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DEFINITION OF SYMBOLS

Definition

surface area to unit volume ratio of screen

wire (defined in Ref. 2)
area

actual area open to flow, Ae

empirically determined constants (defined in

Ref. 4)

constant, AlL/Dazgc (defined in Ref. 4)
screen thickness (défined in Ref. 2)
constant, AzL/Dagt (defined in Ref. 4)
depth of channel

characteristic pore size

hydraulic radius (defined in Ref. 9)
Euler number, 2Ap/pV?

friction factor Apg.e?D/TBpV? (defined in
Ref. 2)

parameter, fH/4Dy, (defined in Ref. 9)
acceleration due to gravity
1bpft

conversion constant, e.g., 32.174 2
1b £sec

channel length (defined in Ref. 9)
constant, 2LA31/Dy; (defined in Ref. 8)
screen parameter, Ap/V

channel width (definition in Ref. 9)

ii

. Units

cm
cm

sz

dimensionless
em-?

cm
dimensionless
cm

cm

cm

dimensionless

dimensionless
dimensionless
cm/sec?

depends on system
of units used

cm
dimensionless

gm/cm?sec

cm




Symbol

Re

REa

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, —7< (defined in Ref. 2)

ua“p

Reynolds number, DaVp/u

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

tortuosity factor (defined in Ref. 2)

f1luid velocity in x~direction

-

screen approach velocity Q

entering screen velocity,.%_
€

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

parameter, 2QH/D?*1K, (defined in Ref. 9)

iii

Units

dimensionless
gm/cm. sec?
gm/sec
cm?/sec
dimensionless
dimensionless
dimensionless
dimensionless
cm/sec

cm/sec

cm/sec

cm

dimensionless

dimensionless
dimensionless
dimensionless
dimensionless
centipose
cm?/sec
gm/cm?

dimensionless




Symbol Definition

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

* denotes dimensionless quantity,e.g. V* is the dimensionless
velocity.
GDCD Convair Division of General Dynamics
MDAC McDonnell Douglas Astronautics Company
NRSD North American Rockwell Space Division
b

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" (i.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 appendix A and B.

Section I presents experimental data taken for three dutch twill
screens (50 x 250, 200 x 600, and 325x% 2300) and two square weave screens
(200 x 200, and 325x 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 Ap versus
Vé whére’V; 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 chaﬁnel length
is'extended to a length of 29.16 cm to study the effect of pressure drop

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




Channel depth is made variable in ofder to study 1ts effect upon pressure
drop. Basic data is presented as Ap versus Z.

The equations of continuity and momentum for the present experi-
mentalvmodel are presented in Appendix A. Also included in Appendix B,
is a computer program listing of an extension of a McDonnell Douglas

theoretical model and data from that computer program.




SECTION 1

PREDICTION OF PRESSURE DROP ACROSS WOVEN SCREENS

1-1 Previous Investigations

Several investigators have attempted to obtain empirical or amalytical
relations between the screen pressure drop and velocity. The correlations
are based upon an average approach wvelocity normal to the screen (i.e., the
volumetric flow rate divided by the total screen area) and screen parameters.

The empirical equations below are predominant in the literature.

= .2 -
f o= +8B (1-1)
2
where f is the friction factor defined by fiEfé;E_li
TBpV?
. . oV
Re is the Reynolds number defined by naZD

0, B are constants determined experimentally

5.}

[

|
)
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- (1-2)
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where Eu is the Euler number and is defined in the following manner

for square weave and dutch twill screens

: 2 2
1-0 ST
Eu = E_B——I% = EﬁEJ for square weave screens. @€-3)
P

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

fraction of area open to flow and S is the solidity.




Eu = EIL— [fﬁL— + A ]fof dutch twill screens (1-4)
Da Reg 2
where
L is the thickness of the screen
Dy is the characteristic pove size
A1, Ap are constants determined experimentally
Re; is the Reynolds number based on D, and defined as DaVp/u.

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 o = 8,61 and 8 = 0.52. An
illustratdon of the types of screens is shown in Figure (1-1).

Other investigators have arranged their data in the form of the
Armour-Cannon correlation. McDonnell Douglas Astromautics Corporation
(MDAC), using GN9 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 screems.

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




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 GH2 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, LHp, GH2, LH,, GNZ’ tap water, and distilled water as test fluids.

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

LRt

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

be represented by the equation;

2.49 +

Re 0.3 (1-5)

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

*Ref. 4, Fig. 217, p. 2-12.



woven screens has been performed by Martin-Marietta of Denver (Ref. 6)

using four dutch twill screens:

* 375 x
* 325 x
*+ 250 x
+ 200 x

with GN, as a test fluid., Their resulting data, as shown in Figure (1-4)%,
lie above the Armour-Cannon correlation for Reynolds number less than 1072

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

number in the range 102 < Re < 1.0.

Information in the paragraphs above is summarized in Table I-1 and

Figure (1-5).

*Ref. 6, Figure 1I-38, p. II-60.

Y
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1400

w0



Equations (1~2) and (1-4) were developed by GDCD (Ref. 7) after
examination of their data arranged in the form f = a/Re + B. 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 Ly A2 Lp
Ap=——-;—-—V+“'—'“-V2 (1-6)
Da gc Da 4]
where Ap 1is the pressure drop across the sereen

U 1s the fluid molecular viscosity
p is the fluid density
gc is the conversion constant needed if the "American engineering
system" 1is used ( = 32.174 %%nggﬁi)
V is the screen approach velocity
Da, L, A}, A2 are as defined in equation (1-4).
Equation (1-6) is merely a rearrangement of Equation (1-4) using the

definition Eu = 2g.Ap/pV? and Reg = pVD,/u. Equation (1-6) may be further

simplified in the following manner:

Ap = AuV + Bep V? ,
AL AL % ;
where Ac=-QLE——— and Bg = Z (1-7)
Da“ge Da8c

GDCD presents values of A., Bo, Ay, 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

*Ag and B, are referred to as A and B in Reference-7.. -~



is a discrepancy in this data, as either Aj or Aj are not dimensionless or
Ac and B, are not in the units given in their paper. Tables 1-2 and 1-3%

summarizes the values of A, B,, A}, 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 best be arranged by deleting the second term

containing A, inequation (1-4). LettingK= 2LA3/D,, 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

Experimentsﬁwere 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/channélvassembly 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 syétem capable of 5 micron filtration. This was
used to remove impurities from the tap water and to act as a "buffer" to

dampen the pulsating output characteristic of a centrifugal pump.

