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Bc 

D 

Da 

Dh 

Eu 

f 

F 
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'. gc 

H 

K 

L 

DEFINITION OF SYMBOLS 

Definition 

surface area to unit volume ratio of screen 
wire (defined in Ref. 2) 

area 

actual area open to flow, A£ 

empirically determined constants (defined in 
Ref. 4) 

constant, AlL/Da2gc (defined in Ref. 4) 

screen thickness (defined in Ref. 2) 

constant, A2L/Da9: (defined in Ref. 4) 

depth of channel 

characteristic pore size 

hydraulic radius (defined in Ref. 9) 

Euler number, 2~p/pV2 

friction factor ~pgc£2D/TBpV2 (defined in 
Ref. 2) 

parameter, fH/4Dh (defined in Ref. 9) 

acceleration due to gravity 

conversion constant, e.g., 
lbmft 

32.174 2 
lbfsec 

channel length (defined in Ref. 9) 

constant, 2LAl/Da (defined in Ref. 8) 

screen parameter, 6p/V 

channel width (definition in Ref. 9) 

ii 

Units 

dimensionless 

cm- 1 

cm 

dimensionless 

cm 

cm 

cm 

dimensionless 

dimensionless 

dimensionless 

cm/sec 2 

depends on system 
of units used 

cm 

dimensionless 

cm 



Symbol 

~p 

Q 

Q" 

Re 

Rea 

s 

T 

u 

v 

Ve 

x,y 

z 

n 

P 

Definition 

fraction of area open to flow (defined in 
Ref. 1) 

screen pressure drop 

mass flow rate (defined in Ref. 9) 

volumetric flow rate 

pV 
Reynolds number, lla2D (defined in Ref. 2) 

Reynolds number, DaVP/ll 

solidity, 1 - Op (defined in Ref.1) 

tortuosity factor (defined in Ref. 2) 

fluid velocity in x-direction 

screen approach velocity Q" 
A 

entering screen velocity, c( 
As 

Cartesian-coordinate distances 

length, X/H (defined in Ref. 9) 

viscous coefficient (defined in Ref. 2) 

inertial coefficient (defined in Ref. 2) 

screen void fraction (defined in Ref. 2) 

constant 

fluid viscosity 

fluid kinematic viscosity 

fluid density 

pa:.:ameter, 2QH/D2LKo (defined in Ref. 9) 

iii 

Units 

dimensionless 

gm/cm.sec2 

gm/sec 

dimensionless 

dimensionless 

dimensionless 

dimensionless 

cm/sec 

cm/sec 

cm/sec 

cm 

dimensionless 

dimensionless 

dimensionless 

dimensionless 

dimensionless 

centipose 

cm2/sec 

gm/cm 3 

dimensionless 



Symbol 

* 

GDCD 

MDAC 

NRSD 

Definition 

denotes average value when placed above 
symbol, e.g. V is average velocity 

denotes dimensionless quantity,e.g. V* is the dimensionless 
velocity. 

Convair Division of General Dynamics 

McDonnell Douglas Astronautics Company 

North American Rockwell Space Division 

iv 
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INTRODUCTION 

The purpose of the present investigation is to gather experimental 

pressure drop and velocity data for woven screens. 

Previous investigators have presented correlations for predicting 

pressure drop across woven screens. All correlations presented to date 

have been developed from "pipe flow" (1. e., circular) configurations and 

data taken in those experiments. The present experimental investigation 

uses a rectangular channel configuration. 

The report is divided into two major sections and an hppendixA and B. 

Section I presents experimental data taken for three dutch twill 

screens (50 x 250, 200 x 600, and 325 x 2300) and t~.;ro square weave screens 

(200 x 200, and 325 x 325) using tap water as the test liquid. Pressure drop 

measurements were made at four locations in a rectangular channel 8.89 cm 

long. In every case, no variation (for a given screen) in pressure drop 

. 
at the four locations was measured. The data is presented as ~p versus 

Ve where Ve is the average entering velocity and is calculated by dividing 

the volumetric flow rate by the screen area open to flow. Existing data 

have been based upon an average approach velocity (volumetric flow rate 

divided by total screen area). 

Section II presents experimental data for a 50 x 250 dutch twill 

screen using water in a modified experimental apparatus. The channel length 

is extended to a length of 29.16 em to study the effect of pressure drop 

variation as a function of Z (dimensionless length along the screen). 

1 



Channel depth is made variable in order to study it$ effect upon pressure 

drop. Basic data is presented as ~p versus z. 

The equations of continuity and momentum for the present experi-

mental model are presented in Appendix A. Also included in Appendix B, 

is a computer program listing of an extension of a ~fcDonnell Douglas 

theoretical model and data from that computer program. 

2 
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SECTION 1 

PREDICTION OF PRESSURE DROP ACROSS WOVEN SCREENS 

1-1 Previous Investigations 

Several investigators have attempted to obtain empirical or analytical 

relations between the screen pressure drop and velocity. The correlations 

are based upon an average approach velocity normal to the screen (Le., the 

volumetric flow rate divided by the total screen area) and screen parameters. 

The empirical equations below are predominant in the literature. 

where 

f = IJ. +13 
Re 

f is the friction factor defined by 

Re is the Reynolds number defined by ~~~D 

a, f3 are constants determined experimentally 

Eu 

(1-1) 

(1-2) 

where Eu is the Euler number and is defined in the following manner 

for square weave and dutch twill screens 

[1~~' for square weave screens. (1-3) 

Equation (1-3) is the Hoerner equation (Ref. 1) where Op is the 

fraction of area open to f1o~ and S is the solidity. 
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, 

where 

Eu = 
dL 

Da [ AI J' Rea + A2 for dutch twill screens 

L is the thickness of the screen 

Da is the characteristic po?e size 

AI. A2 are constants determined experimentally 

(1-4) 

Rea is the Reynolds number based on Da and defined as DaVP!ll. 

Equation (1-1) was developed by Armour and Cannon (Ref. 2) who modeled 

screens as a collection of submerged objects with surface area to unit volume 

ratio "a" for laminar flow and as a bundle of tubes of diameter D for 

turbulent flow. Pressure drop data for the flow of gaseous nitrogen and 

helium through plain square. full twill, fourdrinier, plain dutch, and dutch 

twill screens were used to derive coefficients of 0'. = 8.61 and S = 0.52. An 

illustratmon of the types of screens is shown in Figure (1-1). 

Other investigators have arra.nged their data in the form of the 

Armour-Cannon correlation. McDonnell Douglas Astronautics Corporation 

(MDAC). using GN2 and He as test fluids, presented data on three dutch 

twill screens as shown in Figure (1-2) (Ref. 3)*. Their data points for the 

friction factor, f, were lower than the Armour Cannon correlation (generally 

by a factor of 2 for each Reynolds number; however, the correlation was 

successful in aligning the data points for the three dutch twill screens. 

* Ref. 3, Fig. 33, p. 76. 

4 

rr 



\ \ 

General Dynamics Convair Division (GDCD) tested the following six 

dutch twill screens in 1969 (Ref. 4): 

• 80 x 700 

• 165 x 800 

• 150 x 700 

• 30 x 250 

• 50 x 250 

• 20 x 250 

using GH
2 

and GN2 as test fluids. They compared the results of those tests 

with previous test data taken in 1968 on three other dutch twill screens 

and one square weave screen (Ref. 5): 

• 200 x 1400 

• 165 x 1400 (Dutch Screen) 

• 200 x 600 

• 20 x 20 (Square Screen) 

using GHe, LH2, GH2, LH2, GN2, tap water, and distilled water as t~$t fluids. 

Their results of friction factor, f, as shown in Figure (1-3)* were also 

below the Armour-Cannon correlation, and they found that the data could best 

be represented by the equation; 

f = 2.49 + 0.3 
Re (1-5) 

Some of the most recent work in measurements of pressure drop across 

*Ref. 4, Fig. 217, p. 2-12. 
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woven screens has been performed by Martin-Marietta of Denver (Ref. 6) 

using four dutch twill screens: 

• 375 x 2300 

• 325 x 2300 

• 250 x 1370 

• 200 x 1400 

with GN2 as a test fluid. Their resulting data, as shown in Figure (1-4)*, 

lie above the Armour-Cannon correlation for Reynolds number less than 10-2 

and between the Armour-Cannon correlation and the MDAC test data for Reynolds 

number in the range 10-2 < Re < 1.0. 

Information in the paragraphs above is summarized in Table I-I and 

Figure (1-5). 

':f 

*Ref. 6, Figure 11-38, p. 11-60. 
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Equations (1-2) and (1-4) wer.e developed by GDCD (Ref. 7) after 

examination of their data arranged in the form f = a/Re + S. They noticed 

that considerable error could arise in attempting to use a single 

correlation for all screens. GDCD, therefore, proposed that the most 

accurate way to arrange the data was as follows: 

Al L 11 A2 L P 
V2 6p = V + 

2 Da gc Da gc 
(1-6 ) 

where 6p is the pressure drop across the screen 

II is the fluid molecular viscosity 

P is the fluid density 

gc is the conw~rsion constant needed if the "American engineering 

system" is used (= 32.174 Ibm. ft.) 
lbf sec2 

V is the screen approach velocity 

Da , L, AI, A2 are as defined in equation (1-4). 

