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1.0

2.0

3.0

4.0

Purpose:

The purpose of this calculation is to determine the submergence depth necessary in
the MUT tank to prevent the entrainment of the tank's overgas in the outflow stream.
This type of hydraulic abnormality can lead loss of pump efficiency, possible
cavitation, vibration, surging, etc. and damage to the pump.

Design Inputs:

2.1
2.2

Buffalo Tank Dwg. M-6057
Attachments 1.0 & 2.0

Assumptions:

This analysis does not contain any assumptions requiring later confirmation or
preliminary data.

References:
41 Weak Vortices at Vertical Intakes, Journal of Hydraulic
Engineering, Vol. 113, No. 9, Sept., 1987 (see Attachment 1)
4.2 Sizing Piping for Process Plants, Chemical Engineering, June 17, 1968, pages

205 & 206 (see Attachment 2)
Calculation:

Reference 4.1 gives the results of studies of weak vortices in intake structures that
have vertical outlets that convey the water to the pump suction. This paper
develops an equation that can be used to estimate if weak vortices can form on the
free surface of the water in the intake. This configuration is very similar to the free
water surface within the MUT tank.

However, the tank does not have the mechanism within the internal flow path of the
tank to mechanically induce circulation flow. All water inputs to the tank are directed
to the surface by spray nozzles. There are no side entrances which would allow a
tangential flow velocity to develop to create a circulation fiow around the suction
nozzle at "~ bottom of the tank.

Therefore, the equation developed in the reference 4.1 can be used to estimate the
submergence necessary to preclude the formation of weak surface vortices which
may damage the pump by allowing the tank's overgas to be entrained in the
outflowing liquid.
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The equation from reference 4.1 is

S/D =25+ [4/3){F,}* + 40 { N, }**
where: S is the submergence, inches

D is the diameter of the outflow pips, inches

F, is the Froude No. based on velocn?l in and
diameter of the outflow pipe, V/(gD)®

N; is the circulation number

For the MUT tank, the circuiation number is zero. Therefore, this equation reduces to the
fullowing
S/D =25+ [4/3){ Fp, }*?

The required submergence can be evaluated for various outflow rates in GPM. The
results of this evaluation are given below.

GPM Velocity, ft/sec Froude No. Submergence, in
25.0 0.63 0.192 11.85
50.0 1.26 0.384 12.9
75.0 1.89 0.575 13.78
100.0 2.52 0.767 14.56
125.0 3.15 0.957 15.29
! 150.0 3.78 1.151 15.96
| 0 4.41 1343 166
| 200.0 5.04 1.534 «? 17.2
| 225.0 5.67 1.726 17.79
250.0 6.3 1.918 18.35
275.0 6.93 2.11 189 |
300.0 7.56 2.302 19.42 |
325.0 8.19 2493 19.94
350.0 8.82 2685 20.43

|
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Reference 4.2 has information on the flow conditions that will develop inside the tarik
near the exit point when the liquid level is approaching the pipe exit or the bottom. of
the tank. These flow conditions are has follows. A liquid circular weir will form when
the Froude number is less than roughly 0.3 or the ratio of submergence height tc
diameter of the outlet pipe is less than 0.25. With this flow configuration, the
vapor/gas core that is formed in the pipe and tank is not appreciably pulled into the
downfiowing liquid. For this flow condition, the fiow is self venting.

When the Froude number is greater than 0.3, vapor/gas will be entrained into the
downflowing liquid unless sufficient liquid height is maintained in the tank. This
entrainment height can be evaluated by Harleman's equation presented in
reference 4.2. This equation is presented below.

S/D = [ V/( 3.24 {gD/12)*%)]

Where: S is the submergence, inches
D is the diameter of the outflow pipe, inches
V is the velocity of the liquid in the outflow pipe, ft/sec
g is 32.174 ft/sec’

Using this equation, the following table presents the submergence to prevent gas
entrainment vs. outflow rates in gpm.