*Ref. ¥, Table 2-2 and 2-3, p. 2%14.
tRef. 8, Figure 4.5, 4.4-2, p.




(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 cm x 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 ditectly 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 corniitant 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 medsure the pressure

‘above and below the screen. In a similar manner (after closing the first



stopcock), each of thé 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,

(N 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 0° to 40°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 wasbchosen by adjusting the pump outlet control valve
(see Figure 1-7). The pump was allowed to run at this output until steady
state was achievea. 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 b; 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, thg 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,while maintaining a constant fixed height above

10




the screen with the outlet control valve wide open. Increasing the flow
rate beyond that 1limit 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 varlation in pressure drop across the screen was measured
at any of the four 1ocations. Thus the local entering velocity and the
average entering velocity were the same. An average entering velocity,

ﬁe was calculated from the following relationship:

V= o= 2 (1-8)
where

Q’ is the volumetric flow rate

A" is the actual area open to flow

A 1is the total screen area

€ is the sc¢creen void fraction,

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
Ap, was proportional to the average entering velocity,‘ge, in the present

flow configuration (rectangular). Flow fields of previous investigators

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

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

il



direction.

Correlations of the present data against previous investigations
have been made.

Figure 1-18 1s a comparison of the present data for square weave
screens with the Hoerner equation, Eu =[—§—]2. Values of the solidity, S,
were taken as 0.70 and 0.66 for the 325 x 325 and 200 x 200 mesh screens,
respectively. 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. TFor 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 A, and B or the values of Aj and
A7 (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 Aj
was not possible because they tested a plain dutch screen.

Present data (with the entering velocity chahged 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 £, B, etc., avallable in the literature vary from source to source -

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

12



The presenfly obtained plots are lower than any previously reported
and are not linear. Two possible reasons are:
1) Geometrig; 1.e:., the present experimental apparatus is rectangular

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

e

Reynoldg aumber 48 defined by Armour-Cannon and GDCD does not take into

account the chﬁnnei‘&iameter (or hydraulic diameter in the case of a non-
circular configuration) but vather a characteristic screen pore diameter Dj.
Thus, Re, as defined, is independent of 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 GNZ’ the kinematic
visc?sity is an order of magnitude larger than water, thereby shifting the
Reynolds number of water to the right (i.e. (Re) Hp0 > (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




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 increasiné 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 Ap and V
causes the friction factor to rise for‘low V (f= Ap/Vz) and fall for high
V. It can be considered that previous data for gases would show this
tendency 1f 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 fof increasing Re, equation(1-1) satisfactorily aligns the present

data points for the two dutch twill screens.

1-4 Recommendations for Future Work

Examination of the experimental resdlts 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"
ex?eriments. With the exception of a very limited Reynélds number range,
this prevents comparison of liquid data with a correlation of the form
f = a/Re + B, which can be applied to a gas flow. ’It is required,
therefore, that fluids such as water and heptané should be used in "straight

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

14




in order to compare the previous gas data with measured valués.of liquid.
The result would be the extension of the Reynolds number range of liquids
over that of formerly tested gases. It would allowcomparison of the present data with
MDAC (Ref.3) and GDCD (Ref.4) test data, and, finally, a comparison could

be obtained for the same screens in differ;ﬁt\geometric configurations

~

(i.e., rectangular and circular).
(2) For velocities, Vg, used in the present exp;riment (approximately
1 + 5 cm/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 250 Re 0.6 - 3,
325 x 23005Re 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.
* Tt would furnish additional or new data on many dutch twill séreens.
¢+ It would allow a more 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.

15




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 1s not constant along 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:

du

Continuity V=>D (2-1)
dx

where V is the velocity normal to the screen
D is the channel depth
u is the velocity in the x~direction
Mementum %§-+7f E%E u? + 2pu %% + pg - 0 (2-2)
where p is the static pressure
f is the friction factor defined by Darcy's equation

Dy, is the hydraulic radius

g 1s the acceleration due-to gravity

p 1s the fluid density.
*Ref. 9, Figo A—}.’ p0 92.

16
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The flow loss through the screen was assumed to be
KoV = po - PBx - P (2-3)

where K, is determined experimentally. Equation (2+3) is applicable for low
velocity and in terms of the Armour-Cannon correlation is valid where &.6/Re>>
0.52 (3, an inertial resistance coefficient, defined in equation (-1), 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 PuDL
* = = 2_6
v Umax Q ( )
vk =V . BVLH (2-7)
v Q
avg
+
7= %8 (2-8)
H
Po-P (po-p) PLH
hpk = —— = (2-9)
Payg KoQ
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




2 2
ve = dU% L ppk o p_Ki'_*Q‘_a (z-1) (2-10)

d(bp*)  fQH? Lo PPIE';  20H du*

- u = u* (2-11)
dz  2DhD*LKo KoQ D’LK, dz

which are combined into a single nonlinear equation

d2yu* 2 du*

- x2 . h —— = -

172 Fou uk—- = 0 (2-12)
where F = fH/4Dy, and ¢ = 2QH/D?*LKo.
The boundary conditions are written as follows:

B.C. (1) at Z=0 u*k=0 ‘ (2-13)

B.C.(2) at Z =1 u¥ =1 (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
@#. The figure shows that V* at the ends of the channel begins to differ

significantly from 1.0 at values of @ greater than 1.0. 1In other words, V

1is not the average approach velocity for @ > 1 (for ¢<1, Vk = L. 1.0).
avg
2-2 °  Extension of McDonnell Douglas Analysis of Effect of Nonuniform Flow

McDonnell Douglas solved equation (2-12) with the assumption that F = Q.
It was felt that the solution for equation (2-12) would be different by
including a treatment of ¥, 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 developed 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
@ at Z =0 and Z = 1 with the friction factor in the x-directimm, F , as a
parameter. Other plots of V* versus ¢ 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 effect 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
velocity, 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 length H,was increased from the initial length of
8.89 cm to a new length of 29.16 cm.

