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APPENDIX A 

Proof of (39) to (42) 
The selectivity S is defined as 

N 

4 
i = l  

Differentiation of ( A l )  yields 

Now 
dBi dCi kiki’Ai’( 0 )  

C i -  = Bi- = X i (  1 - X i )  ( A 3 )  
dt dt  ki + ki’ 

where 
X i  = exp[-(ki + ki’)t] (A4) 

Use of (A3) and simple algebraic manipulations enable trans- 
formation of (A3)  into 

where 

Fij = (ki  + k i ’ ) X i  + ( k j  + kj’ - ki - k i ’ )XJ j  

- ( k j  + k j ’ ) X j  (A6) 

Note that we order the species such that 

(A7) 

kj + kj‘ - ki - ki’ 0 (A81 
According to Hardy et al. (1934, p. 74), any convex function 
$ satisfies the following inequality: 

N f N  1 

ki + ki’ 4 kj + kj” for j > i 
and therefore 

X P ~  [ C ~ i j  
i=l i=l 

where p is a nonnegative function. Substitution of 

pi  = ki + ki’ 

y l  = lci + ki* 

pp = kj  + kj’ - ki - ki‘ 

Y Z  = kj + kj’ + ki + ki’ (A10) 
$ ( y )  = e-st 

into (A91 yields 

( k i  + k i ’ ) X i  + ( k j  + kj’ - ki - ki”)XjXi 

kj + kj5 

exp 
kj + kj’ 

[ A l l  ) imnlies that 
‘ 

F i j Z O  for j >  i (A121 

Hence, (A5) predicts that (39) implies (40), while (41) 
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guarantees that (42) is valid. 
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An Analogy for Heat Transfer with 
Wavy / Stratified Gas-Liquid Flow 

The von Karman analogy between heat transfer and momentum transfer 
in turbulent fluids is shown to apply to heat transfer through wavy liquid 
films in horizontal, stratified, gas-liquid flow. Nusselt numbers predicted 
from the analogy are shown to be in good agreement with experimental 
data for air-water flows involving three-dimensional wavy films and large- 
amplitude roll waves, The Nusselt numbers encountered with these turbu- 
lent water films are found to be in the same range as those associated with 
condensation of organics in horizontal tubes under stratified flow conditions. 
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SCOPE 
Stratified and annular two-phase, gas-liquid flows occur 

in a variety of process equipment ranging from cooler 
condensers, thermosyphon reboilers, and nuclear reactor 
cooling channels to thin liquid film gas-liquid reactors and 
gas-absorption columns. In sulfonation reactors and other 
highly exothermic reaction systems involving gas-liquid 
reactions, thin liquid films are employed to reduce the 
resistance to heat transfer to the reactor wall from the 
reacting species. At the relatively high flow rates en- 
countered in many process systems, the liquid film is 
wavy and turbulent, and any hydrodynamic analyses are 
complicated by the variety of wave structures that exist. 

Chu and Dukler (1974) and Dukler (1972) have studied 
and statistically analyzed such wave structure for falling 
liquid films, and Cohen and Hanratty (1965, 1968), Han- 
ratty and Engen (1957), Hanratty and Hershman (1961), 
Davis (1969), Narasimhan and Davis (1972), and Miya, 
Woodmansee, and Hanratty (1971) have studied wave 
characteristics for horizontal, stratified, gas-liquid flow. 
Frisk and Davis (1972) measured the effects of wave 
action on heat transfer to stratified gas-liquid flow, finding 
that waves enhance heat transfer between the liquid film 

and a solid wall by about 100%. These studies suggest 
that for both annular and stratified flows involving wavy 
films, the main resistance to the transfer of heat and mass 
through the liquid film is a thin liquid substrate. Large 
amplitude waves (roll waves) and small amplitude waves 
(capillary waves at the gas-liquid interface) appear to 
move over this liquid substrate without inducing addi- 
tional turbulence in the substrate. 

