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I N T R O D U C T I O N  

Simple maps related to superficial velocities have been widely used for determination of 
cocurrent flow vapor-liquid flow patterns since their introduction by Baker (1954). One 
of the most recent of these is due to Weisman et al. (1979) and Weisman & Kang (1981). 
They recognized that the needed dimensionless correlating groups varied from transition 
to transition and obtained separate correlations for each significant transition. They found 
that the various transitions could be predicted by: 

Transition to annular f l ow  

1.9(Vso/Vsz) v8 = KU~ 0"2FRO 0"Is [1] 

where D =.tube diameter, Vs~, VsL = superficial gas and liquid velocities, respectively. 
Ku = VSGpGI/2/~g(pL -- p~)O] 1/4, Fr O = V2o/(gD ), o = surface tension, Pc, PL = gas and liquid 
densities, respectively. 

Separated-intermittent transition 

( Fr ~) 'a = 0.25(Vso/Vsz) L ~ . [2] 
Transition to dispersed f l ow  

1 r. .1-'" 
L-- P~)gJ L(PL -- PG)gD2J = 1.71" [3]  

where g = gravitational acceleration, Idp/dx[sL = absolute value of pressure drop for liquid 
flowing alone per unit length. 

Bubble to intermittent transition 

Vs~ __045/:.VSG+ V__sL.~ ~78 (I -- 0.65 COS 0) 
" [4] 

and 0 ffi angle of inclination. 

t in  previous papers, the constant 1.7 was erroneously shown as 9.7. Transition lines on the overall flow 
pattern map were correctly shown. 
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These correlations apply to both horizontal and vertical flow with the exception that 
the separated-intermittent transition is not seen in vertical flow. 

The transition line correlations were reduced to a simple flow map with coordinates 
of Vsc/dpl and VsL/Ck2. By defining q~l and ~b2 differently for each transition, the differing 
effects of fluid properties and line size could be handled. Table 1 indicates the appropriate 
expressions for ~bl and ~b2. 

The foregoing approach has found recent support. Parimi & Pritchford (1982) 
confirmed the effect of surface tension on the dispersed flow transition; an effect absent 
from most other dispersed transition correlations. Iwasyk (1982) found the annular flow 
transition line [1] fitted his data for the transition from annular flow with very viscous 
liquids but that other correlations failed. 

In view of the ability of the simple flow maps t o  represent adiabatic data in circular 
cross-sections, it is desirable to see if these maps can be used for diabatic data and for 
non-circular ducts. 

D A T A  IN H O R I Z O N T A L  D U C T S  

In figure 1, the flow pattern map based on [1]-[4] and table 1 is compared to (a) 
adiabatic data taken in a horizontal annulus and (b) condensation data taken in a 
horizontal round tube. The bubble intermittent transition region is not shown as the tests 
did not extend to a low enough gas flow rate for this to be observed. 

Gibson (1980) obtained the annulus data using a 2.85 cm o.d. steel pipe suspended 
inside a 6 m long, 5.1 cm i.d. glass tube. The test fluids were air and water at room 
temperature and pressures slightly above atmospheric. 

Condensation data with propanol, methanol, water and refrigerant 113 were obtained 
by Sardesi et aL (1981) in a 2.44 cm i.d. tube having first an effective cooled length of 2.9 m. 
Only the separated annular transition was observed. For the sake of simplicity only 
Sardesi's water data are shown in figure 1. D a t a  scatter tended to overshadow the small 
differences between systems. 

Recently, Soliman (1982) reported on the flow patterns in condensation of steam and 
refrigerants 12 and 113. He used horizontal tubes with internal diameters from 0.48 to 
1.59 cm. These data are also shown in figure 1. 

It is clear from figure 1 that the predicted transition regions are in fairly good 
agreement with the observed transition lines. The tendency of the observed 
separated-intermittent and dispersed flow observations in the annulus to be at slightly 
lower liquid rates than predicted is within the data scatter inherent in flow pattern 
observations. However, those data of Soliman (1982) for the annular transition, which 
were at VSL/q~2 values below the range of figure 1, were clearly at Vs~ values below those 
predicted. 

