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A MODEL FOR PREDICTING THE DRY-OUT
POSITION FOR ANNULAR FLOW IN A UNIFORMLY
HEATED VERTICAL TUBE
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Abstract—The present work introduces a method by which the length of the annular flow regime in a straight
vertical-tube steam-generator can be evaluated. The heated length is divided into a large number of segments
and the outlet conditions at one segment are used as the tnitial conditions for the following segment. A
computer program has been designed for this step-by-step calculation. A comparison between the results of
the present work and different available experimental data demonstrates the adequacy of the presented

R*, defined by equation (11};
Re,  Reynolds number;
Re,, gas Reynolds number;

Ar*, dimensionless annular distance over
which the turbulence is sufficiently
damped to exert viscous resistance to the
penetration of droplets;

S, a dimensionless group defined by

equation (8);
T.,  the critical temperature of the fluid
substance;
bulk velocity of vapour;
bulk velocity of liquid ;

Xp0, Quality at burn-out position ;

z, axial distance;

T, liquid temperature;

T,.  atemperature at which g, is known.

Greek symbols

o, defined by equation (5);
b, contact angle;
3, film thickness:

0 mean film thickness;

de minimum film thickness;

3., relative film thickness, defined in
Section 3.5;

S, continuous liquid sublayer thickness;

m

method.
NOMENCLATURE

(., concentration due to entrainment of
droplets in the vapour core;$

d, tube diameter ;

D, rate of deposition of droplets onto
liquid film;

dy,  droplet diameter ;

E, rate of entrainment of droplets into
vapour core;

Jo gas friction factor;

fn  liquid friction factor;

J4.  interfacial friction factor ;

F, the fraction of droplets which are
deposited;

F*,  the fraction of droplets which approach
the wall;

g, acceleration of gravity, and g,
gravitational conversion factor;

G, the mass velocity;

hsy  latent heat of vaporisation ;

Ah;, subcooling;

K, the fractional capture of droplets
approaching the wall;

k, coefficient of thermal conductivity of
the liquid;

K, mass-transfer coefficient ;

f, tube length;

Ly, boiling length;

n, segment number in the numerical solution;

N, number of segments;

P, pressure, and P, pressure drop due to
liquid friction

Q. heat flux at burn-out conditions;

Q/A4, heat flux per unit area;

*Nuclear Power Company {Whetstone} Limited, Cam-
bridge Road, Whetstone, Leicester (formerly of Imperial
College, London).

+ Lecturer, Mechanical Engineering Department, Imperial
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§This follows the definition adopted in [15].
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P liquid density ;

Py vapour density;

1, VIScosity ;

Ti interfacial shear stress;

a, surface tension;

T, defined by equation {15);

Gy liguid surface tension corresponding
to temperature T, ;

W, &, A, defined by equations (11};

angle between droplet velocity and the
tangent to a circle of radius equal to the
distance from the axis to the damped layer.
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1. INTRODUCTION
MoTIVATED liquid films flowing in tubes subjected to
uniform heating are considered. The present work
introduces a method by which the length of the
annular flow regime in a straight vertical-tube steam-
generator can be evaluated, and hence the dry-out
position located.

In earlier works by other investigators, e.g. Barnett
[1,2], Levy [3]. Lee and Obertelli [4, 5], Silvestri et al.
[6], Kirby [7], Hewitt [8] and Hewitt er al [9],
attempts were made to correlate the burn-out pheno-
menon by applying system-describing parameters
which were in general of the form:

Qpo = fd, G, Ahy, L x5 0).

The present work differs from others in that it does not
evaluate the overall boiling length by applying a
general formula which includes all the factors which
affect burn-out. The performance of two-phase flow is
very complex during its advance in a steam generator,
and we have therefore divided the length of the steam
generator tube into segments, and then evaluated the
different factors affecting the fluid flow and heat
transfer for each segment, the exit conditions of each
segment being considered as the inlet conditions to the
next. We apply this method to the annular flow regime.