The success of the analogies of Dukler (1959) and 
Hewitt (1961) in predicting heat transfer characteristics 
of upward and downward annular gas-liquid flows and 
the reasonably successful application of the von Karman 
analogy by Rosson and Myers (1965) to predict condens- 
ing coefficients for condensation in a horizontal pipe indi- 
cate that analogies between heat transfer and momentum 
transfer are quite suitable for relatively nonwavy flows. 

I t  is the purpose of this study to show that the von 
Karman analogy can also be applied with considerable 
success to stratified gas-liquid flows involving large and 
small amplitude waves. Furthermore, the analogy is 
written in a form that can be readily used by design 
engineers for making heat transfer predictions. 

CONCLUSIONS AND SIGNIFICANCE 
The effect of waves in stratified gas-liquid flow is to 

increase the heat transfer to wavy liquid films compared 
with smooth film flow. The increase in wall shear stress 
associated with wave action accompanies an increase in 
heat transfer, and this relationship between increased 
shear stress and increased heat transport suggests that 
conventional analogies might apply to these hydrodynam- 
ically complicated flows. In this study we show that the 
von Karman analogy between heat transfer and mo- 
mentum transfer can be successfully applied to predict 
the heat transfer characteristics of three-dimensional 
waves and roll waves encountered with stratified gas-liquid 
flows. 

The von Karman analogy as applied by Rosson and 
Myers (196.5) to predict heat transfer for stratified flow 
in condensers is in good agreement with new data on heat 
transfer to horizontal wavy/stratified air-water flow con- 
ditions corresponding to three-dimensional waves and 

large amplitude roll waves. The data can also be corre- 
lated with a single Reynolds number based on liquid 
phase properties, which suggests that the primary effect 
of an increase in the gas flow rate is to decrease the film 
thickness and increase the shear stress and heat transfer 
rate in the liquid film. The gas flow rate enters only im- 
plicitly through the average film thickness. 

The agreement between analysis and experiment sug- 
gests that the turbulence characteristics in the viscous 
sublayer and buffer region of a wavy film flow are not 
greatly different than for a single-phase flow. The most 
important parameter that must be known to predict heat 
transfer characteristics is the wall shear stress. Although 
the use of an average wall shear stress appears to be quite 
accurate for predicting the heat transfer characteristics of 
three-dimensional wavy film flow, the intermittent nature 
of large-amplitude roll waves leads to more scatter in the 
prediction of heat transfer characteristics from average 
wall shear stresses and film thicknesses. 

When a gas 00ws concurrently with a liquid film in a 
conduit or channel, the gas-liquid interface remains 
smooth and stable only at low flow rates of each phase. 
As the gas flow rate is increased, two-dimensional ripples 
and then three-dimensional small amplitude waves form 
at the liquid surface. At yet higher gas flow rates, large- 
amplitude roll waves produce an unsteady, surging mo- 
tion of the liquid film, and at even higher flow rates drop- 
lets break off the crests of the roll waves and dispersed/ 
stratified flow occurs. 

Frisk and Davis (1972) showed that two-dimensional 
waves or surface ripples do not enhance heat transfer be- 
tween the liquid film and the wall compared with smooth 
laminaar film flow. But three-dimensional waves and roll 
waves significantly affect such heat transfer. Furthermore, 
they found that three-dimensional waves and roll waves 
produce very nearly the same enhancement despite the 
apparently different hydrodynamics. These results suggest 
that the predominant resistance to heat taansfer in wavy 
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film systems is the thin base film over which waves move. 
Dukler (1972) has made the same speculation based on 
his studies of the wave structure in falling liquid films. 

This paper represents an extension of the work of Frisk 
and Davis to predict the heat transfer characteristics of 
wavy/stratified gas-liquid flows. 

EXPERIMENTS 
New experiments have been carried out in the water/wind 

tunnel facility described by Frisk and Davis (1972) and 
Narasimhan and Davis (1972), and only a brief recapitulation 
of the experimental system is needed here. Air was delivered 
to a rectangular Plexiglas test section (25 cm wide and 2.5 cm 
high) from a turbocompressor. The air was humidified and 
metered through a venturi before coming into contact with the 
water stream, which was introduced from a constant head tank 
through perforations in the bottom of the tunnel. Approximately 
7 m from the air and water inlets the Plexiglas bottom was re- 
placed by a 60-cm-long copper block which served as the heat 
transfer test section. The thick copper block was heated elec- 
trically by means of a bank of powerstats in such a way that 
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Fig. 1. The conductance probe for film thickness measurement. 