Equation (1-6) is merely a rearrangement of Equation (1-4) using the 

definition Eu = 2gc6p/pV2 and Rea = pVDa/]l. Equation (1-6) may be further 

simplified in the following manner: 

6p = Acll V + Bcp V2 

AIL A2L * where Ac = 2 and Bc .- (1-7) 
Da gc Dagc 

GDCD presents values of Ac , Bc , AI' and A2 in Table 2-2 of Reference 

7. Values of the solidity S for square weave screen are presented in 

Table 2-3 of the same reference. It must be pointed out, however, that there 

*A 8I'''d B ~re -ef""r,-oA t-n <II<:: A <lnd B i .... RefprencQ,,·7 -c ... C a j" '- ... -- -- -- _.. -_.. _I..:'...... - - ..:. c- .. 
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is a discrepancy in this data, as either Al or A2 are not dimensionless or 

Ac and Bc are not in the units given in their paper. Tables 1-2 and 1-3* 

summarizes the values of Ac ' Bc ' A1, A2 and S. 

North American Rockwell (Ref. 8) presented data for eleven screen 

materials, in the form given for equation (1-4) using liquid heptane as 

the test fluid. Over the range of Reynolds number tested, though, they 

found that their data could bes~ be arranged by deleting the second term 

containing A2 in equation (1-4). Letting K= 2LA1/Da, the equation Eu = K/Re 

is obtained. Values of A and K are presented in Figure 1-6 t. 

1-2 Experimental Equipment and Procedure 

Experiments were conducted on 200 x 200 and 325 x 325 square weave 

screens and 50 x 250, 200 x 600, and 325 x 2300 dutch twill screens using 

tap water as the test fluid. A schematic drawing of the first experimental 

apparatus is shown in Figure 1-7, and the screen/channel assembly in 

Figures 1-8, 1-9 and 1-10. 

The experimental assembly consisted of the following pieces of 

equipment: 

(1) A centrifugal pump capable of producing outputs from 40 cc/sec 

to over 400 cc/sec. 

(2) A filter system capable of 5 micron filtration. This was 

used to remove impu<rities from the tap water and to act as a "buffer" to 

dampen the pulsating output characteristic of a centrifugal pump. 
----------------------~ *Ref. Y, Table 2-2 and 2-3, p. 2+.14. 
tRef. 8, Figure 4.5, 4.4-2, p. 
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(3) A rotameter, as shown .in Figure 1-11, calibrated with tap 

water over the range of 30 cc/sec to 150 cc/sec. 

(4) A screen/channel assembly as shown in Figure 1-9, in which 

the screens listed above were set in place at location A. The channel 

itself was a standard 10.6 cmx 4.2 cm (4" x 1. 647") channel size. A 

plexiglass tank, B, which was divided into two sections, sat on top of 

the channel, C , and inside screen mounting brackets, D, which were 

attached to the outside of the channel section (lower mounting bracket) 

and to the outside of the plexiglass tank (upper mounting bracket). 

Water flow was introduced into one side of the plexiglass tank 

which contained an overflow tube, E, and then overflowed into the second 

section of the tank, which was directly over the screen. The second 

section of the tank contained a flow straightener, F, parallel to the 

screen. The tank thus served two purposes -- the first section acted as 

a calming region for the inlet flow while maintaining a con~tant liquid 

head by means of the overflow tube, and the second section directed the 

flow perpendicular to the screen. Four sets of pressure taps were located 

in the screen mounting brackets directly above and below the screen. 

(5) A manifold system, shown in Figure 1-12, consisting of four 

three-way stopcocks connected to a single outlet tube. With this system, it 

was possible to close off three sets of pressure taps, and by rotating the 

remaining, open stopcock between its two openings, to measure the pressure 

above and below the screen. In a similar manner (after closing the first 
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stopcock), each of the other stopcocks could be opened, one at a time, 

and pressure differentials could be measured at each of the other 

locations quickly and with sustained accuracy. 

(6) An inclined tube manometer, shown in Figure 1-13, with a 0 

to 4 inch scale was used. The test fluid itself was used as the manometer 

fluid. 

(7) Other pieces of equipment (as shown in Fig. 1-7), including 

a water tank to furnish a liquid head for the pump, valves to regulate out­

put and control liquid height in the tank above screen, and a 00 to 400 C 

thermometer graduated in tenths to measure the temperature of the water at 

steady state. 

The procedure for an experimental measurement was as follows: A 

volumetric flow rate was chosen by adjusting the pump outlet control valve 

(see Figure 1-7). The pump was allowed to run at this output until steady 

state was achieved. Steady state was indicated by the constant temperature 

of the water, constant output of the pump as indicated by the rotameter, 

constant liquid head above the screen as measured by a ruler fixed to the 

side of the tank (this height was the same for all screen tested) and no 

fluxion (i.e., the same reading) in pressure drop across the screen. 

Once steady state was achieved, the pressure differential at the four 

locations was recorded. A new, lower volumetric flow rate was then chosen, 

and the above procedure repeated. 

The upper volumetric flow rate was limited by the amount of flow 

a given screen would pass,whi1e maintaining a constant fixed height above 

10 



the screen with the outlet control valve wida open. Increasing the flow 

rate beyond that limit merely increased the liquid head above the screen 

to such a point that it would eventually overflow the tank. 

The lower volumetric flow limit was fixed at the point at which 

the smallest scale pressure differential could be read (0.254 mm of water). 

1-3 Experimental Results and Discussion 

Pressure drop versus volumetric flow rate data were collected over 

the range of 40 cc/sec to 130 cc/sec for the five screens under test. In 

every case, no variation in pressure drop across the screen was measured 

at any of the four locations. Thus the local entering velocity and the 

average entering velocity were the same. An average entering velocity, 

-
Ve was calculated from the following relationship: 

where 

Q" 
= A': = 

.. 

Q" 
AE 

* 

Q is the volumetric flow rate 

.. 
A is the actual area open to flow 

A is the total screen area 

E is the screen void fraction. 

(1-8) 

The data collected during the test runs for the five screens are 

presented in Figures 1-14 through 1-17. It was found that the pressure drop 

~p, was proportional to the average entering velocity,. V
e

, in the present 

flow configuration (rectangular). Flow fields of prev~ous investigators 

were in straight tubes or channels with screens pendicular to the flow 

*Note that the present work at UAH uses Ve , which denotes a entering velocity, 
while previous investigations use V, which denotes a approach velocity. Thus Ve=Y. 

E 

11 
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direction. 

Correlations of the present data against previous investigations 

have been made. 

Figure 1-18 is a comparison of the present data for square weave 

screens with the Hoerner equation, Eu =[2..-]2. Value/? of the solidity, S, 
1-8 

were taken as 0.70 and 0.66 for the 325 x 325 and 200 x 200 mesh screens, 

respectiveiy. The equation Eu = 5.44 represents the 325 x 325 mesh screen 

and Eu = 3.77 represents the 200 x 200 mesh screen. The experimental data, 

for both screens, lie below the Hoerner equation at high velocities and 

above the equation at the lower velocities. For the lower velocities, the 

slope of the Hoerner equation and that of the present data is nearly 

identical. 

A comparison of the present data, for the three dutch twill screens 

tested, against equation (1-4), was not possibly due to the discrepancy 

(as mentioned previously) of the units of Ac and Bc or the values of A1 and 

A2 (given in Table 1-2 of this report). A comparison of the data for the 

50 x 250 dutch twill screen with the North American Rockwell value of A1 

was not possible because they tested a plain dutch screen. 

Present data (with the entering velocity changed to approach velocity 

for comparison with previous investigators) for the 50 x 250 and 325 x 2300 

dutch twill screens are shown compared to works by previous investigators 

over the same Reynolds number range in Figure 1-19. No value of "a" 

was available in the literature for the 200 x 600 screen. Screen parameters 

such as E, B, etc., available in the literature vary from source to source -

those used in all calculations made for this report are given in Table 1-4. 

12 
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The presently obtained plots are lower 'than any previously reported 

and are not linear. Two possible reasons are: 

(1) Geometric; i.e., the present experimental apparatus is rectangula~ 

while previous investigations were"straight pipe flow" configurations. The 

Reynoldi1.. .. ;;~ber as':{Je:f1i~ed by Armour-Cannon and GDCD does not take into 
, .-

account the channei uiameter (or hydraulic diameter in the case of a non-

circular configuration) but rather a characteristic screen pore diameter Da. 

Thus, Re, as defined, is independent o~ the type of geometric configuration, 

but it is doubtful that this is actually true. 

(2) Previous data were obtained from gas flow analysis while the present 

experiment used water as the test fluid. For a gas such as GN2, the kinematic 

viscosity is an order of magnitude larger than water, thereby shifting the 

Reynolds number of water to the right (i.e. (Re) H20 ~ (Re) GN2). Also for a 

gas, the friction factor would be less than that for water for the same Reynolds 

number. Thus, the present data viewed in light of previous gas data would 

13 
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shift up and to the right, the exact magnitude being impossible to predict 

without simultaneous experimental comparison between gases and liquids. 

