
tnt , J. Ural Mass Transfer, \'01. 26, No .9, pp. 1365-1376, 1983
Printedin Great Britain

00 17-9310;83 53.00+0.00
© 1983 Pergamon Press Ltd .

HEAT TRANSFER IN VERTICAL UPWARDS GAS-LIQUID SLUG
FLOW

DVORA BARNEA and NASEBI YACOUIl

School of Engineering, Tel-AvivUniversity, Rarnat-Aviv, Tel-A viv 69978, Israel

(Receired II November 1981 and in retised form 3 January 1983)

Abstract-An analytical solut ion for the transient behaviour ofheat transfer in vertica l upward gas-liquidslug
flow is presented . The results allow the predi ction of the temperature variat ion with time and location and the

wall temperature fluctuations, as well as the average heat transfer coefficients .

/Il'O;\IE1'iCLATURE

a constant definedin equations (8) and (9)
A cross-sectional area of the pipe
A G cross-sectional area of the Taylor bubble
Af cross-sectional area of the liquid film
CL constant in the friction function correlation
Cp specific heat
f friction factor
9 acceleration of gravity
11 heat transfer coefficient
k thermal conductivity
L; length of the liquid slug region
La length of the bubble, or the film region
III exponent, equation (4)
II number of slug units
QG volumetric Ilow rate of gas
Qt total volumetric Ilow rate
q constant heat Ilux
T liquid temperature
TG gas temperature
Tw wall temperature
IiTp defined in equation (26)
t time
tmf time needed for a liquid particle to move

from the bubble front to its tail
tm, time needed for a liquid particle to move

from the slug front to its tail
tm p time needed for a liquid particle to move

from one bubble front to the next bubble
front

tsf time period during which a film is seen at
fixed location

t.. time period during which a liquid slug is seen
at fixed location

tsp time period during which a slug unit is seen
at a fixed location

t in time when the liquid particle enters the
heated section the first time

t in 2 time of the second entrance to the heated
section

Vr absolute film velocity
VG gas bubble velocity, translational velocity
V, . slug velocity
X distance from the entrance to the heated

section

x axial location relative to the moving gas
bubble

Xp the distance that a liquid particle moves
during tm p [equation (22)]

Greek symbols
0: constant defined in equation (52)
P constant defined in equation (53)
p density
v kinematic viscosity
Oms defined by equation (25)
Omr defined by equation (30)

Subscripts and superscripts
B bubble
f film
G gas
L liquid
p period
s slug

average

I. Ii\TRODUCfION

HEAT transfer during two-phase gas-liquid Ilow takes
place in many industrial processes. It occurs in
condensers, boilers and refrigerators or in the
simultaneous heating of two phases such as the
preheating of liquid and gas feed to a reactor or in
natural gas and condensate in pipe lines.

The mechanism of heat transfer can change
markedly according to the Ilowregimes during the gas
liquid Ilow,but most ofthe reports on heat transfer data
do not consider Ilow regimes at all and use very general
correlations for the average heat transfer coefficients in
two-phase Ilow [1].

Prediction oftime varying temperature and heat Ilux
in vertical upward gas-liquid slug Ilowwhich takes into
account the unste ady nature of slug Ilow is as yet an
unresolved problem. Although extensive research on
heat transfer in two-phase Ilow has been carried out,
experimental data as well as physical models arc still
limited, especially for slug Ilow.

Some investigators dealt with heat transfer during
horizontal slug Ilow [2-4] but their results were
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FIG. I. The slug flow model.

The total input volumetric rate is constant at any
cross-section, therefore. is given by

A liquid mass-balance relative to the moving gas
bubble yields

(3)

(2)

(1)

Q, = V,A.

Va = 1.2 V, +0.35(gD)I/2.
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The liquid film adjacent to the gas bubble is assumed
to behave as a free-fall ing film.The film average velocity
Vr is related to its cro ss-sectional area, Ar, by the force
balance between gravity and wall shear,

a cross-sectional area Ar. For the solution of the heat
transfer problem in slug flow the hydrodynamic
parameters VG• l~. Vr,LB, L. and Arare needed. VG is also
the translational velocityofthe slug system as seen to an
outside observer.

The velocity of the Taylor bubble is given by the
relation [7]

presented as time average data although the
intermittent flow is an unsteady state process.

