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ABSTRACT

. In two phase flow systems line losses comprise frictioﬁal and mo-
mentum pressure droi:s° For design purposes, it would be desirable to
estimate the line losses employing.a.oné;dimensional calculat;op. In )
this paper .two methods for computing one-dimensional momen;uﬁ flux at a
testvsectioﬁ discharge station‘are cémpared to tbe'experimental Value for
a range of two-phase flow conditions. The one-dimensional homogeneous
model appears .to be morezaccurate.general;y in ‘predicting the momentum
théﬂ the variable slip model.

| INTRQDUCTION

The pressure drop in a two phase flow system comprises frictional

and momentum pressure drop. For a two phase system in which the fluid’

is.being heated, the latter can be the most significant because of

rapidly chaﬁging momentum accompanying void fraction increases. ;n this
paper we are going to examine the. validity of predicring momentum‘pres-:
éufe drop by the use of a simple onefdimensional-calculation;‘

Many analytical and experimental investigations have been devoted
to studying twﬁ-ﬁhase pressure dfopAin‘; one-dimensional system. The

most widely used analyses are those presented_ih references 1 and 2.
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The possibilities of*so many t&pes of flow patterns in which the géseous
and liquid ﬁhaseé flow:at different relative velocities has made it im-
possible tq'separate the momentum and frictional pressﬁre drops to one
universal theory. ,Conséquently, there have been a variety of -analytical
models suggested which.have been evaluated for specific two phase flow
regimes. The simplest of the flow models has been the homogeneous,iin
whiéh it is assumed that both phases aré uniformly distributed acr&ss
the.diameter éf the passage and both flow at the séme'veloéit& (no slip)f
The homogeneous model is usually treated as ;he referehce one because of
the relative ease with which it can be'appliai analytically. The more
compiicated models delineate possible variations in the void distribution.
and in the relative‘velocity between the phases (variable slip)} While
the more complicated mddélslpan relate morelrealisticallyAto’actual
flows, there is aiways the questién of how closely the simple homoéeneous
model will approximate cértéin properties of the flow - mainly pressure
drop. Such an appraisal awaits more experimental information than has
been generated thus far in which void, momentum pressure drop,'total
pressure drop, and flow rates are measured independently:

In reference 3, the authors measured- the ﬁomentum flﬁx discharge
from a two compoment or a two phase flow in a pipe. For tﬁe two compo-
nent case, they metered the air and water discharges; for the one-
éomponent case, they used a heat balance to estimate the liquid and
vapor flow rates. The average véid fracticn Qas determined bf isolating
.a section of transparent pipe by means of quick closing valves. One of
the principle conclusions of reference 3 was that the one-dimensional

modeling using measured void fractions (and variable slip) underpredicted
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the system momentum and the homogeneous model, independent of the meas=+- -
ured void and with no slip, yields a better estimate of momentum. The: " -

results did raise questions about the homogeneous model applicability:to.

" the data at the low quality regime. The authors raised the possibility

of flow .oscillations contributing to the disagreement between data and

calculation. -

Highbvelbcity data pressure drop reported in reference 4 and dis-
éussed'in référence 5 in&icate,that one-dimensional modeling is quite
acceptable at high system velocities. A coﬁposite of the expefimental
results of references'3 and 4 shows a definite velocity (ngnolds num= ¢ -

ber) effect on the one-dimensional applicability. This effect is over

and above that which is experienced in single phase flow as the flow

transitions frém a<parébolic laminar velocity profile to a power law
turbulent profile. This particu;ar velocity dependence is a reflection
of the system flow patterns and transitions (bubbly, slug, annular,‘mist,
etc.).
( Herein, one of the érinciple dbjec;s will be fo perform a similar
comparison betweeﬁ experimental data with the onefdimensional no slip
(homogeneous) .and variable slipirepresentatipns for a range of velocities
and .void fractioms. | |