Fig. 2. Oscillograph tracings of wave shapes. 

either constant wall temperature or constant wall heat flux 
boundary conditions could be applied. The wall temperature 
profile and thermal characteristics were measured as discussed 
by Frisk and Davis ( 1972). 

It should be noted here that heat balances were made by 
measuring the mixing cup temperature rise of the water and 
comparing the enthalpy increase of the water with the elec- 
trical power supplied to the heat transfer test section. As the 
air was saturated at the inlet to the water/wind tunnel, and as 
the mixing cup temperature rise of the water was kept small 
(AT<5"C), the heat transfer to the gas phase was generally 
negligible. At high air flow rates, however, the heat balances 
were not sufficiently accurate to place confidence in the heat 
transfer data, so these results are not included here. Although 
data were taken up to the onset of dispersed flow, only the data 
up to a gas phase Reynolds number ReG of 22,000 are pre- 
sented. Data were rejected if the heat balance was not accurate 
to within 5%. 

One change in the experimental techniques was to replace 
the platinum electrodes used in the previous work by a two- 
wire conductance probe shown in Figure 1. By measuring the 
electric current conducted through the liquid between the 
wires, the film thickness was obtained. This conductance probe 
was calibrated by use of the micrometer probe discussed by 
Narasimhan and Davis ( 1972 ) . Typical film thickness profiles 
obtained with the two-wire probe are shown in the oscillograph 
tracings of Figure 2 .  For the three-dimensional waves, typical 
peak-to-peak distances are 1 cm, and for roll waves the distance 
between wave crests is about 30 cm. Since the roll waves do not 
all travel at the same velocity, the latter distance is merely a 
crude approximation to an average spacing. 
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Fig. 3. The modified Baker chart with the range of experimental data. 

Figure 2 shows clearly that the wave characteristics are sig- 
nificantly different for the two types of waves. The three-di- 
mensional waves appear to be surface waves that do not pene- 
trate deeply into the liquid film, but the roll waves appear to 
disturb all but a rather thin layer of fluid. We might be led to 
expect different heat transfer characteristics for the two wave 
types, but as we shall show, this is not the case. 

A rectangular test section with large aspect ratio has been 
used to approximate a two-dimensional flow system. With this 
system more precise measurements of the fluid mechanics pa- 
rameters (film thickness, wave characteristics, shear stress, etc. ) 
can be made than with a tube of circular cross section. Since it 
is the purpose of the study to examine the heat transfer charac- 
teristics of wavy liquid films, the results are applicable to other 
geometries provided that the wave structure is similar. As we 
shall show, the results of Rosson and Myers (1965) on heat 
transfer in horizontal condenser tubes do not differ greatly from 
the results of our work. 

HEAT TRANSFER DATA 

Heat transfer data were taken over a range of air and 
water flow rates from the onset of three-dimensional waves 
to the onset of dispersed/stratified flow. Although the 
Baker (1954) chart and the modified Baker chart of Scott 
(1963) are based on circular tube data, the transition 
from stratified flow to wavy flow of the modified Baker 
chart corresponds fairly closely to the transition from 
small-amplitude three-dimensional waves to large-ampli- 
tude roll waves in our system, as shown in Figure 3. As 
it is convenient and informative to show the flow condi- 
tions of this study on a modified Baker chart, this is done 
in Figure 3. Only the data for which acceptable heat 
balances were ohtained are shown. 