Niu [5] developed a numerical model for heat
transfer during gas-liquid slug flow in horizontal tubes.
The model is capable of calculating the time and
position dependence of temperatures of the fluids and
the wall as well as the heat flux provided the local heat
transfer coefficients are given.

Shaharabanny [6] measured the local heat transfer
coefficient in horizontal slug flow and compared the
temperature and heat flux fluctuations with Niu [5].
No experimental data and theory are available on
transient heat transfer in upward gas-liquid slug flow.

It is the objective of this work to suggest a model and
an analytical solution for the transient behaviour of
heat transfer in vertical upward two-phase slug flow.

2. ANALYSIS

The purpose of this analysis is to solve the transient
heat transfer characteristics in upward slug flow. Since
slug flow is intermittent in the axial direction. heat flux
and temperature will vary with time in the fluids as well
as in the wall. The heat flux from the wall into the liquid
has a different character when a liquid slug is in contact
with the wall or when the liquid film adj acent to the
Taylor bubble is in contact with the wall. In addition.
the convection changes direction from upward flow in
the Iiquidslug to downward flowin the film. As a result,
the process of heat transfer to upward slug flow has an
interesting periodic character influencing the local
temperature and heat flux fluctuations as well as the
average heat transfer in slug flow.

Heat transfer into slug flow requires the knowledge
of the hydrodynamiccharacter of slug flow. Parameters
such as the bubble,slug and film velocities, as well as the
film thickness, should be known. Thus the first step in
this solution is to determine the hydrodynamics
parameters via a simple hydrodynamic model that
permits the determination of the slug flow parameters.
In the second step the analysis of the heat transfer is
carried out using the hydrodynamic parameters, as the
heat transfer coefficients are based on the hydro
dynamic conditions. Based on the det ailed variation of
the temperature profile with time and space wall
temperature, fluctuations as well as average heat
transfer coefficients are calculated.

Hydrodynamics
The system of two-phase slug flow is shown in Fig. 1.

It is assumed that the gas is located in large 'Taylor
bubbles'which have a diameter almost equal to the pipe
diameter, a length La and which mo ve uniformly
upward with a velocity VG • The bubbles are assumed to
have cylindrical shape with constant cros s-sectional
area. The Taylor bubbles are separated by liquid slugs
oflength L. which bridge the pipe.The liquid within the
slug moves upward with a velocity v,. Between the
Taylor bubble and the pipe wall the liquid flows
downward in a thin film with an average velocity Vr and

(4)

where

f = CL(4A r Vr) -m
7tDl'L

for turbulent flow, CL = 0.046 and 111 = 0.2. Equations
(l}-{4) consist of a set offour independent equ ations for
the unknowns Ar, v,. Vr and VG'

Experimental observations for the air-water system
suggest that the stable liquid slug has a length, L••which
is almost constant and independent of the gas and
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liquid flow rates [8,9] and is normally of the order of
16D.

The ratio Ln/(Ln+L,) can be derived from a simple
mass balance that yields

for the liquid film, and

et er aq
-= -v.-+at 'ax A

(9)

(5) for the liquid slug, where

(8)

Heat transfer
It is assumed that the pipe is heated in a region where

fully developed slug flow exists. The inlet temperature
to the heated section is 7In. Thermal energy balances for
the film zone yields

er er nDhr
at = Vr ax + ArPLC

p L
(Tw - T) (6)

and for the liquid slug zone

et er nlsh;
at = - V.ax'+TC(Tw-T) (7)

PL PL

where X designates the distance from the entrance to
the heated section (Fig. 1) and T is the average liquid
temperature in any cross-section. The transfer of
thermal energy through the interface between gas and
liquid is neglected here.

The problem now is to predict the axial temperature
profile and the time-temperature variation for the
liquid in the slug and the film and the wall temperature
or heat flux, under given heating conditions. In the
analysis two cases are considered. The first case is of
constant heat flux while in the second one, the wall
temperature is assumed constant. For the case of
constant heat flux, equations (6) and (7) take the form

er er aq
-=Vr-+at ax Ar

a = nD/PLCp L '

At t = 0 we locate the front of a Taylor bubble at the
entrance to the heating section (X = 0) (Fig. 1).