GPM Velocity, #t/sec Froude No Submergence in

25 063 0.182 13

50 126 0.384 172

78 189 05785 202 o
100 282 0.767 265 -
128 318 0957 248 :
150 378 1181 266 3
178 441 1343 283

200 504 1534 299

225 567 726 313 |

250 63 1918 327 ‘

275 693 211 3139 y
300 7 56 2302 352 ‘

326 819 2493 363 i

J
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6.0 Results:

The submergence given by the equation of reference 4.2 is considered the proper
method to evaluate for gas/vapor entrainment into the downflowing liquid exiting
from the MUT into its outflow pipe. The results of the reference 4.1 equation are not
considered viable since the tank configuration and flow conditions into the tank are
not the same as those used in the reference 4.1 to develop the equation.
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and Simulation of Low Flow Hydraulics. Bar-
Miller and Harry G. Wenzel. By Jeffery G. What-
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WEAK VORTICES AT VERTICAL INTAKES
nndns.c.-nc.'u. ASCE, and Alan |. Rindels'

analvsis of expectmenial dote The resulte indicete that &
inrge Anenstoriees melwnargeroe o sweid week wortioes ai vervioal
Uitakes blost vevthn! trtabee will require some type of seivorten de-

roto.
BTRODUCTION
hhkemiktnmanuhdmhtmﬂnmﬂon-nhe
flow constriction where sngular increases with the decrease in
cross-sectional area. They at free surface flows into dosed
conduits, such as sinks or sathtub drains. In large closed conduit in
takes, however, vortices are often a severe 10 be avoided. They

a safety hazard.

Pump and turbine performance is highly sensitive to swiriing flovy
Hydraulic pumps and turbines are designed asswning that the fluw jntc
the machine will be axial and uniform. An intake vortex can cause
Mﬁnﬂwhmhﬂ.mﬁﬂh:ﬂ operation, 2
bsoddﬁduq.l\dpdﬂyaﬂhmmw tion. An air-
entraining vortex can also reduce the discharge into the intake. Swee-

vortices equal to or than that visually ted by a coherent
swirl Inlo!hehhk(dycmm)anhm Trash-pulling
end air core vortices, , should also be avolded. A similar cri
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1. aliowi ty minimal sim 8 the equations motion. —— = == ———— - - —
lh:\enss:;ﬁ:: :un:ntm that should be used to describe vortex Sam v w'hhilt L »n/ Q@
monhavet-«nmdcbonlothvoderadﬂ omuampkbdngche ‘,s 1.’.’13" ]“- 2 lﬂ ®
of Join, et al. (1978) and following discussions (Amphlett 1979 —Q- -;p ?-‘?-;;;' < ‘——M, ..................
tell 1979; Hebaus 1979). Recently, Od (1986) has used Ran-
voﬂtuandannssumpﬂol\onll\edoﬁ\iﬂonol.nlh-cnhddn;m- where 0,, 0,, and & = the radisl, axal, end velocity compo-
oi&adkuﬂydenbpnnqnummmww mn:mnn,w:-“udtl,u “m:,md(
o&dluchavonex.ﬂnnpplktbﬂltyo(Odsuﬂl'owotk.npﬂhuy . o m:n.P-M':‘“ du:cﬁg mD-wah"!:\m
se core vortices, has not been tested, however. . A‘ v M-m mdMl' k “W. s e
e most desirable dimensionsl snalysie involves normalization of ! diameter; Q S, rath then D “in the expression for  results in » rel-
(tions of motion, a8 was Pﬂ‘m by Anwar (1966). The authors w ) Uibg - for as will be shown
+ repeated Anwar's analysis, resulting in @ slightly different set of e .hm % and & -~ drculation, e
’"mm’-"":\mﬂr;yrma’:m 1) may be'::nﬂ in imm o scribe the flow: Ny = ST./Q, & dirculation number; R = /vS. a Reynolds
st flow with & . s - 2 109
e dimensionless stream function, ¢, first defined by Lewellen (1962) t ™ ¢ N ::S*;;x:d W. (f‘l’l"/&ﬁ./e:);g‘/:')(”’l
e'N K e in Eqs. 9 and 10.) Dividing Eq. 2 by (S/D)’
. 5 ATt S VLTS L L i (1a) ‘19 i | would lsolate the dirculation number identified by Anwar (1966) Dr.
. - qu) thu&uwamw than Ny = SI./Q.
o since the submergence, which Is frequently & t parameter, I8
R, . SRS e a9 | R S| | replaced by the intake diameter. The ratios I-./Q, however may b o0
’ rae i do«dlonlan“himndy‘“n ‘mmbm«gem result-
s in = herein.
) the dimensionless varlables = r/D; ¢ = 2/S: and T =2wor/la | 1 O h'cum‘m of o intake shown in Figs. 1 and 2. The
give 20 8 > | farfield drculation is the line integral of anguler velocity times radius
4 6 o | str=k:
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/S is often small, the drculation perameter identified herein may,
n cases, be expressed as

