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Abstract-The prediction of the occurrence of dryout in helical coils is important for the proper design of 
the steam generators of some LMFBRs. Past work in this area is not satisfactory either in the prediction 
of the first dryout quality or in the treatment of the partial dryout region. Qualitative arguments are 
presented to show that dryout data can be classified into stratification-. redeposition- and entrainment- 
dominated dryout. Results obtained by various laboratories including experiments carried out at CENG, 
Grenoble, are used to develop transition criteria for these zones in a ‘dryout map’. Correlations are given 

for dryout quality in each group. An analysis of the partial dryout region is also presented. 

1. INTRODUCTION 

WITH THE use of helical coiled steam generators in 
liquid metal-cooled nuclear reactors, the problems 
associated with dryout are receiving wide attention. 
Many studies have been conducted by various 
research teams [l-8] to investigate this phenomenon, 
and several correlations are available to predict the 
occurrence of dryout in helical coils. However, most 
of these correlations are not mechanism-based, and 
are valid only in a narrow range of the dynamic system 
parameters. The data of one team are not generally 
well predicted by the correlations of other teams. Also, 
despite the many studies on dryout in helical coils, it 
is still treated as a point transition, i.e. occurring at 
one axial position, whereas in practice a significant 
portion of the tube may be partially dried out. 

Against this background, this paper has a two-fold 
purpose: to investigate systematically the nature of 
dryout in helical coils, and to characterize it quan- 
titatively in such a way as to be of interest to the 
practising engineer. To this end, we present mech- 
anism-based arguments to explain the observed influ- 
ence of system parameters on dryout, and then use 
these arguments to correlate better a set of dryout 
data pooled from some publications available in the 
open literature. We also present a characterization of 
the partial dryout region, i.e. the length of tube in 
which the tube is only partially wetted, which can be 
used to develop a ‘two-fluid’ model in this region. 

2. SPECIFICATION OF DRYOUT IN HELICAL 

COILS 

In straight tubes, the transition from no dryout to 
total dryout of the tube occurs over a small length of 
tube, and hence it can be treated as a point transition 

t Present address : Imperial College of London. 

under steady state conditions. However, in helical 
coils, this transition spreads over a considerable por- 
tion of the tube as shown schematically in Fig. 1. Thus, 
a complete specification of dryout in coils requires: 

(a) the specification of the position-axial as well 
as circumferential-of the beginning of the dryout, 
say, in terms of thermodynamic quality ; 

(b) the propagation of the dryout front in the cir- 
cumferential direction until the total dryout of the 
tube ; 

(c) the length of the region of partial dryout (which 
is important, but not readily calculable, in a tem- 
perature difference imposed system such as the steam 
generator of a liquid metal-cooled nuclear reactor) ; 

(d) an estimate of the thermodynamic dis- 
equilibrium in this region. 

In the present study, we address all these items 
except the last one. Inasmuch as the heat transfer 
between droplets of entrained liquid and the super- 
heated vapour is high at high pressures [9], it is 
expected that the two phases will be close to a state 
of thermodynamic equilibrium. Moreover, the sec- 
ondary flows in the vapour core of a coil bring the 
superheated vapour back into contact with the liquid 
film in the partial dryout region, and thus reduce the 
superheat. In \riew of these arguments, we make the 
assumption that the actual quality in theparriuf dryout 

region is about the same as the thermodynamic 
quality, and that the disequilibrium between the two 
phases in this region is negligible. This assumption 
must be kept in mind while using the correlations in 
the region of partial dryout of the coil. 

3. FACTORS AFFECTING DRYOUT IN COILS 

Following the analysis of dryout in straight tubes 
[lo], we assume that the principal mechanism of dry- 
out in helical coils is the disappearance of the liquid 
film near the wall as a result of thermo- and hydro- 
dynamic effects. This being the case, a system par- 
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NOMENCLATURE 

A heat transfer area [m’] I position along the tube axis [m] 
C, c, constants --I distance from a reference to the point of 
D coil diameter [m] onset of dryout 
d tube inside diameter [m] ztot distance from the same reference to the 
d* modified tube diameter [m] point of total dryout 

? 

fraction of non-wetted perimeter A.= length of the partial dryout region, 

i 
fraction of wetted perimeter =tor - = I b-4 
mass flux, or mass velocity [kg rn-' s- ‘1 

9 acceleration due to gravity, 9.806 m s-’ Greek symbols 
h heat transfer coefficient [w my2 K- ‘1 e angular position [deg] 

; 

pressure [bar] A latent heat vaporization [J kg- ‘] 
total heat transferred in the partial p viscosity 
dryout region [WI P density [kg m- ‘1 

4” heat flux [W m-‘1 (T surface tension [N m ‘1. 
Re Reynolds number 
T temperature [K or “C] Subscripts 
.r thermodynamic quality C conduction in the tube wall 

.‘c I quality at the onset of dryout i inside the tube 

-&01 quality at the total dryout of the tube I liquid phase 
6x normalized quality in the partial dryout nw non-wetted portion of the tube 

region 0 outside the tube 

x0 x-coordinate of the ‘correlation map’, Pw partial dryout region 

GI(p&-@)) sat saturated condition of the fluid 

Yo Y-coordinate of the ‘correlation map’, V vapour phase 

Gd*lp, W wetted portion of the tube. 

ameter can have an effect on dryout only if it can affect 
the local film thickness through some mechanism(s). 
Also, its influence on dryout can be predicted by sys- 
tematically examining its effect on these mechanisms. 
This section is concerned with the identification of 
such factors. 