Integrating the differential equations (8) and (9) by
the method of characteristics yields for the film zone

Vrt+X = C, (the characteristic line), (lOa)

aq
At-T=C2=f(Vrt+X), (lOb)

r

and for the liquid slug zone

- v.t+X = C'" (lIa)

aq
"At-T= C; =f(-V.t+X). (lIb)

The above relations state that the function (aqt/Ar- T)
is constant for a moving liquid element (V = Vr) in the
film zone and similarly the function (aqt/A - T) is
constant for the slug zone for a point moving with the
fluid at a velocity v..

The axial location relative to the moving gas bubble
isdesignated by x. The lines x = const in Fig. 2 describe
the translational motion of the front and tail of the
Taylor bubbles that move along the pipe while X
designates the axial distance from the entrance to the
heated section. At t = 0, x = X = O. The line x = 0

FIG. 2. Solution by the method of characteristics.
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and

likewise for the slug

(13)

(12)

(15)

(14)

(16)

while

Likewise for the slug

fixed location is designated as tsf where (Fig. 2)

Ln
t.r = - = tb-tV

G
a -

The solutionfor the trajectories bounded by the upper
and dashed ci'rL·es. For the slug zone

aq aq aq
T = -A Om.+(11-2)~1;.+- tmr+ -(t.t -tln)+ 71n'Ar A

(20)

X = X. 1 +(1I-2)Xp - Vrtmr+ V.0m. (21)

where II designates the slug number, II = 1 for the first
slug that enters the heated section, II = 2 for the second
slug, etc: Likewise, the film following the first slug is
designated by II = 1 and so on. 51 is the point at the

L.+Ln
t.p = t.r + tss = ---.

VG

The time needed for a particle to move from the bubble
front to the bubble tail is

tmp = t.,;.+tmr = t. 2-t.t. (17)

Figure 2 contains the trajectories of 3 typical
particles. The region between the upper and the lower
curves contains the trajectories of all the particles that
enter the heated se, ..on in the first slug period (0 < t
< t.p) ' The region between the upper and the dashed
curve contains allthe trajectories of the particles that
enter the heated section only once, whereas the region
between the dashed and the lower solid curve contains
the trajectories of the particles that enter the heated
section twice. The time from t = 0 to the time that the
liquid particle enters the heated section the first time is
tin' The criteria for the region above the dashed
trajectory is

tmr(1+ VrIV.l ~ tin ~ t.p+t.r-tmr(1+ VrIV.l (18)

whereas below the dashed curve is

t.p + t.r - tmr(1+ VrIV.l < tin ~ tsp- (19)

A solution of the temperature profile is performed
along the characteristic lines (the trajectories lines) for
any given trajectory.

(X = VGt) yields the location of the front of the
Taylor bubble that at t = 0 is located at X = 0, the
line x = - Ln (X = - Ln+ VGt) represents the loca
tion of the bottom of this bubble and so on for the next
slug units. The region between front and tail ofa Taylor
bubble is a region in which a liquid film exists while
the region between the tail and the next front corre
sponds to a liquid slug region.

"A fluid particle moves downwards when it is within
the filmzone and changes its direction of motion when
it . enters the liquid slug that moves upward. The
trajectories (lOb) and (llb) of a fluid particle flowing
through the pipe are also described in Fig. 2.The upper
solid line describes the trajectory of a particle that at
t = 0 is located exactly at the entrance (X = 0)and is in
front of a Taylor bubble. The lower solid line is the
trajectory of a particle that is at the bubble front of the
next bubble when it reaches the point X =O. The area
between these two lines includes the trajectories of all
the particles that reach the entrance during one slug
period, namely the time that a slug unit is seen to pass a
fixed location.

Since the liquid moves forward only in the liquid slug
any liquid particle enters the heated section only when
it is within the liquid slug. After entering the heated
section a liquid particle may stay in it but it can also
leave the heated section while moving downwards with
the liquid filmand enter the heated section with the next
upcoming slug. Note also that this process may occur
several times depending on the location of the liquid
particle in the slug, on its first entrance into the heated
section and on the hydrodynamic parameters of the
slug flow. In Fig. 2 all the trajectories between the
dashed line and lower line represents the passage of
such particles that enter the heated section twice.
Equations (10)and (11)are applicable only in the range
where a film and a slug exist respectively. Consider, for
example the upper characteristic line in Fig. 2. At t = 0
the front of the bubble, x = 0, is located at X = O.
Equation (lOa) is the characteristic line a-fo. At point
fo the liquid particle enters the slug zone and the
characteristic curve is represented bythe line fo -Sl'

[equation (lla)], and so on. The location along the
characteristic curve in the bottom of the first slug that
enters the heated section is designated' 51 (for all the
characteristic trajectories of particles that 'enter the
pipe in one slug period). The bottom of the film that
follows is designated asft, and so on (Fig. 2).