. tan o (')

e B AR 1Lk < ik wea AR AT SRR 0 k= A SRS S
Ah

i in less auto-correlation between the independent

‘gression. ¢ g . submergence was not i
n parameter. The squations developed herein give & theoretical
w this dedsion

two pressure gradient terms resulting from Eqs. 2 and 4 will in-
the Froude numbers that govern the intske vortex flow. If we
¢ that the pressure distribution is approximately hydrostatic, then
- pQ. and aP/ar = pQaz/dr, where z = the distance from the water
- The pressure gradient and body force terms in Eq. 4 then be-

|
F S — 0
p oz Q’ t y
\g 88 the pressure distribution Is close to hydrostatic in the vertical
\on. which is a good assumption for weak vortices, the gravity and
wre gradient terms in £q. 4 cancel in addition, the pressure gra-
and body force terms In Eq. 2 become
] s

@) w0
g gD, _16\D/ 16 D/ & o)
L):' *E‘; n re ', F' n 1)“ ., F;’ " "‘. ........
eF = V/VGS Fn= v/VgD; and V = mean inlet velocity = 4Q/
) I-‘;‘ 10 indicates that the choice of a proper Froude number, given
sreulation parameters of Eq 8. Is not straightforward. The appro-
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priate relationship between S/D and Froude number, however, can be
seen from Eq. !0»&5/D~Fmslo-—r¥‘.mm‘umc
ie that when values of $/D st which s given of vortex
ocours ere versus the Froude number, Fp = V , and & clr-
culstion parameter, Ny ® tan @, o far better of the dats Is
M.AmrhadS/DmuF- V/VeS and F.D/Q = D tan
e/5 could result .Mmmdmahm.a. ent
mmmmwm.umw of the
ihmm.mmmhwm.ﬂ«lnd\of
the three variables.

vammmm

wlylmoﬁdfmmd«c
Mﬂmnmu&ththmda“ with 8 given
circulation (Anwer 1966; Daggett and Keulegan 1974; Jein, et sl. 1978).

The circulztion was using vanes of jets issuing from the
side of the tank (Chang 1976). The arranged hydrotur-
bine intske structure, schematically in Fig. 3, Is far from a circular
tank, however. the ¢ flow circulation (angle) may be

estimated, the effect of the near the intake on circulation is
generally unknown end difficult to determine (Brochard 1983). Most hy-
droturbine intekes n:: have an approach channel (heedrace) that will
olgnlﬂn:'ym mhhnwm.mnl)\cu-
stream aammwmmmeummr.mdo.ﬁ
bothndwdbylhobcml/ﬂck).MD- the hesdrace width.
mmmawrm'ﬂﬁmmum iateral
dmmhnmu-d;lmlh + V‘Im)lauadbame flow sepa-
ration around the edge of the channel walls.
-ndponﬂym-mwlmnmeknlonwlmrontthﬁ
wall (Fig. 3), looking foward the intake. The energy grade line on the
ﬂgh'waﬂwllbeltuhnthlutﬂ\cleﬁmll, reduding the transverse
nu-am.mndmfdmumu.mm only of
intake geometry (L/B) end flow a
Circulation will be reduced by side wall friction. The process
le slow, however, requiring much larger L/B ratice than normally en-
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& —Control Volume for Momentum Theorem Application

| the field, since the wall boundary layer increaszs gradually
-e.' This phenomenon will be neg ed here.

nts were performed on an intake vcx;‘hnllar to that of Pig.
10 describe the reduction of circula slong the headrace
number of dimensionless parameters using tan a, L/8B, etlc.
without success. Finally, & very approximate momentum flux
\s developed that proved successful. 1¢ we assume: (1) That
onmdrculanonlopmpoﬂlo'\lliolhenducﬂono(ttny-
of mmnnnmhhmmﬂﬁhw mesn

0,V, = Vtana; and (3) that the pressure difference between
t right walls is proportional to the y-component velocity head,
(Fig. 4)

-;a. VD oo oeeeseasessassbersanaas bt s sen e an

= pressure on the right wall; P; = pressure on the left wall;
\ constant of proporﬂomlhyonthcotd«olmmmo. then

‘ntum theorem may be integrated between x = Oand x = L,

S + Ah, and S >> Ah in most -pplkmwet\:'.
T
L L B G L

s . u!u--.(")

.................................