(ii) redeposition of these droplets: 
(iii) phase change ; 
(iv) redistribution of the liquid film caused, among 

others, by the secondary flows. 

Unlike in the case of two-phase annular flow in ver- 
tical tubes, these processes are not adsymmetric in 
helical coils. For example, the entrainment process 
depends on the film thickness, and thus may vary 
greatly in the azimuthal direction. Similarly, the rede- 
position of the droplets, which is influenced by gravi- 
tational and centrifugal forces, has a preferential 
direction ; it will be more on the outer side (see Figs. 
I and 2 for the terminology used in rhis paper) than 
on the inner side of the tube. The role of secondary 
flow in two-phase flow in helical coils is not entirely 
clear. It is well-established (see, for instance, ref. [ 111) 
that the secondary flows in a single-phase flow are 
created by the radial pressure gradient induced by the 
centrifugal force. In two-phase annular flow, the va- 
pour core is continuous. and one can expect a double- 
vortex system of secondary flows to be present in 
the vapour core. In the liquid phase such a flow cannot 
exist, unless the liquid flow path is completed by a 
stream of entrained droplets going from the inner 
side to the outer side. This can happen only if the 
entrainment rate is much higher on the inner side. 
However, the secondary flow is veq small in mag- 
nitude compared to the main axial flow [I I], and 
should not cause much entrainment b) itself. More- 

A close inspection of the two-phase annular flow in 
helical coils reveals that there are four mechanisms 
through which the local film thickness can change : 

(i) entrainment of liquid in the form of droplets ; 

FIG. I. Dryout in helical coils. 
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FIG. 2. Some possible forms of the variation of film thickness 
in two-phase annular flow in helical coils. (e) shows the most 

probable variation of film thickness at high pressures. 

over, the shear stress of the gas phase on the wall (or 
the film in annular flow) is less on the inner side, and, 
at high relative pressures. the film on the inner side is 
thinner, as will be shown below. Thus it is unlikely 
that there is a stream of entrained droplets across the 
tube from the inner to the outer side, but one would 
expect the secondary flow in the vapour core to drag 
the top layers of the liquid film from the outer side to 
the inner side, making the flow less stratified (or more, 
in the case of ‘inverted annular flow’ in coils, see 
below). In this study, we assume that this is the prin- 
cipal mechanism of the redistribution of film flow in 
helical coils. 

Since dryout occurs when the local film disappears, 
the distribution of the liquid phase in coils is very 
important as far as dryout is concerned. Unlike in 
straight vertical tubes, the film thickness varies around 
the circumference, and consequently, dryout in coils 
may begin earlier than in vertical tubes, although the 
average dryout quality is generally higher. Depending 
on the relative strength of the mechanisms cited above, 
the variation of film thickness around the tube may 
take any of the forms shown in Fig. 2. When the 
gravitational force on the flow is the predominant 
one, e.g. for large coil diameters and low mass fluxes, 
the flow may be stratified as in a horizontal tube (Fig. 
2(a)). If the centrifugal force is very large, the film 
thickness may vary as shown in Fig. 2(b) if it is more 
on the liquid phase, or as in Fig. 2(c) if it is more on 
the vapour phase. The flow in Fig. 2(c) is generally 
called ‘inverted annular flow’ [ 121 in helical coils. The 
distribution in Fig. 2(d) is possible if centrifugal force- 
induced entrainment and redeposition overshadow 
other effects. although such local peaks in the film 
thickness have not been observed, and are not 
expected because the secondary flow is weak com- 
pared to the primary flow. 

The distribution of film thickness at high relative 

OataatR~dd 
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FIG. 3. Circumferential propagation of the dqout front in 
terms of local thermodynamic qualit). 

pressures encountered, for example, in power plants, 
seems to be as shown in Fig. 2(a) or (e). the former 
occurring at low mass fluxes. This distribution can 
be deduced from the spread (propagation) of partial 
dryout. which has been measured experimentally by 
many researchers. A typical result is shown in Fig. 
3. Here, the wall temperature of a uniformly-heated 
helical tube was measured at regular intenals in the 
axial and circumferential directions [ 11. The position 
(in terms of thermodynamic quality) of local dryout 
of the tube was detected by a sudden and sustained 
increase in the wall temperature at the point. We see 
that dryout begins between the inner and the upper 
side of the tube, and spreads almost symmetrically to 
the outer side. Since the occurrence of drl,out cor- 
responds to the disappearance of liquid film, these 
results lead us to the film thickness distribution shown 
in Fig. 2(e). We shall quantify these results later to 
estimate the angular position of the first dry out. 

4. INFLUENCE OF SYSTEM PARAMETERS ON 

FIRST DRYOUT 

The first dryout quality in coils has been shown to 
be very sensitive to system parameters such as mass 
flux and coil diameters, and sometimes contradictory 
effects have been reported (see ref. [2]). for example, 
that an increase in the mass flux increases and 
decreases the dryout quality. In this section. we deduce 
the influence of a system parameter on the position of 
first dryout by superposing its effect on each of the 
four mechanisms which affect the film thickness at a 
given point. In view of the fact that these mechanisms 
are not very well understood in helical coils, we con- 
sider only first-order influences, and neglect any 
second-order effects. We designate the position of dry- 
out by the local thermodynamic (equilibrium) quality 
which is dimensionless and can easily be calculated. 
We investigate the effect of the following five par- 
ameters : inlet subcooling. pressure, coil diameter. 
heat flux and mass velocity, and present experimental 
evidence wherever available. 