The characteristic curve represents the actual
physical trajectory of a liquid particle passing the
heated pipe. This trajectory for a particle that at t = Ois
at X = 0 can be visualized, for example, as follows: The
liquid particle flows with the film downwards at a
velocity of Vr, at the same time the bubble moves
upward. When the particle arrives at the bottom of the
bubble it begins to move upward with the slug with a
velocity of V. until the next bubble overtakes the liquid
particle at which point it moves downwards with the
next film and so on.

The time period during which a film zone passes a
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bottom of the first slug,fl is the point at the bottom of
the first film (II = I) and so on (Fig. 2).

X p is the distance that a particle moves during tmp
and is given by

heated section is

(22) For the first and second slug the solution is

Xsi is the X location ofSl which depends on tinof the
considered characteristic line

(23)

tsn is the time at s, and tCn is the time at!.,

X = v,(t-tln), (37)

aq
T = A (t - tinZ) + 7;n2, tln2;;;; t ;;;; ts2, n = 2, (38)

(39)
(24)

(25)
For the film zone

tsn < t < tCm n ~ 2,

/i Tp, the increase of temperatures along one moving
period is

aq aq
T = - 0mC + (n-2)/iTp + -(tsZ-tln2)+ 7;n2' (40)

Ac A

aq aq
!1Tp = - tmC+ - tms.Ac A

(26) X = X.2+(n-2)Xp- Vc0mC'

For the first film the solution is

(41)

The solution for the first slug needs special treatment
and is given by tin;;;; t ;;;; tsl> n = 1,

aq aq
T = - 0mC + (1l-1)/iTp + - (tst - tin)+ 7;n, (29)

Ac A

The above equations relate T and X to t along a
characteristic line which also depends on tin' namely

(42)

(43)

aq aq
T=A"(t.t-tin)+ A

c
°mr+7;n'

X = Xst - Vc(t-tst)' x ~ O.

X = X(t, tin),

T = T(t, tin)'

11 is also a parameter in these equations that can be
expressed as a function of t and tin'

(28)

(27)

tsn < t < tCn' II ~ 1,

X = v,(t-tin).

For the liquid film zone

tsCVO-tinV,
11 = integer [(t-tCO)Jtmp]+ 1, tco= Vo-v, (44)

where tro is the intersection of the characteristic curves
with the line x = -La (Fig. 2).

Note that, since the temperature variation with time
is periodic,

(30)

where

0mr = t-tsno

The solutionfor the trajectories bounded by the dashed
and lower solid lines (particles that enter the heated
section twice). For the liquid slug zone T(X,t) = T(X,t+tsp). (45)

aq aq aq
T = -Oms+(1l-3)/iTp+ -tmC+ -(ts2 -tin2)+ 7;n2,

A Ac A
(31)

X = X s2+(1l-3)Xp- VctmC+ V,0ms (32)

where

tsz = (2Votsp- v,tinZ)J(Vo - v,),

X sz = V,(2 Votsp- ValinZ)/(VO - v,), (33)

tin2 = tin+ tmC(1+ Vc/V,)· (34)

7;nz is the inlet temperature on its second entrance
into the heated pipe. It is assumed here that the pipe
below the heated section is insulated and thus the
temperature ofthe particle in the film when it leaves the

Knowing the temperature behaviour along the
characteristic curves, the problem now is to determine
T(X t, t d at any given point (X t, td·

Thus, for a given location X t that has a value say
between X A and X a(Fig. 2)one needs to find t* which is
within the cross hatched area and is tsp away from tt.
Note that because the slope of this bounded region
changes direction, the value of t*, as well as 11, is not
uniquely confined to a single slug unit but can be placed
in 3 different slug units depending on the exact position
of X between X A and X a' Likewise, is the case for the
film zone. The procedure for finding T(X, t) of any
arbitrary point (X1 t) includes the following steps:

(a) It is checked whether the solution lies in the slug
or film zone and Oms or 0mC are found.

