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Abstract: 
Two-fluid model predictions of film dryout in annular flow are limited by the 

uncertainties in the constitutive relations for the entrainment rate of droplets from the 

liquid film. The main cause of these uncertainties is the lack of separate-effects 

experimental data in the range of the operating conditions in nuclear power reactors. 
Aidwater and Freon-1 13 entrainment rate data have been obtained in 10 mm tubes 

using the film extraction technique. These experiments have been scaled to approach high 

pressure steadwater flow conditions. The effects of surface tension and density ratio, 

missing fiom most previous data sets, have been systematically tested. 
The entrainment rate mechanism is assumed to be a Kelvin-Helmholtz instability. 

Based on this analysis and two previous correlations, a new correlation is proposed that is 
valid for low Viscosity fluids in small ducts in the ripple-annular regime. 

http://purdue.edu


Introduction: 

The state-of-the-art correlations to predict dryout in boiling water reactors are 

empirical interpolations of full scale s t edwa te r  experimental data. A mechanistic two- 

fluid model for dryout would reduce the need for full scale experiments and would also be 
valid in transient situations associated with reactor safety. However there are large 

uncertainties in the constitutive relations. The difficulty is two-fold: many of the two- 

phase transport mechanisms are not completely understood and there are not sufficient 

separate effects data to validate the models for typical reactor operating conditions. 

The dryout of the liquid film attached to the wall in annular-mist flow is the 

mechanism that leads to the critical heat flux limit in many nuclear reactor situations. A 
three field two-fluid model is the most suitable for the topology of annular-mist flow. The 

liquid phase is divided into two fields: film and droplets. The mechanisms of entrainment 

rate, E ,  and deposition of droplets, d ,  are essential parts of this model. The one- 

dimensional three-field conservation of mass equations are: 

0 Droplet Continuity Equation: 

8 d 
- p  a + - p  a u =aiv(E--d)+rd .  at 8 Z f  d d  

The first term on the right hand side is the liquid mass transfer due to entrainment 
and deposition of droplets, and the last term is the mass source term due to phase change. 

Liquid Film Continuity Equation: 

d d 
- p  d t f Y  a +-p  & ' l f l f  a u =-aiY(E-d)+rV.  

Vapor Continuity Equation: 

B 8 
z p g  ' z p g  'g = - rd - 'if (3) 

Here ud, uy and ug are the area averaged axial velocities for entrained droplets, liquid film 

and vapor, p,. and pg are the densities of liquid and gas and a is the volume fraction of 

each field. The entrainment and deposition are the exchanges of liquid mass between the 



droplet and film fields, therefore, they do not appear in the vapor continuity equation. 

However, the phase change terms appear on the right hand side. ry is the mass transfer 

due to phase change per unit volume of the film. atV is the liquid film interfacial area 

concentration given by 

The entrainment rate of droplets from the liquid film is, at present, the greatest 

uncertainty in the mass balance of the liquid film. The complicated wave structure of the 

film cannot be resolved completely by the state-of-the-art analytical models for waves. 
However these models may provide a guideline. The best alternative is then to use 

similarity methods to obtain a semi-empirical correlation based on well chosen 

dimensionless numbers. To do this it is necessary to obtain separate effects data at 

conditions that are equivalent to those in a water nuclear reactor. All the entrainment rate 

data available in the open literature was obtained with &/water experiments at 

atmospheric conditions. Models based on these data may not be applicable to high 

pressure steadwater mixtures. 

Models 
There are several entrainment rate correlations available in the literature. Here we 

describe and compare the correlating methods of Dallman et. al. (1979) , Kataoka and 

Ishii (1 982) and an analysis based on Kelvin-Helmholtz's instability. Woodmansee and 
Hanratty (1969) identified by visual observations that the mechanism of entrainment is 
initiated by a Kelvin-Helmholtz instability. 

