DeDlIty: 99U93K, I Cu.m.

Plate nDekDel' : 11aaae Water VIIcoIIty: 0.897 ep
Esperllllental CoIldldoD: COIIItaDt IJaIet Flow ofWater (14.05 IP- OIl Flow Meter)
IJaIet at 1.875111. From Bottom ottbe Troup

READING BOLE AVEG. ZERO LIQUID VOLUME TIME NET FLOW REYNOLDS ORDlCE
1# NUMBER BOLE POINT ELEVATION COLLECI'ED BEAD RATE NUMBER· COEFF.

DIA.,IN. CM CM ML SEC CM GPM

1 1 0.3447 62.80 QIM 1790 33A7 s.so 0.8427 84SS 0.8279
2 1 0.3447 62.80 QIM 1640 3i.l1 s.so 0.8357 8384 0.8209
3 2 O.34S8 62.80 QIM 1620 30.81 s.so OJJ33S 8336 0.8136
4 2 O.34S8 6%.80 QIM 1700 32.34 s.so 0.8333 8334 0.8134

..... S 3 0.3457 31.7S ~ 37.60 1_ 31.84 SJIS 0.8364 8368 0.8134
! , 3 0.3457 31.75 37.60 174S 3101 SJIS 0.8380 8383 0.8149

7 4 0.345S 31.7S 37.60 16" 32.16 SJIS 0.8330 8339 0.8110
8 4 O.34SS 3L7S 37.60 1610 30-'2 SJIS 0.1335 8343 0.8115, S U462 17.so 23M 1730 32.91 S30 0.8333 8325 0.8046
10 S 0.3462 17.so 23M 1750 3123 S30 0.8348 8340 0.-1
II 6 0.345S 17.so 23.40 1820 34.9S S30 O.ass 8263 OJJOO3
12 , 0.34SS 17.so 23M 1720 33M S30 U240 8248 0.7988
13 7 0.3454 9O.GS 95.80 1540 31.02 5.75 0.1870 1M 0.7733
14 7 0.3454 90.05 95.80 1_ 32.50 5.75 0.7804 781~ 0.'.
15 8 0.3462 9US 95.80 1800 373,6 5.7S 0.7. ,. 0.'.
16 8 U4'2 9O.OS 95.80 1170 36." 5.75 0.7631 7623 o.7~

17 , U448 1M UO 1_ 32.A5 sa 0:7328 7350 0.7278



READING BOLE AVEG. ZERO UQUID VOLUME TIME NET FLOW REYNOLDS ORD1CE
1# NUMBER BOLE POINT ELEVATION COLLECTED BEAD RATE NUMBER COEFF.

DJA., IN. CM CM ML SEC CM GPM

18 9 0.3448 1.40 8.80 1580 34.1' 5.68 0.7332 73S4 0.7274
19 10 0.3457 1.40 8.80 1410 31.02 5.68 O.720S 7209 0.7111
20 10 0.3457 1.40 8.80 1390 30.80 SeA 0.7154 7157 0.7061
21 11 0.3464 2.70 8.30 1610 31.27 5.60 0.8162 8149 0.8080
22 11 0.3464 2.70 8.30 18S0 35.77 5.60 0.81" 81" 0.8116
23 12 O.34S6 2.70 8.30 IS90 31.24 5.60 0.8068 8074 0.8024
24 12 O.34S6 2.70 8.30 1640 32.52 5.'4) "0.1994 8000 O.79S1
2S 13 0.3467 59.70 6S.4O 1640 31.81 5.70 0.8173 8153 O.BOOS
26 13 0.3467 59.70 6S.4O 1740 33.76 5.70 0.8170 81SO 0.8003
27 14 0.3445 9.70 6S.4O 1690 32.81 5.70 O.816S 81" 0.8100
28 14 O.344S S9.70 6S.4O 16'0 32.43 5.70 0.8163 81ts 0.-&
29 15 0.3452 29.40 35.00 16M 32.81 5M o.8l6S 8181 0.8139

...... 30 15 0.3452 ~AO 35.00 1720 33.28 5M 0.8193 8208 0.81"00
~ 31 16 0.3447 29.40 35.00 1590 3L19 5M 8.81 8101 0.8079

32 16 0.3447 29.40 35.00 1510 30.80 5M OJJOlO 8107 0.8078
33 17 O.34SS 1M 6.95 1- 31.03 s.ss 0.8072 8080 0.8068
34 17 O.34SS 1.40 6.95 1740 34.28 s.ss O.llO«t 8054 0.8043
3S 18 0.344' 1.40 6.95 1720 33.9S s.ss 0.8031 8053 0.80S6
36 18 0.3449 1M 6.95 1660 32.0 5.55 U064 ~ 0JJ089

AVERAGE 5.71 0.8051 8059 0.7931
TOTAL INFLOW - 14.4922

(GI'M)

Note: For WeI 9-10....-..-11 aYenp01. DelPborIq WeI (7-8 A 11.12).
n.e IIIpdd...................1IeM.... 111 ..____ wIdda...___I II-.wIud ... ____ p.....



TABLEA7-17

RUJI II 20 Water Temperature: 77.! F
Date: 713/93 Water Delulty: 996.967Kg I Ca.m.
Plate TIdeD.' : III. WaterViIcoIlty: 0.895 ep
Esperlmeatal CODdIdoD: COIIItaDt IDIet Flow ofWater (16.00 IPID .. Flow Meter)
IaIet at 1.875 ba. From BottoIII of the Troap

READING BOLE AVEG. ZERO UQUID VOLUME TIME NET now REYNOLDS ORDlCE, NUMBER ROLE POINT £LEVATION COLLECTED BEAD RATE NUMBER . COEFF.
DIA.,IN. CM CM ML SEC eM GPM

1 1 0.3447 62.80 70.70 I83S JO.7S 730 0-'4'0 9491 0.7962
2 1 0.3447 62.80 70.70 1820 30.4' 730 0-'462 9494 0.7965
3 2 0.34S8 62.80 70.70 182S 30.'1 7.90 0.9451 9452 0.790S
4 2 O.34S8 62.80 70.70 182S 30m 7.90 0.9433 9434 0.7889
5 3 0.3457 31.75 39.60 1830 30.82 7.1S 03412 9417 0.7902, 3 0.3457 31.7S 39.60 I83S 30M 7.1S 03417 '421 0.7906

~ 7 4 O.34SS ~1.7S 39.60 IISS 31.11 7.85 0.94S2 '462 0.794400
t-..)

