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Abstraet-caiculations are described in which new modefs for deposition and entrainment in anmdar iiow 
are applied to a variety of conditions in annular and related 300~s. These include steady adiabatic flow, 
flow with evaporation, flow with dryout and postdryout regions, flow with condensation and transient 
flows. The transient cases considered include both excursions with a flow decrease (transient dryout) and 
excursions with a tlow increase (transient rewetting). Wherever possible, the predictions are compared with 
experimental data ; this shows that the new models give improved predictions in every case. Although it is 
not possible to make comparisons with experimental data in the case of flow transients leading to rewetting, 
several new aspects of this process emerged from the calculations. SpecificaUy, it is found that the rewetting 
rate could be governed either by the progress of a front at which the film flow rate is zero (the *verse of 
a transient dryout situation) or by a front the velocity of which is limited by the sputtering phenomenon. 

1 a INTRODUCTION 2. NEW ANNULAR FLOW MODEL 

MANY OF the more interesting phenomena in heat 
transfer in two-phase single-component flows occur 
in the annular regime which exists in such flows for 
qualities above, typically, a few per cent. In such ffows, 
the liquid phase fiows partly in a Iiquid film on the 
channel wall and partly as entrained droplets in the 
vapour core. In adiabatic flow, an equilibrium situ- 
ation may ultimately be reached in which the rate of 
droplet ~t~nment is equal and opposite to the rate 
of droplet deposition. However, in most practical situ- 
ations, and especially in flows with evaporation or 
condensation (diabatic flows), there are significant 
departures from equilibrium. This was first demon- 
strated ex~~mentaIIy in the 1960s II-33 and ana- 
lytical models were subsequently developed (51 which 
took account of these non-equilibrium effects. These 
models were subsequently refined and extended to 
include thermal in addition to hydrodynamic non- 
~ui~b~urn 161. The modeis can be used for complex 
geometries frl and also for Bow and pressure tran- 
sients [8]. Although useful results were obtained with 
the annular flow models, a severe limitation on them 
has always been the inadequacy of the earlier cor- 
&&ions of ent~inment rate and deposition rate of 
droplets. Over the past few years, an extensive exercise 
has been carried out to attempt to improve these cor- 
relations and to cover a wider range of data. New 
correlations for entrainment and deposition are 
described in ref. [9] and this present paper explores 
the application of these models to some previously- 
studied problems (steady-state dryout, post-dryout 
modelling and transient dryout) together with some 
new applications, namely steady-state saturated con- 
densation and transient rewetting. 

In the earlier Harwell annular flow modelling code 
(HANA), somewhat simplified correlatiqns were used 
for deposition and entrainment. Deposition rate D 

(kgm -’ s- ‘) was calculated from 

D=kC (1) 

where C is the concentration (kg rnd3) in the vapour 
core, cafcuIated on the basis of a homogeneous mix- 
ture and k (m s-‘) the deposition mass transfer 
coefficient which, in the earlier models was simply 
correlated as a function of surface tension. The en- 
trainment rate E (kg me2 s-‘) was calculated from 
the ~lationship 

E=k& 

t 0 1990 UKAEA. 

where C, is the droplet concentration corresponding 
to the local value of the group Tt&/a where ri is the 
interfaciat shear stress, S the local iihn thickness and 
Q the surface tension. The relationship between C, 
and ri6/a was determined on the basis of equilibrium 
flows and it was assumed that the same relationship 
applied in non~uiIib~um fIows. There had been 
several attempts to improve these original correlations 
(see for instance ref. [7j) and it was also suspected 
that the deposition rate would not be proportional to 
the concentration of droplets as suggested by equation 
(1). Recognition of the droplet ~n~nt~tion effi, 
and also the fact that a limiting film flow rate occurred 
below which no entrainment took place, has led to 
improved correlations which cover a wide range of 
Ruids, system pressures and velociti~. Though it is 
not claimed that these correlations are the ultimate 
ones in this area, they certainly give a much more 
realistic prediction of a variety of parameters in annu- 

(2) 
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FIG. 1. Deposition correlation. 
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lar flow. The new correlations are described in ref. [9] 
and are as follows : 

= 0.18 if C/Pa < 0.3 (3) 

k Fd 
J( > 

= 0.083(C/po)-“.65 if C/p, > 0.3 (4) 

1 
0.316 

Eli, = 

for tiLF >ljlLFC (5) 

where po is the gas phase density, d the channel dia- 
meter, ljlo the gas mass flux, tiLF the flow rate in the 
liquid film (referred to the total cross-section of the 
channel), tiLFc the critical film flow rate for the onset 
of entrainment and pL the density of the liquid phase. 
ti,,c is given by the following relationship [IO] : 

mLFC ’ d 
ReLFc = exp S.8S04+0.424914 PI. -= 

VL J( >) ‘IL z 

(6) 

where qL and qo are the viscosities of the liquid and 
gas phases, respectively. The new correlations are 
illustrated in Figs. 1 and 2, respectively. 