D I A B A T I C  D A T A  IN V E R T I C A L  D U C T S  

Several flow pattern observations of boiling steam-water mixtures flowing upward in 
simple ducts are now available. The early data of Bergles & Suo (1966) taken in round 
tubes and Hosler's (1968)data taken in rectangular ducts have now been supplemented 
by those of Sekoguchi et aL (1981) for a round tube and Weisman et aL (1981b) for an 
annulus.t 

Before comparing transition observations with the overall flow pattern map, transition 
lines were compared with the individual transition correlations and generally reasonable 
agreement was obtained. However, it was noted that the bubble-intermittent transition 

tThe data of Bergles et al. (1967) for highly subcooled inlet conditions have been ignored because of the 
difficulty in determining the true steam flow. 
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Figure I. Comparison of horizontal data and overall flow pattern map. 
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lines of Hosler (1968) were at Froude number values beyond those previously correlated 
(see figure 2). Upon addition of these data, it appeared that the data at the highest Froude 
numbers were better correlated by a line of  steeper slope; viz. 

Vso Vs~ + VSL IH  [ j 
When used in conjunction with the overall flow map, the corresponding values 01 and 02 
are 

~ = (Ds/D) °~ and ~2 = 1.0. [6] 

It is recommended that [5] be used for (VsL/d~) > 0.15 and that [4] be used at lower values. 
The flow pattern maps of figures 3 and 4 are drawn in this fashion. 

Figure 3 compares the available data to the slightly revised flow map. Generally, fairly 
reasonable agreement is obtained between the data and transition lines. However, at the 
two highest pressures examined by Hosler (1968), the intermittent-bubble transition lie 
above predictions. There is also some indication that the transition to dispersed flow may 
be taking place at somewhat higher liquid velocities than predicted. 

In examining the transition to annular flow, it will be noted that at low values of VsL, 
the data of Weisman et al. (1981) fall below the transition line. It should be noted that 
Choe et al. (1978) pointed out that their air-water data for the annular transition in a 
1.15 cm tube fell below the data obtained in tubes which were 2.5 cm or larger at low values 
of VSL. The transition region these investigators noted for the 1.15 cm tube is shown by 
the dotted area. The data of Weisman et al. taken in an annulus with a De of 1 cm, fall 
close to this region. The same trend is seen with the horizontal condensing data of Soliman 
(1982) at low values of VSL (See figure 1). 

V E R T I C A L  F L O W  IN ROD B U N D L E S  

Steam-water flow pattern data for rod bundles are now available at several pressures 
from the studies of Bcrgles et al. (1968) and the later tests of Peterson & Williams (1978). 
Recently the air-water data of Venkateswarara et al. (1982) have appeared. None of these 
data were at high enough liquid flow rates for true dispersed flow to have been observed. 
While Peterson & Williams (1978) refer to froth flow, an examination of their test indicates 
that they mean "Churn" flow which is part of the intermittent region. 

The available data and the predicted transitions are shown in figure 4. Again it is seen 
that generally reasonable agreement is obtained with the annular and intermittent-bubble 
transition. Note that this general agreement is obtained without modification of the map 
useful for simple ducts. The only somewhat anomolous data are the bubble intermittent 
transition data of Peterson & Williams (1978) at 27.6 bar. 

It will be noted that the tendency for annular transition data to fall somewhat below 
the predictions at low values of FsL is again observed. As in figure 3, this may be attributed 
to the small size of the lines examined. 

C O N C L U S I O N  

The simplified flow pattern map, developed for adiabatic round tube data and 
illustrated in figures 2--4, is in generally reasonable agreement with diabatic data and data 
in non-circular ducts. With allowance for the annular transition being somewhat below 
predictions in small size lines, the map appears to provide reasonable flow pattern 
predictions at moderate pressures. For the most part, the observed deviations are within 
the scatter inherent in flow pattern observations. Further examination of the 
intermittent-bubble transition at high pressure and with heating is needed. In addition, 
further diabatic tests in line sizes of 2.5 cm and above are desirable. 
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Figure 3. Comparison of diabatic data in vertical lines to overall flow pattern map. 