8 4 0.34SS 31.7S 39.60 1900 31M 7.85 0-'445 9454 0.7938
9 5 0.3462 17.so 25M 1840 30.82 7.90 O~ 9454 0.7897
10 5 0.3462 17.so 25M lass 31.02 7.90 0-'- 9470 0:7'10
11 6 O.34SS 17.so 25M 1820 3031 7.90 0.9334 '343 0.7820
12 6 O.34SS 17.so 25M 1830 30-" 7.90 03373 '382 0.78S3
13 7 0.34S4 9O.OS 97.90 183S 30.83 7.85 03435 Mt7 0.7935
14 7 0.34S4 9O.OS 97.90 1840 30.92 7M 03433 ~ 0.7933
IS 8 0.3462 9O.OS 97.90 1675 30.22 1.1S 0.8786 rrn 0.7355
16 8 0.3462 to.os 97.90 1675 30M 7M 0.8701 I7GO 0.7290
17 , U448 1.40 II.GS 1685 3L74 7.73 0.8415 8441 0.7157



READING BOLE AVEG. ZERO LIQUID VOLUME TIME NET FLOW REYNOLDS ORDlCE
1# NUMBER BOLE POINT ELEVATION COLLECDD IlIAD RATE NUMBER COEn'.

DIA.., IN. CM CM ML SEC CM GPM
II 9 0.3448 1.40 II.OS 167S 31.66 7.73 0.8387 8412 0.7132
19 10 0.3457 1.40 11.OS 1630 31.38 7.73 0.8234 8238 0.'966
20 10 0.3457 1.40 11.05 1_ 30M 7.73 0.8272 8276 0.''''
21 11 0.3464 2.70 10.30 1810 30.80 7.60 0.9316 '301 0:7'16
22 11 0.3464 2.70 10.30 1810 30M 7.60 033S8 '343 0.1'52
23 12 O.34S6 2.70 10.30 1770 30.38 7.60 0323' 9242 O.788S
24 12 O.34S6 2.70 10.30 1790 30.65 7.60 O.92S8 9264 0.7903
2S 13 0.3467 9.70 67.40 1790 30-'8 7.70 O.nf9 ,~ O.779S
26 13 0.3467 59.70 '7.40 I. 28.38 7.70 G.m2 9249 0.781~

27 14 0.3445 59.70 67.40 1830 31.34 7.70 035 9293 O.7Ml
28 14 0.3445 59.70 67.40 1800 3U4 7.70 0.9313 9349 0.7949
29 IS 0.3452 29.40 3UO 1_ 30.70 7.40 0.9294 9312 0.-0... 30 IS 0.3452 29M 3UO 1810 30.75 7M 0.9331 ,3-48 uogl

00 31 16 0.3447 29M 3UO 1_ 28.78 7M 0.9253 9284 0.8048~

32 16 0.3447 29.40 3UO 1770 30.06 7M 03334 ,. 0.8111
33 17 0.3455 1.40 UO 1760 30.53 7.40 03138 '148 0.7911
34 17 U455 1.40 UO I. 28.71 7.40 031" 9175 O."'~
3S II 0.3449 1.40 UO 1780 30.77 7.40 03170 'I" 0:"'"
36 II 0.3449 1.40 UO 1_ 30.93 7M 03225 9251 OMl~

AVIRAGE 1.70 0-'195 f204 0.7103
TOTAL INPLOW • 1'-5511

(GPM)

Note: For IIoIeI 9-10 die1Iet" III aftnP oldie~-- (7-14 11-12).
n.llcttdd.......... r..-6e.................wMdI_.....tr.lwIuIt_.....a, p....



TABLEA7-18

R1IDII21 Water Temperature: 75.5 F
Date: 7M3 Water Dealtty: 997.247K& I CuD.
Plate11aIckaeI. : Illage Water VIIeoIIty: 0..918 cp
EsperlaaeDtai CODdItIoD: COIIItut IDIet Flow atWater (11M IP- 011 Flow Meter)
IJIIet at 1.875 III. From BoUom oftlae TnMlp

READING BOLE AVEG. ZERO LIQUID VOLUME TIME NET now REYNOLDS ORDlCE, NUMBER BOLE POINT ELEVATION COLLECTED IlIAD RATE NUMBER COUF.
DIA., IN. CM CM ML SIC eM GPM

1 1 0.3447 62.80 73.20 1930 29.31 10M 1.0438 10405 0.76S8
2 1 0.3447 62.80 73.20 1985 30.11 10M L04SO 10417 0.7'"
3 2 O.34S8 62.80 73.20 1945 295 10.40 IM30 10~ O.7aJ
4 2 O.34S8 62.80 7120 1920 29.20 10M 1M23 103S7 0.7598

..... 5 3 0.3451 31.75 42.10 1970 29.70 lOAS LOS15 I04SJ 0.7'51
~ , 3 U4S7 31.75 42.10 1935 29.12 IUS 1.GS34 10470 0.'''-4

7 4 0.34SS 3L7S 42.20 1M) 29.23 10.45 LOS2l 10463 8.'''-4
8 4 0.34SS 31.75 42.10 1970 29eS2 lOAS L0579 10521 0.7706
9 S O~2 17.sG 27. 19S5 29.26 10.30 LOS91 10512 0.7740
10 S 8.3462 17.sG 27. 1960 29$/ 10.30 L0579 IOSOO 8.7731
11 , 0.34SS 17.sG 27. 19S0 29.73 10.30 L83f7 10340 8."29
12 , U45S 17.sG 27. 1920 29.18 1UO U430 10373 0.7'53
13 7 0.34S4 9US 100M l905 30.02 IUS LOO59 10007 o.TW1
14 7 0.34S4 9US 100M 1900 29. 10.35 LOGIO 10021 0.7382
IS 8 8.34452 9US 100M 1945 3Ll4 IUS UMI 9127 8.7211t, I U462 90.05 100M 1920 30.77 IUS o.tI9l 911' 0.1211
17 9 0.3441 1M 14.15 I'" 32." 18.23 0-'524 ,..,1 8.7040



READING BOLE AVEG. ZERO LIQUID VOLUME TIME NET IU>W REYNOLDS ORD1CE
1# NUMBER BOLE POINT ELEVATION COLLECTED BEAD RATE NUMBER COEW.

DlA.t IN. CM CM ML SEC CM GPM

IS t 0.3448 1.40 14.1S 1920 31.99 10.23 03514 9481 0.7033
19 10 0.3457 lAO 14.15 1885 31.74 10.23 0.9414 9357 0.6923
20 10 0.34S7 lAO 14.15 1865 31.31 10.23 0.9442 938S O.6M4
21 11 0.3464 2.70 12.80 1740 26.38 10.10 1.04S6 10371 0.7707
22 11 0.3464 2.70 12.80 1740 2'.41 10.10 1.0444 10_ 0.76"
23 12 O.34S6 2.70 12.80

2_
30.s6 10.10 1.0374 10314 0.7.