Defining the characteristic length of the liquid film as 
its average thickness we may write the Nusselt number 
as Nu* = l~ r / l c~ , ,  where the heat transfer coefficient h is 
defined in terms of the local heat  flux a t  the wall qW and 
the temperature difierence between the wall and  the liquid 
mixing-cup temperature Tw - 7.L; that is, 

- 

- 
h = qw/(Tw - T L )  (1) 

The average film thickness cvas calculated from the oscillo- 
graph tracings of the wave thickness by averaging over 
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Fig. 4. Nusselt numbers as a function of gas and liquid Reynolds 
numbers. 

several waves; the heat flux and wall temperature were 
measured as indicated by Frisk and Davis (1972) and 
Davis and Cooper (1969), and the mixing-cup tempera- 
ture was calculated by heat balance. 

It is convenient at this point to define the gas and liquid 
Reynolds numbers in terms of the volumetric flow rate 
per unit width of tunnel for each phase; that is, 

and 
ReL = QL/WVL ( 2 )  

ReG = Qc/Wvc (3)  
Typical heat transfer results are shown in Figure 4 for 

various values of ReL and Rec. Because the average film 
thickness decreases w i h  an increase in Rec, Figure 4 is 
somewhat misleading. The heat transfer coefficient actu- 
ally increases with an increase in Rec, but the product hg 
tends to decrease for a fully turbulent gas flow (ReG > 
10000). Figure 4 shows that the data for three-dimen- 
sional waves and roll waves lie on smooth curves with no 
abrupt changes in Nusselt number associated with the 
transition from three-dimensional waves to roll waves. 

Although Figure 4 indicates the effects of the various 
parameters (ReL,  Rec and the wave structure) on the 
Niisselt number, the data for all of the experiments are 
well correlated in terms of a single Reynolds number, 
defined by 

where UL,s is the superficial liquid velocity based on the 
entire cross section of the channel. Figure 5 shows all of 
the data for three-dimensional wave flow and roll wave 
flow plotted as Nu* vs. m, The data are in good 
agreement with the equation 

ReL* = UL,,$/VL (4) 

Nu* = 1.09- ( 5 )  
There are no significant differences between the data for 
three-dimensional waves and roll waves, but the roll wave 
data show somewhat more scatter, probably due to the 
difficulty of defining and calculating a unique and mean- 
ingful 'average film thickness for the large amplitude roll 
waves. 

It is significant that the heat transfer data can be corre- 
lated by means of a single Reynolds number ReL* based 
on liquid phase properties. This somewhat surprising re- 
sult suggests that the only significant effect of the gas 
flow rate on the heat transfer through the liquid film is 
due to its effects on the liquid film thickness and the shear 
stress. The primary effect of an increase in the gas flow 

AlChE Journal (Vol. 21, No. 5) 

A Pp" A 

Fig. 5. Empirical correlotion of the heat transfer data. 

rate is to decrease the average film thickness and increase 
the wall shear stress. The turbulence characteristics of the 
gas phase have rather little effect on the transport of heat 
through the liquid film. The use of the superficial liquid 
velocity UL,s in the definition of ReL* decouples the gas 
and liquid velocities and incorporates only the effect of 
liquid flow rate. Any other liquid velocity of the system 
(for example, the average velocity of the liquid or the 
interfacial velocity) is dependent on the gas velocity, and 
so the definition of ReL", Equation (4), involves the gas 
flow implicitly in gonly. 

Equation (5)  is a good fit of the experimental data, but 
because it involves the average film thickness, it is not con- 
venient for design purposes. The form of Equation (5) 
suggests an alternate approach to the analysis and correla- 
tion of data, for it has the same square-root dependence 
on superficial liquid velocity as the analysis of Rosson and 
Myers (1965), who applied the von Karman analogy to 
predict heat transfer coefficients for horizontal condensers. 

THE VON KARMAN ANALOGY 

By applying the von Karman analogy together with the 
Lockhart-Martinelli ( 1949) method for estimating the 
wall shear stress, Rosson and Myers obtained 

where the Lockhart-Martinelli parameter 4 is defined by 

(7) 

and the Reynolds number ReRM is defined in terms of the 
tube diameter D and the superficial velocity of the liquid; 
that is 

ReRM = DUL.S/YL (8) 
The similarity between Equations (5)  and (6) suggests 

that the von Karman analogy can be applied to the wavy 
flows considered here. As the analysis parallels that of 
Rosson and Myers, we shall merely outline the analysis 
here. 