The present data for the 50 x 250 and 325 x 2300 dutch twill screens 

present a different tendency from former investigations - an increase in the 

friction factor with increasing Reynolds number up to a certain Reynolds 

number for both screens. At low velocities, the pressure drop for a fluid 

such as water is extremely low; thus,the relationship between ~p and V 

causes the friction factor to rise for low V (f ex: ~p/V2.) and fall for high 

V. It can be considered that previous data for gases would show this 

tendency if velocities were low enough to obtain the small pressure differences 

measured in the present case. If the data are analyzed only in the region 

where f decreases for increasing Re, equation(l-D satisfactorily aligns the present 

data points for the two dutch twill screens. 

1-4 Recommendations for Future Work 

Examination of the experimental results suggests two additional areas 

of study: 

(1) Because of the geometric configuration of the present experimental 

apparatus, it is impossible for a given screen to obtain data over a wide 

Reynolds number range, as has been done in the previous "straight pipe-flow" 

experiments. With the exception of a very limited Reynolds number range, 

this prevents comparison of liquid data with a correlation of the form 

f = CJ./Re + 13, which can be applied to a gas flow. It is required, 

th~refore, that fluids such as water and heptane should be used in "straight 

pipe-f1ow'apparatus with the dutch twill screens tested in this experiment 

14 
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in orde'r to compare the previous gas data with measured values of liquid. 

The result would be the extension of the Reynolds number range of liquids 

over that of fomerly tested gases. It would allow comparison of the present data with 

MDAC (Ref.3) and GnCD (Ref.4) test data, and, finally, a comparison could 
.". 

""-be obtained for the same screens in different~~eometric configurations 

(i.e., rectangular and circular). 

(2) For velocities, Ve , used in the present experiment (approximately 

1 + 5 em/sec), each dutch twill screen has a Reynolds number range of less 

than 10. New dutch twill screens could be chosen to cover Reynolds number 

range different from those tested in the present case [50 x 25Q Re 0.6 + 3, 

325 x 2300,Re 0.03 + 0.06]. This would accomplish three objectives: 

It would allow the "holes" in Reynolds number to be covered, 

thus providing a correlation of liquids which would be 

indicative of the whole Reynolds number range anticipated. 
\ 

It would furnish additional or new data on many dutch twill screens. 

It would allow a mote complete correlation with previously collected 

gas data. 

In addition, more experience would be gained in the improved design and use of 

rectangular-channel screen assemblies. 
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SECTION 2 

VARIATION OF PRESSURE DROP ACROSS WOVEN SCREEN 

2-1 Theoretical Analysis of Effect of Nonuniform Flow, McDonnell Douglas 

Previous investigators have developed correlations to predict pressure 

drop across woven screens as a function of a uniform and average approach 

velocity (volumetric flow rate divided by screen area). However, the division 

of a fluid stream into parts by means of a screen is accompanied by pressure 

changes owing to friction and the change of fluid momentum. As a result, the 

pressure drop is not constant alon~a screen and may be considerably higher 

than that predicted by an equation based on an average approach velocity. 

McDonnell Douglas (Ref. 9, Appendix A) considered the channel 

configuration shown in Figure 2-1.* The following equations were presented= 

Continuity 
du V = D­
dx 

where V is the velocity normal to the screen 

D is the channel depth 

u is the velocity in the x-direction 

Momentum ~ + f --E- u2 + 2pu du + pg 
dx 2Dh dx 

= o 

where p is the static pressure 

(2-1) 

(2-2) 

f is the friction factor defined by Darcy's equation 

Dh is the hydraulic radius 

g is the acceleration due to gravity 

P is the fluid density. 
----------------------*Ref. 9, Fig. A-I, p. 92. 
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The flow loss through the screen was assumed to be 

KoV "" Po - pgx - p (2-3) 

where Ko is determined experimentally. Equation (2·3) is applicable for low 

velocity and in terms of the Armour-Cannon correlation is valid where 8.6/Re» 

0.52 (13, an inertial resistance coefficient, defined in equation (i-I), is 

negligible) • 

With the following boundary conditions and definitions, the three 

equations above are non-dimensionalized 

B.C. (1) at x = -H u = 0 (2-4) 

B.C. (2) at x = 0 Q = pLDu (2-5) 

where H is the channel length 

L is the channel width 

Q is the mass flow rate 

u* 
u puDL 

= = 
Umax Q 

(2-6) 

v* = V pVLH 
= 

V Q avg 
(2-7) 

Z 
x+H 

= (2-8) 
H 

Po-P (Po-p) pLH 
/j,p* --- = 

/j,Pavg KoQ 
(2-9) 

where-the terms which contain asterisks are dimensionless and Z is the 

dimensionless length. 

The three basic equations (2-1, 2-2, 2-3) become 

17 



v* _ du* 
dZ 

d (!::,.p*) 

dZ 

!::,.p* -

which are combined into a single nonlinear equation 

d 2u* du* " u* 2 _ II. u* --dZ 2 - F ~ ~ dZ 

where F = fH/4Dh and 0 = 2QH/D2LKo. 

o 

The boundary conditions are written as follows: 

B.C.(l) at Z = 0 u* = 0 

B.C. (2) at Z = 1 u* = 1 

u* 
du* 
dz 

(2-10) 

(2-11) 

(2-12) 

(2,-13) 

(2-·14) 

Equation (2-12),with the assumption that F = 0, is solved by McDonnell 

Douglas. The results are presented in Figure 2-2* as a plot of V* versus 

0. The figure shows that V* at the ends of the channel begins to differ 

significantly from 1.0 at values of 0 greater than 1.0. In other words, V 

v 
is not the average approach velocity for 0 > 1 (for cjJ<l, V* = - 1. 0). vavg 

2-2 Extension of McDonnell Douglas Analysis of Effect of Nonuniform Fl(lw 

McDonnell Douglas solved equation (2-12) with the assumption that F' - O. 

It was felt that the solution for equation (2-12) would be different by 

including a treatment of F, especially in the case of small channel depth, 

D, or high volumetric flow rate Q~(corresponding to high velocities V). 

*Ref. 9, Fig. A-3, p. 98. 
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A computer program employing an implicit finite difference technique 

of Crank-Nicholson type was devt!'loped to solve equation (2-12) in this 

study. The computer program listing is included in Appendix B. The results 

of the calculations are shown in Figures 2-3 and 2-4 as plots of V* versus 

o at Z - 0 and Z = 1 with the friction 'factor in the x-directi:)n, F , as a 

parameter. Other plots of V* versus 0 and v* versus Z with F as an independent 

parameter are presented in Appendix B. 

A comparison of Figure 2-2 with Figures 2-3 and 2-4 reveals the fact 

that the ef.fect of F is negligible in the range F < 1.0 and may be neglected 

as originally proposed by McDonnell Douglas. 

2-3 Experimental Apparatus and Procedure 

The experimental apparatus previously discussed in Section I-2 and 

illustrated in Figures 1-7 through 1-13 was modified to investigate the 

effect of nonuniform flow (nonuniform flow means that the local entering 

velocit~ Ve,varies along the screen because of the accelerating effect of 

the velocity u which is parallel to the screen). The following changes 

were made: 

(1) The channel lengt4 H,was increased from the initial length of 

8.89 cm to a new length of 29.16 cm. 

(2) The channel depth was variable by the insertion of plexiglass 

spacers which reduced the depths of the channel from an original depth of 

3.5 cm to new depths of 2.85 cm and 2.2 cm. 

(3) A total of fourteen sets of pressure taps were located at the 

following positions'where the origin x = a corresponds to the end of the 
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1 
1 
1 
1 
1 

l 
i 

channel as shown in Figure 2-5. 

x 
Location Distance x, cm Dimensionless Distance Z ""-

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

0.28 
1. 79 
5.95 
9.08 

10.69 
12.32 
13.97 
15.53 
19.56 
21.17 
22.76 
24.37 
27.18 
28.67 

0.0096 
0.06 
0.20 
0.31 
0.37 
0.42 
0.48 
0.53 
0.67 
0.73 
0.78 
0.84 
0.93 
0.98 

II 

(4) A new rotameter calibrated with water over a range of 100 cc/sec 

to 400 cc/sec was installed to allow higher volumetric flow rates Q~. This 

resulted in obtaining the same average entering velocity range, Ve , in the 

mcdified set up as in the original experimental apparatus. 

(5) A larger outlet was provided at the end of the channel to 

accommodate the higher volumetric flow rates. 

All other pieces of equipment shown schematically in Figure 1-7 were 

retained. A photograph of the modified screen/channel assembly appears in 

Figure 2-6. 
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The experimental procedure used in the modified set-up was the same 

as described in section 1-2 with the following exceptions: 

(1) Pressure drop measurements across the screen were taken over a 

volumetric flow rate range of 100 cc/sec to 400 cc/sec instead of 30 cc/sec to 

150 cc/sec. 

(2) Each volumetric flow rate chosen was repeated four times in 

order to measure the pressure drop at the fourteen locations (only four 

locations at a time could be measured with the manifold system shown in 

Figure 1-12). 

2-4 Experimental Results 

Data were taken for a 50 x 250 dutch twill screen using tap water in 

the modified experimental apparatus discussed in Section 11-3. The volumetric 

flow rate, Q~, was varied from 400 cc/sec to 100 cc/sec. The depth of the 

channel, D, was changed from 3.5 em to new depths of 2.85 em and 2.2 em. The 

pressure drop across the screen was measured at the fourteen locations. 