24 12 O.34S6 2.70 12.80 1790 27.30 10.10 1.0394 10334 0.76"
2S 13 0.3467 S9.70 69. 1920 29.53 10.10 L0307 10215 0.7584
26 13 0.3467 S9.70 69. 1910 29.24 10.10 L03S5 10262 0.7'20
27 14 O.344S 59.70 6'. 1_ 28M 10.10 1.0420 10393 0.776(,
28 14 0.344S S9.70 69. 1840 28.16 10.10 LOB 10331 0.7720
29 15 0.3452 29AO 39.20 1_ 28.59 ,. LOa 10210 0:7729

..... 30 IS 0.3452 29.40 39.20 1945 2931 9. Le. 102451 0.7768
QO 31 16 0.3447 ~M 39.20 1_ 29.02 ,. LOlA 10128 8."78v-

32 16 0.3447 29.40 39.20 1m 29.27 9. L0263 10230 0.7756
33 17 0.3455 1.40 10.9S Ins 30.26 ,.55 LOOI4 10029 0.7QJ4
34 17 0.3455 lAO IUS 1910 2933 ,.55 1.0116 ION1 O.77Of
3S 18 0.3449 1.40 10.9S 1915 29.93 9.55 LOIG lOIN 0.7756
3(» 18 0.3449 1.40 10.9S 1'10 ~.72 9.55 LOlli 10149 0.7790

AVERAGE 10.I.e 1.0232 18176 G.7W1
TOTAL JNnOW - 11.4171

(GPM)

Note: Por WeI 9-10 aM..MM lI.wrap"."'--borIIIa WeI (7-8 a 11-12).
TlleIllaUS.................dae 1IeIMI.-.1D aM __....wIIIda...__.1INawII.a... ."."'" 'n....



TABLEA7-1'

1l..#l22 Water Temperature: 7s.2 F
Date: 7/6193 Water DealIty: "'.296KI/ Ca.m.
Plate nklmeu : l1a. WaterVIHoIIty: 0.922 cp
Esperlllleatlll CoaclltloD: C....1DIet Flow ofWater (20.67 IP- _ Flow Meter)
IDIet at 1.875 ID. FreID BoUoaa ofthe Troap

READING BOLE AVEG. ZERO LIQUID VOLUME TIME NET now REYNOLDS ORDlCE

• NUMBER BOLE POINT ELEVAnON COLLECl'ED BEAD RATE NUMBER CODY.
DIA.., IN. eM CM ML SEC CM ON

I I 0.3447 62.90 7530 1925 26.S6 13.00 1.1_ 11404 O.7S39
2 1 0.3447 62.90 7530 1M 26.A 13.00 l.lS27 11441 0.750
3 2 0.3458 62.90 7530 1915 26.26 13.00 1.1_ 11437 O.7S37
4 :1 O.34S8 ,2.90 75.90 1950 26.87 13.00 1.1S04 11382 O.'SOI

.... S 3 0.3457 31M "-'0 1950 U.s, 13.10 1.1625 l1S05 O.7S5S
00 , 3 0.3457 31M "-'0 2015 27.36 13.10 1.1"5 11554 0.75870\

7 4 O.34SS 31M "-'0 1980 27.08 13.10 1.1_ 11477 0.7541
8 4 O.34SS 31M "-'0 1935 U.38 1110 Ll'28 IlSl., 0.75'5
9 S 0.3462 17M 3O.7S 1900 25M 13.IS LI738 11_ 0.7591
10 S 0.3462 17M JO.75 1900 2S.SS 13.15 LI_ 11_ 0.7'24
11 , 0.345S 17M 30.75 116S 25M 13.15 Ll598 11_ 0.7532
12 , 0.345S 17M 30.75 116S 25.S6 13.15 L15S7 11454 0.7511
13 7 0.3454 90.20 103JJO 1900 26.34 13M Lias 11_ 0.7*
14 7 0.3454 90.20 103JJO 1t10 26M 13-'0 Ll_ 11322 0.7303
15 I 0.3462 90.20 103JJ0 1875 2'-G 13-'0 Ll225 11"3 0.1138
16 , U4452 90.20 103JJO 1875 26.54 13-'0 Lim 11M 0.7122
17 , U44I 1.35 19M 1155 27.27 l3A5 U7I3 10700 0.852



READING BOLE AVEG. ZERO LIQUID VOLUME TIME NET now REYNOLDS ORDlCE

1# NUMBER BOLE POINT ELEVATION COLLECI'ED BEAD RATE NUMBER CORn'.
DIA.., IN. CM CM ML SEC CM GrM

18 9 0.3448 1.35 19.00 186S 27.41 13.45 1.0786 10702 O.69S4
19 10 O.34S7 1.35 19.00 1790 26.71 13.45 1.0623 lOS14 0.6813
20 10 O.34S7 1.3S 19.00 1845 27.41 1145 1.0670 1OS6O 0.6843
21 11 0.3464 2.70 16.00 1920 25.79 13.30 1.1801 116S6 O.7SS1
22 11 0.3464 2.70 1'-.00 188S 25.43 13.30 1.17SO 11606 G.7S48
23 12 O.34S6 2.70 16.00 18S0 25.02 13.30 1.1721 11603 O.7S64
24 12 0.3456 2.70 16.00 1910 2531 13.30 1.1686 liSA 0.7541
2S 13 0.3467 59.80 73.10 1900 25.9S 13.30 1.1606 114S4 0.7443
26 13 0.3467 59.80 73.10 1810 24.79 l3.3O 1.1574 11422 0.7422
27 14 0.3445 59.80 73.10 1930 2U9 l3.3O 1.1593 11513 O.7S29
28 14 0.3445 59.80 73.10 1M 25.34 l3.3O 1.lOCi liS O.1SS7
29 IS O.34S2 29.45 41.80 1920 26.21 l3.3S 1.1612 11_ 0.74'J7

......
30 IS O.34S2 ~.45 41.80 1900 25.87 l3.3S 1.1642 11539 8.751700

....:I 31 16 0.3447 19.45 42JJO 1940 26.48 13.35 Llfi14 11527 o.7S20
32 16 0.3447 29.45 42JJO 1840 2S.3S l3.3S 1.1S06 11420 8.78
33 17 O.34SS 1M 14.70 II'S 25.74 13.30 Lt. 11374 0.7416
34 17 O.34SS 1M 14.70