(b) 11, t* and tin are found.
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A case of air-water upward slug flow in a 0.0254 m
dia. pipe with liquid and gas superficial velocities oro.25
m S-1 was considered. The hydrodynamic parameters
that were obtained by the solution ofthe hydrodynamic
model are:

VG = 0.778 m S-I, V, = 0.502 m S-I,

Vc = 1.37 m S-I, L s = 0.4064 m,

L B = 0.2387 m, Ar = 0.648 x 10- 4 m2•

The local heat transfer coefficients for air and water
(both in the film and the slug) were calculated according
to Colburn's [10] correlation,

For the case of constant wall temperature, the
characteristic curves are exactly the same as for the case
of constant heat flux. Solving equations (6) and (7) for
the case of constant wall temperature yields :for the film
zone,

(Tw - T)exp(ahrtjAr) = Cz (46)

along

Vct+X = C1 (47)

and for the slug zone

(Tw-T)exp(ahstjA) = C2 (48)

along

X = v,t = C I. (49)
hd (PdV)O.8 (CpJl)O.33
-=0.023 - -
k Jl k

(57)

where d is the hydraulic diameter.
Figure 3 shows the variation of the liquid

temperature with time for given locations along one
slug unit, for the case of constant heat flux. The
temperature variation at any fixed location is periodic
with a cycle time of top" A more convenient
representation ofthe local temperature as a function of
time is given in Fig. 4 using the coordinates of the
temperature vs t-(X-Xo)fVG (where X o is the
location of the bubble front). This representation
enables us to compare the temperature variation at the
same position relative to the slug unit. The interesting
result is that the temperature variation at each location
is not repeated, despite the fact that all profiles start at
the same bubble front. Furthermore they do not repeat
themselves even at the slug unit distance away.
Nevertheless some typical common behaviour of the
temperature profile with time is observed. During the
film passage the temperature always increases with
time at a fixed location, while during the slug passage
the temperature decreases part of the time and remains
constant during the rest of it, in such a way that the
temperature at the end of the period returns to its initial
value.

Based on Fig. 2, it is evident that the time history of
the liquid particles that start at the same relative
location is not the same. As a result the temperature
profile, T(t), is not repeated at different X locations.
Only in special cases where X p = tmsv,-tmeVc [the
distance that a liquid particle passes between two
similar locations relative to the Taylor bubble (Fig. 2)]
is an integer function of the slug unit L(J +L, (or vice
versa) the temperature variation wiII repeat itself at
certain X locations. For example, in Fig. 5, X p was
chosen to be equal to L(J +Ls• In this case the
temperature variation repeats itself every slug unit
length.

Figure 6 shows the variation of the wall temperature
with time for given locations along one slug unit for the
case of constant heat flux. Step changes in the wall
temperature are observed at the film-slug boundary as
a result of the difference in the heat transfer coefficient.

Figure 7 shows the variation of the liquid tem
perature along the pipe at two different times which

(52)

(53)

ex = ahf A,

f3 = ahr/A"

where

3. RESULTS A!'ID DISCUSSION

Some typical results for temperature variation with
position and time were calculated.

and for the liquid film zone

tr(.-I) ~ t ~ ts. ' Ii ~ 2,

The solution alonq allY trajectory bounded by the
dashed alld lower solid lines. For the liquid slug zone

tsn < J < trn> n ~ 2,

tr(n-l)~t~tsn' 1l~3,

i.; < t < ten n ~ 1,

where
(51)

assuming the pipe below the heated section is insulated.

h;and h, are the heat transfer coefficients of the slug and
liquid film region, respectively.

The solutionalonq any trajectory boundedby the solid
upper alld dashed curres (Fig. 2). For the slug zone

and for the film zone
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FIG. 3. Liquid temperature at various locations along a slug unit for the case of constant heat flux.
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4. Liquid temperature vs t -(X - X o)/VG for the case of
constant heat flux.

dilfer by tsr.The solid line represents a time for which a
bubble front is located at X = 0, while the broken line
represents a time for which a bubble tail is located at the
entrance to the heated section. It is interesting to
observe that although the average temperature
increases linearly along the pipe (as insingle phase flow)
the instantaneous temperature may also decrease
periodically. In the liquid slug the temperature
increases with X while for the film the temperature
decreases with X owing to the negative direction of the
liquid film.

Figures 8and 9 show the results obtained for the case
of constant wall temperature. Figure 8 shows the
variation ofthe liquid temperature with time at various
positions along the heated section, while in Fig. 9 the
variation of liquid temperature along the pipe is
observed at two dilferent times.