Figure 2~7 presents the pressure drop as a function of volumetric 

flow rate at the two ends of the channel (Z = 0.01 and Z = 0.98) for depths 

of 3.5 em, 2.85 em, and 2.2 cm. The effect of the channel depth, D, on the 

pressure drop, 6p, is considerable. At Z = 0.98 the channel depth plays a 

significant role in increasing the pressure drop for high volumetric flow 

rates (which induces the higher velocity u). At Z = 0.01 where the velocity 

u is almost negligible, the smaller channel depth reduces the pressure drop 

in contrast to the result at Z • 0.98. 

Figure 2-8 presents the same pressure drop data, as in Figure 2-7, 
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plotted against the average entering velocity V. The average entering 
e 

velocity is calculated from Ve = Q~/A€ where £ is the screen void fraction. 

Since the average entering velocity and the local entering velocity are not 

identical, Figure 2-7 is a more accurate representation of the data than 

Figure 2-8. 

Figures 2-9 through 2-21 present the pressure drop as a function of 

the dimensionless length, Z, for different volumetric flow rates at depths of 

3.5 cm and 2.2 cm. 

Analysis of the data of Figures 2-7 through 2-21 yield the following: 

(1) The average entering velocity, V and the local entering 
e 

velocity, Ve , are considerably different at the higher volumetric flow 

rates (Q ~> 200cm3 /sec) and extreme end (Z = 0.98) of the channel. In terms 

of the McDonnell Douglas correlation, this means that both V* and ¢ are greater 

than one. 

(2) The relationship between ~p and Ve is no longer linear over the 

same average entering velocity range as studied in phase one of the experi-

mental work (Section I-3). 

(3) Pressure drop across the screen is a strong function of channel 

depth D. At the smallest depth of 2.2 em, the pressure drop difference be-

tween the two extreme ends of the channel (Z = 0.01 and 0.98) is the greatest 

while at the largest depth of 3.5 cm, the difference between the two ends is 

the smallest. If the channel depth was increased to some finite value, 

the pressure drop difference between the ends of the channel would go to zero 

and then Ve and Ve would become identical. 

22 



2-5 Analysis of Experimental Data 

2-5.1 McDonnell Douglas Correlation of V* ver sus ~ 

The experimental data of Figure 2-8 were first plotted in the form 

of V* versus ~ in order to analyze the McDonnell Douglas theoretical model 

discussed in Section II-I. Results are presented in Figure 2-22; however, 

the parameters V* and ~ are modified in the following manner: 

(1) V* is based upon a fictitious velocity, not a local entering 

velocity; that is 

where 

V* 
atZ 

= 

/::'p at Z 

(Ko)avg 

(2) ~ is based upon an average value of Ko; that is 

= 

= 
2QH 

D2L (Ko) avg 

(Ko)at Z = 0 + (Ko)at Z = 1 

2 

(2-15) 

(2-16) 

(2-17) 

(2-18) 

Equation ~-18)is used in place of the original McDonnell Douglas definition, 

Ko= 
Po - PgX - P 

V 
(2-19) 

Equation (2-19) implies a linear relationship between pressure and velocity; 

an inspection of Figure 2-8 shows that this is not the case. Therefore, 

equationO-16)is used as the definition of Ko; that is, Ko is !::'p at Z divided 

by Ve at Z and since !::'p at Z varies as a function of Z, then Ko is a variable 

and a function of !::,p at Z, Ve at Z, and Z. 

v* and ¢ in Figure 2-12 are calculated in the following manner. 
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(1) For a given volumetric flow rate, an average entering velocity 

is calculated. 

(2) For the average entering velocity calculated in (1), ~p is read 

from Figure 2-8 at Z = 0.01 and Z = 0.98 and the value of Ko are calculated 

at Z = 0.01 and Z = 0.98. Than (Ko)avg is calculated by Equation (2-18). 

(3) Once (Ko)avg is determined, Ve is calculated at Z = 6 and 1 

(actually Z = 0.01 and 0.98) by equation (2-16). Then V* is calculated at 

Z = 0 and 1 by equation (2-15). 

(4) 0 is calculated by Equation (2-17) using (Ko)avg determined in 

step (2) above. 

Thus, a given value of 0 yield two values of V*, one at Z = 0 and Z = 1. 

The results shown in Figure 2-22 fallow· the same trend as the McDonnell 

Douglas theoretical curve. However, the divergence of the curves for Z = 6 

and Z = 1 at a given 0 is not as great as predicted by theory. Finally, the 

plot in Figure 2-22 is based upon entering velocities not approach 

velocities; thus the curves converge to a value of approximately three 

instead of one. Since Ve = vIE and the void fraction for a 50 x 250 dutch 

twill screen is 0.325, Figure 2-22, if based upon approach ve1ocit~wou1d 

shift down to a value of approximately v* = 1. 

Several points should be made about Figure 2-22, the calculation 

method used to determine V* and 0, and the McDonnell Douglas theoretical 

model in general. 

(1) The results of Figure 2-22 are encouraging in that the simple 

equation ~p = KoV may be used to predict the variation in pressure drop 
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as a function of Z. This is true because in the present measurement the 

local static pressure above the screen was almost uniform for a given 

volumetric flow rate and channel depth while the local static pressure 

below the screen varied in the Z-direction. This variation caused the 

pressure drop difference. 

(2) The validity of the equations used is questioned. A linear 

relationship is used for Ap even when the actual relationship is quadratic. 

Also, a great deal of arr~iguity exists in both the definition of Ko and the 

determination of its value. Finally, without recourse to an actual measured 

or calculated velocity profile, a fictitious velocity profile must be 

calculated. 

(3) Realizing that the definitions employed for v* and ¢ are not 

those originally proposed by McDonnell Douglas we still feel that the data 

as presented in Figure 2-2 or Figure 2-22 are not a good way to predict the 

variations in pressure drop. Two reasons are proposed. First, the correlation 

is based upon the fact that the inertial contribution to the pressure drop is 

negligible. With this assumption, a linear relationship Ap = KoV + pgx 

(or Ap = Ko) is defined - this is perfectly valid since the viscous 

contribution is assumed to be the only contribution to the pressure drop. 

However, the present experimental data for the screens tested has shown that 

when a linear relationship exists between Ap and V, no discernible pressure 

difference can be measured. Thus the local velocity and aver~ge velocity 

are identical. As the pressure drop difference at Z = 0 and Z = 1 begins 

t.o differ significantly, the assumption that the inertial term is negligible 
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is no longer valid and the defining relationship for Ko should include a V2 

term. Second, even in the viscous range, when the defining relationship 

for Ko is valid, the question shall arise as to what value of Ko to use -

a great deal of ambiguity exists for this term. 

2-5.2 Determination of Velocity Profile 

The equations of contjil,uity and momentum are derived, in detail, for 

the present experimental apparatus in Appendix A. The equations are: 

Continuity 

Momentum 

Ve =.JL.~ 
E: dx 

~ + fpu
2 

+ 3 pu du = 0 
dx 2D dx 

(2-21) 

(2-22) 

Assuming that the second term of equation (2-2V can be neglected as noted in 

section 2.2, then equation ~-2V is written as 

~ + 
dx 

du 
3 pu - = 

dx 
o 

Integrating equation(2-2~ from zero to x 

where at x = H, u(H) = 

u(X) = ~ 2[l1p(x) - l1p(O)] 
3p 

.JL. 
pLD 

(2-23) 

(2-24) 

(2-25) 

Now, using equation (2-24) and experiment data at X = H, u(H) is calculated. 

The values of u(H) calculated by equation (2-24) are compared with the values 

calculated by equation (2-25) which is exact. A correction is made to 

equation (2-24) so that the values calculated at x - H agree closely with 

those calculated by equat~on (2-25). Thus equation (2-24) becomes 
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u¢C) = l.lSJt.P (X) ~ t.p(O) (2-26) 

and is used for all subsequent calculations of the velocity u at location x. 

The velocit~Ve' is now calculated from the continuity equation once 

du/dx has been determined from Figure 2-23. 

Figures 2-23 and 2-24 show the velocity profiles u(x) and Ve versus 

Z for a 50 x 250 dutch twill screen in a channel of depth 2.2 cm. 

By comparing Ve versus Z (Figure 2-24) and t.p versus Z (Figures 2-16 

through 2-21) for D = 2.2 cm, t.p as a function of Ve is obtained. This is 

shown in Figure 2-25. The data, for low velocity, is nearly independent of 

the mass flow rate Q. 

For practical calculations, a single line can be drawn through the 

data points as shown. 

Based upon the single line or Figure 2-25, Euler number is plotted as 

a function of Reynolds Number in Figure 2-26. An empirical relationship between 

Eu and Re may be obtained from this figure. 

2-5.3 . Determination of Average Properties from Local Data for 50 x 250 

Dutch Twill Screen for Depths of 3.5 and 2.2 cm. 

As most existing correlations are based upon the assumption of an 

average and uniform velocity, the present data were analyzed to determine the 

average pressure drop,t.~as a function of the average entering velocit~ Ve. 

Figures 2-9 through 2-15 were integrated at each volumetric flow 

rate ~o determine t.p. Each volumetric flow rate corresponded to an average 

entering velocity Ve (Ve = Q~/A£). Thus, Figures 2-27 and 2-28 present ~p 

versus Ve for depths of 3.5 cm and 2.2 cm, respectively . 