1_
26.01 13.30 1.1_ 11346 0.7398

35 18 0.3449 1M 14.70 1940 26M 13.30 1.153S 1144..l O.7~7~

36 II 0.3449 1M 14.70 1930 26.A8 13.30 1.1554 11461 0.7.
AVl.RAGa l3.2I L1471 113'6 8.7417

TOTAL INFLOW - 2GM07
(GPM)

Nee. Por WeI 9-10...--IIaftrIIP". aeIPbouIIa MIll (1-8~ 11-12).
TIle 1IIpIId......ClOt • .......................wIaIdI.......tt...wIud... MCIId1PNI••



TABLEA7-20

Run # 23 Water Temperature: 7S.2 F
Date: 7n193 Water DealIty:m~ I Ca.m.
Plate ThIdaaeI. : lie. Water VIIeoIIty: 0.922 ep
Espeillaeatal CoDcIItIoD: COIIItaDt IDIet Flow ofWater (22.29IP- OD Flow Meter)
IDIet at 1.875 ID. From BottoDa of tile Troap

READING BOLE AVEG. ZERO UQUID VOLUME TIME NET FLOW REYNOLDS ORD1CE
II N1JMBER BOLE POINT ELEVADON COLLECTED BEAD RATE NtJMBER CODY.

DIA., IN. CM eM ML SEC eM GPM

1 1 0.3447 62.90 78.8S 19SO 24.QJ IUS 1.2S2S 12432 0.741'
2 1 0.3447 62.90 78.8S 19S0 US, IUS 1.2S71 12477 0.7447
3 2 O.34S8 62.90 78.8S 1960 24.6S IUS 1~ 12471 0.7419
4 2 O.34S8 62.90 78.8S 1990 25.04 IUS 1.2598 l~ O.741S.,

..- 5 3 O.34S7 31. 47.90 1M» 24.48 16.10 1.2562 12433 0.73'4
00 , 3 0.3457 31. 47.90 1925 24.23 16.10 L2S94 1~ 0.738300

7 4 O.34SS 31. 47.90 188S 23.63 16.10 l.2'4S 11522 0.7421
8 4 O.34SS 31. 47.90 1945 24.37 16.10 L2S2 l2S28 0.1425
9 5 0.3462 17.60 33.S5 1930 23.84 IUS 1.2833 12A2 8.7536
10 S 0.3462 17.60 33.S5 19l5 ~ 1S3S L2813 l2U2 8.7524
11 , O.34SS 17.60 33.S5 1'_ 24.05 IUS L2'S5 12532 o.7~2

12 , O.34SS 17.60 33.S5 1920 24.02 IUS L2'11 12548 0.7471
13 7 0.3454 90.20 l0u0 1920 24.34 1'-40 L2S04 12* 8.7275
14 7 0.3454 90.20 l0u0 1940 24.55 1'-40 1.2527 l~ 8.7.
IS 8 0.3462 90.20 l0u0 1910 24M 16M 1.2164 12022 8.704S
16 8 0.3462 90.20 106M

1_
24A5 16M 1.21" ~ 0.'7059

17 9 0.3448 1.3S 21M 1935 25.10 1'-21 LU35 1110 OMH



READING BOLE AVEG. ZERO LIQUID VOLUME TIME NET FLOW REYNOLDS ORDlCE
II NUMBER BOLE POINT ELEVATION COLLECTED BEAD RATE NUMBER COEFF.

DIA., IN. CM CM ML SEC CM GPM

IS 9 0.3448 1.35 21.40 1935 25.69 16.28 1.1940 11848 0.'''7
19 10 O.34S7 I.3S 21.40 1830 2S.U 16.28 1.1548 11429 0.6732
20 10 O-US7 1.35 21.40

1_
2S.7S 16.28 1.1513 114St 0.6747

21 11 0.3464 2.70 18.85 1820 22.4S 1'-15 1.28S1 12693 0.7491
22 11 0.3464 2.70 18.85 1M 22.91 1'-15 L2870 12711 o.7S02
23 12 O.34S6 2.70 18.85 1M 23.19 1'-15 1.2714 12587 G.7.t4'
24 12 0.3456 2.70 18.85 1910 23.77 16.15 1.2138 12610 0.7.
2S 13 0.3467 S9.80 7535 1_ 23.62 16.15 l.2'17 124S1 0.7342
26 13 0.3467 59.80 7535

1_
23.35 16.15 leU21 U4'1 0.1348

27 14 O.344S 59.80 7535 1900 2333 16.IS L2586 I2SOO 0.741'
28 14 O.344S 59.80 7535 1820 22.73 16.IS 1.2693 12606 0.7481
29 15 O.34S2 29.45 4S.6S 1895 23.81 16.20 leUl' 12S04 0.7394

..- 30 IS O.34S2 %9.45 45.6S 1800 22.70 lUG L2570 124S8 8.73'7
co

31 16 0.3447 29.45 4S.6S 1_ 2142 16.20 L2S9O 124M 0.7.\C

32 16 0.3447 29.45 45.6S
1_

23M 16.20 l.2'23 12529 0.7420
33 17 O.345S lAO 17.sG 1920 24.49 1'-10 L2428 12307 0.7294
34 17 0.3455 lAO 17.sG 1'10 2U3 1'-10 L24H 12374 o.nu
;IS II 0.3449 lAO 17.sG 1910 24.20 1'-10 L2511 12411 0."
36 18 0.3449 lAO 17.sG 1910 24.20 1'-10 L2511 12411 8.7.

AVIRAGE 1'-14 L2504 l23I2 0.7329
TOTAL INPLOW - 22.5173

(GPM)

Note: Fer IaoIeI 9-10 die..__ II ....Clltile a'Wt'"'dlll1lalea (7-1 A 11-12).
n.1Iq1dd ...............die MM...111.at-...wIIIda...__.6-..........._ , .....