- =tlana
2

1l be used in an analysis of the experimental dats pre in
section Assumptions 1 and 2 are an extremely gross approxi-
{ reality. The other however, is to attempt various com-
s of the relevant num st random, which certainly would not
‘duced the relation for N? given in Eq. 13.
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ection . For a given experimen discharge b
jume. The interior components of the test o R m;m..::. evation were Mm time. w::‘; ;'.4':2."33’.'.&
e, T e and the bellmouth intske. The warlabié ERE iy wwes aiso recorded on 8 trip chart. Discharge Into the betimourh Intake
sere produced using four plex “P"‘ng' 4 alle tc was found by adding inflow discharge to product of water surface
ed large v.“muo: ln'\:\‘g:-m m:"‘ pr ‘ﬁ~(&“) time rate of and water surface area. Water surface elevation weas
k wail used in the =~ il 2 E silowed formed
3.m (9.5-1t) long combinations. The 1.8m (6-1%) co-nbln-‘ hﬂo':”l: m‘:ﬂy " “:":' persistent d.r! core Ww e s 3 .d:'
in Figs S and 6. The "‘":‘"‘“;‘ ‘::;'“m'd st mbbin) surface rate of change w‘ﬁ.m « m value and 2 x 107
vt sidewalls as shown in Figs. 5 870 © m/s(0.6x 10°R with no discernible im on the measured value
o to control and predetermine the flow spproach sogs m“;\;’f_ o cevicn o L for dye core vortices ( and Gullver 1963).
we, guide vanus were located 11 cm 4.5in) upstream thickness sources W'u errors, aside from the water
dewalls. The 11 vanes were 21 cm (9 In.) in length with St phvet O] | surface rate of chenge, were the approach flow angle, discharge mes-
rm(Ol!m)nndn:podnsoﬂlcm(d&ln-).Ead\v-mkkai“"!‘ N\ asements, and ofwlmlwrbctchulo‘l\ s santed poo-
,.op-ndboncomtnud«conry-ppmchnow-:'s g &Q\ M-“"“m"‘“ vane angle is @ "
Using a technique described by Jain, et al. “M)h:w ‘:“"‘:“ "‘Bhe wation of spproach flow sngle, within 2%. Vane angle could be set to
hickness were used to compute the sngle of the 8 the ‘(‘5 within £0.5 degrees; thus, the uncertainty in the vane angle fs * 7% at
. The maximum adjustment for vane thickness in comput'ng h ST 7.5° and £2% at 30, '
of the flow was 2%. Guide vane pesformance S0 “‘“”sog £ B !f\ ‘An orifice meter, calibrated In piace, was used to measute discharge.
spraphs of dye streaklines taken &% B0 depthe and o0 * icated | 1L T eeuracy of the calibration is 0.5%. In addition, the discharge =00
e discharge (Rundies and Gulliver 1983). 1:':“":" m."." e p—" ™ unsteady for 8 number of reasons (Padmanabhen and Hecker 1984) in-
the guide vancs perf their function * te “u'; was no S h | duding , unstesd;, inflow, and the drop in water surface eleva-
e is & good representation of approach flow angie: ' o "W | ton over time. Thus, ‘he uncertainty in measurement was
ence of vorticity in the flow caused by the vanes. =~ oid vis- g £ | 20.006 cms {20.21 cf%), corresponding to an uncertainty in Froude num-
intake throat diameter of 0.15 m (6 in.) was chosen : :cloduu ™ ber, V of £027. This is a significant source of error and could