For a turbulent flow field, the ratio of the heat flux Q 
to the momentum flux P is given by 
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where the turbulent Prandtl number is given by Prt = 
E M / C H .  For the relatively simple parallel-flat-plate flow sys- 
tem considered here, the shear stress T and the heat flux 
are essentially independent of the distance from the heat 
surface and may be taken to be their values at the wall; 
that is, T = rW and k = qw. 

Note that for a smooth film flowing over a flat plate 
under the influence of a constant interfacial shear, a force 
balance on the liquid film gives 

where y is the distance from the solid boundary. For the 
interface y = 6, Equation (10) gives 

AP 
L 

Tw = Ti f - 8  

Thus, if the liquid film is sufficiently thin and/or if the 
pressure drop AP/L is sufficiently small, the shear stress 
is independent of y and is given by T = rw = ~ i .  We shall 
assume that this same result applies to the wavy film 
system. 

Now, assuming that q and T are constant and that the 
von Karman universal velocity profile applies to the liquid 
film over the laminar sublayer and the buffer layer, we 
may integrate Equation (9)  to give the temperature differ- 
ence across these layers; that is 

(11) 

which is the result obtained by Rosson and Myers where 
they set Prt = 1. 

Uefining a heat transfer coefficient by h = qw/AT, and 
introducing the equivalent diameter Deq = 4WH/2(W + 
H )  for a rectangular duct of height H and width W, we 
may write the Nusselt number as 

(13) 

Equation (13) does not involve the film thickness ex- 
plicitly, but it requires knowledge of the wall shear stress 

Although wall shear measurements were not made for 
most of the experiments of the present work, several in- 
vestigators have reported interfacial shear measurements 
for the range of flow conditions of this study. Hanratty and 
Engen (1957), Ellis and Gay (1959), Smith and Tait 
( 1966), Davis ( 1969), and Miya, Woodmansee, and Han- 
ratty (1971) reported such results. The data of Hanratty 
and Engen, of Davis, and of Miya, et al., are particularly 
relevant. Davis (1969) compared the results of the earlier 
measurements, finding agreement between the data of 
Hanratty and Engen and Davis. They reported values of 
the interfacial friction ftactor f i  = r i / p c V G 2  for 10930 
( H  - 2) ~ G / V G  6 41100 and 65 6 ReL 6 508, but they 
did not attempt to correlate the data. Over this range of 
flow conditions, 0.00291 4 f i  6 0.0053. Although the 
scatter is appreciable, f i  appears to be approximately inde- 
pendent of ReG for a given ReL for R ~ L  < 500. Miya et al., 

T W .  
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reported interfacial friction factor data for the three- 
dimensional wave experiments of Cohen and Hanratty 
(1968) and their own results for roll waves. Defining an 
interfacial friction factor by ri = fs /2  p ~ (  UG - c ) ~ ,  they 
showed that f s  is a linear function of ReL for roll waves 
in the range 200 < ReL < 900 and for three-dimensional 
waves in the range 100 < ReL < 1700. If VG >> c, the 
interfacial friction factor f i  defined above is related to fs 
by f i  = fs /2 .  We can, therefore, use the available data 
for f i  to test the validity of Equation (13).  

l'hus, if we assume that T~ = ri from Equation (11) 
and if we introduce f i ,  Equation (13) becomes 

It is convenient to write Equation (14) in an alternate 
form by writing the volumetric flow rate of the gas as Q G  

= ( H  - 8) W5G and by introducing the gas Reynolds 
number Rec = QG/WVG = ( H  - ~ ) ~ G / v G .  Eliminating 
UG from Equation (14),  we obtain 
- 

(15) 
Equation (15) indicates that if f i  is constant, the product 
( 1  - $ / H ) N u  is directly proportional to Rec for fixed 
values of Prt and of the physical properties. This result 
can be compared with our data if we can assign values to 
Prt. 