(2) The chanﬁel 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 = 0 corresponds to the end of the

19




channel as shown in Figure 2-5.

Location Distance X, cm Dimensionless Distance 2 =%
1 0.28 0.0096
2 1.79 0.06
3 5.95 0.20
4 9.08 0.31
5 10.69 0.37
6 12.32 0.42
7 13.97 0.48
8 15.53 0.53
9 19.56 0.67

10 21.17 0.73
11 22.76 0.78
12 24.37 0.84
13 27.18 0.93
14 28.67 0.98

4) A new rotameter calibrated with water over a range of 100 cc/sec
to 400 cé/sec was installed to allow higher volumetric flow rates Q. This
resulted in obtaining the same average entering velocity range 5;, 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 screeén using tap water in
the modified experimental apparatus discussed in Section II-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 cm to new depths of 2.85 c¢m and 2.2 cm. The
pressure drop across the screen was measured at the fourteen locatioms.

Figure 2-7 presents the pressure drop as a function of volumetfic
flow rate at the two ends of the channel (Z = 0.0l and Z = 0.98) for depths
of 3.5 cm, 2.85 cm, and 2.2 cm. The effect of the channel depth, D, on the
preséure drop, Ap, 1s considerable. At Z = 0.98 the channel depth plays a
significant role in increasing the pressure drop for high ﬁolumetric flow
rates (which induces the higher velocity u). At Z = 0.0l 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'zi . The average.entering
velocity is calculated from V; = Q'/Aé 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. e
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 Z—él yield the following:
(1) The average entering velocity, V; and the local entering
velocity, V,, are considerably different at the higher volumetric flow
rates ( ~> 200cm®/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. R
(2) = The relationship between Ap and 5; is no longer linear over the
same average entering veloclty 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 cm, 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 valué,

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

and then 6; and V, would become identical.
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2-5 Analysis of Experimental Data

2-5.1 McDonnell Douglas Correlation of V* versus (1]

-

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-1l. Results are presented in Figure 2-22; however,
the parameters V* and ¢ are modified in the following manner:

@B v* is based upon a fictitious velocity, not a local entering

velocity; that is

V' = p(Ve)ar 7 LH/Q (2-15)
atZ
where o 7
(Vedat z = —=t (2-16)
( O)avg
(2) $ is based upon an average value of K,; that is
¢ = 2 208 (2-17)
D*L(Ko) ayg
= K =
where (Ko)avg = (Ko)at Z=0 + ( o)at Z =1 (2—18)
2

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

- pexX -
Ko = Po vg P (2-19)

Equation (2-19) implies a linear relationship between pressure and velocity;
an inspectlon of Figure 2-8 shows that this is not the casé. Therefore,
equation (2-16)is used as the definition of K ; that is, Ko is Ap at Z divided
by Ve at Z and since.Ap at Z varieé as a function of’Z, then Ko is a variable
and a function of Ap at Z, 2aat 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
1s calculated.

(2) TFor the average entering velocity calculated in (1), Ap is read
from Figure 2-8 at Z = 0.01 and Z = 0.98 and the value of Ky are calculated
at Z = 0.01 and Z = 0.98. Than (Ky)ayg is calculated by Equation (2-18),

(3) Once (Ko)avg is determined, Vg, 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).

) @ is calculated by Equation (2-17) using (Ko)avg determined in
step (2) above.

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

The results shown in Figure 2-22 faollow- the same trend as the McDonnell
Douglas theoretical curve. However, the divergence of the curves for Z = 0
and Z = 1 at a given § 1is not as great as predicted by theory. Finally, the
plot in Figure 2-22 1s based upon entering velocities not approach
velocities; thus the curves converge to a value of approximately three
instead of one. Since Ve = V/e and the void fraction for a 50 x 250 dutch
twill screen is 0.325, Figure 2-22, if based upon approach velocity, would
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 ¢, and the McDonnell Douglas theoretical
model in general,

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

equation Ap = 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 ambiguity 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 = Kp) 1is 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 discerniﬁle preséure
difference can be measured. Thus the local velocity and averuge velocity
are identical. As the pressure drop difference at Z = 0 and Z = 1 begins

to differ significantly, the assumption that the inertial term is negligible
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is no longer valid and the defining relationship for K, should include a v2
term. Second, even in the viscous range, when the defining relationship
for K, 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 contiauity and momentum atre derived, in detail, for

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

Continuity Ve =D _du (2-21)
€ dx
2
Momentum dp + fpu + 3 pu du _ 0 (2-22)
dx 2D dx

Assuming that the second term of equation (2-22 can be neglected as noted in

section 2.2, then equation ©-22 is written as

P 4 o300 =9 (2-23)
dx dx

Integrating equation(2-23) from zero to x

u(X) = J 2{0pk) - Ap(0)] (2-24)
3p
where at x = H, u(H) = 5%5 ; (2-25)

Now, using equation (2-24) and experiment data at X = H, u(H) is calculated.
The values of u(H) caleculated by equation (2-24) are compared with the values
calculated by equation’(2—25) which ig exact. A correction is made to
equation (2—24) so that the values calculated at:# = H agree closely with

those calculated by equation (2-25). Thus equation (2-24) becomes
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uk) = 1.18JAR(X) ; Ap(0) (2-26)

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

The velocity Vg» 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 V, 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 Ap versus Z (Figures 2-16
through 2-21) for D = 2.2 cm, Ap 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 of 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,Zb,as a function of the average entering velocity,Vé.