TABLEA7-21

Raa##24 Water Temperatlln: 75.7 F
Date: 71M3 Water Deadt1: WI.222Ka I Ca.&
Plate 11IIekDel. : 111. Water VIIcoIIty: 0.916 ep
EsperImeDtai C.dItIoD: COIlItaat IDIet Flow ofWater (24.11IPDI OD Flow Meter)
IDIet at 1.875 IlL Proal BottoID~ the TrouP

READING BOLE AVEG. ZERO LIQUID VOLUME TIME NET now REYNOLDS ORDlCE

• NUMBER BOLE POINT ELEVATION COLLECTED BEAD RATE NUMBER COEFF.
D~IN. eM CM ML SEC eM GPM

1 1 0.3447 62.90 81.70 1920 22.49 18.80 L3533 IJSI' 0.7384
2 1 0.3447 62.90 81.70 1925 22.54 18.80 1.3538 13524 0.73rI
3 2 0.3458 62.90 81.70 189S 22.37 18.80 1.3428 13372 0."
4 2 0.3458 62.90 81.70 I_ 2142 18.80 1.3402 1334S 0:7266

~ 5 3 0.3457 31. SO.70 17_ 20.43 18..90 1.3501 13448 o.13OS
~ , 3 0.3451 3L80 SO.70 189S 22.26 18..90 1.349S 13442 0.7301

7 4 0.34SS 3L80 SO.70 1905 22M 18..90 L34S7 13412 0.7.
8 .- 0.3455 3L80 SO.70 189S 22.77 18..90 1.3193 13149 o.71~

9 S 0.3462 17-'0 36M 1900 2131 18.80 1.37~ JX73 0.7.
10 5 0.3462 17-'0 36M 1935 22.38 18.80 1.3706 13Q2 8.7-414
11 6 0.3455 17-'0 36M 1930 22AS 18.80 J..-28 lJ582 0.7401
12 6 0.3455 17-'0 36M 189S 22.06 1&10 J..-17 l3572 0.7396
13 7 0.3454 M.2O 109.50 1_ 22.32 19.30 l.3423 13382 0.7199
14 7 0.3454 M.2O 109.50

1_
22.15 U.30 L3455 13414 8.721'

IS 8 0.3462 90.20 109.50
1_

22.34 D.30 L3127 13057 0.7.

l' 8 0.3462 90.20 II'S 189S 22.H U.30 L3GI3 13013 0MI5
11 9 0.3448 1.35 U20 19_ 2141 If.II L3N9 l3052 0.'.



READING BOLE AVEG. ZERO LIQUID VOLUME TIME NET IU)W REYNOLDS ORDlCE
#I NUMBER ROLE POINT ELEVAnON COLLECTED BEAD RATE NUMBER COEFF.

DIA.., IN. CM CM ML SEC CM GPM

IS 9 0.3448 l.3S 24.20 1940 23.0 19.18 1.3014 12997 0.7026
19 10 0.3457 1.3S 24.20 1700 21." 19.18 1.2424 1237' 0.6673
10 10 0.3457 US 24.10 1840 23.4S 19.18 1.2438 12390 OMIO
21 11 O~ 2.70 21.75 1930 22.19 19.05 L3787 13706 0.7.
22 11 0.3464 2.70 21.75 1970 22M 19.05 L3781 13700 O.7W1
23 12 O.34S6 2.70 21.75 1830 21.11 19.OS 1.3742 13692 0.7410
24 12 0.3456 2.70 21.75 1970 22.83 19.OS 1.3Ci79 13629 0.737'
25 13 0~7 S9JJO 78JJO 1940 22.70 19.00 1.3S48 134M 0.1268
26 13 0.3467 59.80 78JJO 1930 22.52 19.00

1.3_
13493 0.7m

27 14 0.3445 S9JJO 78JJO 202S 23.74 19.00 1.3522 1351' 0.7347
28 14 0.3445 S9JJO 78.80 1880 2133 19.00 1.3S89 13S83 0.7384
29 IS 0.3452 29.4S 48.70 1915 22.46 19.2S

1.3_
13m 0.7.

..... 30 IS 0.3452 29.45 48.70
2_

23.31 19.2S 1.3601 13567 0.7313
\0 31 16 8.3447 29.45 48.70 1870 21. 19.2S 1.3S48 13534 0.7305.....

32 16 0.3447 19.45 48.70 1930 22.71 19.2S 1.3472 134S1 0.7264
33 17 0.3455 1M 20.40 1920 22.70 19. U. l33Q 8.7243
34 17 0.3455 1M 20M 1940 22.88 19.00 L3441 133M o.72(t1
35 18 0.3449 1M 20M 1930 22.71 19.GO 1.3472 13450 0.7303
36 18 0.3449 1M 20M 1950 22.9S 19. 1.346' 13441 0.7302

AVERAGE 19.83 1.301 U. 0.7250
TOTALINrLOW - Ue1754

(GPM)

Note: For 1aoIeI9-10 tM _Mad II........,.~...~ IaoIeI (7-8 .t 11-12).
TlaeIlq1dd"'"e+-- ..... tM 111M ..... III tM 11-....wIIIda......."..wIud......eIIJ , .......



TABLlA7-22

RIID##2S Water Temperature: 80 F
Date: 8125193 Water DeaIIty: 996.S9SKa I c.....
Plate ThIekDeI. : 111. Water VIIeoIIty: 0.867 cp
EsperbDeDtal COBdItIoIl: CODItaDt IDIet Flow ofWider (6.0 IP- .. Flow Mecer)
IDIet Ia.W*GfHeapt 2.751a. froaa tile bottom ad plMed at ODe _d ofdae troIIp.

READING BOLE AVEG. ZERO LIQUID VOLUME TIME NET FLOW REYNOLDS ORD1CE
1# NUMBER BOLE POINT £LEVAnON COLLECl1tD IlIAD RATE NUMBER cour.

DJA., IN. CM CM ML SEC CM GPM

1 1 0.3441
2 1 0.3447
3 2 O.34S8
4 2 O.34S8

~ S 3 0.3457 31.8 32.8 1760 SS-'3 1.00 O-SOIS eM 1.1796
~ (» 3 0.3451 31.8 32.8 1810 5S.96 1.00 0.5127 5107 1.2_

7 4 O.34SS 31.8 32.8 ISSG 44.17 I.GO O.ss63 5544 1.3099
8 4 O.34SS 31.1 32.8 1700 47!J7 1.00 0.5618 599 1.3229
9 5 0.3462 17.6 17.8 ISO 42.09 0.20 0.3201 3184 1.6_
10 S 0.3462 17.6 17.8 980 49.99 0.20 0.3198

_1
1.6297

11 , O.34SS 17.6 17.8 - 33.95 0.20 U241 2234 1.1101
12 , 0.3455 17.6 17.8 '10 41.15 0.20 G.23SO 2342 1.2374
13 7 0.3454 90.3 91.1 11_ 47AI OM 0.3945 3933 1.8394
14 7 0.34St 90.3 91.1 1175 41.t9 UO 0.-1 ., 1.0225
15 I 0.3462 90.3 91.1 6SO 36S4 UO G.2789 m4 0.7314
16 8 0.3462 M.3 9Ll - 47.41 UO U307 2295 U050
17 , U448 1.7 2.3 - G.07 OM 0.3312 ~ LOlli



READING BOLE AVEG. ZERO LIQUID VOLUME TIME NET now REYNOLDS ORIFICE
t# NUMBER BOLE POINT ELEVAnON COLLECTED BEAD RATE NUMBER COEFF.