Several single-phase-flow heat transfer studies have 
been carried out to evaluate the turbulent Prandtl number 
Prt, and it has generally been found that Prt < 1. For a 
circular tube, Azer and Chao (1960) proposed the follow- 
ing correlation for 0.6 < Pr < 15: 

where y is the distance from the solid wall, and yo is the 
tube radius. Hatton, Quarmby, and Grundy (1964) ap- 
plied Azer and Chao's correlation to heat transfer with 
turbulent flow between parallel plates, and Larson and 
Yerazunis (1973) reported that their results for mass 
transfer in turbulent flow were consistent with values of 
Prt obtained by Azer and Chao. 

Although we cannot expect Equation (16) to apply 
rigorously here, it is useful to determine the range of Prt 
predicted for single-phase flow from Equation (16) for 
the Prandtl number encountered here ( P r  = 5.85). For 
Re = lo4 (fully developed turbulent flow in a circular 
tube) and Pr = 5.85, Equation (16) gives 0.413 6 Prt 
6 0.620, and for 106 and Pr = 5.85 the equation gives 
0.816 Prt 6 0.922. We note that Prt can be as low as 
0.413 for fully turbulent flow in a tube. Without further 
information about Prt for the turbulent film flows of in- 
terest, we can say little about the value of Prt, but we 
might anticipate that P i t  is no lower than for tube flows. 
We shall assume that Prt = 1 for wavy film systems. 

COMPARISONS WITH THE VON KARMAN ANALOGY 

Using the friction factor data of Cohen and Hanratty 
and Miya, Woodmansee and Hanratty, and choosing Prt 
= 1, we obtain the comparisons between Equation (15) 
and the experimental results shown in Figures 6 and 7. 
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with fi = 0.0090 for 3-0 waves and ti = 0.0070 for roll waves. 

The results for three-dimensional waves are in good agree- 
ment with theoretical predictions, and, although there is 
more scatter in the data for roll waves, the roll wave data 
also agree with the von Karman analogy based on friction 
factor data, 

It is not surprising that the roll wave data show more 
scatter than three-dimensional wave data because of the 
unsteady nature of roll waves. The fluctuations in wall 
shear stress and film thickness are so great with roll waves 
that it is not entirely reasonable to use average values of 
film thickness and wall shear stress to predict heat transfer 
characteristics. Miya, et al. (1971), showed that the film 
height and shear stress profiles for roll waves are very 
similar, the maximum in the shear stress corresponding 
to the wave crest. 

It is not possible to provide a more stringent test of the 
von Karman analogy or other analogies between heat and 
momentum transfer without detailed knowledge of the 

Fig. 8. Oscillogroph tracings of wall shear stresses and film thick- 
nesses. 

wall shear stress, and to obtain more detailed information 
we have performed preliminary measurements of wall 
shear using a hot film probe instalIed flush with the 
tunnel bottom just upstream of the heat transfer test sec- 
tion. Figure 8 shows oscillograph tracings of walI shear 
and film thickness for typical three-dimensional wave and 
roll wave conditions. For three-dimensional waves, the 
more regular fluctuations of the signals around a mean 
value make it much easier to define average values of 
walI shear and film thickness for these small-amplitude 
waves than it is for roIl waves. The signals from the hot 
film probe shown in Figure 8 indicate the turbulent 
nature of the wavy film flows encountered here. As shown 
by Miyn, et al., and by our data, rolI waves are accompa- 
nied by large increases in the wall shear stress. The heat 
transfer data indicate that this increase in wall shear 
stress is in turn accompanied by increased heat transfer 
rates compared with the smooth film data of Frisk and 
Davis. 

COMMENTS 

The reasonably good agreement between the experi- 
mental data for wavy/stratified air-water flow and the von 
Karman analogy suggests that the wave structure does not 
appreciabIy affect the laminar sublayer and the buffer 
layer of the liquid film compared with single-phase flow 
for the same tW. The turbulent flow in the region farthest 
from the wall is undoubtedly affected by the waves and 
cannot be expected to be similar to single-phase turbulent 
flow because of the interaction between the two phases. 
The convective motion associated with the waves appears 
to produce such mixing that the total resistance to heat 
transfer is in the laminar sublayer and the buffer layer. The 
wave action and interfacial roughness increase the inter- 
facial shear and the wall shear compared with smooth 
film flow, and the result is the increase in heat transfer 
reported by Frisk and Davis (1972) and examined in 
more clefail here. 