‘,Void fraction, flow rates of the gas and liquid species, and momen-
tum discharge ffom the exit of the test section will all be meaéured in-
dependently. The voidrfractian measu?ement.is made at a station just up-
stream of.thé.éest section disgharge.using the standard '"one-shot" gamma

attenuation techniqué. "One shot" means that the gamma beam is fixed at

one position for all the tests.
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The experimental momentum pressure drop results will be compared to--- -~

the variable slip and the homogeneous model computations. The ranges of
conditions wherein these models are suitable and'éhefein they are inac-
curate will be discussed. The prinéiple eXperimentai informatibn cénf
tained herein relatés_to the discharge momentum aﬁd the average void
measured at the test section exit.: ‘
| APPARATUS

The apparatus is diagraﬁed in figure'l° The pfincipal components
comprise a test section, a nitrogen supply, and.a water sﬁpply.. The -
test section.is a'reinforced flattened tube with a gas-water mixer on
one end for generating.the two component flow; Flattening the test
section confined the flow‘to'an.approximéte.Qne—dimensional pattern and._
increaséd the dimension in the direction of the gamma radiation,:so as
to increase the sensitivity.of that measurement. The discharge from the
open end of the test section was caught in a momentum cage eﬁabiing a
measurement of the average force related to the momentum of the fluid
discharge. ‘A caiibrateq load or thrust cell was used to fecord the
force. Figure 2 shows the construction of the momentum cage. - It is an
assémbiy of aluminpm plates'arranged'to turn the floﬁ diséhafged from
the test sectién through an angle of 900; The cage is free-hanging,
but is linked to the load cell behind it.

As is shown in figure 1, just upstream of,the‘discharge point gamma

radiation attenuation was used to measure.the 'one shot" void fraction.

- The gamma radiation was detected with a photomultiplier tube; the output

was recorded on a strip-type recorder. A simple procedure in which a

range of void blockages (lucite inserts with nearly the same attenuation
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as water) Qere introduced into the gamma beam allowed the output of the-
photomultiplier tube to be checked. A 1inéar reproducible curve'éﬁown'in
.figure 3 resulted. The abscissa of figure 3, which is the void'fra;tion
determined from gamma attenuation, Qas determined from the simple ex-
pressiqﬁ

1n.4/0,

%neas ~ 1nA¢°/¢f 1)

- where ¢0, ¢f,’and ¢ are the empty, full, and twﬁ—phase signals re- - .
.ceiyed from the photomultiplie? sensor, respectively. Equation (1) was
. derived by Hooker and Popper_(ref. 6). The'derivation of .equation (1)
is based on. the premise that the attenuation of a gamma béam is an e#po—
nential function of thé absbrption thickness. Henry (ref. 4) describes
lbriefly other assumption inherent in equation (1) and éstimatés the
.errors associated with the use. of. this eﬁuation; Figure 3 shows gqod
agreement between equatién (1) aﬁd calibraced‘blastic voids which were
introducéd into the test sectioﬁ.‘ During each run the all liquid and
all gas conditions were compared. The signal strength ratios were_con4
sistently 1.29 which assured tﬁe operators that the void measuring sys-.
tem was on calibration. .
Before the wgter“and the nitrogen wefe introduced into.the mixef,
their'flow rates and temperatures were monitored separately. Chromel-
alumel thermocouples were used for the gas and water temperature. meas-
ureﬁents. The orifice flowmeters which were used for fhe flow measure-
ment were calibrated in a standards laboratory. The pressure dpop
across the.orifices was sensed by strain?gage type pressure transducers.

It is estimated that the flow rates were known to within %2 percent.
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In a two phase flow system there is always the question of.relative.‘
stability of the flow. Strip chart records of all the flow>transducer“<‘
measﬁrements were made, and the mean values were used to compute the

flow rate. In all of the runs. there was some slow oscillation. This

observation will be commented upon in.discussing the results.