Dallman et. al. (1979) correlated the entrainment rate from a liquid film with the 
film flow and the gas velocity squared, provided the gas velocity is not too close to the 
critical velocity for the onset of entrainment and provided that the mass flow rate of the 
liquid fdm, WLF, is small enough that the dependence of E on WLF is linear: 
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where kA is an entrainment coefficient, P is the perimeter of the wetted surface and WLFC is 

the critical tiquid mass flow rate required for the onset of entrainment. For air-water up 

flow, Dykhno and Hanratty (1996) proposed kA = 3 3 x 1 0  s k g  and WLFJP = 0.046 - 6 2  

kg/m s 
Kataoka and Ishii (1982) developed a model for entrainment rate based on a force 

balance at the gas-liquid wavy interface. The final form of Kataoka and Ishii's conelation 

is defined for two different regimes: under-entrained or developing entrainment, and over- 

entrained or filly developed entrainment. 

The developing entrainment region is defined by 

E - S 1 or Re, 2 Re, 
E, 

where 

E, = tanh (7.25xlO-' We,'a Re;=) (7) 

is the entrainment fraction correlation for fully developed flow by Ishii and Mishima (1 989) and 

For this region the entrainment rate is given by 

E ED 1.75 - = 0 . 7 2 ~ 1 0 - ~  Re, We, (I-E,)'.'' 
Pf E, 



The fully developed or over-entrained region is defined by 

E 
- > 1  
E, 

For this region the entrainment rate becomes 

ED pC 0.26 - = 6 . 6 7 ~ l O - ' ( R e ~ ( l - E ) ~ . ~ F Y e , ) ~ ~  (-) 
pf pr 

The model of Taylor (1963) for growth of ripples may be applied to obtain an 

equation for entrainment rate. The model is an improvement of the Kelvin-Helmholtz 
instability model because it considers the liquid viscosity. It is based on linear stability 

theory. Taylor proposed that the perturbations on the sucface may be modeled as: 

7 = q p + m  (12) 

which may be rewritten as: 

i&+hn(at) i((at) ?= floe e 

Then the rate of growth of the ripples is the Lagrangian derivative taken at the wave 

speed: 

The entrainment rate is proportional to the liquid density multiplied by the average growth 

rate of the ripples: 



Taylor obtained an analytic solution for the growth rate of capillary waves. When the 

liquid Viscosity is small the asymptotic solution is the Same as Kelvin-Helmholtz’s inviscid 

model. The growth rate of the fastest growing waves is: 

where 

is a wave number associated with the fastest growing waves. For water and Freon-113 

equation (16) is applicable. However for more viscous fluids the coefficient in equation 
(16) is not constant for very viscous fluids, but becomes a fbnction of the liquid Viscosity, 

and in such cases the complete solution obtained by Taylor should be used. The criterion 
for the low viscosity range where equation (16) is valid is 

Combining equations (1 5 )  through ( 17) : 

Equation (19) may be written as: 



One practical difficulty with equation (20) is that the height of the ripples may be quite 

difficult to measure so it would be hard to validate the effect of 3. However the Wallis' 
- 
h 

correlation for interfacial shear, given in equation (23) below, is based on the assumption 

that the equivalent sand grain roughness is equal to four times the film thickness. So if it 
is assumed that the amplitude of the ripples is proportional to the sand grain roughness 

then - is constant and equation (20) may be approximated as: 77 
h 

where Rev = Ref (I-E). This equation is similar to the dimensionless correlation proposed 

by Kataoka and Ishii except for the velocity ratio and the absence of the viscosity ratio. 

The latter is a consequence of neglecting viscous effects in the gas phase. There is one 

more difference, Kataoka and Ishii's correlation is a hnction of Ref (I-@"' instead of 

Rev 

Experiments: 
Entrainment rate data were obtained for upward annular flow in an aidwater 

experiment ( Lopez de Bertodano et. al., 1996 ) and a Freon- 1 13 experiment ( Assad et. 