As expected for the case of constant wall
temperature,· the liquid temperature approaches the
wall temperature for large X. Similar to the case of
constant heat flux, the film temperature always
increases with time (Fig. 8) while the slug temperature
either decreases or remains constant with time.
Likewise(Fig.9)contrary to single phase flowwhere the
temperature always increases along the pipe, here the
monotonic general increases trend is composed of ups
and downs 'zig-zag' sections.

The liquid temperature was calculated neglecting the
heat transfer to the gas bubble. This assumption isquite
reasonable owing to the very small heat transfer
coefficient to the gas compared to the wall-liquid heat
transfer coefficient. However, when the liquid
temperature is known it is possible to calculate the gas
temperature in a straightforward fashion. Following an
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316 FILM SLUG
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FIG. 5. Liquid temperature for the special case of X p = LB +L,.
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FIG. 6. Wall temperature at various locations along a slug unit for the case of constant heat flux.
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FIG. 7. Liquid temperature along the pipe. Constant heat flux.

tsp
X=o

o300

306

Tw=3300K
FILM SLUG

X=12(LB+LSI
330

X =5 LB+LSI

X =4(LB+LSI
324

X =3(LB+LSI

318 X=2 (LB +LSI

'Q
a,
I- 312 X=LB+LS

FIG. 8. Liquid temperature at various positions along the pipe for the case of constant wall temperature.
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FIG.9. Liquid temperature along the pipe. Constant wall temperature.

axial element of gas (Lagrangian coordinates) adjacent
to the liquid film, its temperature rise with time is given
by

where X = Vat +x. x for t = 0 is the initial location of
the gas element.

The solution of equation (58)for constant heat flux is
given in Fig. 10 for two different positions in the Taylor
bubble. In addition, the film temperature adjacent to
the gas at the same positions is also given. As one would

350 q - 93~- sec m2

3.0

Gas
Liquid film

2.01.0
300.......=-~__...l..-_-.l__--'-_---::'-::-_---L_--='

o

330

310

340

l-

.-P
320

X=VG t +x

FIG. 10. Gas and liquid temperature along the pipe. Lagrangian coordinates.
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expect the gas temperature increases while it rises in the
pipe. The increase becomes linear at a distance ofabout
5 slug units from the entrance where average
temperature dilTerence between the gas bubble and its
adjacent film is approximately constant.

case of constant heat flux, the average heat transfer
resistance (1/h) is a linear weighted average of the film
and slug heat transfer resistance while for the case
constant wall temperature the heat transfer coefficient
is a linear average of the film and slug heat transfer
coefficients.

It is interesting to observe that the average heat
.ransfer coefficient for constant heat flux is different
han for the case ofconstant wall temperature. For the

Arerage heat transfer coefficients
The local average heat transfer coefficient over one

slug period is defined by

REFERE/'\CES

1. I. M. Fedotkin and L. P. Zarudnev, Correlation of
experimentaldata on local heat transfer in heating of air
liquid mixtures in pipes,lIeat Transfer-s-Soc.Res. 2, 175
181 (1970).

2. G. A. Hughmark, Holdup and heat transfer in horizontal
slug gas liquid flow, Chem. Ellgllg Sci. 20, 1007-1010
(1965).

3. K. E. Lunde, Heat transfer and pressure drop in two phase
flow, Chem. Ellgllg Proq. SYllIp. Ser. 57, 104-110 (1961).

4. D. R. Oliver and S. J. Wright, Pressure drop and heat
transfer in gas-liquid slug flow in horizontal tubes, Br.
Chelll. Enqni;9, 590-596 (1964).

5. T. H. Niu, Heat transfer during gas-liquid slug flow in
horizontal tubes, M.Sc. Thesis, University of Houston
(1976).

6. O. Shaharabanny, Experimental investigation of heat
transfer in slug flow in horizontal tubes, M.Sc . Thesis,
University of Houston (1976).

7. D. J. Nicklin, J. O. Wilkes and J. F. Davidson, Two phase
flow in vertical tubes, Trans . lnst. ClJelll. Enqrs (LolldOIl)
40,61-68 (1962).

8. G. W. Govier and K. Aziz, The FlowofCOlliplex Mixtures
ill Pipes, p. 403. Van Nostrand Reinhold, New York
(1972).

9. Y. Taitel, D. Barnea and A. E. Dukler, Modelling flow
pattern transition for steady upward gas-liquid flow in
vertical tubes, A.I.CkE. JI 26,345-354 (1980).