Figures 2-9 through 2-15 were integrated at each volumetric flow
rate to determine Z;. Each volumetric flow rate corresponded to an average

- entering velocity Vé (Gé = Q /A€). Thus, Figures 2-27 and 2-28 present X;

versus V; for depths of 3.5 cm and 2.2.éﬁ, 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 II-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 II-1 be Eaken only as an approx?mation as any
singlé 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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2L | A1
Eu = — |—™ + A 2-27
[Re 2] ( )

or in alternate form Ap = A.p V + Be u V? (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 p?esent value of A,
and B (or A 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 II-5.2);
if the two are in close agreement, then velocity profiles may be calculated

from the following:

ul®) = n Ap(x) - Ap(0) (2-29)

p

wheren 4s a constant

Ve = 2 du (2-30)
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TABLE I-1:

SUMMARY OF RESULTS OF INVESTIGATORS

USING ARMOUR-CANNON TYPE CORRELATION

Investigators
or
Company

Equation Developed
or Results

Screens Tested

Fluid Tested

Armour-Cannon 8.61 , 0.52 Too Numerous to | GN,,
(Ref. 2) R List GHe
MDAC No equation given;

(Ref. 3) results below 250 x - 1370
Armour-Canrnon GNg,
generally by a 325 x 2300 GHe
factor of two.

Armour-Cannon 200 x 1400
correlation suc-
cessful in aligning
data points
GDCD £ = 2{{-’*-9- + 0.3 Six screens GHy
(Ref. 4) e tested in 1969, | GNp
Three screens Too numerous
tested in 1968 to list

Martin- No equation given; 375 x 2300

Marietta results above 325 x 2300

(Ref. 6) Armour-Cannon 250 x 3700 GN,y
correlation for 200 x 1400

Re < 10-% results
between Armour-
Cannon correlation
and MDAC data for
10~ 2< Re < 1.
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Table I~2. Screen Geometry, Dutch Twill Screen
'D ‘.
Dp Dp w ) Dimensionless
Bubble Pt.| Avg.Capil-] Thick~} Por=- AL AL
Diamcter |lary Dia. ness | osity A =k -2
Screen Mesh|(Microns) {(Microns) (in.) | (Meas.) Wicking ['e 2, | ¢ Dg,
Aq Ag Ay a”c
200 x 1400 13.4 22.8* 0.0058; 0.256 |190{ 18 509687 3.61
165 x 1400 18.6 28.3* 0.0060}{ 0.301 |[150} 16 580 270185, 2.68
200 x 600 19.05 36.7* 0.0055| 0.347 | 52| 3 368 51053 0.355
165 x 800 22.7 48,5*% 0.0065f 0.310 | 43]135 28568 14.3
150 x 700 22.7 60.8** 0.0070¢ 0.171 {500{133 227642 12.08
80 x 700 29,7 ]i39.3** 0.0098} 0.416 1000} 34| 6230 121427 1.89
50 x 250 33.9 129,5** 0.0127] 0.325 | 115191 20938 14.78
30 x 250 48.5 112,2** 0.0265] 0.276 {130 12} 1120 65795 2,23
20 x 250 52.8 155.3** 0.0280] 0.325 } 150] 20 41869 2,84
*Microporosimeter
**Macroporosimeter
Table 1I-3: Screen Geometry, Square Weave Screens

u(

Mesh (Microns) Solidity
D S
- B
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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TABLE 1-4: GEOMETRIC PARAMETERS FOR WOVEN SCREENS

Screen Dy, cm B, cm ‘a, em™! € T S
200 x 200 - - - - - | 0.66
325 x 325 - - - - - | o.70

50 x 250 12.95 x 10-? 32.3 x 1072 | 151 em~' | 0.325 | 1.3 -
200 x 600 3.67 x 10~° 14 x 10-3 - 0.347 | 1.3 -

325 x 2300 | 1.472 x 10-3 8.9 x 10-3 1102.3 0.245 | 1.3 -

34




The table below summarizes the change:z in the experimental apparatus.

TABLE II-1. MODIFIED ERPERIMENTAL APPARATUS

Piece of Equipment Modifications

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

(2) width L unchanged (8.89 cm)

(3) depth D variable (3.5 cm,

2.85 em, 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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SCREEN CHARACTERISTICS:
Q B(FT) AN/FT) D{FT) €
325 X2300 1.3 292X 107 33508 483X 10° 0245
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- Q r
&
‘6
s % N
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- o
100 | %
o ° Qoa
: , §
B f= APe“D B+
i aB,v?
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Figure 1-2 Comparison. of MDAC Data with

Armour-Cannon Correlation

41




e

i

v

4

.

GIAd 4p
t\\
s

1400
¢ 1100
o 2and

2hao
RN
io-

S ey
i GG

TELIUM

¥
1o ie

Lﬁé
INo
Gig

GH

¢ 600 GHp
600 1N

woaen s
= C00 GHo
800 Gz

€00 HELIUM

20 x 250 GHz
50 x 250 GNg
50 X 250 GHz
150 x 700 GHg
150 x 700 GNo
80 X 700 GNs

0
0

2
u
0
O
<
\Y,

O 80 x 700 GHp

:Zé.,

&

T
N

> H i T 1 - EVRE SO 1D RSP S TSy S e s -
iy " ; I PR SRR e FOY REAPY Ienatiis BUNSES PRV BVl I ) B8
b \; ) g IE e PRRSypen M'“
7 N \{ ‘, I 4o e 4ok L .- I ]
T , T : SR EE
S EEEEILN R - — = ol
N E i s .
RIES i\!\ : IBESE : JEEESMEE
ey ol : , i Es ) R RN EFCH e -]
e ‘ BB S i et Mol st el A s
?ﬁ?! '5'}5, 1 ipe o ik B o
[ ) : -
: Cp . 8.61 + 0.5% RERR
L5 T Re -s :

e , =
i Ty : " *
- * NERRE
el k LA 204 e
I . SR A 4T
' : v ¢ ' S b
‘ 4 ; SR
***** 160 el the 1 ‘ Bihie i B endll Sonamers foasls *c“;*' Ratiid el Soen S Kool nd ‘f : - r—l
i . oY . s [ e ey 0. ‘
““ RP = {1 ::. . o rlr . ltf b
: . 2 IR I v RN E ) [
TRt I AL G R R S P (R B L S B I N R Rl L]
k ;7 8 ¢ 2 & + 5 6 7 89 5 6 7 8
1. oo 10. 100. 1000.

