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THE ROLE OF WAVES IN TWO PHASE FLOW:
SOME NEW UNDERSTANDINGS

This paper is the ASEE.CED Award Lecture
whih i

wvor and. cairman. of (he department. In
e o 107 be e the positon of Dean
Cngineering at Hous

ks retorch s e cntred o the
flow mechanics and transport processes associated

- Lo o an Atfrd Nowws
ani at Delaeare he hld the Shell and
re Corporation Felow
aina Scene Foundation Sewior
i 1970 the AICKE Alpha O

o wember of co
iy State tpecios and s one

consulta
well as Federal o ‘
AICAE Design Dnsitate

of the organizers of th
Tor Mibiphess Prosisin

108

A E. DUKLE)
University of Houston
Houston, Tezus T1004
INTRODUCTION
RESEARCH IN GASLIQUID flows bas
fourished over the past 55 years. During that

l’mm\ll had oy 1750 this number
o A s ot
o this lllzlhmu of publcaion

o e vkt of it
.n. nit W.m,- T

incises,  reat many Mudies have b
e et f e e, whh wotd

CHEMICAL ENGINEERING EDUCATION



ot v been mecesary had the princples been

et

B The Bid o rieh ia chllngingfundamental
P i 15 A ol o
Sovlcnion

Thia i of couse, an sl aitution for
urturing engineering research: the identifica-
tion of need for mproved designs,the denition

embedded

hanges wit
) intiaions. Thuy

Why i i then hat undor
his it oven
Yorder have
Siusive? In gaviiauid flow
the mannar in which
i Changes with flow rates,
grorr)
e
{tah vty i s flow down, the poe
follow ratifed liquid fim _over
which gas o

st In s soutinuois. B i phs
Velocity at which these transitio
8l e o, et mxd nmd 4 proper.
tios, Cortain additional flow rved
for verti

known. As  de
to Figure 1 which shows the “flow
observed for air-

zontal pi

wi »
onee we know
(Taitel & Dukler,

il

a foving in he ¢oe. Aga
u\',v and i cas dropics fow
D i

knnumu m.. pee
. determining bow the, lgud fow

dmmmm Deiwesn
the shape and motion of the wavy interface. At
teen Vauid and gas reee s 0w

“Chemical and Petrloun Prcessing: Beblers, con
liid o rectos, ikl bed. comaciors,

o esthermal Steum: Gax
s e e s bt

(PWR) and boiling water (BWE) re-
Film colng of bigh petormanee Jet.

susm 1977

Vaass tratons ot locaton o Tqu and
a8 intrfaces, given al the operating conditons.
It is only very recently that this has been
accomplished for horizontal pipes (Taitel &
Dukler, 1976B) and _completely _satisfactory
model fo vertial upward flw are yo t appear.

WAVES ON THE INTERFACE AND THEIR EFFECT

VER A WIDE RANGE of fw e spce the
liquid-gas interface is  continuous - and

FIGURE 1. Flow Transhions AlrWater in &
e

Regime
Worsontal 17 1. .




foot long smooth copper

was hel s 0 ry. This

et conditons In o flling Sl evaporatee of &
pe which has

salination. Th

show that the aren ..“.,w M ‘,.,m« "o 18

FIGURE 2. Swatified Flow with 3 Wavy Imerfsce.  negligibie. S0, the enhi ansfer
results mot from the w«reMi whxm e e g

covered with waves. For example, Figure 2 shows  in the presence of liquid, bu in some
s srited m; T with concurrent it BOW:  way to the prasene of his mobie nterface.
Fin awid Talling s a thin fim dow,

ence of the waves. However,

e pr
for pressure drop in the gas phase
duing cncurent dewvard thermal o of

t with steam in the core_appear
i Figure . (Duklor & Elloth, 106). The flw

FIGURE 4. Waves on a Riing Liquid Film,

Fgure § showssome csscal ot for mats

» the liuid phase (Emmert & Pigford,

wperiments wire e insiustions vherd
o mass tramsir in fhe gas

FIGURE 3. Waves on s P

‘analyses of data from several sources for he

10 CHENICAL ENGINEERING EDUCATION



e he e o of e ndiurbed
fim vas s o tht addiona raater
tribe o 1 othe

tween two_closely 1
i he wall (Cr & Do, 3079 The mesk

? ==

WAt v theee chractorisiess analyis
the ampiude s G irscs trom e A

igu
oreomitive. Thls ot shown e sery Th

susER 1977 m



out of proportion and it is of some use to see thi

o large waves project a distance of 6 inches
from the substrate, each wave is 35 feet long
and successive waves are separated by 4 distance
of 70 feet! The properties of the two classes of
waves are dramatically different i terms of

litude to base thicknes, e wave

lenghs and ll ther charace the
aceorpanying able, It s atso posible 10 o

 Traces of Film Thicknoss.