.... 
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Figure 2-29 presents the Euler number as a function of the Reynolds 

number based upon the average properties of Figures 2-27 and 2-28. At low 

Reynolds number, the Euler number is a function of the depth of the channel. 

As the Reynolds number increases, Eu becomes independent of channel depth. 

Other dimensionless parameters, such as those shown in Figure 2-30, 

were investigated to see if the data for different channel depths, D, would 

conveniently clasp into one single curve. Figure 2-30 was found to be 

the best possible presentation which includes the depth, D, and channel length, 

H, as parameters. 

2-6 Recommendations for Future Work 

Based upon an analysis of the data of Section II , the following 

points are made and suggested for future study. 

(1) Since only one available screen (50 x 250 dutch twill) and 

one liquid (water) were tested, it is obvious that other screens and 

liquids should be tested in the experimental apparatus discussed in 

Section 11-3. Special attention should be paid to the viscous region 

where it appears that such parameters as Euler number are dependent upon 

channel depth. 

(2) It is recommended that an approach to pressure drop prediction 

. 
as discussed in Section 11-1 be taken only as an approx~mation as any 

single correlation for all screens can not be accurate enough for detailed 

calculations. It is believed that the following equation is the most 

accurate way to represent the data for each single screen. 
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Eu = 2L [Al + A] 
Da Re 2 

(2-27) 

or in alternate form ~p = Acp V + Bc ~ V2 (2-28) 

If further studies verify the fact that Eu is a function of channel depth in the 

viscous region, then equations(2-27) or(2-28)must either present value of Ac 

and Be (or Al and A2) as a function of depth or modify the definition of 

Reynolds number to include the effect. Based on the present work, it 

appears that equations(2-27)and(2-28)may be used in the inertial region 

without modification. 

(3) If Equations (2-27) and (2-28) are to be used, an accurate 

determination of a velocity profile is needed. Accurate velocity profile 

should be measured for the screen tested (50 x 250) and others. The 

measured velocity profile for a 50 x 250 dutch twill screen should be 

compared with the calculated velocity profile (as described in 11-5.2); 

if the two are in close agreement, then velocity profiles may be calculated 

from the following: 

u(x) = n ~p(x) - ~p(O) 
(2-29) 

P 

where n is a constant 

Ve = D du 
e: dx 

(2-30) 

.-: 
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TABLE 1-1: SUMMARY OF RESULTS OF INVESTIGATORS 

USING ARMOUR-CANNON TYPE CORRELATION 

Investigators Equation Developed Screens Tested Fluid Tested 
or or Results 

Company 

Armour-Cannon f = 8.61 + 0.52 Too Numerous to GN2, 
(Ref. 2) RI! List GHe 

MDAC No equation given; 
(Ref. 3) results below 250 x 1370 

Armour-Cannon GN2, 
generally by a 325 x 2300 GHe 
factor of two. 
Armour-Cannon 200 x 1400 
correlation suc-
cessful in aligning 
data points 

GDCD f = 2.t~9 + 0.3 Six screens GH2 
(Ref. 4) 

Re tested in 1969, GN2 
I- - - - - - - - - - - - - - - - -

Three screens Too numerous 
tested in 1968, to list 

Mart in- No equation given; 375 x 2300 
Marietta results above 325 x 2300 

(Ref. 6) Armour-Cannon 250 x 3700 GN2 
correlation for 200 x 1400 
Re < 10-2 results 
between Armour-
Cannon correlation 
and MDAC data for 
10- 2 < Re < 1. 

"~no 

t 
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Table 1-2: Screen Geometry, Dutch Twill Screen 

n Dr.I. 
DB Dimensionless A 

Bubble Pt. Avg.Capil- Thick- Por-
Diameter lary' Dia. ness osity 

Screen Mesh (Microns) (Microns) (in. ) (Meas. ) Wlcking 
Al A2 AW 

200 x 1400 13.4 22.8 * 0.0058 0.256 190 18 
165 x 1400 18.6 28.3 * 0.0060 0.301 150 16 580 
200 x 600 19.05 36.7* 0.0055 0.347 52 3 368 
165 x 800 22.7 48.5 *>t;, 0.0065 0.310 43 135 
150 x 700 22.7 60.8** 0.0070 0.171 500 133 

80 x 700 29.7 139.3** 0.0098 0.416 000 3-1 6230 
50 x 250 33.9 129.5 ** 0.0127 0.325 115 191 
30 x 250 48.5 112.2** 0.0265 0.276 130 12 1120 
20 x 250 52.8 155.3** 0.0280 0.325 150 20 

*Microporosimeter 
**Macroporosimeter 

Table 1-3: Screen Geometry, Square Weave Screens 
'< 

Mesh (Microns) Solidity 
DB S 

400 x 400 . 38 0.64 

325 x 325 44 0.70 

200 x 200 74 0.66 

150 x 150 104 0.63 

100 x 100 140. 0.698 

80 x 80 180 0.686 

50 x 50 280 0.700 

40 x 40 440 0.640 

20 x 20 860 0.538 
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A =-- B=-c 2 c D g 

Dagc a c 

509687 3.61 
270185 2.68 
51053 0.355 
28568 14.3 
2276-12 12.08 
121427 1.89 
20938 14.78 
65795 2.23 
41869 2.8-1 
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TABLE 1-4: GEOMETRIC PARAMETERS FOR WOVEN SCREENS 

Screen Da , cm B, CIIl a, cm-1 e: 

200 x 200 - - - -

325 x 325 - - - -

50 x 250 12.95 x 10-3 32.3 X 10-2 151 cm-1 0.325 

200 x 600 3.67 X 10-3 14 X 10-3 - 0.347 

325 x 2300 1.472 x 10- 3 8.9 X 10-3 1102.3 0.245 
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The table below summarizes the change~ in the experimental apparatus. 

TABLE 11-1: MODIFIED EXPERIMENTAL APPARATUS 

Piece of Equipment Hodifications 

Screen/Channel Assembly (1) length H increased from 8.89 em 
to 29.16 cm. 

(2) width L unchanged (8.89 cm) 
(3) depth D variable (3.5 cm, 

2.85 cm, 2.2 cm) 
(4) number of pressure tap 

locations increased from four 
to fourteen 

(5) outlet increased in size 

centrifugal pump none 
filter 
inclined tube manometer 
control valves 
feed tank 
manifold system 

screens only 50 x 250 dutch twill screen 
used 
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APPENDIX A 

This appendix contains the complete derivation of the continuity 

and momentum equations for the experimental model used at DAR. 

The notation used in this appendix is the same as that used in 

Sections land 2 of the report and listed in the definition of symbols. 
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v 

// 
L 

~/ 

~ du 
u + d /l,x x 

D u,.. .... 
t 

~-~ ~-J ,""x 

H 

x ;:: 0 

VL{\XE .::: [n - (u + du ,"Ix) ] LD 
dx 

dividing both sides by L{\x 

Momentum Equation 

D du V ::;.-
E dx 

P---I ... 
m 
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puV 

p + dP ,",x L:_Ox 
. dm --... m + iPxAx 

Screen has void fraction s 

(1) 

(2) 

Same 
Dimensions 
As Figure 
Above 

(3) 



m -
dm (m+- t,x) 
dx 

simplifying (4) 

LD - pu VLllx~ = p + ~ t,x - P LD + f'Lt,x 
dx 

d 
- dx (pu2 )t,xLD - puVLt,X8 := !; t,x LD + £"'L t,x 

dividing both sides by t,xLD 

d 2 puV8 
- - (pu) --dx - D 

~ f'" 
= dx + D 

rearranging 

E.E. + 2pu du + ~ + f'" = 0 
dx dx D D 

du V8 
from equatLm (2) -~ - =-dx D 

~ + 3pu du + ~ = 0 
dx dx D 

now, let f'" f • then 

~ fpu 2 du 
dx +"2i) + 3 pu dx = 0 
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(5) 

(~) , 
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1\ " 

, . 
.;. ,It 

Let us define 

pu' 2 
f"":: f-

2 
(7) 

then Equation (6) is rewritten as 

Nondimensionalizing Equation (8) 

Equation (8) is written in a nondimensionalized form as 

with the boundary condition 

u* = 0 at Z = 0 

u* = 1 at Z = 1 

(8) 

(13) 

(14) 

(15) 

Let us omit the asterisk, *, from now on for convenience. Equation (13) 

will be numerically solved by utilizing the implicit finite difference 

technique of Crank-Nicolson as briefly introduced in the next section. 

Numerical Solution 

Defining the stations Zi-l' Zi' and ZitI as n-l, n, and n+l, 

respectively, as shown in the figure below: 
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T 

I 
.[ 

t 

we can write the first and second derivatives of velocity as 

du 
dZ = 

U U n+l - n-l 
2!::.Z 

d U --= 

Thus Equation (13) is expressed in a finite difference form as 

- F tJ U u'" - tJ U" 
n n n 

= 0 

where U~ is an old value of Un obtained by a previous iteration at 

station n. 

We solve the equation below: 

where 

Coefficients of Un+l: 

tJU" n 
2!::.Z 

Coefficients of Un: 

Coefficients of Un-I: 

o 
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(16) 

(17) 

(18) 

(19) 

(20) 

(21) 

(27.) 