DIA., IN. CM CM ML SEC CM GPM

18 9 0.3448 1.7 2.3 1200 54-'4 0.60 0.3462 3458 I.W9
19 10 0.3457 1.7 2.3 960 43.98 0.60 0.3460 3447 1.OS07
20 10 0.3457 1.7 2.3 970 4'.IS 0.60 0.3332 3319 1.0117
21 11 0.3464 2.7 3.4 1020 4S.83 0.70 O.3S28 3507 0.9878
22 11 0.3464 2.7 3.4 9SO 3U7 0.70 0.3874 31St 1.0848
23 12 O.34S6 1-7 3A 79S 31.87 0.70 O.39S4 3940 1.1123
24 12 O.34S6 1.7 3.4 920 37.26 0.70 0.3914 3900 1.1010
2S 13 0.3467 S93 60.9 1040 JUS 1.00 OA462 4431 1.0434
26 13 0.3467 S9.t 60.9 1010 JUS 1.00 0.4411 4387 L0329
27 14 0.3445 59.9 60.9 990 37.12 I.GO 0.4216 4215 0.9987
28 14 0.3445 59.9 '0.9 990 37-'2 1.00 0.4172 4170 0.9881
29 15 0.3452 29eSS 30.5 960 37.63 0-" 0M44 4034 0.9788

.... 30 15 0.3452 29eSS 30.5 980 38.7 0-" OM14 4004 037IS
\0 31 16 0.3447 29eSS 3O-S 870 3U3 0-" 0.3579 3576 0.1688~

32 16 0.3447 29eSS 30.5 860 3U8 0-" 0.3580 3576 OM9O
33 17 0.34SS 1.7 3 I ISO 39.9 1.30 0AS69 4S54 O.KJ6
34 17 O.34S5 1.7 3 1100 38.16 1.30 0AS69 4S54 0.908
3S 18 0.3449 1.7 3 lOIS 37!J9 1.30 OA235 4228 0.8778
36 18 0.3449 1.7 3 1110 41. 1.30 GA283 4216 O.Bl71

AVERAGE 0.82 0.3448 38" L0614
TOTAL INPLOW - 6.2062

(GI'M)



TABLEA7-23

RWl##26 Water Teaaperatare: 73.3 F
Date: 10M3 Water DeIadty: "'.S38Kc I ea.....
Plate TbIdmeu : lilage Water VIIceIIty: 0345 ep
EsperlmeDtal Coadltloa: COIIItaDt Inlet Flow ofWater (l12gpm oa Flow Meter)
IDIet III a W.ofHelgbt 2.751D. hID tbe bottom ad plMecl at ODe ead oftlae troap.

READING BOLE AVEG. ZERO LIQUID VOLUME TIME NET FLOW REYNOLDS ORD1CE

• NUMBER BOLE POINT ELEVATION COLLECTED BEAD RATE NVMBIR COEFF.
DIA.,IN. CM CM ML SEC CM GPM

1 1 0.3447
2 1 0.3447
3 2 0.3458
4 2 0.3458.... 5 3 0.3457 31JJS 37.30 1570 30.1' 5.45 0.1244 79'2 0JJ306

~ , 3 0.3457 31JJS 37.30 JS7S 30.24 5.45 US m~ 0.831'
7 4 0.3455 3L8S 37.30 1625 31.27 5.45 0.8238 79'1 U310
8 4 0.3455 31JJS 37.30 ISIS 30M 5.45 0.1254 m7 O.83~, S 0.3462 17M 22.9S

1_
30.47 5.3S U064 T177 0.8177

10 S 0.3462 17M 22.95 ... 30M 5.3S 8.1013 mil 0.8125
11 6 0.345S 17M 22.95 15» 30.78 5.3S 8.7828 7. o.mo
12 6 0.3455 17M 22.95 15.lS 31.22 5.3S '.17M 7532 0.",35
13 7 0.3454 90.30 9S.85 1540 30.31 5.5S 0.1036 TlA 0.1037
14 7 0.3454 90.30 95.IS l55S 30.55 5.5S OMe 7100 U070
IS a 0.3462 90.30 t5.85 1SIO 31.sG 5.55 8.7951 7. 0.791'

l' I 0.3462 90.30 t5.85 l550 30-'0 5.5S 8.7952 7. 8.791'
17 , 0.3448 1.7G 7.10 1610 31.31 SAO 0.8133 717' U275



READING BOLE AVEG. ZERO LIQUID VOLUME TIME NET FLOW REYNOLDS ORmCE
#I NUMBER BOLE POINT ELEVATION COLLECTED BEAD RATE NUMBER COEW.

DIA., IN. CM CM ML SEC CM GPM

18 t 0.3448 1.70 7.10 1570 30.70 5.40 0.8107 7850 0.8249
19 10 0.3457 1.70 7.10 1470 2U4 5.40 0.- 7804 0.8178
20 10 0.3457 1.70 7.10 1535 30.23 5.40 0.804' m4 0.8147
21 11 0.3464 2JJO 8.3S 1_ 31.24 5.55 0.811' 782' 0.8073
22 11 0.3464 2JJO US IS'S 31.10 5.55 0.8130 7836 U084
23 U 0.34S6 2JJO 8.35 1540 30.41 5.55 0.8028 7756 0.8020
24 12 0.3456 2JJO 8.35 1540 30.34 5.55 0.8046 7773 0.8038
2S 13 0.3467 59.90 '5.4S 1570 30-'1 5.55 8.8131 7830 0.8071
26 13 0.3467 59.90 '5.4S IS90 30.- s.ss 0.8136 783S 0.807'
27 14 O.344S S9.9O 6S.4S ISSS 30M s.ss 0.8093 7843 0.81U
28 14 O.344S S9.9O 6SAS ISSO 30.38 5.55 0JJ088 7839 0.8131
29 IS 0.3452 29.ss 3S-1S ISSS 30.07 sa» 0.81'7 7929 0.8172.... 30 IS 0.3452 29.ss 35.15 1570 30.34 sa» 0.8203 7934 0.8177\Cu- 31 16 0.3447 29.ss 35.15 I_ 30.24 Me 8.8125 7870 0.8123
32 16 0.3447 2t.ss 35.15 1M 30.51 sa» G.lIOS 7851 8.8103
33 17 0.34S5 1.80 7.40 1565 30M Me 0.8145 7871 0.8105
34 17 0.3455 1M 7.40 15a 30.25 Me 0.8070 719f 0JJ031
3S II 0.3449 1M 7.40 1540 30.24 Me U873 7115 0.81
36 II 0.3449 1M 7.40 1S5O 30.50 SM U05(i 719f 0JJCN4

AvaRAGE 5.51 0.- 7815 8.111'
TOTAL JNrLOW • 12.t405

(CPM)



TABLEA7-24

RIIII#27 Water Temperatan: 74.5 P
Date: 1013193 Water DeDdty: 997.394K, I c....
Plate TblekDeu : lla. Water VIIeoIIty: 0.930 ep
Esperlmeatal CoadldoD: COIIItat IIIIet Flow ofWater (18.361'- ..Flow Meter)
IDIet III • W. f6l1e1Pt 2.75 IlL from tile bottoIa aIld placed at ODe _ ~tIIe tnap.