The entrainment and deposition correlations can 

be used to calculate local film flow rate in annular 
flow systems by integrating the following expression : 

dti,, 4 
-=$&E-&h,,) 

dz (7) 

where the final term represents the change of film flow 
rate due to phase change, 4 being the heat fiux through 
the wall of the channel and hLo the latent heat of 
vaporization. Note that Q is negative for conden- 
sation. A major difficulty with equation (7) is that of 
choosing appropriate boundary conditions. Com- 
monly, the boundary conditions are either known (for 
instance zero film flow rate at the entrance of the 
channel in the condensation of the pure vapour) or 
are arbitrarily estimated (for instance assuming that 
a given fraction of the liquid phase is in the liquid 
film at a given quality). The earlier modelhng work 
showed that, for long enough channels, the predictions 
were relatively insensitive to the assumptions about 
entrance conditions. A typical assumption was that 
the boundary condition was for 99% of the fluid to 
be entrained as droplets at a quality of 0.01. A variety 
of other boundary assumptions have been and are 
discussed, for instance, ref. [9]. Broadly speaking, as 
the models for entrainment and deposition become 
more sophisticated, the more significant are the 
boundary conditions and the calculation methods are 
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FIG. 2. Entrainment correlation. 

significantly affected by the assumed boundary con- 
ditions for short tubes and high mass fluxes. 

An obvious application of the method is to calcu- 

Re, = (10) 

late those conditions under which the film flow rate 
reaches zero, namely dryout (otherwise known as 
‘burnout’, ‘DNB’, ‘boiling crisis’, etc.). However, the 
method is also useful in estimating local pressure 
gradients and void fraction (which follows from a 
knowledge of the film thickness) and as a basis for 
calculating heat transfer coefficients in both evapor- 
ation and condensation. If the liquid film flow rate 
is known, then the interfacial shear stress and film 
thickness can be calculated by iterative solution of the 
‘triangular relationship’ between liquid film thickness, 
interfacial shear stress and liquid film flow rate [11] 
and a relationship between interfacial shear stress, gas 
core velocity and liquid film thickness, often referred 
to as the ‘interfacial roughness relationship’. For the 
latter, we have chosen the simple form given by Wallis 
[ 121 which is as follows : 

where tie and tiLE are the gas and entrained droplet 
mass fluxes, respectively. In more recent work, more 
complex relationships have developed which take 
account of the influence of the droplets on gas 
core turbulence [lo] and it is the intention to intro- 
duce these complex relationships into the codes in 
the future. However, for the present calculations, 
the above relationships were considered sufficiently 
accurate. 

x ‘&[ 1 +m;] (8) 

where fee is a single-phase friction factor calculated 
from the Blasius equation 

fric = 0.079(Rem)-0.25 (9) 

where Rem is the gas core Reynolds number defined 
as 

3. STEADY-STATE DRYOUT AND POST- 

DRYOUT MODELLING 

The applications of the new entrainment and depo- 
sition correlations to the prediction of dryout were 
discussed in detail in ref. [9]. The results are typified 
by those shown in Fig. 3 where predictions for tiLE. 
in equilibrium adiabatic flow and diabatic flow of 
steam-water mixtures are compared with the data of 
Bennett etal. [25]. As will be seen, the new correlations 
for entrainment and deposition give improved pre- 
dictions. 

Whalley et al. [6] describe a sophisticated annular 
flow modelling code (PGRZ) which is specifically 
designed to be extended into the post-dryout region. 
A ‘book keeping’ exercise is carried out on the droplets 
generated and transported in the pre-dryout region so 
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FIG. 3. Comparison with entrainment data of Bennett ef al. [25]. 

as to calculate their number density, their size and 
their velocity at the dryout point. These parameters 
are important in the subsequent stepwise calculation 
of the post-dryout behaviour, in which droplet vel- 
ocities, vapour temperatures and wall temperatures 
are calculated. The code PGR2 was modified to 
include the new entrainment and deposition cor- 
relations. The new code (PGR3) was applied to the 
post-dryout data of Bennett et al. [4] and some of 
the results are illustrated in Figs. 4 and 5. Annular 
flow is assumed to occur at Uz = 1 where Vz is 
defined as 

(11) 

where Uo is the superficial gas velocity and g the 
acceleration due to gravity. The parameter WE is due 
to Wallis [13] and a value of Vi; = 1 is considered 
typical for the onset of annular flow. Two alternative 
conditions were assumed at the onset of annular flow, 
serving as boundary conditions for the integration of 
equation (7) namely that the fraction entrained E,, is 
either 0.01 or 0.99. This initial assumption has little 
effect at lower mass fluxes (Fig. 4) but causes a sig- 
nificant change in the position of dryout at higher 
mass fluxes (Fig. 5). As had been found previously, 
the assumption of a high initial entrainment is more 
consistent with the experimental data. In both cases, 
the revised code (PGR3) predicts the post-dryout tem- 
peratures reasonably well though there is some dis- 
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FIG. 4. Comparison with post-dryout data-low mass flux. 
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FIG. 5. Comparison with post-dryout data-high mass flux. 

crepancy at the higher mass flux, possibly associated 
with a suppression of the turbulence in the vapour 
core due to the presence of the droplets. 