PROCEDURE
The - experimental run conditions were‘established, generally, by de- -

ciding on‘a void fraction and then varying the gas and liquid rates to

‘give that void fraction over a broad range of total flow rates. 1In

actual practice the data points were set'By watching the indication on

the momentum measurement and then adjusting the gas and liquid flows.so,b

. that the void measurement remained constant. From this procedure, a. con-

' stant void curve was generated. This led eventually to a family of con-

stant v0id-curves covering a broad flow rate raﬁge._~
All of the data were recorded on strip ?harts. Average values for
‘each measurement were estimated and these values were utilized in the
computerized calculation of the data..
CALCULATIONAL PROCEDURE
Oné—Dimenéional Model (Measured' a)
. The momentumiofAthe two phaée, two component flow discharging from

the test section was computed using a one-dimensional, two-phase equa-

. tion. (ref. 1 or 2). ‘The equation for the discharge force (rate change

. .of momentum) is

W2 . W2
= W

Foap = + —=
CAL = -
g.p AL a') 8Py Y

(@

where a -1is an experimentally determined value in this case. The force
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‘produced by the nitrogen contribution in equation (2) was negligible

compared to the water contribution. Consequently,

_ e
F = - (3)
CAL gcpr(l - o)
or in terms of the liquid Reynolds number
r%p2?
Fooos w_ L (4)
CAL l6gchA(l - a)

The results from this calcﬁlation'were compa€9d with the expetimentally
measured impulse obtained from tHe momentum cage-load cell arrangement
at the diéchargeiend'of'the test section.
Slip Ratio
The ratio of the aQerage vapor to liquid velocity in a two phase
éystem is commoﬁly called -the sli§ fatio, k. This ratio is related to

the quality and void fraction by the expression

k=— ' (5)

where the quality x is defined as

w.
\

*TW +w
w v

6)

Hpmogeneous Model (No .Slip)
As previously discussed, tﬁe simpiest of tﬁe.flow models is the
homogeneoﬁs model in which both the.liqﬁid and vapor move at the same
velocity (no slip). In this case; the homogeneous void fraction is

given.as

1
*HoMO L - x Py ™
1+ —=22
X. pL
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The calculated force for the.hémogeneous modei is found by substituting .
in.equation (2) the values of o computed from equation (7).
. Anticipated Error in Force Estimates
Froﬁ equation (2) it is apparent that the force results will be very:
sensitive to the void fraction measurements. 1If the difference between
the actual void fraction and .the measured void fraction is
| o

&~ OvEas ©

then the percentage-error in the value of F would be

CAL/FMEAS

. Ao
.percent error = T -

3 < 100 ‘ (8?
From the data shown.in fiéure 3, Ao is estimated té be 0.05. Conse-
qﬁently, for values of a ;_6.25 the computed force will have an uncer-
tainty of at least #6 perceﬁte For o ~ 0.5, the uncertaihty would in-
crease to at least 10 percent. -This uncertainty will-be represented by .
vertical‘linesgin.the resultg, to ge presented (figs. 7 and 8).
"DISCUSSION OF RESULTS
a=0

For the all liquid case (o = 0), a éomparison'oflthe calculated té
the measured force appéars in figure 4.while'the ratio of the calculated
to measured force as a function of'liquid velocity (Reynolds number) ié
shown in figure 5. As seen in figures 4 and 5, the é;1culated measured
values are within. 6 percent'ofAeach other. Some of this 6 percent devia-
tion is experimental error and some could be attributed to changes in the
velocity.profiles over the range of operating conditions. The capacity

of the load cell, 22.4 newtons (5 lbf), limits the maximum flow and thus

the upper value. of the Reyndlds number of 100 000. The lowest Reynolds
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number (40 000) is détermined by the 1ower limit to which the puﬁp can
be throttled.
Slip‘Ratio

The slip ratios are shown in-figure 6. Data were taken fdr nominal.
void fractions of 0.25 énd 0.5. The computed slip results are listed in
table I.- Some of the séatter in the slip ratio results from thé meas-—
ured variations_iﬁ 0. The void fraction varies from 0.45 to 0,55.‘ In
addition, it was estimated that the data have. an uncertainty of about.
+20 percent. |

As seen in figure 6, the slip ratio is nominally one when the void
fraction is‘0.25, but the slip ratio deviates significantly from one at
tﬁe higher void fraction where a =-0.5;