READING BOLE AVEG. ZERO UQUID VOLUME 11MB NET now REYNOLDS ORD1CE

• NUMBER BOLE POINT ELEVATION COLLECrED IlIAD RATE NUMBER COUT.
DIA., IN. CM CM ML SEC eM GPM

1 1 0.3447
2 1 0.3447
3 2 0.34S8
4 2 0.3458.....
S 3 0.3451 ~1.80 44.3S 1730 24.16 12.55 1.1351 11138 0.7537

~ , 3 0.3451 31J1O 44.3S 1_ 2S.02 12.55 Ll404 111'1 0.7572
7 4 0.34S5 31J1O 44.3S 1815 25.12 12.55 1.1&1 11245 0."13
8 4 O.345S 31J1O 44.3S 1150 25G1 12.55 1.1~2-t 11217 O.,5H, 5 O.Mil 17M 30.IS 1700 23M 12.55 1.151' 11214 0."24
10 5 0.3462 17M 30.15 1110 24.10 12.55 L150 1133' 0.7'9
11 6 U455 17M 30.15 1715 2117 12.55 Llat 11112 8.7571
12 , U4S5 17M 30.15 1720 21U l2.55 LI442 11234 8.'.
13 7 U4S4 90.30 103.00 1790 24.73 12.70 Ll.f74 11_ 8.,.
14 7 U4S4 90.30 103.00 I. UM 12.70 LI417 11281 8.7.
15 I 8.34'2 9UO 103.00 I. JUS 12.70 LI_ 11_ G.7S:M
16 I 8.34'2 90.30 10100 1770 24M 12.70 LI. II2e 8.,.
17 , U44I L70 14.58 1770 24M 12.10 LI. IJ.29S 8.1517



READING BOLE AVEG. ZERO UQUID VOLUME TIME NET FLOW REYNOLDS ORDlCE, NUMBER BOLE POINT ELEVADON COLL~D READ RATE NUMBER COEIY.
DIA., IN. CM eM ML SEC eM GPM

II t 0.3448 1.70 14.50 1788 24.50 l2.8O l.lSI? 11331 0.7611
19 10 0.3457 1.70 14.50 1750 24.04 l2.8O 1.1540 11323 O.7S87
20 10 0.3457 1.70 14.50 1835 25.14 12.80 1.1571 11354 0.7607
21 11 0.3464 2.80 IS-'S 1770 24.44 12.8S 1.1480 11242 O.?S03
22 II 0.3464 2.80 1St'S 1810 25.04 I2.8S 1.145' 11221 0.7.
23 12 0.3456 2.80 15.65 1- 24.83 12.8S 1.1492 11280 o.7S4S
24 12 0.3456 2.80 15.65 1795 24.69 I2.8S LIS25 11312 0.'.
25 13 0.3467 59.90 72.90 1_ 25M J.3.OO 1.1381 11135 8.7382
26 13 0.3467 59.90 72.90 1820 25.28 13.00 1.1412 III" 0.7402
rt 14 0.3445 59.90 72.90 1770 24.51 13.00 1.1'- 11272 8.7S20
28 14 0.3445 59.90 72.90 1800 24.94 13.00 1.1441 11_ 0.751'
29 IS 0.3452 29eSS 42.SS 1_ 2S.BO 13.00 1.1428 11230 0.7477....
30 IS 0.3452 29eSS 42.SS 1840 2S.54 13.00 1.1420 11223 0.7472

~ 31 16 8.3447 29eSS 42.SS 1795 2U8 13.00 1.1391 11210 0.7414
32 16 0.3447 BeSS 42.SS 1815 25.31 13.00 1.1W 111S6 8.7.
33 17 0.34S5 1. l4JJO 1810 25.25 1180 1.1363 11157 8.7422
34 17 0.34S5 1. l4JJO 1790 24.90 1180 LI_ 11119 8.740
35 II U449 1M l4JJO 1780 24.75 1180 Ll401 11213 8.7m
36 11 8.344t 1M l4JJO 1718 24.79 1180 LI3I2 11195 '.7.

AVERAGES l1.Il Ll441 11238 1.1532
TOTALINnOW - 11.3144

(CPM)



TABLEA7-2S

RUD#l28 Water Teaaperat1lre: 74.3 F
Date: 10/4193 Water DeuIty: 997.419Ka I C.....
Plate11aIekDea : 11 saP Water VIKoIItJ: 0332 ep
EsperbDeDtai Coadltlola: COIIItaId IDIet Flow ofWater (21.531P- OD Plow Meter)
IIIIet iliaW.ofHelPt 2.751D. from die bottom ud pIMed at OM _d aldie troup.

READING BOLE AVEG. ZERO LIQUID VOLUME TIME NET now REYNOLDS ORD1C1:

• NUMBER BOLB POINT £LEVAnON COLLECTED IIL\D RAnt NUMBER CODY.
DJA., IN. CM CM ML SEC CM GPM

1 t 0.3447
2 1 0.3447
3 2 U458
4 2 U458.... 5 3 U457 ~L80 .70 1920 22.47 lUG L3545 l3263 8.7328\0

00 6 3 U457 31JJO 50.70
1_

2132 lUO L3SM 13313 8.7.
7 4 U455 31JJO .70 llSO 2LSO lUO L3640 I~ 8.7.
8 4 U455 3L1O .70 1870 21.77 lUG LJ617 l3341 0.737'
9 5 8.34'2 17M 36M 1875 2131 I'. L3566 13264 0.1m
10 S U462 I'M 36M llSO 21.61 19. L3571 1328 8.7.
11 , U455 17M 36M 1895 2U7 19. L3at 1321' o.71J17
12 , U455 I'M 36M 1840 2L65 It. U472 U. 8.7271
13 7 U4S4 90.30 189.35 1- 22.05 1'.os 1.3516 13W 8.7.
14 7 U4S4 M.3O 1".35 18lS 22A2 It.os L2833 l2577 U92I
15 8 8.34'2 M.3O 1".35 llSO 2L70 It.85 1.3514 1321~ 8.72'2
16 I 8.34'2 M.3O 109.35

1_
21.17 It.85 1.3412 13112 e.~

17 , U44I L18 2UO .- 22.31 lUG LU5I 13212 1.731'



READING BOLE AVEG. ZERO UQum VOLUME TIME NET now REYNOLDS ORIFICE
1# NUMBER BOLE POINT ELEVATION COLLECTED BEAD RATE NUMBER COEFF.