It should be noted that, in Figs. 4 and 5, the initial 
temperature rise at dryout corresponds to a change 
from a film evaporation regime to a regime of heat 
transfer to the vapour phase. The initial temperature 
rise is calculated assuming saturated vapour and 
using a vapour heat transfer coefficient calculated 
from the Heineman [14] equation. The good per- 
formance of this rather simple calculation of initial 
temperature jump would be found extremely useful in 
considering rewetting transients as discussed below. 

4. STEADY-STATE SATURATED 

CONDENSATION 

Equation (7) can also be applied to the calculation 
of film mass flux distribution in condensation systems. 
Here, tj is negative and the boundary conditions, for 
an initially saturated vapour, are clearly easier to 
establish than those in evaporation, corresponding to 
zero film flow rate at the entrance of the channel. To 
compare evaporation and condensation, some cal- 
culations have been carried out using the new model 
for precisely the same conditions as was illustrated in 
Fig. 3 for evaporation. Figures 6 and 8 present the 
results of this calculation. Figure 6 shows the pre- 
dicted entrained mass fluxes for the condensation rate 
for a heat flux which is identical to that for the equi- 
valent case for evaporation (652 kW me*). Con- 
densation in upwards flow is assumed and, initially, 
there is no entrainment until the liquid film ffow rate 
reaches the critical value (IjtLFc). As the flow proceeds 
up the channel, with decreasing quality as the vapour 
condenses, the entrained liquid flow is initially lower 
than the equilibrium value, However, as the equi- 
librium value passes through a peak with decreasing 
quality, then the value for the condensing flow begins 
to exceed equilibrium as illustrated. It will be seen 
from Fig. 6 that the entrained flow (and hence the 
film flow) for equilibrium, for condensation and for 

evaporation only adventitiously correspond at certain 
points. 

The pressure gradient can be calculated as a func- 
tion of local quality for the various curves illustrated 
in Fig. 6. This is carried out by iterative solution of 
equation (8) and the ‘triangular relationship’ equation 

[ll, 151 

46 
&F=- 

2TiPl. 

&--) d fLF 
WJ 

where fLF is the liquid film friction factor and Ti the 
interfacial shear stress estimated from equation (8) by 

where pot is the homogeneous gas core density given 

by 
. . 

mLE +mG 
(14) 

and V& is the homogeneous gas core velocity given 
by (assuming the thickness of the film is small) 

The frictional pressure gradient is then given by 

dp 0 4Ti 
Z&=2- (16) 

For the conditions discussed here, the frictional and 
total pressure gradients are nearly equal since the 
accelerational and g~~tational components are 
small. The ‘thin film’ approximation would, ofcourse, 
be less valid the lower the quality. 

At any given quality, the pressure gradient varies 
with the fraction entrained. For the conditions shown 
in Fig. 6, the relationship between the frictional pres- 
sure gradient and the entrained fraction was deter- 
mined at several qualities as illustrated in Fig. 7. As 
can be seen, the frictional pressure gradient generally 



234 G. F. HEWITT and A. H. GOVAN 

m LE 

(kqm-as4) 

I I I I I 

Steam-wotw 3.77 bar 

Equilibrium fh = 297 kWm-’ 

d . 9.3 mm 

4 = 652 kWm+ 

FIG. 6. Entrainment in evaporating and condensing flows. 

decreases as the fraction of the liquid which is in the 
form of entrained droplets increases. At low qualities, 
however, there is an initial increase reflecting the fact 
that the increase in ~oc offsets the decrease in inter- 
facial roughness as the film thickness decreases and 
the pressure gradient passes through a maximum. 

Pressure gradients were determined along the loci 
shown in Fig. 6 and these values are plotted in Fig. 8. 
As can be seen, the values for pressure gradient 
at a given local quality differ between the cases of 

6ooo - 

(%i”” 
(Nm-'1 

condensation, evaporation and hydrodynamic equi- 
librium flows. Over quite a wide range, the pressure 
gradients for condensation are significantly higher 
than those for equilibrium and for evaporation. In the 
latter case, there is a pronounced minimum in the 
pressure gradient at the dryout point. These differ- 
ences in pressure gradient (and hence interfacial shear 
stress) may be crucial in analysis of heat transfer 
data for condensation and evaporation. It would be 
expected that there would be significant differences in 
the heat transfer coefficient regecting the differences 
in local entrainment. 