2, THE MODEL
The proposed model is applied to a straight tube
(Fig. 1) which is uniformly heated and in which the
fluid flows. Only the annular two-phase flow regime is

iAo -
: "0 %o =N—t
End boundary conditions: Par i
Film water fiow rate =0 xgo0®
or R
film thickness < &, ° {4
LI

Vapour core {steam)
Water film \

Water droplets /

ntl

Inlet boundary conditions :
~— Water flow rgte
~ Gas flow rate

M

Inlet
FiG. I. The physical model.

considered ; the two-phase friction pressure drop, the
liquid and the gas phase friction factor, interfacial
shear force and surface wave effects are all considered,
while the effect of nucleate boiling is neglected. The
idea is that, given the inlet water and steam flow rates,
and the operating conditions, the dry-out position can
be predicted as a function of the applied heat flux,
rate of droplet entrainment and rate of droplet de-
position. To locate the dry-out position, a step-by-step
calculation along the heated tube is carried out
starting from the inlet section and with the end
boundary condition either that the film thickness is
less than or equal to the critical film thickness, or that
the film flow rate equals zero. At each step (location)in
the heated tube, the following parameters are de-
termined: liquid flow rate in the film, steam flow rate,
fiquid and vapour properties, liquid and vapour
Reynolds numbers, film thickness, pressure gradient,
liquid and vapour friction factor, interfacial friction
factor, free film surface roughness (i.e. wave ampli-
tude), and the interfacial shear stress.

3. THE RELATIONS USED IN CALCULATING
THE DIFFERENT PARAMETERS

31
The Lockhart-Martinelli [10] correlation is used
for calculating the two-phase friction pressure drop:

/(AP fdz)pp (12
gﬁgm‘! = Laﬁ%f_) {1}
{ Fi ‘)gnn’
(1P o
(dP/dz),

where (dP,/dz), and (dP,/dz), are the pressure gra-
dients for the vapour and liquid phases, respectively,
flowing alone in single-phase flow within the channel.

The relation between X and ¢ is given graphically;
by calculating X, the value of ¢ can be evaluated:
hence, the two-phase friction pressure gradient
(dP,/dz)rp.

3.2
{dP,/dz}, and {dP,/dz), are calculated from the
relation:

5 ,
(dP/dz), = 47 (hpwi) (3)

(AP Jd2), = 42 e @)
where f,and f, are the liquid and vapour friction factors
and v, and v, are the liquid and vapour velocity,
respectively.

The friction factors f, and f, are given: for Re up to
2000, f = 16Re™ ! ; and for Re greater than 2000, f
= (,79Re 023,

33

Because of the inter-relationship between liquid-
film flow, liquid-film thickness and pressure gradient, if
any two of these factors are known, the third can be
calculated.



Annular flow in a vertical tube $31

The film thickness is evaluated applying the re-
lationship proposed by Turner and Wallis [11]:

dP jdz), 1
(1~a)=[( P _)1_] (5)
(de/dz)TP#

where (1 —o) =~ 45/d, for a small film thickness ¢
compared to tube diameter d.

34

The force balance on a tube section of length Az is
calculated by considering the friction pressure gra-
dient (AP/Az),, in relation to the interfacial shear
stress for fully-developed flow by the equation:

g AP d 3,
@ Je
o AZ e 4 2
35

In order to obtain the interfacial roughness (4,
~0,),* we used Gill er al. [ 12, 13] correlation between
interfacial roughness and relative film thickness de-
fined by d, = 6 — (5d/Re, }2/f,)1 "~

36

The Chien et al. [14] relation between the mean
height of the disturbed layer and the superficial friction
factor is used:

Gy 0,045 (7)
fo= 1-2<—‘,—‘)

«a@ .

where d is the diameter of the tube, and 4, is the mean
film thickness.

37
Therate of droplet entrainment to the vapour core is
calculated applying Hutchinson and Whalley’s [15]
hypothesis for entrainment ; the rate of entrainment is
represented by the dimensionless group S:
7,0
§=-— (8)
G
where 7, is interfacial shear stress, 4 is film thickness,
and ¢ isliquid surface tension. Having calculated §, the
corresponding droplet entrainment concentration was
evaluated from a curve fit applied to Hutchinson et al.
[15] results. We then evaluated entrainment rate (£)
from the equation:

E=CK 9)
where K is the mass-transfer coefficient (estimated to
be 0.014m/s for data similar to Hewitt er al. [9]
experiments).