Figure 1-3 Comparison of GDCD Data with
Armour—Cannon Correlation



P

Screen Characteristics

Mesh Size Q B, m a, l/m D, m Ic
375%2300 1.3 8.6 x 107° 102, 666 1.13 x 1075 v {0.261
325x2300 1.3 8.9 x 10 2 102,106 1.4 x 1078 0.297
ol 250x1370 1.3 1.37 x 10°Y 71,438 1.7 x 10°° 0.226
200x1400 1.3 1.52 x 10°Y 63,435 2,12 x 105 ta.267

Note: Gas is amblent GNj.

. Flow Diagmeter, D = 3.75 em (1.48 in.)
r N
S N
B N\
.
' L
i_
E rh‘.ﬂ::‘ﬂ;
I 375%2200
SN 22555700
Lloe 250x1370
: - 200x1400
-
.;‘._4. RIS | 1 L gl
o3 1072 107t
Reynolds Numbar, Re = pV/ua®D .
§%’" - o
< Figure 1-4 Comparison of Martin Marietta Data
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Figure 1-7. Schematic of Experimental Apparatus
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Figure 1-10 Upper and Lower Support Brackets (Top View)
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Figure 1-11. Experimental Equipment, Rotameter



Figure 1-12. Experimental Equipment, Manifold System



Figure 1-13. Experimental Equiment, Inclined Tube Manometer
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Pressure Drop AP, g/cm.sec?
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Figure 1-14 Pressure Drop as a Function of Average
Entering Velocity, Square Weave Screens
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Figure 1-15 Pressure Drop as a Function of Average Entering

Average Entering Velocity Ve, cm/sec

Velocity, 200 x 600 Dutch Twill Screen



®

Pressure Drop AP, g/cm.sec?
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Figure 1-16 Pressure Drop as a Function of Average Entering

Velocity, 50 x 250 Dutch Twill Screen
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Pressure Drop AP, gm/cm.sec?
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Figure 1-17 Pressure Drop as a Function of Average Entering
Velocity, 325 x 2300 Dutch Twill Screen
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Pressure Drop AP, g/cm.sec?
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Figure 1-18 Cowparison of Present Data for Square Weave Screens
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Fig. 2-1 Theoretical Model of McDonnell Douglas Channel
Configuration.
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Figure 2-3

V& as a Function of ¢ at Z = 0 with F as an
Independent Parameter, UAH Theoretical Result.
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Modified Screen/Channel Assembly

Figure 2-5




Figure 2-6. Modified Screen/Channel Assembly.
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Pressure Drop AP, g/cm.sec?
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Figure 2-7



Pressure Drop AP, g/cm.sec?
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Figure 2-8
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Figure 2-9
AP versus Z, Z = 400 cm®/sec, D - 3.5 cm
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Figure 2-10
AP versus Z, Q = 350 cm®/sec, D = 3.5 cm
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Pressure Drop, AP, g/cm.sec?
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250 H = 29.16 cm
D= 3.5cm
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Figure 2-11

AP versus Z, Q - 300 cm’/sec, D - 3.5 cm
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Pressure Drop, AP, g/cm.sec?
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Figure 2-12

AP versus Z, Q = 250 cw’/sec, D - 3.5 cm
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Pressure Drop, AP, g/cm.sec?
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H = 29.16 cm
D= 3.5 cm
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Figure 2-13
AP versus Z, Q - 200 cm®/sec, D - 3.5 cm

71

|




|

Pressure Drop, AP, g/cm-sec?
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Figure 2-14 AP versus Z, Q - 150 cm®/sec, D - 3.5 cm.
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Figure 2-15 AP versus Z, y = 100 cm®/sec, D - 3.5 cm
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Pressure Drop, AP, g/cm-sec

400

350

300

200

150

100

50

50 x 250 Dutch Twill Screen

H = 29.16 cm
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Figure 2-16 AP versus Z, Q = 400 cm’/sec, D - 2.2 cm
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Pressure Drop, AP, g/cm-sec?
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Figure 2-17 AP versus Z, Q = 350 em®/sec, D - 2.2 em
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Pressure Drop, AP, g]cm-sec
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Figure 2-18 AP versus Z, Q - 300 cm®/sec, D - 2.2 cm
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Figure 2-19 AP versus Z, Q - 250 cm®/sec, D - 2.2 cm

76




2

Pressure Drop, AP, g/cm-sec
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Pressure Drop, AP, g/cm-sec?
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Figure 2-21 AP versus Z, Q = 100 cm’/sec, D = 2.2 cm
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Figure 2-22
V% versus ¢, UAH Experimental Results



X~direction velocity, u(x), cm/sec
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Figure 2-23
Horizontal Velocity as a Function of Z
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- Entering Screen Velocity, Ve, cm/sec

50 x 250 Dutch Twill Screen
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Figure 2-24

Vertical Entering Screen Velocity as a Function of Z
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Pressure Drop AP, gm/cm sec
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Figure 2~25 Pressure Drop as a Functioh of Entering Screen Velocity
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Euler Number, Eu =
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Figure 2-26 Euler Number versus Reynolds
Number (Based on Figure 2-25)
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Figure 2-27

Average Pressure Drop Versus Average Entering Velocity, D - 2.2 cm
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Figure 2-28 ;

Average Pressure Drop Versds Average Entering Velocity, D= 2.2 cm.
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Figure 2-29

Fuler Number Versus Reynolds Number (based on average pressure
drop and average entering velocity).
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APPENDIX A

This appendix contains the complete derivation of the continuity
and momentum equations for the experimental model used at UAH.
The notation used in this appendix is the same as that used in

Sections 1 and 2 of the repert and listed in the definition of symbols.
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(f—— Screen has void fraction €

7

L /////)
D ——
Y |

———w.’ﬁ AX L—
p-— H -
x =0
Continuity Equation
du
VLAXE = [u - (u + 2= Ax) ] LD (1)

dividing both sides by LAx

D d
Vo @)
puv
/ i 5% %% ; e Same
vl
- ’7//‘}¢.,/ Dimensions
: o As Figur
;Véfgiééégggrﬁ s gure
<. r/ Above
o
|
_~_~;T~_.
Momentum. Equation
2 ' (3)

let m = pu



m - (m+-§—?{ Ax) LD - puVLAxe= p + %5 Ax=-p LD+ £ LAx

simplifying (4)