10. A. P. Colburn, A method of correlating forced convection
heat transfer data and a comparison with liquid frictions,
Trans. Am. lnst, Chem. Enqrs 29, 174-210 (1933).

~. CO;-';CLUSIO:"S

A mathematical model with an analytical solution
based on the method ofcharacteristics is derived for the
unsteady heat transfer process in vertical gas-liquid
slug flow.

The objective of this model is to gain physical insight
related to the complex mechanism of heat transfer in
two-phase slug flow. It provides a solution for the
temperature of the liquid and the gas as a function of
time and axial position and the wall temperature
fluctuation. Solutions are presented for the case of
constant heat flux and for the case of constant wall
temperature. It is shown that the average heat transfer
coefficient for the case of constant wall temperature is a
linear weighted average of the film and slug heat
transfer coefficients while for the case of constant heat
flux the average heat transfer resistance (I/h) is a linear
average of the film and slug heat transfer resistances.

(61)

(62)

(63)Ii = hrt sr+hst".
tsp

Ii = T...(hrtsr+hst,,)-hrlsc'Ir-hsts:r.

tsp(Tw-T)

where

t; = r T dt/tsr'

T. = rr.p

T dt/t",
i.

T = Lp T dt/tsp·

The numerical calculation of equation (62) shows
:hat fc ;:,: T. ~ T relative to the temperature dilTerence
T; - T. In this case, equation (61) can be approximated
)y

- f'p q dt/tsp
Ii=-q-= 0 (59)

Tw-T L'p Tw dt/tsp-LP T dt/tsp'

Equation (59) can be used directly to calculate
numerically the average heat transfer coefficient using
the results for the variation of the liquid and wall
temperatures during one slug period at a preselected

. position.
For the case ofconstant heat flux, equation (59)takes

: the simple form of

f, = Gr tsr+ l~s tss)jtSp" (60)

As seen, this average heat transfer coefficient is constant
along the pipe and its inverse value is a time weighted
average of the film and slug inverse heat transfer
coefficients (l/h).

For the case of constant wall temperature (59) takes
the form



1376 DVORA BAR!'<tA and NASEE.\1 YACOUB

TRANSFERT THERMIQUE DANS UN ECOULEMENT
GAZ-LIQUIDE AVEC BOUCHONS, ASCENDANT, VERTICAL

Resume-On presente une solution analytique pour Iecomportement variable du transfert thermique dans un
ecoulement gaz-liquide avec bouchons, ascendant, vertical. Les resultats donnent la prediction de la variation
de temperature avec Ie temps et la position, des l1uctuations de la temperature de paroi, aussi bien que les

coefficients moyens de transfert thermique.

WARMEOBERGANG BEl VERTIKAL NACH OBEN GERICHTETER,
ZWEIPHASIGER PFROPFENSTROMUNG

Zusammenfassung-Eine analytische Losung fiir das zeitliche Verhalten des Warrneubergangs bei vertikal
nach oben gerichteteter, zweiphasiger Pfropfenstrornung wird vorgestellt. Die Ergebnisse errnoglichen die
Vorausberechnung der zeitlichen und ortlichen Temperaturiinderungen, der Temperaturl1uktuation an der

Wand sowie des mittleren Wiirmeiibergangskoeffizienten.

TEnJIOnEPEHOC nPH BEPTHKAJIbHOM BOCXOLJ,51IllEM CTEP)!(HEBOM TE4EHl1H
rA30)!(HLJ,KOCTHOrO nOTOKA

AIUlOTaUMII-npenCTaBJleIlO auannrusecxoe peurenne .Ll-1H onncanus neycrauoansureroca TellJlOnepelloca
npn BepTIIKaJlbIlO~1 BOCXO.!lHll.le~1 crepxuesoxi 'rexemnt ra30AiIl.!lKOCTIIOro 1I0TOKa. Pe3YJlbTaTbI 1103
BOJ1HIOT npOIl3BOJ\llTb pacser 113~lellellllli resmcparyju; B 3aBllclI~IOCTII OT xoopaunar. apexieun II

$.lyKTyaulIlI Te~lIIepaTypbI CTeIlKII, a TaKAie pacser cpcnunx K03$$IIUlleIITOB renncuepcnoca.