4.1. Influence of inlet subcooling 

The inlet subcooling has no direct and major effect 
on any of the four mechanisms. Hence the first dryout 



1454 G. BERTHOUD and S. JAYANTI 

Table I. Influence of inlet enthalpy on the first dryout quality (compiled 
from the experimental data of Unal [4] : working fluid, water; tube diameter, 

0.018 m) 

Subcooling ,, 

I 
2 
3 
4 
5 
6 
7 
8 
9 

I 
0 
I 

12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

150 1.5 
150 1.5 
150 0.7 
150 0.7 
177 1.5 
177 1.5 
177 1.5 
177 1.5 
177 0.7 
177 0.7 
177 0.7 
177 0.7 
200 0.7 
200 0.7 
200 0.7 
200 0.7 
200 0.7 
200 0.7 
200 0.7 
200 0.7 
200 0.7 

639 
635 

1206 
1200 
937 
892 

1272 
1236 
630 
636 

1224 
1234 
618 
616 
616 
623 

1236 
1227 
1491 
1498 
1500 

272 82 -0.71 0.31 
270 42 -0.36 0.29 
554 128 - 1.09 0.70 
548 72 -0.62 0.71 
290 135 -2.11 0.60 
288 90 - 1.41 0.59 
358 136 -2.12 0.32 
346 58 -0.91 0.28 
259 143 -2.23 0.54 
257 95 -1.48 0.55 
487 137 -2.14 0.60 
468 97 -1.51 0.59 
226 155 -4.63 0.28 
216 106 -3.16 0.28 
187 157 -4.67 0.35 
186 106 -3.16 0.30 
341 151 -4.51 0.31 
340 96 -2.87 0.29 
401 143 -4.27 0.33 
393 98 - 2.93 0.33 
385 97 -2.88 0.43 

quality should be largely independent of the inlet sub- 
cooling. 

There have not been many systematic studies to 
verify this effect. An indirect proof comes from the 
experiments of Styrikovich et al. [3]. They measured 
the first dryout quality firstly by changing the inlet 
enthalpy at constant heat flux, and secondly by chang- 
ing the heat flux at constant inlet enthalpy of the 
working fluid. In both cases, they found about the 
same first dryout quality for the same heat flux, which 
verifies its insensitivity to the inlet subcooling. The 
same conclusion can be drawn from Unal’s [4] exper- 
iments (see Table I). 

4.2. Influence of system pressure 
The influence of pressure is felt mainly through the 

thermodynamic and physical properties of the fluid. 
At low pressures (relative to the critical pressure of 
the fluid), the density of the vapour phase is very low 
compared to that of the liquid phase. Other things 
being equal, this results in a higher superficial vapour 
phase velocity. This increases the entrainment rate as 
a result of increased interfacial shear, and the rede- 
position rate as a result of increased centrifugal force 
on the entrained droplets. Also, as the vapour phase 
velocity increases, the vortex of the secondary flow 
shifts towards the inner side [1 I]. This results in an 
increased tendency of the secondary flows in the vap- 
our core to bring liquid from the outer side to the 
inner side of the coil. This should delay the occurrence 
of the first dryout which generally occurs on the inner 
side. 

Thus, when the system pressure decreases, the rate 

of entrainment and rate of redeposition increase, and 
the effect of secondary flow becomes stronger. Exper- 
imental results (Fig. 4) show that the combined effect 
of increased redeposition and stronger secondary flow 
predominates over a wide range of pressures (the equi- 
valent of 70-200 bar for water). 

4.3. Injuence of coil diameter 
The major effect of the coil diameter is on the rede- 

position process. When the coil diameter decreases, 
the centrifugal force on the entrained liquid droplets 
increases, as does the redeposition rate. Moreover, 
as the centrifugal force increases, the secondary flow 
becomes stronger, and the centre of the vortex shifts 
towards the inner side. Thus, the first dryout quality 
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FIG. 4. Influence of pressure on the first dryout quality 



Characterization of dryout in helical coils 1455 

increases when the coil diameter is decreased, and it 
occurs more towards the inner side. 

This result is in agreement with experimental data 
as shown in Fig. 3. 

4.4. h@mce of heat flux 
By specifying the position of dryout in terms of 

equilibrium quality, we account for the effect of phase 
change on the occurrence of dryout. We assume that 
its effect on the secondary flow is negligible, but the 
presence of heat Aux near the wall may generate bub- 
bles of vapour which may give rise to additional 
entrainment. We may explain the observed effect (or 
the absence of it) of heat flux on the dryout quality 
through this mechanism. (The evaporation of liquid 
film causes an effusion of vapour from the film surface, 
which can have the effect of diminishing the deposition 
rate. However, the deposition rate in helical coils is 
greatly increased due to the centrifugal forces and 
hence the effect of effusion of vapour will be small 
compared to that in straight tubes, so it is neglected 
in the present analysis. Its effect, if any, would be to 
reduce the dryout quality by reducing the redeposition 
rate.) 

In convective nucleate boiling the range of active 
sites for nucleation depends on the wall heat flux [13]. 
When the heat flux increases, this range increases, 
as does the number of vapour bubbles. When these 
bubbles leave the liquid film, they break the surface 
of the film, and contribute to the entrainment of the 
liquid. This additional entrainment, as opposed to the 
entrainment caused by the interfacial shear, depends 
on the number of bubbles leaving the surface, and 
hence on the wall heat flux. This may explain the 
decrease in the dryout quality associated with an 
increase in the heat flux. 