3.8
The analyses of Hutchinson er al. [16] for droplet
deposition rate are followed. The deposition of the

*This is usually defined as (J,,—d,} where d,, and J, are,
respectively, the mean film thickness and the continuous sub-
layer thickness. The Gill er al correlation gives (5, —3,)
directly and it is not necessary to evaluate 4, and I,
separately. A single symbol could have been used, but we
prefer to retain the existing nomenclature.

droplets is based on the assumptions that the droplets
do not move with the eddies, their motion is stochastic
and only droplets with sufficient momentum are
deposited. Thus:

F = KF* (10)

where F is the fraction of droplets which are deposited,
F*is the fraction of droplets which approach the wall,
and K is the fractional capture of droplets approaching
the wall:

frr2
K= J e ¥do
i
@ — 64 (fg/’;);)Z(Af*)24 22
f7TRe (dp/d)]
(I =A%sin?0)? —Jcos 6
Rt R 4 (1)
(1-2)
Ar™
=1
R" = Reg&
8

where 0 is the angle between droplet velocity and the
tangent to a circle of radius equal to the distance from
the axis to the damped layer, f, is the vapour friction
factor, Re, i1s the vapour Reynolds number, 4, is
droplet diameter, d is tube diameter, p, is droplet liquid
density, p, is vapour density, and Ar* is dimensionless
annular distance over which the turbulence is suf-
ficiently damped to exert viscous resistance to the
penetration of droplets (Ar™ = 1.25 showed an excel-
lent fit for all experimental data discussed by Hutchin-
son et al. [16]). F* was evaluated from the knowledge
of the vapour phase Reynolds number, density ratio of
the vapour phase and the liquid droplets, and droplet
diameter (Hutchinson et al. [16]). The calculation
procedure for F* is given in detail in {17]. An average
droplet diameter of 30x was considered. Hence, F is
calculated from equation (10) and the rate of droplet
deposition (D} is then evaluated from the equation:

The rate of droplet deposition = fraction of droplets
which are deposited (F) x rate of entrainment of
droplets into the vapour core. Hence:

D = FC,K. (12)

It should be noted that at the first section of the
annular region, the droplet concentration in the
vapour is that due to local entrainment at this section.
In the subsequent sections, the droplet concentration
in the vapour core is the cumulative concentration
from the previous sections plus droplets entrained
locally less those deposited (see Fig. 1}.

39

The local film flow rate was calculated at the end of
each segment of the heated tube by applying the
following mass balance equation:

4 (1AW
dGy,— | D—E—{=])/h,, |dZ =0. 13
Tilm dl (A)// ny ( )
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F1G. 2. Effect of heat flux on the position of burn-out point in a uniformly heated tube.

310
The critical film thickness below which the liquid
film would break up was calculated from the analysis

presented by Zuber and Staub [18]:

p {2042 o(l—cosf) da (Q/4) ,
) = - COs ff
6 <p,()c) 3. eT k&
3 :"A 4 - ) - 4 3
;q(w,g;ﬁ) (ﬁ’_fifs_:f. (14)
pglhy—hp ”
where:
=t (15)
2u

The surface tension gradient (f¢/¢T) could be
evaluated from the formula:

TC—T 1.2
O = 0ol
’I—;\-"I-(‘})
where T, is the critical temperature of the fluid

substance, and g, is the surface tension corresponding
to temperature T,. Hence:

0.2
do , (I.—T)

0 26, 16
dT 7o (16)

(T(— 77’)].2 '
Thompson [19] has found that the contact angle for
steam—water flow is independent of steam and water
rates in the limited range of flow conditions under
which a stable interface can exist, hence the contact
angle (ff) in the present work is taken to be 64.8°.

4. THE PROGRAMME STRATEGY

The programme is designed on the principle of a
step-by-step calculation. The heated length is divided
into a large number of segments (N). At each segment
the different parameters are calculated. The outlet
conditions at segment » (vapour flow rate, liquid flow
rate in the film and concentration of liquid droplets in
the vapour core) are used as initial conditions for the
following segment (n+1).

5. BOUNDARY CONDITIONS

The inlet boundary conditions are the water and
steam flow rates. We have chosen inlet boundary
conditions similar to available experimental results
(e.g. x = 0.4,0.42,0.44). The end boundary condition is
that the liquid film thickness has reached a value equal
to or less than the critical film thickness. Equation (13)
is solved to give the value of the critical film thickness
{8,) which is used as the end boundary condition in the
present work.

Subroutines and functions are attached to the main
program (El-Shanawany [17]) to evaluate the rate of
droplet entrainment, to evaluate the
Lockhart—Martinelli parameter ¢, to calculate wave
amplitude on the continuous liquid sub-layer thick-
ness, to determine the thermodynamic properties of
the vapour and to plot the results.

6. RESULTS AND DISCUSSION

The results of the present work are compared with
the experimental data reported in [9].