al., 1997). The tube diameters were 9.53 mm and 10 mm respectively. The length to 
diameter ratio was approximately 400 for both experiments to ensure hlly-developed 

annular flow. The measurements were obtained using two film extraction probes. This 

technique was used previously by other researchers (e.g.: Cousins and Hewitt, 1968). The 
test section configuration for both experiments is shown in Figure 1. Figure 2 shows a 
schematic of the extraction technique If the liquid film is removed by the first extraction, 
SI, then the amount of liquid extracted fiorn the second extraction, S t ,  is the liquid 

droplets that deposited along the length Zo, provided that no re-entrainment occurs. For 

fdly developed conditions it may be assumed that the entrainment rate and the deposition 

rate are the same just before SI so the entrainment rate may be derived From this 
measurement This techmque is reliable as long as the whole film can be removed by the 
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first extraction. The present data are limited to the ripple-annular regime. The range of the 

data are shown in the flow regime map on Figure 3. 
One of the main objectives of the present work is to extend the range of the data to 

higher gas flows and pressures. In the case of the air-water experiment this was achieved 

by running very high air flows and by pressurizing the loop. The range of air-water data 

presented is pf j ;  from 5 .5  to 290 kg/ms2 and pp 1; from 480 to 45000 kg/ms2. The 

range of pressures is between 140 and 660 kPa. The ranges are listed in Table 1. Further 

data were obtained at higher liquid flow rates, but either the deposition and entrainment 

mechanisms change in the wispy-annular regime or the extraction probe technique could 

not remove the whole film effectively. Either way it was not possible to match these data 

with the rest and therefore they are not presented. 

Table 1. Range of Airwater Data 

In order to scale annular s t d w a t e r  flow at high pressures and temperatures, 
Freon has been shown to be one of the best fluids available. The range of the present 

Freon-1 13 data is: 3.0 <pf j ;  < 160 and 1000 <pg j j  19500 . The range of pressures 

is between 250 and 500 kPa. The ranges are listed in Table 2. Like in the air-water case 
fbrther data were obtained at higher liquid flow rates but they did not match the rest. 
Furthermore data were also obtained at 1 MPa and none of these data match the present 
theory. This is attributed to the very low surface tension of Freon-113 at these conditions 
(see Table 3) and presumably the flow becomes wispy-annular at very low liquid flows. 
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Gas flow kg/sec 0.0085 - 0.059 
Liquid flow kpjsec 0.0056 - 0.0365 

Jt d s e c  0.05 - 0.35 . 

Table 2. Range of Freon-113 Data 

JR 
Pressure 

d s e c  5.2 - 25.4 
kPa 250 - 500 

Scaling: 

The current experiments were designed to simulate s t d w a t e r  flow at 7 MPa in a 
small diameter tube. For comparison the hydraulic diameter of a GE-BWR fuel assembly 
subchannel is 10.55 nun. 

The &culty with scaling the interfacial phenomena in annular two-phase flow is 

that they are not well understood. The state-of-the-art correlations are empirical. We 

have chosen the best known correlations to provide dimensionless scaling of the interfacial 

mechanisms. 

The entrainment rate correlation of Kataoka and Ishii (1982) , equation (I l), may be 

combined with the correlation by Ishii and Mishima (1989), equation (7), to obtain: 

The interfacial shear correlation of Wallis (1969) is based on the premise that the 
interfacial roughness is proportional to the iilm thickness: 

f, = 0.0*(1+300~) 

Henstock and Hanratty (1976) used the approach that the flow in the film is similar to 

singIe-phase flow. The film was assumed to be uniform and the mixing length model was 
used to calculate the liquid velocity to obtain: 

and 
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and 

By a similar argument as used for equation (12) it follows that: 

Equation (26) has one more dimensionless group than equation (22), Re, 
To obtain similarity, the five dimensionless groups on the RHS of equation (26) 

should be the same. Table 3 is a comparison between a s t d w a t e r  reference case and six 

experimental cases. Conditions for the experimental cases are chosen such that they may 

be achieved in the university laboratory setting. The hydraulic diameter is 10.55 mm for 

the reference case and 10 mm for the experiments. Freon-1 13 and aidwater are used in 

this analysis, The velocities,j and& are chosen such that Re, and We, are the same. The 

other variables are the pressure and the test fluids. 
The Reynolds number for the gas phase, Re,, turns out to be close to the reference value 

for all cases. This is a fortunate result since there are not enough independent variables to 

match it. However, the density ratio and the Viscosity ratio vary greatly. The closest 
values are obtained with Freon-1 13 at 1 iWa: the density ratio is practically the same and 

the viscosity ratio is approximately three times greater. On the other extreme, 
steadwater and aidwater at 0.5 MPa exhibit values which are one order of magnitude 

greater than the reference case. Furthermore the gas velocities at these conditions are 

very high, beyond practical limits. 