The above argument also explains the relative 
insensibility of the first dryout quality to the heat flux 
in some cases. It is well established [9] that nucleate 
boiling is suppressed when the liquid film is not thick 
enough to maintain the wall superheat required for 
nucleate boiling. This generally happens at very high 
qualities. This may lead to some cases where the wall 
heat flux may not have any effect on the dryout 
quality, as explained below. 

Consider the convective boiling in a uniformly- 
heated helical coil in which nucleate boiling is sup- 
pressed at an axial position of A, and in which dryout 
occurs at B (Fig. 5). This means that, between A and 
B, there are no entrained droplets created by the above 
mechanisms ; all the entrainment, if any, in this region 
is due to the interfacial shear. If the heat flux is now 
increased, the point of the suppression of nucleate 
boiling (now A’ in Fig. 5(b)) moves downstream. If 
the droplets created by nucleate boiling in the region 
AA’ are deposited before B, the position of dryout 
does not change, because the heat flux has not 
increased the entrainment, as seen from the point 
of dryout. In such a case, which can occur at high 
redeposition rates and high qualities, heat flux does 

(d) 

_P.(oObor 
------P z 450 bar 

FIG. 5. The effect of heat flux on the first dryout quality. In 
(a), (b) and (c) only the droplets created as a result of 

nucleation are shown. 

not affect the first dryout quality. Note that in these 
figures only the droplets created, if any, as a result 
of the presence of heat flux are shown. If the heat 
flux is further increased, the point of suppression of 
nucleate boiling (now A” in Fig. S(c)) moves further 
downstream, and the droplets created by heat flux 
between A and A” may not be deposited by B. In this 
case, the net entrainment at point B increases, and 
hence the dryout occurs earlier, say at B” such that 
.r(B”) < x(B). 

To summarize. the presence of heat flux may or 
may not affect the first dryout quality, depending on 
the magnitude of the heat flux. This is shown in Fig. 
5(d) where the first dryout quality is unchanged at 
low heat fluxes, but gradually decreases as the heat 
flux increases. 

From the experimental results of Breus and 
Belyakov [6]. and from those of Roumy (as presented 
in Fig. 4 of ref. [14]), we see that the fact that the first 
dryout quality is almost independent of heat flux is 
more valid when the pressure is low. This is consistent 
with the previous explanation: when the pressure 
decreases, the required superheat for nucleation is 
increased, i.e. the point A in Fig. 5 moves upstream, 
and hence there will be little effect of bubble-induced 
entrainment at the point of dryout. 

4.5. Influence of mass flux 

The mass flux has an effect on all the four mech- 
anisms. When it is increased, the rate of entrainment 
increases because of increased shear, and the rate of 
redeposition increases because of increased centri- 
fugal force, which also increases the secondary flow. 
It also has a minor effect on phase change mechanism 
by an increased tendency to suppress nucleate boiling. 
In the following. we assume that the effect of the 
suppression of nucleate boiling on the first dryout 
quality is negligible. We also assume that the rate of 
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FIG. 6. Influence of mass flux on the first dryout quality. (a) 
In the high entrainment region. (b) In the high redeposition 

region. 

redeposition is influenced strongly by the centrifugal 
force acting on the droplets. In this case, the secondary 
flow and the redeposition rate, both of which are 
functions of centrifugal force, behave in a similar man- 
ner : when one increases, the other also increases, and 
vice versa. Under these conditions, the film thickness, 
and hence the first dryout quality, can be treated as 
the product of two dynamic processes-entrainment 
and redeposition of droplets-the rate of each of 
which is governed by the system parameters. 

The effect of mass flux on dryout quality can now 
bc divided into two zones corresponding to large and 
small rates of redeposition as compared to the rate of 
entrainment. In the case of large redeposition rates, 
the equilibrium value is governed by the slower 
entrainment process. Thus, an increase in the rate of 
entrainment, caused by an increase in the mass flux, 
will have more effect on the dryout quality than a 
corresponding increase in the redeposition rate. In 
other words. A(R,)/R, > A(Rd)/Rd, where R, and R,, 

are the rates of entrainment and redeposition, and 
A( R,) and A(R,) are the increase in their rates caused 
by an increase in the mass flux. As a result, the first 
dryout quality decreases. Similarly, when & is much 
less than R,, the slower process of redeposition deter- 
mines the value of the first dryout quality. In this 
cast, A(R,)/R, < A(R,)/R,. Thus, the dryout quality 
increases when mass flux is increased. 

It remains to identify these two zones. Since the rate 
of redeposition is determined mainly by the cen- 
trifugal force, the case of small redeposition rate can 
be found when the coil diameter is large and the system 
pressure is high (high gas density and low slip ratio). 
For this combination, the dryout quality increases as 
mass flux increases. This is shown in Fig. 6(a). The 
case of large redeposition rate occurs for small coil 
diameter and low system pressure. Here the dryout 

quality decreases when the mass flux increases, as 
shown in Fig. 6(b). 