the added transfer

elude from this picture that

deduce
fims must depend

of
In view of this .,muu, i pusbl
n the

that tranto procetses
nly.

o Substate. thcknens

< Stractars of the Tarse waves

12

rosamen doos
1o maving o phes n gl ase fow.

Now it is of interest to explore what is known of
cach of these factors.
THE sussTRATE
VW/LZEL TIME TRAGES of i baght i 31
hose of Figure
posile 1o doviop attware, s
complete satistical deseription of caeh
ample, th
the flm thickness is shown in Figure 10 for &
liauid number
f g e cirelg
composing the density into contributi
the large and small waves gives
(Chu 1974). Ne
the probability density o the substrate thickng
obtain other informati interest. For
example, fation of the mean thickness of
the substrate, <h.> t o

FIGURES. The Twe Types of Waves.

CHEMICAL ENGINEERING EDUCATION



posimation ther prence

liquid lump, acting as a
moves rapidly downward sweeping up liquid from

should be. roughly situation
wane sy shown at the right. Ther te
drawn upward at tho same velocity, C, from a
Y A of i, The Ihlcknu. i i
g | fim can be calulated fro Whi
B (1908 for laminar fow with
e rison between values cal.
: measured thic
i T i Figue 15, Bt ot the Higher
o the Probabity Donsity of the Fim Thckness.  comes turbulent, the agreement is quite satis-
factory.

the fm in font
The

s conraling transpot i th lsid
Sl ettt wih this el

FIGURE 12. Compurison of Flow in the Subsirate,

strate at  clerity, C.. As already R, with Total Uiquid Flow, Re..

suMsER 1977 ns




FIGURE 13, A Ronewal Mechanism for Mass Tramfor
nto the Film,

Thus, we conclude that the substrate thickness
niquely

depends it the s
ndi mass b
ferred into the fiquid film is determined by the
substrate thick ell as the celerity and
ra the large waves (the
newal rate) and since the substratethickness
dipente caly on the large wav cderty, ¢
nt that the entire process of tr

o the i s contraie ooty o the erpe
seale wave structure,

THE LARGE WAVES OR LuMPs.
BECOMES OF interest to examine these large

times the ampitde and (he front of the vave
steaply than does the bck.

Frocedurss Gor moceling such Waves fro-
uently use

a reasonable
ﬁxmulnul.mumnx—hlmm—.l
eight for each of the sine and cosine
o s a1 sy Wi v st

agreement
Modeling of the wave motion h
rough & variety of approaches (Dukler, 1972).
Attempts. directly solve the
cquation of moton forthe wavy fim through
¢ smal pruniation expasions for the tram
i idary layer type solutions
of ihe uations snd by the e of intgrl
methods. I ll of thse approsches t s necessary
e e o descrie he shav o te uriace

e
| ion

-

FIGURE 15. Subsiate Thickness: Theory v Experimant.

in the course of th ieal procedure. This.
s ban done il cases g o Fourer series
the

o surface so it is of

P

IOUEE 14 A Modelfor Do S Tk
<.

o the

m

Sttt thsecolben, e g 1
possibe to

tscribe the wave amplitude and shape.

possible complex when over  terms are

CHEMICAL ENGINEERING EDUCATION



PR 16 P ¢ g Wive wth o St

An alternative procedure rtho-
onal serio which can . the shaps of the wave

VemClh = (Vo)
Combining, these two equations yield a relation-
ship for C.