L u?)ARID - puVLAXE = S2 Ax LD + £°L A
- ax (pu”)AxLD - puVLAxe =3 " AX ‘ X
dividing both sides by AxLD

-

4. 2 puve _ dp £
_dx(pu)-D = &t D
rearranging
4 ppudy 4 WV £
dx dx D D o
4 du__ Ve
from equatfon (2) ax — D
dx dx D
; 2
now, let £7 =f ° -Q;—- , then
2
dp , fou du _
dx 2D + 3 pu dx 0
190
Leasini

(4)

(5)

)

(8)

(9




let us define

i) 2
| i ')
L3
}l then Equation (6) is rewritten as
" g g—‘l u2='
e + 3pu ax + f %ﬁ;~ 0 (8)

Nondimensionalizing Equation (8)

Equation (8) is written in a nondimensionalized form as

2.k ‘ du*
dd; -F¢ u*2—¢u*d—c{‘z—- =0 (13)

with the boundary condition

u% =0 at 2

]
(=]

(14)

u* 1 - at Z

[
ot

(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

b ‘ Defining the stations Zi—l’ Zi’ and Zitl as n-1, n, and nt+l,

respectively, as shown in the figure below:
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]

i

- A we can write the first and second derivatives of velocity as
n du _ Un+l - Un--l (16)
i dz 207
1
dv_Ynn 7 2% U | |

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

ix Un+l‘ ~ 2Un + Un—l “FQUU - dU” Unt1 = Up-1 -0 4(18)
VA nn n 2AZ g

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

station n.

ik
o

We solve the equation below:

Al Up-1 * AplUn + A3 Upyg = D (19)
where

Coefficients of Up41:

An = —1n Pa 0
37 Az 207 ‘ (20)

Coefficients of Un:

A=

A, -F¢ U, “ | (21)

3!
[N S L]

Coefficients of U,_q.

o PU_ |
o n :
B = 557t 5hp SRt (22)

Dp=0 | B | (23)
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The boundary condition at Z = 0 is U; = 0, thus Equation (19) gives

A(L,D*U(1,IN)+A(1,2)*U(2,IN)
+A(1,3)*U(3,JN) =0
U(@,JN) =0

Therefore, we can set at Z =0

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

A(1,3)

A(1,3)

0.0

A(1,1)

D(1l) = 0.0 J

At A=1, Uy 1, then

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

+A(NY2,3)%1.0 = 0

Therefore

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

A(NY2,2)

A(NY2,2)

—~

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

A(NY2,3) = 0 J

In the computef program the following symbols are defined:

UL, IN) = Uy
U(L,J30) = Uy
F _=F
PHI =@
Dz = Az
VSTAR = dUp/dZ (dU*/dZ)
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(25)

(26)

(27)

(29)




For a given combination of constants, F and @ the distribution of U,
along Z is calculated. Iterations are continued until a desired

convergence is obtained. The definition of convergence is

Ull max Un max
2 5 2 < CONV.
N max
2
4
- 94
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CAPEFT Program Listing

BFOR, 1S MAINyMAIN

C
COMMON/RLUE/U(ZSC.Z)DDZ‘NYONY,’sz'l(;sc,'D(zsu)'A‘?sﬁ'3)
COMMPN/PINK/PHI,F

r CoMMON/WHIYE/ JO,UN

NYES

NYLl=NY=]

NY22NY=2

DPHI=f 1D

JNE

JO=2
DZ=1(/FLCATINYL)

FeGol{

PHX’G-'O

CORTINUE

: Do lf‘ 1224 NY

[ 1C 21 Y=0ZeFLOAT(]I=1)
Z{1)= 0

¥ETTTTY
U Ny -

U=PRCFILE TO INITIATE CALCULATION

[N a]

i DO 2r 1=)sNY
2L Utt,uctr=Z2(1)

A CaLL GREEH
‘ ' caLl FRINT
IF(PHI oL Tel ) PHI=PHI+*DPHI
IF(PHIeGEeloaG) PHIZPHI*] L
i IF(PHT«LEa}1Geg!) G TO S
s FeF+4n,10
; ' IFIFeGTeley) STOFP
1% @p Y0 .2
‘ END
RFORs1'S GRFEN,GREEN
SURRAUTINE GREEN

d ,
COMMON/BlUE/U(ZFL,Z’oDZ.hV.NVt.NV?.Z¢?5&3.D(ZEO)oA(ZSQQS’

caMMoM/PINKYZ - PHTF
COMMAON/WHIYEZ JO, N~
MaNY /2
. : NMAX = 25
& ITMAX=1GO

‘ - It = ¢
T ' CZ1=l.r/IDLenT)
i ' ’ 22=0,50/D1
| 1ne CONTIMNUE

=2 : )

10 A(l=1,1) ® Z1 « ZpePHIeULT,J0) ; : , .
A‘I'!:2?$‘2-G*21-PH!‘U(K.JO)‘F'?.D/!-& : ’ "  . é;
AlI=143)s"AtY=1,11+42.0071 : o . i
Dil=1)=(»C :

=[+1 :
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1F (1eLFeNYL)Y GO YO 10
; C MODIFY FIRST AND | AST EQUATIONS RY BeCo
b Ally)1)=Ge0
. DE1)=e
| D(NY2)= =R(NY2,23)
dn ALNY?,3) el

i
¥
(ol a]

SOLVE EQUATIONS FOR U(I,JF),122,3¢seMyy

s

CALL TRIM (A U(2y NI 4DsNY2,NMaX)

[a N al

APPLYRGCe FOR U] JN) AND UMy, J*)
o C

Ul yINY=Ce [

R UINY NI =l e

, TEST:(U(N'JN)-U(N.JQ;)/U(N’JN,
o IF(ABSITEST)eLESt UICeORITIGETITMAX) GO TO 4C
[T=1T1741
: DO 2, K=1aNY
: YT XS SN E NS SNLTE:
r GO TO 1O
da gy WRITE(6,30) 17
T RETURN
N . END
BFORLTIS TRIMZTRIM
SUBROUTINE TRIM (AeX Dyl yMN)

: C
J& DIMENSION BINNy2) gAAC260) 4D (NNYDDI25E) , X (NN)

T $seFORVARD TN ELIMINATION sewe

[ala!