Until now, we have been treating dryout as a conse- 
quence of hydrodynamic effects in well established 
annular flow. This may not be the case when it occurs 
at very low qualities for heat fluxes much less than 
those required for the CHF condition by other mech- 
anisms such as vapour blanketing. This low-quality 
dryout is due mainly to the effect of stratification. This 
is evident from the conditions in which it takes place 
in general: low mass flux, large coil diameter and 
high (relative) pressure. Each of these leads to weak 
secondary flows in the coil, and as a result, the flow 
is stratified, with the film thickness distribution being 
similar to that shown in Fig. 2(a). The stratification 
of flow has a direct effect on the dryout mechanism : 
since the film is very thin at the top, very little liquid 
is removed from these by entrainment. Similarly, since 
the secondary flow is weak, there is very little replen- 
ishment of the liquid at the top. Thus, dryout occurs 
mainly as a result of draining and evaporation of the 
liquid film at the top ; entrainment and redeposition 
mechanisms play only a minor role. The very first 
dryout quality shows great sensitivity to system par- 
ameters. Increased coil diameter or reduced mass flux 
decrease it by making the film flow rate much less at 
the top. An increase in heat flux also decreases it, the 
thinner liquid film at the top being evaporated early. 

5. QUANTITATIVE CHARACTERIZATION OF 

DRYOUT 

The arguments of the above section show the possi- 
bility of grouping data into ‘zones of dominance’, 
which can then be correlated using statistical tech- 
niques. In this section, we use this method to develop 
correlations for the quantities specified in Section 2. 
The experimental data used in this study were pooled 
from those available from publications and reports. 
The range of parameters and the number of data 
points in each source are listed in Table 2. 

5. I. First dryout quality 

It is well known that the first dryout quality is very 
sensitive to system parameters. The data are in general 
very difficult to correlate with the result that some 
researchers [5-71 have tried to classify them into 
groups. But such division has generally been arbitrary 
and/or requires a priori the knowledge as to which 
group the data belong to. For example, Breus and 
Belyakov [6] present two correlations for two sets of 
dryout data, but do not indicate how to select either 
of the two. Both Jensen [5] and Tomita et al. [7] have 
divided their data in Freon-l 13 and water respectively 
into two groups, and developed separate correlations 
for each group. However, their correlations do not 
predict the data of Roumy [I] (working fluid : Freon- 
12), and of Breus and Belyakov [6] (working fluid: 
water) respectively, within the range of validity of 
these correlations. We argue that the reason for this 
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Table 2. Experimental data for first dryout quality 

Method Number 

No. Source Fluid (bir) (:) 
d 

(m) (kg mG’ 
4’l of of 

s- ‘) (kW m-‘) heating data 

Roumy [I] 

Styrikovich 

er al. (31 
Unal [4] 

R-12 

water 

water 

11 
15.5 
23.2 
28.1 
100 

177 
150 
177 
200 

19.4 0.133 0.02 500 10 electric 103 
12.5 0.48 1000 20 
7.05 0.88 1500 30 
5.12 1.8 2000 40 

12.4 0.136 0.008 500 200 electric 17 

4.32 0.136 1000 1500 GO 
6.29 0.7 0.018 100 50 liquid 96 
4.32 1.5 to 
2.86 1500 :o”o 

metal 

4 Breus and water 100 12.4 0.08 0.008 500 200 electric 172 

Belyakov [6] I50 6.29 0.30 1000 200 2.86 0.50 1500 GO 
5 Carver ef al. [S] water 177 4.32 0.82 0.011 380 220 electric 25 

3.3 675 1350 7: 
1900 

Total 413 

is the rather arbitrary classification of data, and that 

the degree of arbitrariness can be reduced to some 
extent by using the qualitative explanations of the 
above section. 

The discussion in the previous section provides the 
basis for a classification of data in terms of factors 
which determine when dryout occurs. We propose 
three such factors which dictate the occurrence of 
dryout for a given combination of system parameters. 

(a) Stratification : the combination of high relative 
pressure, low mass flux and large coil diameter leads 
to a stratified flow, and to low dryout qualities. 

(b) Redeposition : the combination of low relative 
pressures, small coil diameters and high mass fluxes 
leads to an annular flow with a large redeposition rate, 
and to very high dryout qualities. 

(c) Entrainment: the combination of very high mass 
flux but relatively large coil diameters leads to a case 
of high entrainment but a relatively lower redeposition 
rate; as a result, the dryout quality is neither low nor 
high. 

Using a large set of experimental data over a wide 
range of parameters, one can develop a ‘dryout map’ 
in which data can be sorted into groups each belonging 
to a zone in which one (or more) of these effects domi- 
nates. We have used the data shown in Table 2 to 
identify these zones on one- and two-dimensional maps 
using non-dimensional groups to represent the domi- 
nating effects. On an ideal map, one would expect the 
data to fall into groups of low quality dryout and high 
quality dryout, etc., the grouping being with the above 
reasoning. Of all the maps that we tried, we found this 
requirement best met by the map shown in Fig. 7. It 
has two dimensionless groups as coordinates. Its x- 
coordinate, the group .rO = G/(&@D)), is a measure 

of the centrifugal force acting on the gas phase as well 
as on the entrained droplets, and this is important in 
the redeposition process. Similarly, the y-coordinate is 
the liquid Reynolds number modified by a correction 
factor for the tube diameter ; it is defined as 

y0 = G - d*/p, = G * d- (d/0.02) “*//I, 

and is important in characterizing the entrainment pro- 
cess. It is to be noted that the tube diameter correction 
factor used here is the same as that suggested [15] for 
straight tubes. 