5. TRANSIENT DRYOUT 

The original Harwell annular flow model has been 
applied to the calculation of dryout under flow and 
pressure transients by James and Whalley [8], the 
work being further extended by Whalley et al. [16]. 
The transient code (PWJI) gives a numerical solution 
of the following transient mass and energy balance 
equations : 

(17) 

L&c&d] + (18) 

FIG. 7. Variation of pressure gradient with entrained fraction. 
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where sc is the fraction of the cross-section occupied 
by the gas core and s,, is the fraction of the gas core 
cross-section which is occupied by the entrained drop- 
lets. FLE and FLF are the rates of flashing of vapour 
from the droplets and the liquid film, respectively, 
each referred to the channel peripheral area. Flashing 
occurs due to changes in pressure with time and with 
distance along the channel; in the calculations 
described in the present paper, these flashing terms 
are negligible. In equation (20), uL and uo are the 
internal energies and hL and ho the enthalpies for the 
liquid and gas phases, respectively. sd is calculated 
assuming that the flow in the core is homogeneous 
and E, is calculated from the value of film thickness 
estimated by the methods described above for the 
steady state. The transient equations are solved in a 
similar way to the steady-state equations (i.e. using 
Gear’s [17] predictor-corrector method) for the 
variation with distance with time derivatives being 
approximated by one-step backward differences. 

In the work described here, the code was modified 
to include the new entrainment and deposition cor- 
relations (illustrated in Figs. 1 and 2 and given in 
equations (3)-(6)). The new code (PWJIA) was used 
for most of the calculations described here, but cal- 
culations were also carried out with the original code 
in some cases for comparison. 

In order to establish comparisons with the early 
calculations, the first series of runs was carried out 
against the high pressure (70 bar) steam-water data of 

Moxon and Edwards [18]. The results are illustrated 
in Table 1. In the Moxon and Edwards experiments, 
the mass flux was decreased with time according to 
the expression 

m(r) = 786+1926exp(-r/0.275) (kgm-‘s-l). 

(21) 

The results of the comparisons with the Moxon and 
Edwards experiments are shown in Table 1. In three 
out of four of the cases considered, the new model 
gave somewhat closer agreement with the experiment 
than the earlier model. In steady-state flows, the 
new correlations for entrainment predict a slower 
approach to equilibrium along the channel [9] and 
this is consistent with the longer predicted times to 
dryout. The model still predicts slightly shorter times 
to dryout than the experiment but the agreement is, 
nevertheless, very good. The remaining difference may 
partly reflect the assumption on initial entrainment. 
Also shown in Table 1 are values calculated for the 
pseudo steady state. Here, it is assumed that the total 
flow rate at the dryout point is equal to that at the 
entrance of the tube and that storage of the liquid 
along the tube is negligible. The pseudo steady-state 
calculations give times to dryout which are grossly 
below experimental values and the values predicted 
by the full transient model. 

The new model was also used to predict the flow 
transient experiments of Celata et al. [19]. These 
experiments were carried out using Refrigerant 12 in 
a 7.72 mm diameter tube, pressures ranging from 1.2 
to 2.75 MPa. The mass flow rate at the entrance of 
the channel was decreased with time in a manner 
approximated by the following characteristic equa- 
tion : 
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Tabie I. Comparison with the data of Moxon and Edwards 

Heat flux 
Run Na. (kW m-l) 

451276 95s 
45/2-B 960 
45/286 1155 
451284 1174 

Time to dryout (s) 
Old New ?r’ew model 

Subcooling model model pseudo 
(kJ kg- ‘) Experiment (PWJI) {PWJIA) steady state 

-- - 

58.15 0.95 0.65 0.80 0.36 
53.50 0.89 0.63 0.77 0.33 
46.52 0.40 0.34 0.37 0.08 
58.15 0.30 II.34 0.35 0.07 

k(t) = n& 
i+B 

I + B exp (“*t) (22) 

where c1 and fi are fitted constants, 
The time (t,,) for the flow to decay to half its initial 

value ranged from 0.4 to 10.0 s. Celata et al. defined 
a transient time parameter as follows : 

(23) 

where pro is the liquid phase density at the inlet, L 
the length of the test section and &, the initial value 
of the mass flux. Celata et al. further defined the 
parameter t as 

5 = tJtt. (24) 

They found that the ratio of the mass Aux at which 
dryout occurred in the transient (t&) to the mass flux 
at which dryout would have occurred at the imposed 
heat flux @z_), was a function of z, Celata et at. 
suggested the following empirical equation to repre- 
sent their data : 

z= I-exp -0.87p;D50~s4 ; 
2. s:r 

(I 1 (25) 

where ci, is the critical heat flux in a steady-state situ- 
ation for the initial inlet mass flux and pt the reduced 
pressure (ratio of pressure to critical pressure). 