Al th uantitos i he s bracket are Knowen
except the wall In the sbuene of n-
formaion v soudar oo posi )
fahuand @ 1. = 0. The it

wo overn
umuy ‘radiont nens ae ged
from those in the substrate and the second implies

RS 8, Gl of S il il Thios

il h»m.um-, Smll Waves.
mber of Film, Subsiate

miing vortx and sparaton st the wal I the

front of the wave. A comparison of the val

cauned from ey e v thes o usum-
ions and the data_appear in Figure 21. The

FIGURE 17 Comparivan o Data wth Variaus Thesries
for Wave Ar

<A, <A

<ho <hi

‘it of arge,Small Waves
Thicknos o Film, Substate

suMMER 1077

clear and the flow pattern one could deds




FIGURE 19, Comparisen of Data with Various Thearies
for Wave Froquen
£ 4. Froquency of Lurge, Small Wavas

for momentum and Figura 7 for mass. Some im-
portant

for the appas
e e oo G s wha
s Dk, 107

L_f"' Pty

The term in braces cross correlation
i U ey beoee e ()

and dh/dt, which at zero time is

a

o W)
¢ R (0) s the ero ime delay cros correla-

tion between P

14
— & & Ra@)

rding of P and h, it is &
o obtain the cross
the same time

the
S T 3 o of 1. il
TABLE 1
Contribution to Interfacial Shear by the
Large Waves.

i

s

presure gradient through the equation
e

where A is the messured wave amplitude. Now

ranafer in the gus phase s controlled by the

CHEMICAL ENGINEERING EDUCATION



u.,.uu._m.;.a.mw
oy e sbsrare thicknes a5 woll 5.

distetut in auch & vay tht sy coninaous

emocsirted that the varee

€ mass,
o ot e s and Buid

farge waver s ice
s dopnds o .-‘v.n

--dmmn i

o it Tt ot s mow wdarvay
A summaRY

HE DIFFICULTY of modolling gas liquid

o rmula from the fac that he dtrin-
tion of he o phass i the ipe o

wi and vary with flox Ao
line i and nciation. "The location, shaps ani
‘motion of these nt determine the boundary
condiion i, the mlhmhul models.

‘Over much of the flow rate space the phases

mnu 1| Calulated vs Messurod Colority of the.
s for Using Twe Models for Wall Shesr.

s 1977

“The interface is covered by two type of waves

wneed. transfer

in the gas is
small waves.

FIGURE 22. Flow Patorn Deducad from the Resuls
o Figure21.

Exising models for prelicing this wave
be inadequate to

e the reason

{orthe e ol the st theris s shown

to e the attempts to use Fou to do-

¢ the e An shtarasia

approach is sugges
Fosible dheston To predcing the rlation
betwoen smal vave siucure snd ges
ransport are discussed. O

Ry 08),
e, C. b and B, Rockenstin, AICWE J., 14

PAD. Diserttion, Usi. of Calit,




o No reducton n Joud I granied for advisement o col-

aigments even out
o

BT

iiliary Departmental Personnel.
mu Shmerca Siaty Universiies Asoca
ers, Eng. Ed. 61, No. 7, $10-513, 1971)

TYPE OF PERSONNKL  TYPE OF PERSONNEL
Teaching Amistants 2

']

i

0

i

H

i

[N books received

GLOSSARY OF CHEMICAL TERMS
Hampel wnd G. G. Havley
Vn Nosvend Reinhld 1976, 51 0. $15.95.

This glossary is a reference

chemistry and chemical engineering and
Common utage in the chemial indusrin

138

PETROLEUM AND THE CONTINENTAL
SHELF OF NORTI! WEST EUROPE—Volume 2
Environmental Protect
Edited by H. A. Cole,
Halsted Press, 1975. 126 pages.

viewed by James D. Wal, HYDROCARBON

work is  compilation of artiles and floor

cting_ invalving geologists

¢ Nor rtoen articies
dhepolitionprblem n

g ol ofers mc rl lecta of il bl

environment and scated

wolving poitical and

to the significance of
the problems encountered.  ©

DUKLER: Rolo of Waves
Comtinued from page 117.

Chom. Pt 5.

« o1,

% ol .k A ki, A o Mk, P, £
1 (19700

16 Tu, Y. 4nd A, E. Dubler, B, AIGKE J, 25, 41

DA, 3. A, Tl Chm.
poet

CHEMICAL ENGINEBRING EDUCATION