We readily identify the three zones of dominance 
on this map in the following manner. The gravity 
affected zone (low G and high D, and hence small x,, 

0.5 I 2 4 8 46 32 

FIG. 7. Experimental data of first dryout quality on a 
‘correlation map’. The first dryout quality is discretized 
as follows: x. 0 d I, ~0.25; +, 0.25 d x, < 0.45; 0, 
0.45~x,<0.65;A,O.65~x,<0.85;V,0.85~x,< 1. 
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FIG. 8. Zones of dominance of dryout m helical coils. 

and small y0 lies towards the bottom left corner of the 
map, where we find a concentration of low dryout 
quality points. The redeposition-dominated zone 
(large centrifugal force, and so large x,,) lies towards 
the right hand side of the map, where we find many 
high dryout quality points. The entrainment-limited 
zone (high G, and so large vO) lies on the upper side 
of the map, where the dryout quality is generally 
neither low nor high. We also note that as the rede- 
position increases (moving horizontally from left to 
right), the dryout quality increases, and as the entrain- 
ment increases (moving vertically up), the dryout 
quality decreases. Both these trends are compatible 
with what is expected. 

Figure 8 shows the demarcation of these three 
zones. The criteria for this demarcation were (i) that 
they should be consistent with physical arguments 
(see the above paragraph) and (ii) that they should 
lead to a better prediction of the data. In view of 
the paucity of data, these lines of transition must be 
treated as tentative. Using regression analysis, the 
following correlations were developed for each zone 
in terms of dimensionless groups. 

Gravity-dominated zone 

Redeposition-dominated zone 

x, = 3.223+log,, ; 
0.101 

K > 
x @-07*‘(__&_~o”7(~~o~3 

x ($&j&-J 098]. (2) 

Entrainment-dominated zone 

It is to be noted that the tube diameter used in the 
above correlations is not the modified one; the use of 
d* instead of d would only change one of the constants 
because d and d* are perfectly correlated statistically. 
This emphasizes the empirical nature of the cor- 
relations: they do not explicitly model any of the 
mechanisms discussed above. This is not surprising 
because very little is known about these mechanisms 
in helical coils (or for that matter in horizontal tubes, 
which can perhaps be extended to helical coils). For 
example, while it is generally agreed that the rate of 
redeposition in coils is higher than in straight tubes, 
the increase is yet to be quantified. Similarly, no cor- 
relations are available for the rate of entrainment in 
annular flow when the film thickness varies around 
the circumference (as in horizontal tubes and helical 
coils). For this reason, one can use only qualitative 
arguments to reduce arbitrariness in developing a pre- 
dictive correlation applicable to a wide range of par- 
ameters. The selection of a particular non-dimen- 
sional group for correlation was based on the 
coefficient of correlation between the group and the 
dryout quality and on the need for bringing together 
data of different fluids. Similarly, the form of the 
correlation depended mainly on how well a particular 
form correlated the data in a zone. Thus, the demar- 
cation of zones and the correlation of data were car- 
ried out in an iterative manner, although no opti- 
mization techniques were used. 

The comparison between the actual and the pre- 
dicted first dryout quality is shown in Fig. 9. We find 
that most of the 400-odd points lie within an absolute 
error band of + 0.20. In view of the fact that the data 
used in this study were obtained from different sources 
using different experimental methods and different 
criteria for the detection of dryout, and that it was 
sensitive to many system parameters, especially at low 
dryout qualities, we consider the prediction to be very 
good. We note here that the correlations are valid 
over a wide range of parameters (see Table 2), and 
that they are applicable for at least two fluids-water 
and Freon-12. 

5.2. Partial dryout region 
In this section, we develop empirical correlations 

for the quality at total dryout of the tube, the cir- 
cumferential propagation of partial dryout, and the 
length of the partial dryout region. It should be noted 
that we have assumed complete thermodynamic equi- 
librium between the two phases in the partial dryout 
region. Thus, the quality referred to in this section 
and its correlations is the equilibrium quality and not 
the actual quality. This assumption should be borne 
in mind in employing these results. 
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FIG. 9. Comparison between experimental and predicted values of the first dryout quality. 

52.1. Total (last) dryout quality. There have been 
comparatively fewer studies and correlations to deter- 
mine the total dryout quality. It has generally been 
observed that the total dryout of the tube occurs for 
an equilibrium quality of around unity. Such high 
total dryout qualities are not unexpected because of 
the increased and preferential redeposition rate in 
coils. Using the experimental data shown in Table 3, 
we have developed the following correlation for the 
total dryout quality in terms of dimensionless groups : 

X,,, = log,, [(!L$’ (li)‘“’ (FJ.494 

x ($$“.‘*’ (,“JJ”*]. (4) 

Figure 10 shows the comparison between the actual 
and the predicted values of the total dryout quality. 
The excellent agreement between the two is primarily 
due to the fact that the total dryout quality is not very 
sensitive to system parameters. 

5.2.2. Circumferential propagation of dryout. There 
have been very few (only two, to the best of our 
knowledge, those of Carver et al. [8] and Roumy [1]) 

systematic measurements of partial dryout qualities. 
Assuming thermodynamic equilibrium, it has been 
shown [2] that the circumferential propagation of the 
dryout front can be described in terms of two nor- 
malized parameters, namely the non-dimension- 
alized partial dryout quality, 6x, defined as S-K = 
(X -x,)/(.x,,, - x ,), and the fraction of wetted param- 
eter, fW, defined as fW = (wetted perimeter of the 
tube)/total perimeter of the tube. The functional 
relationship between these two in the partial dryout 
region can be represented by a curve. Figure 1 I shows 
this curve based on the data of Roumy [I]. He used 
Freon-12 as the working fluid and measured the wall 
temperature at eight circumferential positions. 