A total of I8 transient flow calculations were carried 
out for the conditions of the Celata et al. experiments. 
They were carried out for two different mass fluxes, 
two different pressures and for th ranging from I to 
7 s. It was not possible to go to smaller values of r, 
since the mechanism of the dis~reti~ation of the code 
implied that very short time steps would be needed to 
handle the transients and this woutd have demanded 
an excessive amount of computer time. There is no 
reason in principle why the discretization method 
could not be changed to accommodate shorter tran- 
sients and, indeed, this was carried out in some of the 
earfier work [ZO]. The calculated and experimental 
times to dryout are compared in Fig. 9. Most of the 
predicted times are within -+_20% of the experimental 
values. Bearing in mind the remaining uncertainties 
(mentioned above) about initial entrainment, the 
results are considered very en~onraging. It was also 
interesting to plot the predicted results in terms of the 
empirical correlation of Cefata ei al. embodied in 

equation (25) above. The results are plotted in this 
form in Fig. 10. Here, ri?,,, &, and & are all deter- 
mined by appIicati#n of the present modelling 
methods in th& steady-state and transient modes, 
respectively. For the steady-state vaiues, the predicted 
heat fluxes were within +-4% of the values actually 
measured by Celata et al. in their steady-state flow 
tests. Figure 10 shows that the predicted values are 
also consistent with the empirical cor~iatjon though, 
of course, the prediction methodology can be applied 
over much wider ranges and to any arbitrary fluid and 
geometry. 

6. TRANSIENT JEWELING 

The success of the annular flow modetling method- 
oiogy in predicting transient dryout raises the obvi- 
ous question about whether the code could be used 
to predict transient rewetting. Such rewetting would 
occur where part of the tube is in the post-dryout 
region and the inlet mass flow rate is increased to 
cause the tube to rewet. In fact, it is a simple matter 
to use exactly the same code and procedures to cal- 
culate the progress of the rewetting on the assumption 
that the rewetting front corresponds to the point at 

2 4 6 8 

Experimental time to dryout IsI 

FIG. 9. Compa~so~ of cabdated and measured time 10 
dryout. 
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FIG. 10. Comparison of PWJlA predictions with Celata ef 01:s transient CHF correlation. 

which the film flow rate is zero (consistent with the 
assumption for steady-state and transient dryout). 

Calculations carried out on this basis arc illustrated 
in Fig. 11 for the 70 bar steam-water transient dryout 
tests of Moxon and Edwards [IS]. Consider first a 
mass flux decreasing with time as illustrated in Fig. 
1 l(a). The transient dryout calculation (described 
above) predicts a path for the dryout front as shown 
by curve A in Fig. 11 (b). At the imposed value of heat 
iiux (4) dryout would have occurred in the steady 
state in a tube of 6.77 m in length. In the Moxon and 
Edwards experiments, however, the tube length was 
only 3.66 m. Up to the time of dryout for a tube of 
the actual length, the predicted dryout length is greater 
as shown. Dryout actually begins at around 0.8 s when 
the path of the dryout front meets the end of the actual 
length of the tube. At the end of the transient, the 
dryout point is 2.62 m from the tube entrance. If the 
transient is now precisely reversed, and it is assumed 
that the rewetting front corresponds (as does the dry- 
out front) to zero film flow rate, then the path of 
the rewetting is calculated as following curve C (Fig. 
1 l(b)). This implies that the rewetting front reaches 
the end of the actual tube (3.66 m from the tube 
entrance) 1.6 s from the start of the mass flow 
transient. Both the transient dryout and the transient 
rewet will occur at longer times than would be pre- 
dicted (curve B) for an unchanging mass flux along 
the tube. The dryout occurs later because of liquid 
storage effects and the rewetting occurs later because 
of the need to ‘reiX’ the liquid fllm in the tube. 

which the liquid film is essentially blown off the sur- 
face as a result of high intensity boiling resulting from 
axial conduction from the hot, dry zone to the cooler 
wet zone. This sputtering-type phenomenon has been 
widely investigated in the context of rewetting tran- 
sients in nuclear systems. Useful reviews of this work 
are given by Butterworth and Owen (211 and by Col- 
lier [22]. The models for the rewetting phenomenon 
attempt to describe the balance between the move- 
ment of thermal energy towards the rewetting front 
(it occurs as a result of the motion of a front and also 
as a result of axial conduction) and the dissipation of 
this energy in the region immediately upstream of the 
front by the enhanced heat transfer there. In order to 
predict the motion of the front, it is necessary to 
specify the temperature at the front (often referred 
to as the ‘sputtering temperature’) and also the heat 
transfer coefficient immediately behind it. In many 
models, variation of temperature across the tube wall 
is ignored (the so-called one-dimensional models), 
whereas in others it is taken into account (two-dimen- 
sional models). For our present purposes, it is 
sufficient to consider a rather simple model, namely 
the one-dimensional model of Yamanouchi [23], 
Yam~ouc~ predicted that the rewetting front would 
proceed at a velocity given by 