AACLY=A (v 3)Y/70(0042)
By DD([)=D("/A(I’Z’
DO ) I=2,M

H ABAEA (T y2)=AA(T=F)sACT )
l AALT)I=ACT 4 3)/AAR
.{ .
i : 1 DDUIY=(D(1)=DD(T= ) oA,y 1)) /RANA
;F C *e¢ PACK SUBSTITUTION ee¢
ata ~ X{NY=DD (M)
i Do 2 [=p4H
JEN=14+1
b SESRE HDHESTRIED SRR WS- ¥ X EVE)
RETURN ‘
CEND

@WFOR,1S PRINT,PRINT
U SUBROUTIME eRimMY

d : , : o : : :
) .
%g COMMNM/RLUE /U260, 2)yDZ yNY  NYYyNY2,20250) ,D1250),A(257,3)
b C_COMMON/PINK/PHTYF - o ’ R
» COoMMON/WHIYE/Z JO, JUN
T ¢
i . MRITE(U0) FLPHL




Snsl |

}
1
;

; aga

1

oL

e

RXOT

FORMATOIHI y 10X 4hp = ,0PF11.5,10¥6HPHY = GPELLI«5/)

WRITE(&, ()

FORMATC4H NOG I 5GXgH 7 HtTOX9H VEILOCITY  1UXBH COLDVEL, ,10XEHVSTAR)
1=1 , '

CONT I MUE ,
TF(1eGT  laANMD 1oL ToNY) VSTARzU.gBe(U(Te) UN)=Ullat ,UN))/DZ

IF(1 EQel) VSTAR= JEO®(=U(A, IN)+tesUlD, UM =3s0U(1,JN)) /N2

AFE (T FQeMNY) VSTAR: (UINY gy« INY) 3 JNI YV /DY

WRITE(S, )00 TeZ (1) Uty dhy it 10),VSTAR
FORMATUIRy(PUFIACT)

I=ley

lF(YQGT.HY) PFT”RM

GO Tn 23p

END
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Sample Outputs

F = ¢ 16000 PH] =  ,10000+an0

E At S 1

CBILITY oF
L PAGE I3 pogry

EEPRODY
ORIGINA

z VELOCITY NLDVEL e VSTAR
«0nN0aan s 0000200 «0NA0DNN 09827410
204087 + 0200544 «0N200520 «98278113
«NHDRLAD « 0401135 «0401048 282849
10412245 0601723 s 0401504 «9829410D
+0814327 +QARN2334 «NRN21 44 «983N849
«}10204nN2 ¢+ I1N029R3 e 10N274A «9B32676
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CHAPTER 11




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 coellecting the presaure 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 uéed 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 c¢m, were used with the flow rates varying from
345 cc/sec to 65 cec/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 yleld sufficient
equations for evaluation of the flow parameters. These flow parameters
afe velociﬁy, 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 informafign
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 presentation, wekexpresé the vector quantities,
velocity, momentum and forces in thelr 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 contfolr volume
as follows: |

1-2 - Conservation of Mass

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

vector and‘p the density of the fluid flowing through the control
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Consider the control volume shown in Figure 2.
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volume. The control volume is a rectangular, parallelopiped with the
dimensions of Ax, D and H in the x, y and z directions of the rectangular
cartesian system. The voids ratio € is introduced to calculate the
actual area available for flow due to the pressure of the screen.
From Sketch (a):
Mass flow in = Mass flow out
vpL Axe + upDL=upDL +%§AxpDL

or
_D du

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 1s 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‘thosebacting to the left are negativﬁ.
The forces on the control volume are éue to the pressure; p, of
the fluid and also due to the shear stress, Ty actingkon the control
surface. Evaluation of the shear stress is not obvious; therefore, &e have
to adopt a suitable representation to do so. A conventional method is'
to-introduce a friction facﬁor, f, and to evaluate the losses in energy

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

Several representations are therefore possible for relating the quantities



L IR - §

Tyo f and u. One such formula for calculating the wall shear stress,
Tos is to take the corresponding force acting opposite the direction

of the flow, as TOIJD, thus the momentum equation becomes:

ZFX = (momentum out = momentum in) x~direction
- dp - = du
pPDL - (p + ax Ax) DL TOI,D (u + ax Ax) pPDL
(2)
~ [u?pDL + vupLA xe]
£2
since, T = 8. 3)
o} 2
By substituting equation (3) in equation (2) and neglecting terms
containing Ax? and the simplified momentum equation we obtain:
pug—g-+gp'+2§-uz=0 (4)

dx dx 2D

The purpose of the analysis is‘to solve 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 1s no uﬁique way to generate one more indépendent 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 ﬁarameter). Thus, the approach

becomes quasi~analytical. Let us assume that

,The‘quantity P, is a reference pressure introduced for ease in fendering

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

v 4 _ ., dv
' ax - %o ax (6
. The term %% can be evaluated from equation (1) by simply obtaining

the derivative with respect to x; thus,

dx € gy? )

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

_dp_y Ddu
ax - Ko e dx? ° (8)

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

D d%u du _pf o

0 € gx2 Pugx “2p ¢

= Q. 9

If it is possible to solve this equation by using equation (1) and
(5), we can determine v aﬁd 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
which obviates the necessity of the introduction of any new constants
(e.g., Ko as in the method just discussed).
Method 2 |
Consider the control volume shownbin figure (2). Applying tﬁe

- momentum equation in the Y direction, we obtain

ny = (momentum out - momentum in) Y=direction

r': or

§ ' poLAx - plAx + pgLAxD = v2pLAx.
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Differentiating with respect to x we obtain

- 4p 2pevg—‘£ . (10)

Substituting equation (1) and (7) for v and %ﬁ'respectively in (10) yields

_dp _ , D2 dudlu

dx P e dx g2 (11)