One firther advantage with Freon-1 13 is that the surface tension is very low. In fact, it is 

smaller than the reference condition. This is important because the effect of surface 

tension cannot be determined from the published data. 



Table 3: Annular Flow Scaling 

S t e d a t e r  

S t e d a t e r  

S teamiwater 

Freon - 1 13 

Freon - 113 

Airwater 

Airwater 

T 
C 

286 

180 

152 

140 

100 

20 

20 

- - 
- 
- 

__. 

j1 jB o Re 

0.2 10 0.017 1.7 
E+4 

0.54 54.9 0.042 1.7 

, d s  ds Nlm i 

I I E+4 
0.31 I 6.4 1 0.007 1 E 
0.37 11.0 0.011 

E+4 
1.7 67.3 0.072 1.7 

I I I E+4 
I I I 

Re, We, pl/pI pI/pg 
I 

E+5 E+3 
1.9 2.2 343 30.4 

E+5 E+3 
2.9 2.2 19.3 16.2 

E+5 E+3 
3.0 2.2 84.7 52.6 

Results: 
Figure 4 is a comparison of the current data with the correlation of Dallman et. al. 

(1979). The new air-water data have the same trends of previous data for small pipes. The 

entrainment rate is proportional to the liquid film flow as shown. It is also proportional to 
the square of the gas velocity. Dividing the entrainment rate by the square root of the gas 

density collapses the data for the four pressures measured. In all these respects, therefore, 
our data agrees with Dallman et. al.’s model. The same may be said for the Freon data 

independently, however they do not collapse with the air-water data. The two major 
differences between the two sets of data are the gas density and the surface tension. 
However the air-water data show that the effect of the gas density is properly scaled. 

Therefore the surface tension must account for the difTerence. If the entrainment process is 

described in terms of Kelvin-Helmholtz instability, then equation (19) indicates that the 
entrainment rate is inversely proportional to the surface tension. Taking this into 

consideration collapses the two data sets into one group as shown in Figure 5 So 
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replacing k,t, by kA’ / a, where kA’ is dimensionless, Dallman’s correlation accounts for the 

effects of density ratio and surface tension: 

By simple manipulation Dallman’s correlation may be written in dimensionless form as 

follows: 

ED k’, - = -(ReY- Re,)We, 
f l f  

This equation has many similarities with (21) except for Re& and the absence of the 

velocity ratio. This gives some credibility to the assumption that the mechanism for 
entrainment is a Kelvin-Helmholtz instability. 

Another approach to obtain a new model is to start from Kataoka and 

Ishii’s correlation, equation (1 1). Figure 6 shows the comparison of the entrainment rate 

correlation of Kataoka and Ishii with the data. The proposed dimensionless group (Ref (f- 
E)’.’ We,j’-92J(&p~’-26 collapses the air-water data very well for low entrainment rates, but 

there is some scatter as the entrainment rate becomes larger. The Freon data are correlated 
closer to the air-water data than with Dallman’s correlation. Even though the agreement is 
not perfect it appears that the surface tension dependence is modeled correctly through the 

gas Weber number, in the same way as equation (28). The disagreement between the 

correlation and the data shown in Figure 6 occurs when the new data go beyond the 

original data-base used to develop the correlation (i.e.: low pressure &-water data at 

moderate gas flows). 
All the dimensionless groups in equation (21) should be considered: 

The Weber number dependence is consistent between Kataoka and Ishii’s correlation 

and equation (28). 

0 The Reynolds number dependence is different. Dallman’s correlation is a hnction of 

the film flow rate minus a critical flow rate for entrainment. Kataoka and Ishii’s 

correlation depends on Re,- (I-E)o.2 but considering the similarity between (21) and 
(25)  it appears that Revis a better choice The existence of a critical Reynolds number 
for entrainment was determined esperimentally by many researchers (e g.: Dallman et. 



at., 1979, Ishii and Grolmes, 1975) so the Reynolds number dependence should be 

Rev - Rep. 
0 It was shown that Dallman’s dependence on the square root of the gas density scales 

the data quite weII. In fact it collapses the data better than the cubic root of the density 

ratio in Kataoka and Ishii’s correlation. 