/ / / / / / /  Transition region 

1 0 0 . 0  --" Steam-water, 27.6 bar,  Peterson anal wiLLiams ( 19781 De= 052cm 
Steom-v~ter, 82.7 bor, Peterson ond WiLUoms (1978) Oe= O.52¢m 
Steam- wotlr, 137.9 bar, Peterson and WitOoms (1978) De : 0.SEcrn 
Steom-woter, 69.0 bar, 6ergtes ~ 'OL ( f ~ l , O e =  r.42cm 

• A i r -woter ,ombient  , Venkateswororo et ol. (I9~B2),De= 1.51cm 

/ /  ANNULAR -"~ 

lO.O / ~ ' / / - - ~ / - ~  ~ ' ; :  

i - 

,~ '~ '~ ,  ~ , ,  ,,~, , ,  i-,,~-"~ ~, 
"i I I I iii I I 

0.01 O: 1 1.0 10.0 

V=/(I), c~v~c) 
Figure 4. Comparison of available rod bundle data and overai| flow patter, map for upward 

vertical flow. 



BRI~ COMmJmCATION 391 

REFERENCES 
BAKER, O. 1954 Simultaneous flow of oil and gas. Oil and Gas J. 53, 185.190. 
BERGLES, A. E. & M. Suo 1966 Investigation of boiling water flow regimes at high pressure. 

In Proc. Heat Trans. and Fluid Mech. Inst. (Edited by M. SAAD and J. A. MILLER). 
Stanford Press. 

BERGLES, A. E., LAPINA, R. F. & FIORI, M. 1967 Critical heat flux and flow pattern 
observations for low pressure water in tubes. J. Heat Trans. 89, 69-74. 

BERGLES, A. E., ROOS, J. P. & BOURNE, J. G. 1968 Investigation of boiling flow regimes 
and critical heat flux. USAEC Report NY0-3304-13, Dynatech Corp., Cambridge, 
Massachusettes. 

CHOE, W. G., WEINBERO, L. & WEISMAN, J. 1978 Observation and correlation of flow 
pattern transitions in horizontal, cocurrent gas-liquid flow. In Two Phase Transport and 
Reactor Safety (Edited by T. N. VEZIROGLU and S. KAKAC), pp. 1357-1375. Hemisphere, 
Washington. ..., 

GIBSON, J. 1980 Effect of  Liquid Properties, Inclination and Pipeline Geometry On Flow 
Patterns in Cocurrent Liquid-Gas Flow. M.S. Thesis, College of Engineering, University 
of Cincinnati, Cincinnati, Ohio .  

HOSLER, E. R. 1968 Flow patterns in high pressure two-phase (steam-water) flow with heat 
addition. AIChE Syrup. Ser. 82, 54-66. 

IWASVK, J. 1982 Effect of liquid viscosity on annular and intermittent two-phase flow 
patterns. Paper 106f, AIChE National Meeting, Los Angeles, California, 14-19 Nov. 
1982. 

PARIMI, K. & PITCI-n~OP.D, M. D. 1982 Flow patterns in Multiphase Systems. Paper 106C, 
AIChE National Meeting, Los Angeles, California, 14-19 Nov. 1982. 

PETERSON, A. C., JR. & WILLIAMS, C. L. 1978 A flow pattern map with high pressure water 
in a heated four rod bundle. Nucl. Sci & Engng 68, 115.169. 

SARDESI, R. G., OWl/N, R. G. & PULLING, D. J. 1982 Flow regimes for condensation of 
vapour inside a horizontal tube. Chem. Engng Sci. 36, 1173-1180. 

SEKOGUCm, K., TANAKA, O., ESAK], KATSUKI, N. & NAKASATOMI, M. 1981 Prediction 
method for flow patterns in subcooled and low quality boiling regions. Bull. JSME 24, 
834-841. ~ 

SOLIMAN, H. M. 1982 On the annular-to,wavy flow pattern transition during condensation 
inside horizontal tubes. Can. J. Chem. Engng 60, 475. 

VENKATESWARAgO, P., SEMIAT, R. & DUKLER A. E. 1982 Flow pattern transition in a 
vertical rod bundle. Int. J. Multiphase Flow 8, 509-524. 

WEISMAN, J., DtmCAN, D., GIBSON, J. & CRAWFORD, T. 1979 Effects of fluid properties 
and pipe diameter on two-phase flow patterns in horizontal lines. Int. d. Multiphase Flow 
5, 437-462. 

WEISMAN, J. & KANG, S. Y. 1981 Flow pattern transitions in vertical and upwardly inclined 
lines. Int. J. Multiphase Flow 7, 271-291. 

WEISMAN, J., KAO, Y. K., WANG, S. & PEI, B. 1981b Studies of transition boiling heat 
transfer with saturated water at 1-4 bar. ElectricPower Research Inst. Report Np-1899, 
Electric Power Research Inst., Palo Alto, California. 