(23) 
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The boundary condition at Z = 0 is U1 = 0, thus Equation (19) gives 

A(1,1)*U(1,JN)+A(1,2)*U(2,JN) 

+A(1,3)*U(3,JN) = 0 

U(l,JN) = 0 

Therefore, we can set at Z = 0 

A(1,2) = A(1,2) 

A(1,3) = A(1,3) 

A(l,l) = 0.0 

0(1) = 0.0 

At A = 1, Un max 
= 1, then 

A(NY2,1)*U(NY2, IN)+A(NY2,2)*U(NT1JN) 

Therefore 

+A(NY2,3)*1.0 = 0 

A(NY2,1) = A(NY2,l) 

A(NY2,2) = A(NY2,2) 

D(NY2) = -A(NY2,3) 

A(NY2,3) = 0 

In the computer program the following symbols are defined; 

U(i,JN) = Un 

U(i,J0) = U~ 

F - F 

PHI = 0 

DZ = t::,.Z 

VSTAR = dUn/dZ (=dU*/dZ) 
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I 
:ji ... 

n , ;i 
': " 

''',' 

For a given combination of constants, F and' the distribution of Un 

along Z is calculated. Iterations are continued until a desired 

convergence is obtained. The definition of convergence is 

Un max U'" n max ---
2 2 < CONV. 

Un max 
2 
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APPENDIX B 



'~ 

t 

[ 
r 
r 

,. 

.. 
, 

,. 

., . 

1,­., .. 

I 

CAPEFT Program L~stin~ 

~FO~"S MAIN,MllN 
C 

c 

c 

c 
c 
c 

c 

COM"~~/RLUE/U(2SC.2),DZ,Ny,~YI ,Nv2,l(;SC"D(2S~"lC~S~,') 
COM~0~/P'NK/PHI,F 

CO~~ON/W~IYEI JO.JN 

NyeSC 
NYleNY-. 
NY2 c I\,Y-2 

DPHt.,.r.10 
JNII:I 
JO::2 
OZ=I.C/FLOAT(NY1' 

f=Gd {: 
z p~-!lse.lo 
sea r~ T J ". U r 

D01~' T II: 2 , N Y 
I( Zfl )=~2.FLO.TII-I, 

L(I)lI:t·O 

U - P R r. F I L F T 0 I N TTl ATE C ,. I. c. L tAT 1 0 ~i 

DO 2r.. I=I,NY 
2(, UII,JC',aZII) 

C /I L L (, R E r~· 
C.ALl F"lN1 
IF(P~'.LT'l.O) P~I=PHt+DP~r 
!FIPH\.GE.I.G) PH!SPHI+I.C 
IFCPHI.lFoI5.P) G~ TO 5 
Fz:F+~.IO 

IFCf.GT.I.'0) STOP 
6(') TO ? 
END 

,', 

~fOR,tS GRFfN,GREEN 
SUBROt:T I t~E' GPEEN 

c C(lMM('lN/AlLJE/Il(2~('.2) ,OZ,t-·VtNYt ,I\'v2,Z(?5G) ,D(250) .A('S~~3) 
C (1 M M 0 ~J I P , ~'K I PHI. F 

COM~!O/\l/WHIYE/ JOt,'N 

1-i.NY/Z 
NMAX :; ZSC 
ITMAX=-IOCl 
IT:: t 
Zt=l.' I (nz*rz) 
Z2=0.50/I)Z 

I t'I ceo N r I /I. U E 
1=2 

,(. A ( I - 1 ~ I) I: Z I + 1 ? • PH' • tJ f t ,,) 0 ) 
A I I - t , ? } ~! .. 2 • 0 * Z , - pHI • I) ( I I ,} 0 ) • f • 2 • 0 / 3 • ::t 
Af I-I ,3)=-A( I-I II 1+7.0-71 
o ( I - I 1 ::(1. C 
1=1 + I 
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T 
;1L 

I 
I 
I 
T 

"'" I 
J 

1r: 
I', 

».Ut 

-r;" 

li 

c 

c 
c 
c 

c 
c 
c 

c 

IF CI.lE.~YI' GO TO 10 
MI)DIrY "'lRST ANn I AST EQUt.TII)~IS p,y B·C. 

A(i")~Ci·O 
D( 1 )=;;.0 
D(NY2)= -A(NYZ.3) 
A f NYi' , 3 , co (, • ~I 

SOL VEE Q 1I " T I 0 /It S F (! R tJ ( I , J ,,, ) • I & 2 • 1 ••• ~f Y I 

APPLyp-.r. FOR Uf I,JN) HID UCNy,J'·" 

UC1,JN'sO·u 
UeNY,JN)ml.O 

T EST & ( U e r' , ... 1 N , - U e ~ , J 0 ) , III ( ~~ • ~l N , 
IF(A~SeTFST).LE.r.oIC.OR.tT.GT.rTMAX) Gn TO ~D 

IT='T'" 
DO 2~ K=I,NY 

2(1 UCK,JC,.IJlI""Jr>J) 

Go TO 10 1) 

~O WRITEe6,30) IT 
.30 FORt-1AT CI(lX,21.lH""Jl'~'BER OF rrER~.TlnN·rISI) 

RETURN 
END 

iFOR,TS TRl~,TRIM 

c 

c 
c 
c 

c 

c 
c 
c 

5UBROVTINE TRlt-I (·A,X,['),~!.NN' 

DIM f "I S I 0 hi " ( N N , .:. ) , ,. A ( '15 r ) ,n ( j\! N I ,D 0 f ? 5 r.) , x ( N N , 

••• FQPWARD TO ELT~INATln~ •••• 

A A ( I , = A ( I ,3' I A ( 1 ,2' 
DD( 1 )=De, )/A(, ,2) 
DO J I-i',N 
A/lA=f\( I ,2)-AA( I-I,.Ae 1,1' 
AACI)::AIYt3'lflA/I 

DO C Y , = (n ( I ) -Df' C 1- I ) • A ( I , I ) ) / A f\ A 

••• PACK SUBSTITUTION ••• 

x ( N , :: n 0 ( ~! ) 

Do 2 IS?, ~J 
J=N-, .. I. 

2 XeJ)sDDeJ)-X(J+1 }.AAeJ) 
RETURt" 
END 

~FO~,IS PRJNT,PRINT 
'SUBROUT ll!fp~ 'i NT 

C 

c 

CO~lr,'f)N/ALlIE/U(2S0,2) ,DZ,~ly,NY' ,NY2,Ze2S0l ,D('251)' ,A(2S n ,3) 
caM~nN/PI~~/PpI~r 

COMM0~/W~JYEI In,JN 



L " ,~ 

, 
j ( 

" " 

,; , 

II , 

I C F 0 f\~' A T ( I H I I I (. Y. , LI ~I F = • 0 f' F I , • t.. • lOY 6 H P ~I I = , (j PEl I • S I ) 

WR I TF: ( '" I ;tC , 
,C FORMAT(qH NO.,IUXqH 7 IICX9~ VEl nCtTy,I~X8H OLnVfL •• 'DX5~VSTAR' 

I = I 
3t (ONT , t-'UE 

IF ( I • (. 'Ti ! I • AN r • I • LT. NY) V C; T ft R = U • c; 0 • ( U ( , + I , J N I - U( I - I I J N ) , 10 Z 
1 ~ C 1 • [ Q • 1) V C; TAP:: •• 5 C •• ( - U ( 3 , .J t-I I + U •• U ( , I .J t! , - 3 •• U ( 1 • J t..! ) , I n Z 
I ~ ( J • f Q • ~J ") \I 5 T A ~ = , U ( NY, ,j" ) - l' ( NY' I J "J ) , I '" 7. 
'If J,> J T F.: ( 6 I I C L ' ) I I 7 ( t ) ,U ( I I ,J t,' I .' I ( I ,,' 0 I , V S TAR 

'''0 FOR"'~T(·tc;,c;pqrll-..,) 
I I: I + t 
1 F ( , • (, T • ~j Y) P r T I 'R ~, 

GO Tn 3C 
END 

I01XQT 
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Sample Outputs 



. 
F' • .!0001'\ PHI • .10I'lOO+nt 

Z VE;LOCITY OLoVEL. VSTAR 
.000(1000 .00000"'0 .0£100000 .fI't7L1300 
.020~I)Fl2 .fJI7297~ .0173~27 .8'07306 
.0'10816':' .03~6QI2 '03't691't .8~eI82'+ 
.06122'+5 .0519172 .0520521 .A'I8937S 
.0816327 .0692518 .069'1310 .elf99 9 Fl2 

., .I020LlQB 
"'. 