Although the scatter in the present data is considerably 
less than that of Rossoii and Myers, the Nusselt numbers. 
encountered with the wavy/stratified flows of this study 
are in the same range as those reported by Rosson and 
Myers for methanol and acetone condensation in a hori- 
zontal pipe with stratified flow. Most of their theoretical 
and experimental results are in the range of 40 4 Nu 
250, where Nu is based on the equivalent diameter of the 
system. The present study represents a more rigorous test 
of the von Karman analysis because it is easier to control 
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and measure the experimental parameters in the flow con- 
figuration used here than for other geometries. 

I t  should be pointed out that the effect of the Prandtl 
number on the Nusselt number predicted by the von 
Karman analogy has not been adequately tested because 
the range of Prandtl numbers covered in this study and 
by Rosson and Myers is small. For very large Prandtl 
numbers the analogy under consideration is probably not 
applicable because turbulence in the viscous sublayer 
becomes imporbant then. 

The results obtained here for wavy/stratified flow lend 
support to the application of heat ftransfer and momentum 
transfer analogies to other twophase flow configurations, 
particularly annular flow with a wavy interface. The mal- 
ogies proposed by Dukler (1959) and Hewitt (1961) for 
vertical annular flows with a smooth gas-liquid interface 
should apply to wavy/annular flows with reasonably good 
accuracy, provided ‘that accurate estimates of the wall 
shear stress can be made. 

NOTATION 

c = wave velocity, m/s 
C, 
D = tube diameter, m 
D,, = 4HW/2(H + W )  = aquivalent diameter, m 
f i  = r i / p ~ U ~ ~  = interfacial friction factor, dimensionless 
f = friction factor, dimensionless 
f s  = friction factor defined by Miya et al. (1971), 

h 
H = tunnel height, m 
k 
NU = hDeq/kL = Nusselt number, dimensionless 
Nu* = h8/lcL = Nusselt number, dimensionless 
A P / L  = pressure drop per unit length, N/m2 
PT = Cpp/k  = Prandtl number, dimensionless 
Prt = C ~ C H  = turbulent Prandtl number, dimensionless 
q 
Q 
Re = Q / W v  = Reynolds number, dimensionless 
R ~ L *  = ~ U L , S / V L  = Reynolds number, dimensionless 
Remf = DUL,S/VL = Reynolds number defined by Rosson 

ReL,s = DeqUL,S/vL = Reynolds number, dimensionless 
T = temperature, K 
AT = temperature difference, O K  

u = velocity, m/s 
U = velocity, m/s 
Uc = average velocity of the gas, m/s 
UL,S = superficial velocity of the liquid, m/s 
W = tunnel width, m 
y = distance from solid boundary, m 

= heat capacity of the liquid, J/kg”K 

- 

dimensionless 
= heat transfer coefficient, J/m2 s”K 

= thermal conductivity, J/m s”K 

= heat flux, J/m2 s 
= volumetric flow rate, m3/s 

and Meyers, dimensionless 

- 

Greek Letters 
6 = film thickness, m 
6 = average film thickness, m 
C H  = eddy diffusivity for heat transfer, m2/s 
e~ = eddy diffusivity for momentum transfer, m2/s 
4 = ( A P / L )  T P /  ( A P / L )  L = Lockhart-Martinelli param- 

p = viscosity, N s/m2 
v = kinematic viscosity, m2/s 
p = density, kg/m3 
T = shear stress, N/m2 

- 

eter, dimensionless 

Subscripts 
G = the gas phase 
i = the gas-liquid interface 
L = theliquid phase 
L, S = a superficial value in the liquid phase 
w = the wall 
TP = a two-phase flow value 
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