Comparison of Variable Slip (Measﬁred o) and Homogeneous Models

-Fo; o =~ 0.25, the ratio of the calculated to the-meaSuréa force for -
both the homogeneous and variable slip (measured .a)-models are in very
close agreement with the calibration line, as seen in figure 7. Thus;
Both of -these one-dimensional two phase models appear to be appiicable
over the entire range of Reynolds numbers tested. "This is not surpfis—
ing since the slip ratios for both models turned out fo be near unity.
When 'a ~ 0.5, éhe slip ratios of .the two models differed'and they pre-
. dicted diffefent force values. |

The Reynolds nuﬁber in the abscissa of figure 7 is an all—liquid
number.' The data shown in figure 7 could just as well have been plotted
against liquid velocity. |

For « ;:0.5, significant deviations between the one-dimensional

variable slip, no slip (homogeneous), and the measured impulse force are
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seen to ‘occur in figure 8. In particular, a steep drop in the one-.
dimensional variable slip representation is seen in figure 8 near a

Reynolds number of 0.4X105e For these low Reynolds numbers the variable

slip calculation is in error. For larger Reynolds numbers, the variable .. :

slip representation seems to be_app:oaching the caliﬁration line, which -
indicates that this model is accurate. at high 1iquid velocities (Reynolds
numbers) . .This observation is in agreement . with referénce‘S. The drop
off in the variable slip model at high ngnolds numbers as suggésted in
reference 3 was not-seen. However, such a treni'miéht occur at higher
void - fraction.

The. homogeneous model_fortuitously falls along the unity line in
figure 8; which is in close"agfeemeﬁt with the results of reference 3.
The homogeneous model.predic:ion.is approximately 6 percent ﬁigh, which
Aforipractical esfimation purposes is quite satisfactory. 'It'shouid"be1
"~ pointed oﬁf, however, that the predicted homogeneous values represent
variable o values. The experimental data and the variable slip model -
are based on a.constant- o, which was measured by gamma attenuation.

The: o which one could calculate from the homogeneous expression would
nét.agfee generally,with the experimentally-determined value.
One—Diménsional Variable Slip (Measured: o) Correiation

The drop off.in the deviation between the computed'variable slip
force and thevmeasured force at low Reyﬁolds numbers, (~40 000) will now
be disCusséd. ‘Andeen and Griffith (ref. 3) present three possible
reasons which might.account for the above . deviations at iow Reynolds
numbers: . (l).two-dimensional velocity profiles, (2) unsteady fluctua-

tions such .as slugging, and (3) turbulent fluctuations. A fourth possi-
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ble explanation (4) could be a transition in flow patterns (bubbly,
annular, etc.). In an actual'situation, a combination of the above
_ mechanism could account for the deﬁiation between prediction and experi-

ment. Each of these reasons will be discussed in detail because any or-

all of the above reasons can cause the real force to be greater than the -.

one-dimensional variable slip value as calculated in equaﬁion (2).
Spatial Velocity Distribution
Two-dimensional velocity profiles will lead to higher estimates of ..
the impulse force than would the simple,one—dimensional models using an
average channel velocity.
For the case wheré o = 0 (all water), if a powef law velocity pro-
file assumed for a single phase system is

v = vmx(y/n)'l/n | | | 9)

thenuthe ratio of the one-dimensional to the two-dimensional force is
' 2
F1D (l + n)

o -

For the Reynolds number range considered herein, a value of n = 7
is appropriate (ref. 7). 1In this case the above ratio is about 0.98.
The two—diménsional impulse force is two percent greater than that cal-
culated fof the simple .one-dimensional case. Physically, since the im-
pulse force is propor£ional to the velocity squareda the fluid particles
with velocities.greater than the average will produce a larger contribu-
tion to the total force than those below the aQerage.