Thus, for each combination of P, D, G and q”, the 
quality at which dryout occurs at each of the eight 
circumferential locations can be determined. 
Assuming that one-eighth of the tube perimeter is 
dried out when one thermocouple shows dryout, and 
one-quarter is dried out when two of the eight show 
dryout, etc., a curve between 6x and fw can be drawn 
for each run. Figures 12(a)-(d) show the average of 
these curves as a function of heat flux, coil diameter, 
mass flux and system pressure. It can be seen that the 

Table 3. Experimental data for total dryout quality 

No. Source Fluid P(bar) (S 

Method Kumber 
d ,, of 

(m) (kg rn” s- ‘) (kVJ9m-‘) he%g data 

1 Roumy [l] R-12 I1 19.4 0.133 
15.5 12.5 0.48 
23.2 7.05 0.88 
28.1 5.12 1.8 

2 Unal [4] water 150 6.29 0.1 
177 4.32 
200 2.86 

3 Carver er 01. [8] water 177 4.32 0.82 
3.3 

0.02 500 
1000 
1500 
2000 

0.018 100 

*:0 
0.01 I 380 

675 
1350 
1900 

10 
20 
30 
40 
50 

7% 
220 
to 

700 

electric 

liquid 
metal 

electric 

93 

36 

17 

Total 146 
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FIG. 10. Comparison between experimental and predicted values of x,,,. 

curve is not a strong function of heat flux or coil 
diameter. (The curve corresponding to a diameter of 
0.133 m is subject to large errors in the determination 
of 6.r because there is little difference between X, and 
x,,~.) Similarly, the curve is independent of the mass 
flux except at low mass fluxes where stratification may 
occur. In view of this, we give two correlations (see 
Table 4) for the quality in the partial dryout region, 
one for the gravity-dominated zone and the other for 
other zones. These correlations are based on the data 
at high pressures (Table 2). 

Table 4 also gives the reciprocal correlations, i.e. 
the fraction of wetted perimeter as a function of the 
non-dimensionalized quality in the partial dryout 
region. Using these curves, along with the correlations 
for the first and the total dryout quality, one can 
determine the quality for a given fraction of wetted 
perimeter and vice versa. In other words, one can 
answer the question : what is the quality at which, say, 
one-third of the tube is dried out? 

We have already discussed the variation of film 
thickness around the tube and its importance in deter- 
mining the angular position of the first dryout. From 
our discussion above, we conclude that the first dryout 
occurs near the upper part of the tube for gravity- 

0 .2 .4 .6 .6 4.0 

FIG. 1 I. Characteristic relation between normalized quality 
and the fraction of wetted perimeter in the region of partial 

dryout. 

affected dryout, whereas it occurs more towards the 
inner side in the other regions. (Note that this is valid 
for non-inverted annular flow, which prevails at rela- 
tively high pressures ; the minimum pressure covered 
in this study is a water-equivalent of 70 bar.) Also, 
the spread of dryout is nearly symmetric about a dia- 
metrical plane passing through the point of the first 
dryout, as shown in Fig. 3. We can use this infor- 
mation with the rest in this section to answer the 
question : what part of the tube is still wetted at such 
and such quality? 

This will be clear from the following example. For 
a given set of system parameters, namely fluid prop- 
erties G, D, d and q”, we can determine which effect 
dominates the occurrence of dryout. Suppose the 
combination of parameters lies in the redeposition 
zone. Then we can find out the first dryout quality 
(x,) and the total dryout quality (x,,,) from cor- 
relations (2) and (4), respectively. Since by assump- 
tion, the global system parameters indicate a rede- 
position-dominated dryout (Fig. 8), we also know 
that dryout starts near the inner side of the tube, say 
at 0, = 300’. Using the correlations in Table 4, we 
can then find for any quality between x, and x,,, a 
corresponding fraction of wetted perimeter. Let this 
be 0.6 for a given 6.~. This means that 40% of the 
perimeter, corresponding to an arc of 144”, is dried 
out, and that its angular position is given by 

(8, - 144/2) < ed < (e, + 144/2). 

This is shown in Fig. 13. 
5.2.3. Length of the partial dryout region (AZ). The 

partial dryout region can be very long if dryout starts 
at a low quality. Knowing the first and the total dryout 
(equilibrium) qualities, we can estimate the length 
(AZ) of this region from an energy balance 

q;* -nd*d= = G.;:nd’/4.(.r,,,-x,). (9 

In the case of a heat flux-imposed system, q” is 
known explicitly, and A: can easily be determined by 
analytical or numerical integration. In the case of 
constant wall heat flux. q”, it is given by 
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FIG. 12. Circumferential propagation of dryout characteristtc: relation between 6.x and fW for Roumy’s 
results. (a) For all the data. (b) Parameter y”. (c) Parameter D. (d) Parameter G. (e) Parameter P. 

AZ = G-d-1/(4-q”). (6) 

For a temperature difference-imposed system, the 
wall heat flux depends on the overall heat transfer 
coefficient between the ‘tube side’ and the ‘shell side’, 
and also on the occurrence or not of local dryout. In 
this case, one can use the correlations of the previous 
sections to develop a ‘two-fluid model’ to determine 
the length of the partial dryout region, as discussed in 
ref. [14]. 