In actual fact, the rewetting process is more com- where a, is the rcwetting front velocity, pw, cpw and L 
plicated than might be suggested by the calculations the density, specific heat capacity and thermal con- 
illustrated in Fig. 11. Once dryout has occurred, the ductivity of the tube wall material, 6 the tube wall 
post-dryout region reaches a high temperature (see thickness and a(z) the heat transfer coefficient in the 
for instance Figs. 4 and 5) and the rate of rewetting wetted region immediately upstream of the rewetting 
may be governed by the ‘sputtering’ phenomenon at front. In the Yamanouchi model, ax(z) is assumed con- 
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FIG. 11. Movement of d~out~rewet front, assuming zero Tim Bow. 

stant, though a whole variety of other models is avail- 
able in which other forms of variation of a(z) with 
distance from the rewetting front are assumed. The 
final variables in equation (26) are the tem~ratures 
which are respectively the tube wall temperature 
downstream of the rewetting front (in the hot, dry 
region) (T,), the ‘sputtering temperature’ (7’,J and 
the saturation temperature (T,,). 

Some illustrative calculations were carried out on 
rewetting during mass f%ow transients making the 
following assumptions. 

(1) The fluid conditions and tube diameter were 
those of the Moxon and Edwards experiment [IS], 
namely water flow at 70 bar in a tube of 10.8 mm i.d. 
The tube wall thickness was assumed to be 1.63 mm 
and the material of the wail was assumed to be stain- 
less steel. 

(2) The value of SI was calculated from the follow- 
ing equation due to Yu et al. [24] : 

JdT,, - T,,,) = 4.24 x 104(~/pL)o~‘s (27) 

where ti and pL are the total mass flux and the liquid 
density calculated at the rewetting front. The remain- 
ing required variables are T, the downstream tern- 
perature, and TsP, the sputtering temperature. 

T, was estimated from the expected jump in tem- 
perature which occurs at the dryout point. This is 
calculated using the same correlations as those 
employed in the post-dryout calculations (see Section 
3). The temperature i~~iately after the dryout 
front can be calculated exphcitly since, at this point, 
the vapour temperature is equal to the saturation tem- 
perature and, consistent with the post-dryout heat 
transfer models, the heat transfer is governed by heat 
transfer to the saturated steam. Further downstream, 
the wall temperature becomes higher than that which 
would be expected for heat transfer to saturated steam 
since the vapour superheats, despite the presence of 
the droplets. However, if we are concerned with the 
rewetting phenomenon, then it could be argued that 
only the temperatures immediately downstream of the 
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rewetting front are needed and these are governed by 
the superheated steam heat transfer. Certainly, the 
predictions of the postdryout heat transfer models 
would indicate that this assumption is not too far out. 
Thus, T, is calculable if the local quality at the dryout 
front is known, as it is in the transient calculation. 
There is some difficulty about the development of 
the thermal boundary layer, but for the purpose of 
simplicity, it is assumed that the fully developed heat 
transfer equation will apply. The post-dryout models 
use the Heineman [14] equation for this. The esti- 
mation of T,, presents more difficulty. Typically, 
values of T,p range from 20 to 160 K in excess of the 
saturation temperature at the system pressure. Yu et 
al. [24] quote quite a wide range of values from various 
experiments and, in the present illustrative calcu- 
lations, values of (T,,- T,,) of 80 and 160 K were 
used. The former value is consistent with the measure- 
ments of Bennett et al. [26] whereas the latter value 
is consistent with the measurements of Hein and 
Kohler [27]. 

As the rewetting front proceeds up the channel, 
values of a and T, are calculated instantaneously and 
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the rewetting front velocity u, estimated. At each 
point, this velocity is compared with 4, the rate at 
which a front would propagate such that the flow rate 
at the front was zero. This is the velocity calculated 
from the rewetting by simply reversing the transient 
dryout calculation, as illustrated in Fig. 1 l(b). When 
u, < II,, then the rewetting is considered to be 
governed by the motion of the zero film flow rate 
front. If u, c h, then the rewetting rate would be 
governed by the axial conduction and the sputtering 
phenomenon. 

Calculations were carried out first for the reversed 
Moxon and Edwards transient and the results from 
these calculations are indicated in Fig. 12. Up to 
approximately 0.4 s, u,, c u, and the zero film flow 
rate limit is dominant (zone AB). After this time the 
value of u, becomes less than u,, and the sputtering 
phenomenon is dominant. The rewetting process con- 
tinues to be dominated by this phenomenon for the 
region BC, and, as can be seen, the sputtering limi- 
tation continues for times (for this specific case) which 
are two orders of magnitude greater than the time 
required for rewetting on the assumption of a simple 

(a) Mass flux transient 
I I I 
I 1 

F----- 
D ’ 

I 

I 
(b) Rcwct position 

1 10 100 
t (5) 

FIG. 12. Movement of rewet front during fast transient. 
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(a) Mass flux transient 

(b) Rcwct position 
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FIG. 13. Movement of rewet front during slow transient. 