Could two-dimensional effects produce the high drop off shown in

figure 8 for o = 0.5? For this to occur, the value of n in the two-
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phase fully‘disperséd flow would of necessity be much smaller than that\
normally observed in turbﬁlent flow of a single phase flﬁid; This is not
expected. However, for other two-phase flow regimes, such as annular,
significant changes in n are possible.
Time Dependent Variations

As menticned‘earlier, unsteady fluctuations such as slugging or
fiow regime transitions will decrease the ratio of the one-dimensional
calculated force to the measured force recorded by the load cell. The
recorded outpﬁt of the load cell éhowed the measured force to be peri-
odic;‘coﬁsequently, time-averaged variations in the velocity mus?_be
considered. Figure 9<Aisp1ays the amplitude of the load cell oscillation,

Famp,'as a function of the Reynolds number. As seen in figure 9, the

force measurement exhibits a significant oscillatory behavior and the
amplitude of the oscillations increase with increasing void fraction and

e

decreasing Reynolds number. This 1is a reflection of a changing flow -
pattern. At the low void fraction a = 0.25, the flow cbnfiguration is
"generally one of bubblgs.in a continuous liquid stream - bubbly flow. . .As
the void f;action'increases,'the bubbles coalesce into large gas Qolumés
and the flow pattern might be better characterized as alternate slugs of
gas and liquia—slug flow. With this observation, it is interesting to
examine analytically what a large scale oscillation will do to the re-
sults.

The velocity oscillations which occur near the exit of the tube pro-
duce the periodié output of.fhe load cell. Unfortunately, the actual

magnitude of the velocity oscillations are unknown. . Conceivably, the

amplitude of the Veldcity oscillation could be quite large in comparison



13
to the mean velocity wv.’
Since the force exerted by the gas is negligible, we will consider

only the liquid'phase with cross sectional area A. in the following

L
calculations. Furthermore, we assume

v = 311 + é cos wt) | (li)
" where "a" times V represents the amplitude of the oscillation. The
floﬁ area. AL will vary with ;he velocity. A detailed look at the mo-
mentum and continuity equation will.be reqired to determine the rela-
tionship between v = and vAL. For the purposé'of simplicity, howeve;;
we wi}l assume AL to be a constant.

To preclude.reverseAflow,;the amﬁlifude factor a is assumed to
have a limiting value of 1. During the course of the experiment no
visual indications of flow reversal were seen. We will now investigate
what effect the.amplitude "a".will havé'on the calculated average force.

The average force for one cycle (period = 2m/w) can be calculated

as follows.

2n/w

. (2_> Co—ar (12)
c .
w
Substituting equation (11) into equation (12) and integrating gives

2 ' A
- pA v 2
F = w (1 +5—> (13)

t B 2

As seen in the above equation, the average force will be independent of
frequency; however, the response of the measuring system will, of course,

depend on.the frequency. Noting that

S A= AQ - ) ' (14)
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and taking the ratio of equation (2) to equation (13)

F.. - . .
F. a :
t -1+ 2
As previbusly mentioned, for the limiﬁing case of a equal to 1, the
lower limit to the ratio given by equation (15) would be
F .
<aL. 2 (16)
F
t

As seen.in figure 8, there is an indica;ion that tﬁe,ratiovof‘the
calculated to impulse forée appfbaches'the 2/3 v;lue.. Some detailed
measurements.of the velocity leaving the tube would be feqﬁired to deter-
mine if the 2/3 value suggested by eduation (16) representé a‘lower limit
to tﬁe data or if this is just a fortuitous occurrence. This calculation
léaves us with the impression that flow oscillations could drastically
affect the momentum results. ‘Unfortunatelytwe caﬁﬁot draw any strong
conclusions.reéarding this possibility as it applies to;the data reported
herein.

A word of caution is necessary at.this point. - Figure.lo displays a
ratio of.the.ampiitude of .the load cell oscillatibn, to the mean force
amplitdde, F, asla.function of Reynolds number. As seen in figure iO,
the ratio increases significantiy at the low Reynolds numbers where the
drop off ‘occurred in figure 8. From the results in figure 10, we might
/

éxpect that the ratio of for o = 0.25 in figure 7 should

!