+ impedance of vortex formation except at very ‘nnh:\.ro:! dhmeic; JS . sccount for some of the scatter in the dats.
ough there is st uncertainty on “",,,"‘""“ 'm- Daggetand | There were threv sources of error in the stage messurements (water
reded Jain, et al 's {1978) criterion of gD /v > i"orw .vold“':‘o". v surface slevation). The point gage used was accurate 1o +0.6 mm (20002
egan's (1974) crterion of Ro 2 VD/v < 32 % 06 o possie | . o In sddition, the s7ood in the flume weild swell and contract 10 U0
cts indicate that viscous impedance of voriex S i Po‘.wd Q> | junction with successivy periods ~f drying and wetting. This swelling
5% 02 m/x (0 68 ft/sec) Or &t Fp = 0.17. ““m“mom-Q/(-S) : S = .ndmmwd\ekvd““b'dﬂnwm!obe.“gh!ly
virtually all of the data taken Anwar's (1978) criterion ot o Y E 1 off, estimated to be % 0.3 mm (£0.001 ft). There wss olso 8 humen error
\ % 10° indicates that the ratio (S/D)/Fp must be less than ::ﬂ:don 5 in nmh"‘ﬂ.* ter surface elevation, estimated to be * 1.2 mm
cous eliects st water temperatures near 0 C. A"Twl.l'l * et al. (1986) (2 0.00¢ f). caused the total uncertainty in messurement of stage
o aarpassed by most of the data. Date presented In TWER: € 00 'S In (e leos than 2 1.4 mm (£0.008 ft), which comesponds to an ervor of
licate a critenon of R =2 4 X 10* and & throat dh"‘d::'.d .mbh.; £0.01 in the dimensioniess submergence.
hich are also currassed by the dats presented herein. a _"; s x 10° The definition of a dye core vortex Is somewhat arbitrery
.d Hecker {1984) found no significant scale effects nbov;em e : and developed e e conventence of the sxperiments. Heckes
«h of these criteria wes laahcnhﬂﬂ"m ortices wou (1981) has munm!idm-mmuwtn-
lodities near the air core. A similar criterion lo:l ”sv e ariterta for It eudies where turbine and pump Snishee
gically be somewhat less restrictive. Tulla, C o . )i! = Q/(»S) of should have dye core vortices present less than S0% of the time. The
.undmmuuuemmdyrmmd‘”’““"‘ mwummmmmaum.om
pproximately 5.000. corporste into the measurements reported herein.
mmhmwwm,umw fact
teasunement TECHMOUS mm- lwm*;: ;‘:nndﬂol! - ::“ a purely "dt::l
" H to a swirling . point transiton -defined be-
The measurements were designed to \dentify the W': ‘l"o\::- cause there is a range of flow conditions over which either & purely ra-
., coherent. persistent dye core vortex forms, herein cal critica . disl or & swirling Sow Con OCCWE, similar to the well-known transition
ogonce. A coherent dye core vortex Previrl for st feest beb ©°F 2 e laminar to furbulent boundary-layer flow. Just as & disturbance i
lefincd 33 persistent. Ten sec ¥as believed to be '"'m ',,,3 the free stream: over the boundary layer can cause 3 turbulent spot that
swaid St PEES ;2:‘:\"5:::‘ ;“Ilt'::.t.h.om!;u'ho:m thet ohouldy!: later dissipates, @ disturbance In the intake approach flow can cause &
core vortcx was € u d ! .
svoided In most pump and tusbine intake designs. fleeting dye core vortex, which appears infrequently and will not sig
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er