DJA.,IN. CM CM ML SEC CM GPM

II t 0.3448 L70 20.60
1_

22.20 18.90 1.3496 1324' 0.7340

l' 10 0.3457 L70 20.60 1880 21.84 18.90 1.3645 13361 0.7383
20 10 0.3457 L70 20.60 19l5 22.29 18.90 1.361' 13335 0.7.
21 11 0.3464 1.80 21M 1920 22.43 19.00 L3S6' 13260 0.7293
22 11 0.3464 1.80 21.80 1900 22.27 1'.00 L3S24 13216 0.1269
23 12 O.34S' 1.80 21M 1885 22.08 1'.00 1.393 1325S 0.7307
24 12 O.34S6 1.80 21M 1870 21. 1'.00 1.3548 13270 0.7315
2S 13 0.3467 59.90 79.10 1890 22.11 1'.20 1.3551 13230 0.1232
26 13 0.3467 59.90 79.10 1M 22.7S 19.20 L3S18 131" o.721S
27 14 0.3445 9.90 79.10 1938 22.54 1'.20 1.3573 13337 0.7337
28 14 0.3445 59.90 79.10 IllS 22.00 1'.20 L3S82 I~ 8.7342
29 IS 0.34S2 29S 48.90 1910 22.21 1'.3S 1.3Q2 13368 0.7311.... 30 15 O.34S2 29S 48.90 1890 22.00 19.3S 1.3618 13354 0.7303

~ 31 16 0.3447 29S 48.90 189S 22.10 19.3S L3S'3 13348 8.7310
32 16 0.3447 29S 48.90

1_
22.19 19.3S L3573 13329 0.7300

33 17 0.3455 L80 21.10 1930 22.64 19.30 1.3S13 13240 O.~

34 17 0.3455 1.80 21.18 1M 23.OS 19.30 L3479 13_ 8.7225
3S 18 U449 1.80 21.10 1925 22M 19.30 1.3S02 13252 0.7263
36 II U449 1.80 21.18 1M 2235 19.30 1.3538 13287 0.7212

AVERAGU 1'. usa 13253 0.7291
TOTAL INnOW - 21-'453

(GPM)



APPENDIX 8

SAMPLE CALCULAnONS

I) A Priori Prediction QfTrQUgb PerfC)t'lPJ\nS(f!: The distributor parameters arc:

Thickness: 11 gage(O.12 in.)

Hole Diameter: 11/32 in. = 0.8731 em.

Number ofHoles: 18 (For runs using the momentum breaker, the effective number

ofholes will be 16)

An average value ofthe orifice coefficient was selected to predict the head that

develops in the trough for a given flow rate. This was based on the data obtained tom

single orifice plate tests for 12 gage plates with hole diameters of0.25 and O.SO inches for

heads ranging from 4cm. to SO CID. The value thus obtained was 0.78. The flow through

each orifice is given by

Qo=voAo

where, vo=Co(2gh)1f2

Ao=fCdo2/4

Substituting Co = 0.78, 8 = 980 em/52, and do = 0.8731 em, we get

Qo =20.676(h)112; h in em., <lo in em3/s

or

<lo =0.3277(h)112; h in em, Qo in gpm.

The total flow rate through all the holes is given by

Qr =18<lo =S.899(h)lfJ ; h in em., Qr in gpm.

200



i.e. h =(Qr)2/34.8

Hence, for example if the flow rate is 18.74 gpm(R.un# 8), then the predicted head

would be (18.74}2134.8 = 10.09 CIll. Calculations for other flow rates CID be performed

similarly.
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APPENDIX 9

ERROR ANALYSIS

The method ofLyon(1970) will be used to determine the error in the derived

quantities. This method was also used by Derasari(l992) to quantify the errors in his

experiments. According to this method,

Ifu = Cx1ymzD.....

where C is a constant, and l, m, 11,••• are any real numbers and if the relative error in X. Y.
E ~ E · eI th e1. · E be __L._.~

z,.. are-X' y' z,··· respectiv y, en r ative error mU, u' can ~"UIIWU u

~=II~+lm~ +ln~I+···· (A9-1)

The measured quantities are ­

Volume ofwater coUected, V(ml)

Time ofcollection, t(sec)

Liquid elevation or bead, b(em)

Liquid temperature, T(oF)

Diameter oforifice, d(inches)

If EM is the maximum estimated error for each measured quantity and ifM is the

maximum value oftbat quantity, then the relative error for that quantity is~ Table

A9-1 shOWS the relative errors in the measured quantities
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TABLEA9-1

It 1 •e ative Errors in Measured n.1efthti~ .......... es

- V, mI I
-

~sec ~cm clin

_EM 20 0.3 0.3 0.001

- M 2000 60 19 0.346

%EulM 1 1 1.6 0.3

S. dveP
mce Re=

J1
C _ v
o-J2~

(A9-2)

The relative errors in Re and Co can be obtained from Bqn. A9·1 as
E Bv E E E? = ---:.!.. + .=t. +....!. +~
n.e V

o
d p ....

Ee Ey 1EC =~+ 21:- (A9-l)
o 0

Also, v0 =¥ and Q=i and since the orifice cross-sectional area depends on
o

the square ofthe orifice diameter, hence we have
E E E
--!L =.:g.+2.::L
v Q d

o

(A9-4)

(A9-S)

Considering the maximum relative uncertainty in Pas O.20At and .... as 1.5%, Bqns.

A9-2, A9-3, A9-4 and A9-S can be used to find the relative erron in Re and Co' These

are found to be
Ee
-C-=3.4%

o

~=4.6%
Re
This translates into error bands as shown in Figs. A9-1 &, A9-2
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APPENDIX 10

CORRELATION FOR CALCULATING VISCOSITY OF WATER

The viscosity ofthe water was calculated at the average temperature. using the

following correlation. (Reid, Sherwood and Prausnitz, 1977)

10810'11 = A' + B'(T-T)

11 = Viscosity ofthe liquid, cp

T =Temperature, OK

For water, At =-1.5668; B'=230.298; l'=146.797

Temperature Range: -10 to 160 OC

Percentage Error: 0.51%
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