FearL/Fueas
display a drop off similar to that shown in figure 8 for a = 0.5. This
is contrary to the conclusion.drawn from figure 9. We suspéct, however,

that .because .of dampihg and frequency response of the momentum cage, the
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magnitude of oscillation for the a = 0.5 data should be higher. Thus, .
it may be fortuitous that both sets of data fell on the single curve dis-
played in figure iO. In our opinion, if is safer to draw conclusion from
figure 9 rather;than'figure 10.
| anbulent Fiuctuations

Turbulent fluctuations are someWhat similar to the time dependent

fluctuations just discussed, if for exemple we assume |
v = ;-+‘v' - (17)

where v' 1is a fluctuation random velocity component. In general, v'-
could Be represented by an-infinite Fourier se;ies; however, as rough

approximation for turbulent effects, we might assume

v = ;kl +.v1:4AX cos wt) ‘-.u' : | (18)
where V&AX is a crude representation éf largest intensities seen in the
chennel. At any position'in'the ehannel, VQAX .will generally be less.i
than 0.15. Substituting this value into equetion‘(IS) indicates that the
turbulent finctuations,may account for less'then 1 percent of-the drop
observed in the calculated to measured force ratio. )
FlowAPatterns
The exnerimental flow regime in the test was nominally in the bubbly
regime as indicated.by the positien of the experimentél data on the Baker
plot shown.in figure 10. However, since in reality, the separation of
bubbly from slug flow actuallyinccurs over a bnnad range, a flow transi-
tion might be beginning at the lower Reynolds numbers.
CONCLUSTIONS

For the range of Reynolds numbers and flow regime investigated, the

following conclusion can be made.



16
1. The one—dimensibnal variable slip (measured o) and the no-slip-
'homoggneous predictions of the two phase momentuﬁ are valid for void
~fractions equal to or léss.than 25 percent.
| 2. For void fractions of about 50 percent, the variable-slip model . -
is valid for 1arée Reynolds numbers. However, for ngnolds numbers below"
50 000 a significant deviation between experiment and pfediction is seen.
The hémogeneous no-slip model seems to pfedict the impulse force'fo¥ this
higher‘void fraction over the entire Reynolds number range. This obser-
vation; which isfin agreement with the experimental results in refer-
ence.3,:is due to the 6ver prediction of the one-dimensional momentum by
the homogeneous model in whigh the slip is assumed to be unity. As
illqstrated by the data, the homogeneous model is a versatile and useful
technique for one—dimensionél design calculations in the range of
Reynolds numbers investigated.
LIST OF SYMBOLS
A cross sectional area of duct

cross sectional flow area of liquid

‘

m'.‘__p>

amplitude of velocity fluctuation

average calculated force, equation (2)

CAL
FlD aVérage force for'one—dimensional flow (slug)
sz- average force for two-dimensional flow
FMEAS average measured force
i; time averaged force
Gﬁ. nitrogen flow rate, 1lb m/hr ft2 for Baker plot
Gw water flow rate, 1lb m/hr ft2 for Baker plot
g gravitational constant
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h | 1/2-height of channel
P ﬁerimetér
ﬁw - iiquid Reynolds number 4ww/Puw
n turbulent power law coefficient .
v yelocity
. v average velocity
. VMAX maximum velocity
v fluctuating turbulent componeﬁt of v
V&AX maximum value of v' |
'WN_ nitrogen flow rate
WV vépor flow rate-
WW' . water flow rate’
- x . quality, equétion (6)
y height coordinate
'y* . y/h
a void fraction
b @ = OMEAS
%oMO homoggnebus void ffaction
. aMEAS' ‘measured void fraction
A | equais [((1'N/0.075)/pw/62.3‘]l/2 (for Baker plot)
&5 . - _
u viscosity of water, centipoise for -Baker plot
p density | |
PL liquid denéity
Pr ‘.density,of nitrogen, 1ib m/ft3 for Baker plot
Py ' vapor density |
) density of water, 1b m/ft3 for Baker plot
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) gamma signal
¢f gamma signal for all water

empty gamma signal for all nitrogen

. _ -1/3
v equals (73/0)[}L(62.3/QL)€] (For Baker plot)
w angular velocity
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