.m'm..a. jower submergence levels. The conservative sp-
h 1o submergence guidelines, therefore, ls o place an envelope
. over the measured values of critical submergence, as
umphreys, et al (1970).

LR

e critical submergence at which persistent dye core vortices form
measured over a range of intake Froude numbers from 0.25-2.2 at
rangements of headrace aspect ratio and approach flow angle. in
31 individual measurements of critical submergence were made. The
\dual data are available as an addendum to Rindels and Gulliver
1} The distance between the intake and the side walls was always
\mes the throat diameter. The walls did not grestly Imcd( swirl
lopment over the intake. The data, therefore, should be seen s
g & mapimum value of submergence that will sssure ro dye core
wes

o méasurements are plotted in Figs. 7, 8, and 9 as S/D versus Fo
ihe thirteen combinations of approach angle and aspect ratio. Ali

' R
ol ...
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i 1.—onusmwmmmdu 13 for
sdracs Langth of 0.51 -mm-u«-&mmﬁ L/B = 08

- N7
1110

& — Ortteni Butwmargence Massursments b Eavalope | wwves of 13
Longth of 122 m: L/D = L.78; N = N7 A

messurements were made with an intake throat diameter of 0.15 m (0.3
m.m-muuﬂ m (2-2/3 it). The following observations

i. ARl of the srrangements lWM«mkﬂwb

with L/B = 0.63 Awmhhw-&nm

parent as the inflow angle changed from | These t:od.t:z

and approsch flow angles are aimilar tc those of meny h fa-

ammwhmhm-aw for these
Smm-‘w.-w e mot f

L/Inﬂodl’S.Mhn.l.M-‘:m.h-hunl:;

resulted in o relatively sma'l (~ 0.7) increese in §$/D

g
:

for /B = 314is 9 yul-
ssfora =3 and L/B = l.ﬂ.ﬂms,!heclledpgl“!m
is




1960

0.—WWM“!MW¢!¢ 13 for
vﬂWﬂ)”m:llO-til:M-m

so plotted in Figs 7,8, and%ise
onsidering all of the dats simulta
14, successively chenging the power

evaluesof P (B =1, 2. and 3).

The

luals above the enve curve ten times

the envelope curve.

N
?S‘—‘Fz('OGON?'.... g P S L

bcﬂ-mmdop!mmdndoped
neously in linear regressions on
on the Ni term, and sttempting

weighted the squared
the squared r2siduals be-

resulting equation is as follows:

ete Fp = V/VED: V = velodty in the intake throat; NP =

a/ll + (L/B)tan al. (Le., B = 2

rance to intake center iine.

and L = distance from the headrace

hese equations are applicable for 0.2 5 Fp s 2.5. The Fi’ dependence

hat developed in Eq. 10. The
Mign.eenions indicates thet the »

ability of Eq

pproximate

"2

_ 14 1o describe a range of
mmtheonmml-

Eq. Nl;:ﬂw'b:bﬂnn‘dudhd.l. (1978). whe
measured Mu\m-.*‘mmldkmn
u-mm.mad.mucmm

S

B-MN‘I"Q" .............................................. (15)
pn.#mdmmwmmmsmu-
cluded. primary differences between . 15 end those developed

mumuuh-nmpusm-uu-mw
&mmm.mmﬂpﬁ-ﬂydﬂblhw
h;aneﬂﬂwcﬂalw.c.g..dpmmw;
vortices. Dye core vortices are chosen 8 criterion herein because they
mhoﬁﬁhmmuﬁmmﬁm.ﬂal.

MWnWbonmmm.MthmlS-
MW turbines. haif the number originally instalied with a greater total
M.mnmmmdnmdmswnhmu
m.mmmwzs-u.snaomo-9.75«:(297
m); Q = 620 cu ft/sec (17.6 m /a); V = 8.3 fi/sec (2.53 m/s). L/B = 13%
Fo = 0.47; and S/D = 2.5.

An electric phnhlﬂowomlyobw.aﬂdoulonthehuko
(Gultiver, et al. 1 )MMPMhM(M.ngkdap-
Mm.mmmmmu@aw'«enm
ouhchlo-: (mmwulhomymmemmme):
o, 5T, 65°, 90, 90°. These are poor apyproach conditions. The
aversge of these streamline angies. , was vead in determ that
o.v.&.IGWmNMM".MMS/Dnmd
vortices. The intake was

mxbhmmﬁwﬂnww:hp«b

?
i
i
i
3

was a vortex , ‘oblem a' the intake. A strong aly core voctex formed that
was difficuit %o *limin:te, because of the poor approach of the
flow to the hesdisie , et al. 1986). ’

Weak, free surface vortices, defined by a coherent, persistent dye core
subsequent to dye injection, have been studied for vertical intakes with
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% eorsiddred tn be the best experimental result; it s
- Vo= 070 vur D, I hose results agree with these o
,"J'|d\)‘.= nilowing liouid arcund a stationar,