.0866110 .OFlb8)'f1 .851367'1 
el'2&jq"O .10'1001'1 .1,.,'421177 .853n'+82 
.IQ2ijS'7, .121~293 .1217380 .F.lr;;Sr)'+~1 

.11.-12/,53 .PS9QI2 tl3 9 251't .8573595 
dE\3b73t; .156'1236 ,1c:,~Bl'12 .85999R6 
.2Q't081~ .17'10032 '17~~3'1 .86296b~ 
.Z2L!QR9R .. 916'167 ,19211'17 ,8662692 
.2'1'19980 .2093611 .2098656 .8~99126 
,2653061 .227153'1 .2276929 .8739036 
,2BS71'13 .2'150306 .2'15~O3~ .8782~92 
.30612214 ,2630003 .2/,360"7 .8'329572 
t3Zb53Qb .2810697 .2817038 .8A8036'1 
.3'169398 .2992c+b7 .29990A3 .8'3~958 
.3673Lf69 .3115389 .3182260 .8993'+53 
.3~77551 .33595'+6 .33666,+9 .905S9S3 
.Lf081b33 .35~5Q20 t3S523:30 .91225~9 

• 14 28571'1 .3131891. .37393AR .919.3'*2'1 
.t.j~B9796 • .3920262 ,3927910 .92bI36~5 
.'1693877 e~lIOZOB '~1179~5 .93'113370 

~, '? .~~97959 ,l.I301A28 ,l.I309706 .9'132753 
.5102Qt.j1 ,L!'t952tB • 'It:, 03 1 1:.8 .95219147 

;1 i .S3,,61?2 • '1690 /179 .l.I69R~10 .9616116 
.551n2rt~ .14887713 .'t~9S7t5 .971S'iLl'I 

. , 
.S71~2Rb .508707.R ,5,,95008 ,9R20119 

, .S91P,367 .S288S3'i .52 9 6lf62 .9'1303~'1 -'1"" 

• 6l 7. 21.jI~ 9 .SLf923'1fl .5S001~q l.nIJLfl,338 
.6326531 .569f1589 .5706310 l. n tbS331 
.6£130612 .5907382 .5ql~9L19 1. 0 296 5 69 
.673Li69Q .1.118857 .6126236 ltO'l31.312 
.6~3~775 .6333150 .63'103", 1.1'l5728'10 
.7t'l2B51 .6SSQ'Hll .6557.301 1.0721'15A 
.73'+6939 .6770760 .6?7731.8 I.OR77~87 

.75510?n .699l.1380 .71)OO6b3 t.IO't12S9 ,- .775511:12 .722ILf2~ .72273'17 1.t2131'1l.1 
, . .1c?591FlI.I .7~52060 .7'157589 1,1393536 

" . 
,8163265 .7686l.1/,b .7691Sl-9 t al5828S1 

~. l"' .83673'17 .792'1829 .7929'17'1 1.17IH53l.f 
I" .R;71'17.8 .81673'15 .B!11SIJQ 1.199("1058 d ,A775510 .8'+1~219 .11'117855 1.220f\ 9 37 

.89795~2 .86b5669 .8bb87r;B 1.2'138729 
r' .9183673 .El9?'1922 .8Q2.'+'+37 1.26E\OO20 
~ 1 .93A77~S .9183221 .9IR5137 l,2933'+Ll3 .1 

.9591837 ,9'1'19818 .94S1115 1.3199678 
.97Q591!:\ .97219B3 .9722b~O 1.3'179'+59 

1.00000'10 1.00000(10 1·00000"0 1.3627.829 
t-,IJMA E R OF TTF~AT ION= 3 
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Figure B-6 
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Figure B-7 
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CHAPTER II 



.. ,.. 

INTRODUCTION 

The experimental program mentioned in Chapter I is continued in 

Chapter II with slight modifications of the experimental system. The 

manifold system used in the earlier phase of the program had only four 

three-way stopcocks whereas the new manifold system used seven two-way 

stopcocks. This improvement facilitated in collecting the pres~ure drop 

data across the channel length at seven locations without disturbing the 

experimental setup. Several precautions were taken especially to eliminate 

airbubbles and to minimize the turbulence in the tank to obtain better 

and more accurate readings. Also two new screens (Dutch twill 200 x 200 

and 325 x 325) were used during this phase of the project to investigate 

the pressure drop across the channel length. Three channel depths, 

namely 2.2, 2.85 and 3.5 cm, were used with the flow rates varying from 

345 cc/sec to 65 cc/sec. 

The second chapter of this portion of the report contains the 

theoretical consideration flow patterns in a rectangular channel followed 

by the summary of the experimental results . 
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SECTION 1 

THEORETICAL CONSIDERATIONS 

The fundamental physical laws of conservation of mass, momentum 

and energy, when applied to a continua, in most cases yield sufficient 

equations for evaluation of the flow parameters. These flow parameters 

are velocity, pressure and forces developed at a given region inside the 

continua. For our analysis we chose a control volume fixed in space 

and evaluated the flow parameters in an averaged integrated fashion. 

The choice of the control volume is arbitrary. However, in order to 

extract maximum information it is essential for the boundaries of the 

surface of the control volume to pass through regions where informati~n 

is known and also where it is required. In most problems, several control 

volumes may be necessary for the formulation of a determinate set of 

equations. For clarity in presentatl.on, we express the vector quantities, 

velocity, momentum and forces in their component form using the 

rectangular cartesian system (an appropriate system for our flow 

geometry). Hence, all the equations are scalar in nature. 

1-1 Equations of Motion 

The channel is shown in Fig. (1) and the dimensions are also 

marked on it. The control volume is shown in Figure (2). Figure (2) 

shows the mass flows, momenta and forces acting on the control volume 

as follows: 

1-2 Conservation of Mass 

Let u and v denote the x and y components of the velocity 

vector and p the density of the fluid flowing through the control 
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Figure 1. The Channel with the Screen 

Consider the control volume shown in Figure 2. 

V pL~x£ 
J, 

UPDL---+-l~ --+--~~(u + ~~ ~x)pDL (a) Mass flows 

f-loLD 

PDL------J....I)~ _ 3 )(p+*~X)DL (c) Forces in x direction 

Figure 2. The Control Volume 
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volume. The control volume is a rectangular, parallelopiped with the 

dimensions of /::.x, D and H in the x, y and z directions of the rectangular 

cartesian system. The voids ratio E is introduced to calculate the 

actual area available for flow due to the pressure of the screen. 

or 

From Sketch (a): 

Mass flow in = Mass flow out 

vpL /::.XE + upD L 

D v=­
E 

du 
dx 

du 
= u P D L + "dx ~x P D L 

(1) 

In arriving at this result, we make the assumption that the velocity 

component u is a function of x only. This is approximately true because 

below the screen the velocity is predominately in the x direction. 

1-3 Conservation of Momentum 

We apply the law of conservation of momentum in component form 

in the x direction. In other words, we have to calculate the net 

efflux of x-momentum and equate it to the sum of the x-forces acting on 

the control volume. Since the forces in general can act in either direction, 

we adopt the sign convention that forces acting to the right are positive, 

whereas those acting to the left are negativ~. 
i 

The forces on the control volume are due to the pressure, p, of 

the fluid and also due to the shear stress, To' acting on the control 

surface. Evaluation of the shear stress is not obvious; therefore, we have 

to adopt a suitable representation to do so. A conventional method is 

to introduce a friction factor, f, and to evaluate the losses in energy 

due to friction forces, as a fraction of the unit kinetic energy, u2 /2g. 

Several representations are therefore possible for relating the quantities 
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La' f and u. One such formula for calculating the wall shear stress, 

La' is to take the corresponding force acting opposite the direction 

of the flow, as La L D, thus the momentum equation becomes: 

since, L = 
o 

EF = (momentum out - momentum in) x-direction x 

pDL - (p + .!!E.dd 6x) DL - L L D = x 0 

pft! 
2 

du 2 
(u + dx 6x) pDL 

By substituting equation (3) in equation (2) and neglecting terms 

containing 6x2 and the simplified momentum equation we obtain: 

p u du + ~ + .ei u2 = 0 
dx dx 2D 

(2) 

(3) 

(4) 

The purpose of the analysis is to dolve for the flow parameters 

u, v and p. Equations (1) and (4) are insufficient since we have three 

unknowns. Therefore, we must obtain one more equation containing any 

or all of the terms (u, v, p). 

There is no unique way to generate one more independent equation 

containing u, v and p. We will discuss two different methods, outlined 

as follows. 

Method 1 - A successful method of relating p and v is to involve an 

experimentally determined constant, K (or parameter). Thus, the approach 

becomes quasi-analytical. Let us assume that 

K V = P - P o 0 
(5) 

The quantity p is a reference pressure introduced for ease in rendering 
o 

the equations dimensionless at a later stage. In differentiating equation 
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(5) with respect to the independent variable x, we obtain, 

_ ~ = K dv 
dx 0 dx (6) 

dv The term dx can be evaluated from equation (1) by simply obtaining 

the derivative with respect to X; thus, 

dv D d 2u -=---
dx e: dx2 

SubstitutirLg equation (7) in equation (5), we get 

_ ~ = K Q d
2
u 

dx 0 e: dx2 

Equation (8) facilitates elimination of the pressure gradient 

term, dp/dx, in equation (4) and thus yields a single ordinary non-

linear differential equation for u. This equation is written as 

K Q d2
u _ pu du _ £f u2 = o. 

o e: dx2 dx 2D 

If it is possible to solve this equation by using equation (1) and 

(5), we can determine v and p at any X location inside the control 

volume, as the solution for u from equation (9) is already known. 

Alternatively, a totally different method is proposed here 

(7) 

(8) 

(9) 

which obviates the necessity of the introduction of any new constants 

(e.g., K as in the method just discussed). 
o 

Method 2 

Consider the control volume shown in figure (2). Applying the 

momentum equation in the Y direction, we obtain 

or 

L;f 
Y 

= (momentum out - momentum in) Y-direction 

p ~x - pL6x + pgL6xD = v2pL6x. 
o 
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Differentiating with respect to x we obtain 

(10) 

dv 
Substituting equation (1) and (7) for v and dx respectively in (10) yields 

(11) 

Now equation (11) for the pressure gradient can be employed in the x 

di~ection momentum equation to obtain an equation for u, namely, 

D2 d2u du du pf 
2p - -- -- - pu - - - u ~ = O. 