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

direction momentum equation to obtain an equation for u, namely,

d7u du i!_Ef_yz'

p? d’uwdu _ :
E dx? dx Pu4x ~ 2 '

= 0. (12)
It is obvious that these two methods give slightly different

governing equations for u in terms of the geometry (L, D, H, €) and the

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

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

du

dx °

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

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

2-1 Solution for the Equations of Motion

In the previous section we discussed 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,

Dl o du_pf »_, |
Ky E dx’ Pu Gk “p ¥ = 0 L | (9)..
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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:

= 2 *
u pDL u
v = _—0_ *
pLHE
x=HZ
BCP g A
K pLHe °“P

Here Q is the flow rate through the control volume and u*, v* and Ap*
are the dimensionless velocity components and pressure diffefences,'
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

2 % N 2 R
idfi"“bu*%uz—‘““* = 0 | | a3)

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

and are defined as:

H
¢ = ——(2)‘_83
K,D L
F = £ .
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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 1is subdivided into equal intervals of length
Az between two subsequent stations { 2nd i + 1 or i and i-1. The
solution for the differential equation is thus a set of finite values

uy (i+1, N) and ui-+u as Az~ 0.

2 % *
The derivatives dduz and %ﬁ;~of (13) are replaced by the following
z ;
equations:
a%* _ By T2t U,
dz? Az?
AP (14)
du* 1+ = Y1
dz 2Az ’

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

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

\Y Y Vv = Y
Al U + A2 uy + A3 Uin Dn « | {15)
where V-1
1 ¢ uy
A= +
1 Az 2Az
_ =2 V-1
A2 o Fo ug
1 @uv-l
A, B i .

where
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V = no of iteration

V-1 = previous iteration.

The boundary conditions are up = Dat z=1and u, = 1.0 at z = 1.0.

1
The calculation is initiated by arbitrarily choosing values for all

the u¥ (v=1) and then calculating Al’ A2 and~A3. Since the boundary

condition at uy = 1 is known, aback substitution is necessary for evaluating

v
the ui—l

b4
until a residue (arbitrarily fixed) of 1 x 10 or less is attained for

\Y
from uy based on the previous iterant. The procedure is repeated

the corresponding improvement in the value for u, for each progressing

i

V. Here we used Az = 1072,
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3. EXPERIMENTAL RESULTS

Experimental data with the modified 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. Preésure 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 chennel is large
coﬁpared to tﬁe 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
i 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.
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APPENDIX

Computer Program

Using Crank Nicolson type iterationm:

d2q Y41 "2 Yty
5 =
: dz Az?
B du _ M4l T Y41
- dz 27z
X The equation becomes
: Vo-2u + ) u, -y
U141 i Mdel o ov-l i Y-1 v v-1 _
Tl g T OFupuy =0
rt?
Or,
A uw .+ A ul+A | uw.. =D Computational Alogrith
1%-1 7 %% T8 % T e P grithen
i qu—l
R S
A, = +
1 AZ? 28z
1
e ;
-2 _ V-1
A2 = > F @ui
Az
v-1
N T
3 Az? 20z
D = 0.0
n
Vv > no. of iteration
i3 v-1 + previous iteration
i ‘Iteration Residue = 1.0 x 10"
- ‘  In the program Az=1/100 = 0.01
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* * %
= Qu_ = QW ddp” _ dv_
Then,  uw= opp V" DIHe dz  dz

Substituting these variables we get

* du® _ *
V.= dz Ap
2 *
d’u gu” QU _ oF w2* = o (1)
2 dz
dz
¢ = H £ F = ‘g%
KODZL

From method 2 we obtain,

a2u®  au* L,
el e ddl; - Fut =0
. &’ - £
= e F=2
(2)
v = du*
dz
(p_-P) B * 2
Ap* = -—ll———-p L2 H%’e = v*% = du_
QZ dz

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

the following equations,

X = gop du . 20D Q du* _ 20 du®
o “PPax T TH pDL dz IH dz

For a_given q, . % can be evaluated from

3 , ,
0 -EE; for that ¢ and some constant f the corresponding .
2D
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%%, or simply Ap*, 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 Ap* from the program (Equation 1) (1) calculate

D -p
z = %- for each tap location. Then: Ap*=P§ ﬂﬂgﬁ§ R Kb is experimentally
o
determined.
Method 2 Procedure
The equations are
2 % * *
d°y %ﬁ? - ot %;_ - OF u*z -0
de z
f _eH?®
F=5 o2

*
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. Howéver,

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

— pL?H%e

Figures 9, 10, 11 and 12 show the variation of u* and Ap* along
z the non-dimensional variables for two sets of f and ¢. Their effect
is obvious as only the extreme values are chosen. ~Als¢ plots for Ap*
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 Ap*

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

¢h) Calculate Ko as follows:

(po-p) ;
_ pLHe
K ( Q )

Ap*

here (po-p)-F‘measured pressure drop
Ap* + calculated from computer program on read off the graph.

p, L, H, €, Q are parameters known.

(2) Hence,for a given screen € and flow rate Q,Ko can be found.
Also
KbV = po -P
- P
or V= RQK
o)

Therefore V can be calculated.
Validity of the analysis can be established as follbws:

(a) For small ¢ and £, u* VS z 1s a st. line

du* du ,
—— = slope is constant, or = - is constant
dz P ? dx nstants .
D du . '
V= T ax - constant from above. Hence for a series of Q's

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

1proves that -the ‘analysis is good’for that range. It should start

deviating after some Q because du*/dz is not linear 6 eq. at ¢ = 10.1,
f = 0.6 as shown by the figures.

(3) These calculations should reveal the nature of Koyvariationrf"
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(4) I1f model (2) of the analysis is adopted, we can estimate K0 from

, the following equations:

du _ 20D Q du* _ 2Q du*

| e =2 % "B WL dz _ IH dz

: el

P For a given Q, ¢ can be evaluated from ¢ = — for that ¢ and some constant
I 2D

v *
. f the corresponding id%- or simply Ap* can be read and therefore Ko can

%

be computed theoretically and compared with the value obtained

from earlier types of calculations.

ATEIER Y
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