"a‘. L, In summary, large (d =2 1in) long bubbles becone

el trupped
I 100 cp. and

verticaliy downtlowing liquids when 2

2 - Ve w031 ¥ o U " . (14

When the velocity is less than predicted b Eq. (16),

bubbles will rise. And at higher velocities, bubbles will

be swept downward and remo-ed from the pipe. If a

. continuous scarce of vapor is available, 031 =< V,y

B (9.D)* <1 can be expected to produce pressure pulsa-
tion and vibration

a WA Fig. 12 has been prepared to aid in the solution of
7. OB Eq. (1G). The flowrate is converted to gpm., the diam-
m~ Leter is changed to in., and p- is assumed to be much
Ae SN s than p.. Two additional lines are plotted on Fig.
-4 12. The first is for (Ny,). = 1. near which pressure
ke 3 pulsation amplitudes will be high and siphons will

hform readily. The second line is encountered when
(Nr.): is increased further; frictional force offsets
f ravitational force, and no pressure gradient will be
present in vertical downflow. This latter line depends
o0 the Reyrolds number and pipe roughness. The line
ppven is for high turbulence conditions (e.g.. water)
ith « = 0.00015 {t.
-~
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krotational Downflow From Process Vessels

PR

g Irrotational downflow is often confused with the
JRER Wrpe-Lubble phenomenon inside a vertical pipe. Flow
il patterns at the exit of a process vessel, however, are
EBore complex than the simple bubble dynamics. Liquid
Meight and entrance geometry become important vari-
bles that complicate the analysis

3 With the geometry shown in Fig. 13, liquid forms a
@rcular weir in the vessel when the Froude number
o/(g. D) ¥ is less than roughly 0.3 or H/D is less than
425. Liquid flows down the pipe in a falling film. The
goter of the pipe and vessel contains a vapor core that
M8 pot appreciably sucked into the downflowing liquid
Nis self-venting flow is not completely predictable
®d, as a result, may occur at Froude numbers some
shat greater than 0.3. D. 8. Ullock,'* for example,
ficated that the transition occurs at (N,,). = 055
:When the Froude number exceeds 0.3, vapor will he
trained into the downflowing liquid unless sufficient
uid height 1s maintained in the process vessel. The
= itra.nmen'. point o1
W derm ined e

TEiR

./

=
3

diind

A L

[RO5T RN TH

critical liquid height has been

¥ rimentally by Kalinske.”® and theo-

: i'y by Harleman and others.®® Harleman's e
wn in Fig. 13, should be a conservative des gr
vapor will not be sucked into the downpipe at

» liquad height predicted Ly this equat
ical liquid height at which entrainment first
Rurs 15 frequently unknown. To test for vapor en-
isment, the critical height is compared with that
|

Mich would exist if entrainment were igrored. 1f the

BMCA height 1s greater, vapor will be sucked inte

¥ liquid

‘Barleman studied selective withdrawal of saline wa-

pamico! Engineering—June 17, 1968

1 raise the pressure at the top of the pipe. The prob

I e -

4L -
- Prid®

SIZING

coliiticns. It scems likely that his equation ¢ould

¢ tto two ammiscible hiquid phases (decan

g However, the coellicient of 3.24 given in

Fig. 13 1 be chianged to his experimental value of

2.0. In addition, the lighter phase denzity should re

Whirlpools in Process Vessels

Compared with irrotational flow, whirlpool forma.
tion is usually very unpredictable because the forees

History of a Downflow Problem

Although the problems with downilow are many
and varied, one particular problem is interesting be-
cause it illustrates a recurring design problem.

The piping configuration shown in the photograph
was sized without any downflow technology. The
30-in. cooling-water return line, roughly 40 ft long,
was designed for approximately 13,000 gpm. of water.
Bottom of the 30-in. line was near atmospheric pres-
sure

After startup, the equipment near this large water
line vibrated severely. A study revealed that vibra-
tion originated in the 30-in. pipe. Furthermore, the
pressure at the top of the pipe was near one psia.
Also water temperature of 40 C. was uncomfortably
close to the 20 C. hoiling point of water at one psia
Thus, the continuous vapor source needed for pres.-
sure pulsation and vibration was apparently coming
from water cavitation.