0 According to Taylor’s theory there is little effect of the liquid viscosity when equation 

(18) is true. The data support this conclusion. Furthermore the effect of the Viscosity 

ratio is difficult to determine from the present data because it only varies by a factor of 

two. The small dependence in Kataoka and Ishii’s correlation appears to do a good 

job. 
Based on all these considerations it is proposed to modify Kataoka and Ishii’s 

correlation as follows: 

There are several correlations for Rqrc in the published literature. Using Azz~pardi’s 
correlation (1983) for wave inception results in Rep = 80 for both Freon and water. 
Figure 7 shows the plot of the data against equation (29). The agreement is good. 

Equation (29) is only valid in the ripple-annular regime because the deposition and 
entrainment mechanisms change when the flow becomes wispy-annular and because the 

film extraction technique does not work properly in this regime. Other limitations are: 
0 The data was obtained in 10 mm. tubes where the entrainment rate varies quadratically 

with gas velocity, Dykhno and Hanratty (1996) showed that the gas velocity 
dependence of the entrainment rate is linear for larger pipes. 

Equation (29) was only tested with low viscosity liquids so it should not be used for 
more viscous fluids such as oils, because the viscosity dependence may be quite 
different. Taylor’s analysis on the growth of ripples shows this quite clearly. 



Conclusion: 

The objective of this work was to develop a model for the entrainment rate in 

annular flow within the context of a two-fluid model prediction of dryout in water nuclear 

reactors. Equation (29) was obtained from two new data sets at conditions beyond what 

was previously available in the open literature. In particular the effects of density ratio and 

surface tension have been systematically tested. The experiments were scaled so that the 
steam-water conditions existing in boiling water reactors would be approached. The new 

correlation was derived from two previous correlations and Kelvin-Helmholtz instability 

analysis. It combines the strong points of both correlations and overcomes some 

shortcomings. It is valid for low viscosity fluids in small ducts in the ripple-annular flow 

regime. 
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Nomenclature: 

duct diameter (m) 

deposition rate (kg/m2 s) 
entrainment fiaction 

equilibrium entrainment fraction 

interfacial fiiction factor 

film thickness (m) 
volumetric flux of total liquid (ds) 

volumetric flux of gas (ds) 

wave number 

entrainment coefficient (s2Acg> 
tube perimeter (m) 
pressure Orpa) 

Reynolds number of the liquid 

Reynolds number of the liquid film defined by eq. (1.14) 

critical film Reynolds number 
time (s) 
gas velocity (ds) 

gas Weber number 
Weber number defined by Ishii 

mass flow rate of the entrainment liquid (kgk) 
mass flow rate of the liquid film (kg/s) 
critical film flow rate (kg/s) 
axial distance from inlet (m) 

deposition length (m) 

Greek symbols 

a 

E entrainment rate (kg’m’ s) 

void fraction, growth rate coefficient 



, 

r mass transfer due to phase change 

viscosity of liquid (kdm s) 
viscosity of gas Qs/m s) 

kinematic viscosity of liquid (m2/s) 

kinematic viscosity of liquid (m2/s) 
liquid density (kg/m3) 

gas density (kg/rn3) 

surface tension (kg/s2) 

Subscripts: 

d 
f 

= entrained droplets 
= liquid 

g = gas 

1 = interfacial 
If = liquid film 
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Figure 3: Data on the flow regime map for vertical flow by Hewitt and Roberts (1969) 



1.2e-5 - 

1.0e-5 - 

4.0e-6 

2.0e-6 

O.Oe+O 

0 Freon data (4.5 bar) 
0 Airwater data (1 40 Wa) 
0 Airwater data (240 kPa) 
v AirNater data (380 kPa) 

a 0 AirNater data (660 kPa) 
a - Dallmans' correlation 

a 

I 

0 
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Figure 5: Effect of surface tension 
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