6. CONCLUSIONS 

In this paper, we have used the results obtained by 
various research laboratories including experiments 
done at the Nuclear Research Centre at Grenoble to 
determine the effect of pressure, coil diameter, mass 
flux and heat flux on the dryout quality. We have 
shown that the effect of a parameter can be predicted 
qualitatively by considering its effect on (a) entrain- 
ment of the liquid. (b) redeposition of the droplet, (c) 

Table 4. Constants in the polynomial correlations between 6.~ and Ju 

Gravity-affected dryout Dryout in the non-stratrtied zones 

Form of correlation Form of correlation 

i 6s = X, a,yw fw = Z, b,&v’ 6s = 1, a;fi fu = 1, b;& 

0 1.003 0.992 I .006 0.993 
I -0.804 -4.163 - I.055 -2.871 
2 5.691 17.57 9.624 II.37 
3 -26.59 - 37.80 -34.55 -26.81 
4 -35.06 37.51 40.00 30.29 
5 - 14.36 -14.12 - 15.02 - 12.95 
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FIG. 13. Cross-section of the tube for fW = 0.6 ; dryout begins 
at point A, towards the inner side. 

secondary Row and (d) phase change resulting from 
surface heat flux. It is argued that this interpretation 
provides the basis for the classification ofdryout data 
into zones dominated by the phenomena of strati- 
fication, redeposition and entrainment. Using exper- 
imental data, a two-dimensional map has been 
developed in which these three zones are identified. 
Empirical correlations are given for the first dryout 
quality in each zone. 

We have also presented a characterization of the 
partial dryout region. Correlations are given for the 
total dryout quality and for the circumferential propa- 
gation of the dryout front. 
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CARACTERISATION DE L’ASSECHEMENT DANS UN TUBE HELICOIDAL 

Rbum&La connaissance du ph~nom~ne d’ass&hement dans un tube h%coTdal est importante pour 
l’&ude des g&&rateurs de vapeur de certains rkacteurs $ neutrons rapides. II est apparu nkessalre d’ame- 
liorer la pridiction du point d’apparition de l’ass+chement ainsi que le traitement de la zone d‘asstchement 
partiel. Dans cet article, nous prtsentons une analyse qualitative des don&es qtu nous permet ensuite de 
classer celles-ci en trois farmlles diffirentes: les donntes pour lesquelles I’ass?chement est gou\rmP par les 
phenomtnes de stratification, celles pour lesquelles I’as&hement est dotnint par les phinom&nes de 
redeposition et celles pour lesquelles ce sont les phtnomPnes d’entrainement qui dominent. A partrr de 
cette analyse. nous separons alors Ies diffkrentes donnCes en notre possession pour fourmr une carte 
d’as&hement. Des corr&lations pour chaque famille sent ensuite p&sent&es ainsi qu’un traitemcnt de la 

zone d’ass&chement partiel. 
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BESCHREIBUNG DES “DRYOUT” IN SPIRALROHRWARMETAUSCHERN 

Zusammenfassung-Zur genauen Auslegung von LMFBR-Dampferzeugem ist die Kenntnis fiber das 
Auftreten tines “Dryout” in Spiralrohrwlrmetauschem wichtig. Die bisherigen Untersuchungen dieses 
Problems sind nicht befriedigend, sowohl in der Berechnung des Dampfgehaltes des ersten “Dryouts”, als 
such in der Behandlung des partiellen “Dryout”-Gebietes. Es werden qualitative Argumente vorgebracht, 
urn zu zeigen, daB “Dryout” aufgrund unterschiedlicher Gegebenheiten entstehen kann: durch Schichtung, 
durch ReDeposition oder durch “Entrainment”. Ergebnisse aus verschiedenen Laboratorien einschliel3lich 
der Experimente von CENG in Grenoble werden verwendet, urn Ubergangskriterien fiir diese Gebiete 
in einer “Dryout”-Karte zu entwickeln. Fiir den “Dryout”-Dampfgehalt in jeder Gruppe werden 

Korrelationen angegeben. SchlieBlich wird eine Analyse des partiellen “Dryout” vorgestellt. 

XAPAKTEPMCTMKA KPM3MCA TElUIOlTEPEHOCA B ClIMPAJIbHO~ KATYIUKE 

ArmoTauan-Onpenenemre ap113srca rennonepem2ca B cnnpanbrtbtx rarymrax cytuecreeeeo nna npaea- 
nbHOr0 KoHCTpyHposaHHn napoeslx reHepaTopon HeKoTopblx LMFBR. PeLtyJTbTaTbt, nonyvessbre B 

3TOfi o6nacre paHee,He RBJlXIOTCfl y,L,OB,,flBOpHTC,,bHbIMH QnK n~nCKa3aHHx IlepBOrO KpH3HCa TeWlO- 

nepeHoCa mti mn ivxnenonawin yvacrKa c vacw4HblM KPH~HCOM. ITpencraenemibte tca~ecrnemrbre 
IWHHbIC llOtia3btBaW)T, VT0 IlpH LpH3HCC TeMOnepCHOCa MOQT npeo6nanaTb CTpaTH$HKaUHK. BTOpHq- 

HOeOCaYIlCHHe H yHoC. C UwIblO pa3pa6OTKH IlepCXOnHbIX KpHTepHeBmK 3THX30H Ha"KapTe KpH3HCa" 

HCllOJlb3ylOTCK pe3yJIbTaTst. IlOJl~eHHbIe pa3JlH’fHbfMH Jli6OpaTOpHSMH, B TOM 'UiCJle H B CENT, TpC- 

HO6nb. Aaim CooTHo~ewfx naa onpenenemtn crenem KPH~HC~ rennoo6bterta B raKnoi4 rpynne. ha- 
JlH3HpyeTCxTaKXte odnacrbc WCTHSHbtMKpH3HCOM. 