In hindsught, had Fig. 12 been available at the
time, the desigmer could have predicted the siphon in
the design <tace, and made an appropriate change
to elinunate the possibility of pressure pulsation
The line could have been made larger g0 that it was
not liquid filled, or smaller so that friction would

lem could also have been corrected with a restric-
tion orifice near the base of the 30-in. line
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_PROCESS PIPING . . .

that initiate whirlpools are generally weak. Yet the

effect of a whirlpool can be dramatic. The rotating
l.quid can open a vapor core in a vessel that will prog
®ate through the cutlet piping. and perhaps into a
pump

Although tangential inlets most eusily initiate whis
poois, centrifugal pumps can also induce a rotating
flawe=* in an upstream vessel that in turn opens a van
care and feeds vapor into the pump suction. Whatever

the cause, whiripools can be easily eliminated with a
straightening cross that is installed at the vessel outlet
nezz.e

Two-Phase Upflow -

Sizing of piping is particularly diflicult with vapor
and liquid in cocurrent upflow. If a line is sized for
low pressure drop, it may well cause slug flow, with
resultant pressure pulsation and vibration. A primary
design objective must, therefore, be to avoid a slug-
flow pattern

At least four distinct flow patterns can be observed
in upflow. In order of increasing vapor rate, these are:
bubble, slug, froth, and annular Only the slug-to-froth
transition i1s of interest here

Govier and others®s 26.27 have run extensive tests on
Yertical upflow of air-water mixtures They experi-
mented with tube diameters from 0.62 to 2.5 in One
series of tests studied the eflect of liquid rate on flow
patterns, while a second series concerned the effect of
‘ariation in vapor density on flow patterns.

In the slug-to-froth transition, we can study the
flow pattern in terms of the Froude numbers (N,.),
and (N,.)g. Such a correlation is shown in Fig. 14
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The chaded area in this figure indicates uncertainty m- 5\
the transition point. Actually, the uncertainty is much /s

n

greater because the observation as to what omstutu!el;‘ .
froth or clug flow is somewhat arbitrary. The reader‘..
is veterved to Govier's first article®™ for his distine.. e
Lion between slug and froth pattern 5
L
3
Case History: Vibration From Upflow o I
iof.
One application of Fig %

14 involved vibration in s n
long 30-in. pipe in which two phases were flowing. "":
vertical riser at the end of the horizonta) section v
brated at a low frequency and an intolerably huh 4
amplitude b !
Three modifications were made to eliminate the sus-REE
pected slug-flow pattern. The first change was a redue- IR s
tion in pipe size from 30-in. to 24-in. Only the riser
and some horizontal piping immediately upstream
the riser were reduced. The second modification was
to install more gradual horizontal-to-vertical transi-§
tion piping. Finally, connections were installed for’
vapor injection into the 24-in. transition piping
injection nozzles were sized to supply momentum thatis
was thought to be lost by the liquid at the transition
This last change was later found to be ur.nec-ury
When the new installation was placed in service, 4
was found to pass a higher vapor rate than bef
without appreciable vibration. As shown by the points
in Fig. 14, the suspected flow patterns were predicted]
correctly X

'Y
B

As with other aspects of two- phase flow, press
drop estimates have a high uncertainty associated wi
them. The designer shouid expect his pressure-drog
estimate to be typically =40 of the true value.
cause of this uncertainty, he should try at jeast |
different pressure-dvop correlations if he dessru
tional confidence in his estimates.

Ideally, pressure «drop correlations should probabhe
be specific for a particular flow regime. The reasond
that a dispersed-flow pattern, for example would
expected to behave different from a slug-flow patte
This approach has not met with great success, p -.',

because the available flow- -pattern maps are not yet
defined B -

o/

Isothermal Two-Phase Pressure Drop

fax.t\, to d ‘Y( rer.'xav.e be.ueen {nctnonal pressure dre :
and momentum-based pressure drop. This latter g Pl
sure drop is that associated of the gagi
AS pressure It is rar{.r..‘lu.':y DA :
tant with the high mass velocities and the low %
used to generate data for correlations?
orrelations ill be considered here
the correlation of Lockhart and Martinel)i azd £
hom geneous me odel of Dukler and others. These
rel 1.5 are easy 1o use, and are more accurate ‘
most :‘.‘aer correlations ** *° Of the two, Dukler's e ;
relatir | be slightly better for most ap:;;u j".'
Brath M ukier's correlations Gl
for horizontalg

With expansion
phase is reduced

sures that are
.

that w

amdd
anc i

Lo give better

artineili s

expected

accyracy
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