Tsp = Tsat l 6OK 

reversal of the dryout transient. As the rewetting front 
proceeds up the tube along BC, the quality at the 
rewetting front is increasing and the value T, is 

decreasing. Ultimately, a situation is reached where 
T, < Tsp. At this point, the sputtering effect will be 
small and (as the experiments of Bennett et al. [26] 
showed), the rewetting front proceeds rapidly along 
the tube. The rate at which this happens is more 
difficult to predict; in the present calculations, we 
have assumed that the remaining part of the tube 
will rewet at a rate corresponding with the mean film 
velocity. This was calculated from the local film flow 
and film thickness values calculated at the rewetting 
front from the methods described in Section 4. This 
rapid rewetting (CD on Fig. 12) terminates when the 
steady-state dryout position is reached at D. Note that 
this distance is 6.77 m and would, of course, be outside 
the physical length of tube (3.66 m) used in the original 
Moxon and Edwards experiments. However, the 
phenomenon would be expected to follow the pat- 
tern shown in Fig. 12 had the tube been sufficiently 
long. 

It is immediately apparent that the behaviour 
in rewetting will depend on the shape of the mass 
flux transient. Figure 13 shows some calculations 

for an alternative, much slower transient and for 
T,, - T,,, = 160 and 80 K, respectively. For the higher 
value of the sputtering temperature, we now see four 
regions of the curve as follows. 

(a) For region AB, u0 < u, and the motion of the 
front proceeds in a manner given by the reverse of the 
dryout transient. 

(b) For region BC, the motion of the front is 
governed by sputtering and is much slower than the 
reversed dryout transient. 

(c) At point C, the temperature downstream of the 
front becomes less than the sputtering temperature 
and the film proceeds rapidly over the surface until 
point B is reached. 

(d) At point D, the film flow rate at the dryout 
front is again equal to zero and its motion is now 
governed by the rate at which the film can reach the 
given distance with zero flow rate at dryout. Eventu- 
ally, the steady-state dryout position is reached. Also 
shown in Fig. 13 are the data calculated for 
T,,- T,, = 80 K. In this case, the rewetting continues 
to be governed by the sputtering phenomenon up to 
and including the point at which steady-state dryout 

is reached. 



It should be possible to treat any transient in the 
manner described here to identify the instantaneous 
governing phenomena and to calculate the rewetting 
rate. ~ufo~nate~y, there is a dearth of data on re- 
wetting during ftow transients. However, the qua& 
tat&e picture shown here is consistent with the obsere 
vations of Keeys et af. f28f for heat dux transients, 
makeover, it should be possible to extend the present 
~t~~~t to deal with the cases of heat txux and pres- 
sure transients for which more data are a&able. fa 
the case of the heat flux transient, it would almost 
certainty be necessary to take account of the transient 
~ponse of the wall materiaf. 

Using the new correlations for deposition md 
entrainment developed in ref. [9] the following new 
~l~ulations have been carried out on annular flow 
and reIated heat transfer. 

(1) The new models were applied to the ~~~~~~o~ 
of entrained flow rate in equilibrium and diabatic 
flows and gave improved predictions of experimental 
data* compared to previous models of annular flow, 
A consequence of this improved prediction capability 
is that the steady-state dryout conditions can be pre- 
dicted rnoe accurately. 

(2) Application of the new models in the context 
of pm+dryout heat transfer also gave improved pree 
dictions, though the post~~out tem~ratures were 
sensitive to the precise position of the dryout point 
which in turn was sensitive, at high mass Auxes, to 
the assumption about initial en~~rn~~t in annuiar 
flow. 

(3) Predictions for steady-state saturated con- 
densation showed that the entrained flow rate (and 
hence the film flow rate) could be very different in 
condensation than for identical quality canditions in 
e~~i~ib~~ Bows and in evaporation. This was shoa 
to have irn~~nt consequences on the pressure gradi- 
ents in these flows. 

(4) Calculations on transient dryout indicated that 
the new models gave closer predictions of dryout in 
the Moxon and Edwards fI8I high pressure steam- 
water dryout tests. The calculations were also 
extended to the recent work of Celata et ai. f39f and 
shown to predict the transient dryout behaviour for 
these refrigerant 12 experiments rather accurately. 