E dx2 dx dx 2D 
(12) 

It is obvious that these two methods give slightly different 

governing equations for u in terms of the geometry (~, D, H, E) and the 

independent variable x. A very useful conclusion can be drawn at this 

early stage if we compare equations (9) and (12). These equations become 

du 
identical if Ko in equation (9) is chosen as being equal to 2pD dx. This 

suggests that K is not an absolute constant but dependent on the velocity 
o 

gradient du/dx. However, it will be a constant if the variation of u in 

the direction of x is linear (not a constant). As it will be seen later, 

the flow rate through the channel has a significant effect on K . o 

2-1 Solution for the Equations of Motion 

In the previous section we di.scussed the formulation of the 

equations of motion. Two different representations for the variation 

of the u component of velocity were obtained. We consider the detailed 

solution for the equation (9) which is rewritten as, 

D d2u du pf 2 K - -- - pu _. - - u = 0 
o E dx2 dx 2D 
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To keep the solution general, we have to render equation (9) and other 

related equations dimensionless. For achieving this we use the following 

scheme: 

u = -.lL u* 
pDL 

v = --L v* 
pLH£ 

x = HZ 

= _Q- ~p* 
pLH£ 

* * * Here Q is the flow rate through the control volume and u ,v and ~p 

are the dimensionless velocity components and pressure differences, 

respectively. The quantity Z represents the dimensionless x co-ordinate. 

All other quantities have been defined earlier. 

On substituting these variables into equation (9), we obtain 

(13) 

The terms ~ and F are termed the flow and friction analogs respectively, 

and are defined as: 

<P 
H Q = S, 2 

KoD L 

F 
f 

2D . 
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The nonlinear equation (13) is solved by means of the Crank-

Nicholson method on a digital computer. (A detailed listing of the 

program is included in Appendix A.) 

The flow domain is subdivided into equal intervals of length 

6.z between two subsequent stations i and i + 1 or i and i - 1. The 

solution for the differential equation is thus a set of finite values 

ui (i -+ 1, N) and ui -+ u as 6.z -+ O. 

du* 
and ~ of (13) are replaced by the following 

equations: 

d 2u* ui +1 - 2ui + ui _1 
dz 2 = 

6.z 2 

du* ui +1 - ui - 1 
(14) 

= dz 26.z 

The resulting algebraic equation, derived from equation (13) by substituting 

equation (14) into it, is linearized by an interlue scheme as 

where 

1 
A1 = -- + 

6.z 2 

A2 
-2 =---
6.z 2 

A3 
1 

= --
6.z 'l. 

where 

v-1 
<f> ui 

26.z 

F <P u~-l 
l. 

v-1 <Pui 
26.z 
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D = 0 
n 

v = no of iteration 

v-l = previous iteration. 

The boundary conditions are ul = 0 at z = 1 and ul = 1.0 at z = 1.0. 

The calculation is initiated by arbitrarily choosing values for all 

V the ui (v = 1) and then calculating Al , A2 and A3• Since the boundary 

condition at ~ = 1 is known, a back substitution is necessary for evaluating 

v v 
the ui - l from ui based on the previous iterant. The procedure is repeated 

-1+ 
until a residue (arbitrarily fixed) of 1 x 10 or less is attained for 

the corresponding improvement in the value for ui for each progressing 

v. Here we used ~z = 10-2 • 
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3. EXPERIMENTAL RESULTS 

Experimental data with the mod:i.fied manifold system with seven 

stopcocks were collected for 200 x 200 and 325 x 325 dutch twill screens 

using tap water. The volumetric flow rates were varied from 345 cc/sec 

to 65cc/sec. Three different depths of the channel, namely 3.5, 2.85 

and 2.5 cm were used to collect the data for various flow rates. The 

pressure drops across the screen along the channel length at fourteen 

locations were measured by changing the manifold system only once. 

Figures 3 to 8 present the data on pressure drop across the screen 

along the channel length as a function of dimensionless length z for 

various flow rates and channel depths of 3.5, 2.85 and 2.2 cm. 

Examination of figures 3 to ~ show the following characteristics of the 

pressure drop across the screen length. 

1. The pressure along the channel length across the screen is 

dependent on the volumetric flow rates. At smaller flow rates the 

pressure drop between the two extreme ends of the channel length is 

small whereas at large flow rates the pressure drop between the two 

extreme ends of the channel length are largest. In otherwords, larger 

the flow rate, larger the pressure drop between the extreme ends of 

the channel length. 

2. Pressure drop across is the screen along the channel length is 

also a function of the channel depth. At the smallest depth 2.2 cm, 

the pressure drop between the two extreme ends of the chRunel is large 

compared to the pressure drop observed between the extreme ends of the 

channel at larger channel depths of 2.85 and 3.5. 
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The experimental results obtained in the second phase of the 

program are an improvement over the data collected in the first phase 

of the program and are in general agreement with the conclusions drawn 

in the first phase of the program. 

;·1'''' . .'1 d ", 
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APPENDIX 

Computer Program 

Using Crank Nicolson type iteration: 

du* = 
dz 

The equation becomes 

Or~ 

v V v ui+1 - 2ui + ui _1 

~t2 

2 
A2 = _._-'-

~z 

A3 
1 = 

~z2 

D = 0.0 
n 

2 

-

F ~u~-l 

V-1 
~ ui 
2~z 

v + no. of iteration 

D 
n 

v-1 + previous iteration 

Iteration Residue = 1.0 x 10-4 

In the program ~z = 1/100 = 0.01 
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Then, u = QU* 
pDL 

v = QV* 
pLHE 

Substituting these variables we get 

* V = 

<I> = 

du* 
dz = L1P* 

"'u* du* 2* 
'i' <I>F u = 0 

dz 

E F = f 
2D 

From method 2 we obtain, 

d2u * du* du * 
dz dz <I> u* <I>F U*2 

dz 

<I> = 
EH3 

F f 
=-2 2D 

2D 

v* du* 
= 

dz 

= 

= 

dl:lp* = dV* 
dz dz 

0 

du* 2 
dz 

(1) 

(2) 

If model (2) of the analysis is adopted, we can estimate K from 
o 

the following equations, 

'K 
o 

= 2pD du = 2pD l du* = "~9. du* 
dx H pDL dz LH dz 

For a given q, <I> can be evaluated from 

for that <I> and some constant f the corresponding 
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:~, or simply ~p*, can be read from the graph and therefore Ko can be 

computed theoretically. This can be compared with the value obtained 

from earlier type of calculation. 

Hence to compare ~p* from the program (Equation 1) (1) calculate 

x f 1 i Th : Ie Po - P (pLHE) i 11 z = H .or each tap ocat on. en up = K Q' Ko s experimenta Y 
o 

determined. 

Method 2 Procedure 

The equations are 

f 
F - 2D 

* du* *2 
¢ u - - ¢F u = 0 

dz 

* Here u is independent of Q for a constant 'f'. 

In turbulent flow, 'f' remains constant. Therefore for high flow rates 

a channel of given dimensions have a unique flow distribution. However, 

~p* will be different since, ~p* does involve Q in calculations. 

Figures 9, 10, 11 and 12 show the variation of u* and ~p* along 

z the non-dimensional variables for two sets of f and ¢. Their effect 

is obvious as only the extreme values are chosen. Also plots for ~p* 

at z = 0 and z = 1 into f as the parameter are plotted with respect 

to the flow analog ¢. The effect of increasing f is opposite on ~p* 

at these two locations. 
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Experimental Verification 

Since only the pressure is measured the most useful graph would 

be that shows the variation of (po - p) +- the dimensionless measured 

difference on the manometer taps. 

Procedure 

(1) Calculate Ko as follows: 

K = o 

(po-p) 

here (p - p) +- measured pressure drop 
o 

~p * + calculated from computer program on read off the graph. 

p, L, H, s, Q are parameters known. 

(2) Hence,for a given screen s and flow rate ~ K can be found. o 

Also 

or 

KoV = Po - P 
Po - P 

V = -.--
Ko 

Therefore V can be. calculated. 

Validity of the analysis can be established as follows: 

(a) For small <P and f, u* V s z is a st. line 

du* u --- = slope is constant, or 
dz 

du 
dx is constant, 

D du --- - constant from above. s dx -V = Hence for a series of Q's 

small but slightly different each other the test for the constant of v 

proves that the analysis is good for that range. It should start 

deviating after some Q because du*/dz is not linear e eq. at <P = 10.1, 

f = 0.6 as shown by the figures. 

(3) These calculations should reveal the nature of K 
a 
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(4) If model (2) of the analysis is adopted, we can estimate K from o 

the following equations: 

'( = 2pD du = 2pD l du* 
v. 0 dx H pDL dz 

= !q 
LH 

du* 
dz 

EHl3 
For a given Q, cjl can be evaluated from <t> = -- for that <t> and some constant 

2D2 

du* * f the corresponding ~ or simply ~p can be read and therefore Ko can 

be computed theoretically and compared with the value obtained 

from earlier types of calculations. 
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