(5) The new models were employed ta carry out 
soma analytical studies of rewetting processes during 
Bow transients, It was shown that the rewetting would 
probably be governed by either the motion af the zero 
frfm flow rate front (the reverse of tmt&ent dryout) 
or by the sputtering process. The gove~ing process 
would depend on the nature and the star of a par* 
titular transient and woufd vary with time and dis- 
tance along the charme!. 
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MODELISATION PHENOMENOLOGIQUE DES ECOULEMENTS HORS D’EQUILIBRE 
AVEC CHANGEMENT DE PHASE 

RCum&On dicrit des calculs de modeles nouveaux pour la deposition et I’entrainement dans un icoule- 
ment annulaire avec une variete de conditions d’ecoulements annulaires et relies. Ceci inclut I’ecoulement 
adiabatique permanent, I’ecoulement avec evaporation, I’icoulement avec assechement et dans les regions 
apres asstchement, enfin I’ecoulement avec condensation et les icoulements variables. Les cas transitoires 
incluent les excursions avec un ecoulement decroissant (sirhage variable) et excursions avec un Ccoulement 
croissant (remouillage variable). Lorsque c’est possible les resultats sont compares aux donnees expir- 
imentales et on constate que les nouveaux modeles donnent des previsions amiliortes dans chaque cas. 
Bien que les comparaisons ne soient pas possibles dans le cas des transitoires conduisant au remouillage, 
quelques aspects nouveaux de ce mecanisme se degagent de ces calculs. On trouve que le remouillage peut 
&re gouverne soit par la progression d’un front pour leque! le debit de film est nu! (I’inverse d’une situation 

d’assechement variable), soit par un front dont la vitesse est limit&e par le phenomene d’eclaboussure. 

PHANOMENOLOGISCHE MODELLIERUNG VON NICHTGLEICHGEWICHTS- 
STRBMUNGEN MIT PHASENUMWANDLUNG 

Zusammenfassung-Es werden Berechnungen beschrieben, in denen neue Modelle fiir die Deposition 
und das Entrainment auf eine Vielzah! von Zustanden bei Ringstromung und verwandten Striimungen 
angewendet werden. Diese beinhalten stationlre adiabate Stromungen, Stromungen mit Verdampfung, 
Striimungen mit Dryout- und Postdryout-Gebieten, Stromungen mit Kondensation und transiente 
Striimungen. Bei den transienten Fallen werden die Striimungsabnahme (transientes Austrocknen) und 
die Striimungszunahme (transientes Widerbenetzen) betrachtet. Wo immer moglich, werden die Berech- 
nungen mit experimentellen Daten verglichen. Obwoh! es nicht mijglich ist, im Fall der transienten 
Stromungen Vergleiche zu Experimenten zu ziehen, die zur Widerbenetzung filhren, werden einige neue 
Aspekte zu diesem Vorgang von den Berechnungen abgeleitet. Man stellt insbesondere fest, da8 das 
Wiederbenetzungsverhalten entweder durch das Fortschreiten einer Front mit dem Filmmassenstrom 
gleich Null bestimmt wird (die Umkehrung des transienten Austrocknens) oder durch eine Front, deren 

Geschwindigkeit durch das Phiinomen des Spriihens begrenzt ist. 

UrEHOMEHOJII-M’IECKOE MO~EJIHPGBAHHE HEPABHOBECHbIX TEriEHWft C 
QA3OBbIMH IIEPEXOJIAMW 

Armoraumn-Hpoaenenbr pacmu, a ROTOPM( rioabre htonenri 06pa30sa~nn rmeiiox H y~oca xanenb npri 
KOJILWBOM Te’leHHH HCIlOJlb3yloTCli npnMeiinTeJlbH0 I( UWlOMy &WI)’ IIpOUCCCOB, ria6monaehibrx npii 
TaxoM H nono6fud~TeneHanx:craueo~apHo~ arura6amqecKoM.c HcnapeHHeM,co6pzuosanHe~ KPHTH- 

WCKHX H 3a~p&i~wec~~x o6nacreii, c KoHAeHcaunefi II nepexomIbtMH pexmMa~si. B nocJIeIniHx m4etOT 
MCCTO KaK poCr CKOPOCTH TeSeHAR (IIepeXOAHOe KpHTH’lCCK~ COCTORHHe), TaK H ee WeHbUleHHe 

(nepexormoe noaroprioe chsa~rmamie). ~$OB~ACHO CpaBnesIie,rAe 3~0 ~03~0rt~0,pe3yAbTaToB pacqe- 
TOB C 3KCA~HMeHT~bHbXMH AaHHbNH, Ko~opoe nOKa3aJl0, mo HOBbIe MOAUM Aaror Bonee TOYHbIe 

3HaqeHwi AAu11 Kaaoro cnygaa. XoTn cpaBHeisie C 3renepItMetrranbHbIbin AaliHbDda AJIK nepexorulbu 

~O~~pH~~XKnOBTOpHOMyCMa~H~HHlo,HeBO3MO~O,~CP~bl:~o3BOAHnH BbUWiTbpKA 

HOBblX acneKToe npouecca. B sacMocq mailnetio. ST0 EHTC~CCHBHOCT~ O6pa3OBaHAa Mewi MOXCeT 

onpenensrrbcn nponeccaMx na *potire, rorna nri6o pacxon nnerirm paaeri HyJW (myawn. 06paTHaK 

nepexo~~or.fy KpHmqeCrO~ comomimo), ~60 cxopocrb @ponra orpaHweHa aanerineM pas6pbrsrmsa- 
min. 