Hewitt et al. [9] used a test section which consisted
of an electrically heated tube 3.05 m long and 9.35 mm
dia with wall thickness of either 0.92 mm (thin tube)
or 2.03mm {thick tube) Steam and water flowed
inside the tube at pressures ranging from 0.1 to
0.4 MN/m?2. The same experimental conditions were
applied to our model. The refation between the burn-
out heat flux and the boiling tube length for thin and
thick tubes as calculated by the present analysis and as
found by Hewitt er al. [9] is shown in Fig. 2. It can be
seen that there is fair agreement between the experim-
ental results and the values evaluated by the present
analysis.

Figure 3 shows the relation between the liquid film
flow rate at the exit of the heated tube when burn-out
conditions were not reached, and the applied heat flux.
Again, there is close agreement between the experi-
ments of [9] and the present predicted values.
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3. The relation between the liquid film flow rate at the exit of the heated tube and the applied heat flux.
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FI1G. 7. The relation between burn-out heat flux and the
operating pressure.

Applying the computer program “BURN"[17], we
calculate the change in the film thickness with distance
along the heated tube for three total mass flow rates,
62.4, 86.8 and 112.6 kg/m?s, with tube heating power
being a parameter (Figs. 4-6). As the heating power
increases, the film thickness decreases at the same
position on the tube. When higher heating powers are
applied, the film thickness continues to decrease
gradually with distance, and just before the dry-out a
sudden decrease in the film thickness occurs.
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F16. 8. Relation between burn-out heat flux and mass flow
rate.

As a further step towards the examination of the
present analysis, our results are compared with burn-
out correlations collected by Clerici er al. [20], Levy
[3], Hewitt [8], Macbeth and Thompson [21], Adorni
et al. [22], Gaspari et al. [23] and Tong et al. [24].
With reference to Fig. 7, which shows the relation
between the burn-out heat flux and the operating
pressure, it can be seen that the results of the present
investigation give higher values of burn-out flux
than those of Macbeth et al. [21], Tong et al. [24],
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F1G. 9. Graphical comparison with burn-out correlations.

and Gaspari et al. [23], for the same conditions,
d=918mm, [ = 1.393m, x,, = 0 and mass velocity
= 2190kg/m?s.

Figure 8, which shows the relation between heat flux
and mass flow-rate, illustrates that for the same
operating conditions, the present work predicts burn-
out values close to those of Tong et al. [24]. Neverthe-
less, the results of Macbeth et al. [21] and Hewitt 8]
showed different trends. Their results show that the
burn-out heat flux reaches a maximum value after
which it tended to decrease with mass flow-rate.

In Fig. 9, the relation between burn-out heat flux
and tube length is shown for the present work and for
other investigations, where the operating conditions
are the same for all the curves (P = 7.3 MN/m?,
d=918mm, x,, =0 and mass velocity = 2190kg/
m?s). For longer tubes, the present results show a
fair agreement with other workers’ results, while for
shorter tubes, the present analysis results in a higher
burn-out heat flux than that found by other
workers, namely Hewitt [ 8], Macbeth et al. [21], Tong
et al. [24], Adorni et al. [22], and Gaspari et al. [23]. Tt
could be that for shorter tubes, the entrainment
process has not reached a developed condition.
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UN MODELE POUR PREDIRE LA POSITION DE
L’ASSECHEMENT POUR UN ECOULEMENT
ANNULAIRE DANS UN TUBE VERTICAL ET

UNIFORMEMENT CHAUFFE

Résumeé — L’article présente une méthode dans laquelle on peut évaluer la longueur du régime d'écoulement

annulaire dans un tube droit et vertical de générateur de vapeur. La longueur chauffée est divisée en

un grand nombre de segments et les conditions de sortie d’'un segment sont les conditions d’entrée

pour le segment suivant. Un programme informatique a é&té conqu pour ce calcul pas-i-pas. Une

comparaison entre les résultats de ce travail et différents résultats expérimentaux montrent la validité
de la méthode présentée.

EIN MODELL ZUR VORHERSAGE DES DRY-OUT-PUNKTES BEI
RINGSTROMUNG IN EINEM GLEICHMASSIG BEHFIZTEN SENKRECHTEN
ROHR

Zusammenfassung —Die Arbeit stellt eine Methode vor, mit welcher die Linge des Ringstromungs-

bereichs in einem Dampferzeuger mit geraden, senkrechten Rohren bestimmt werden kann. Die

beheizte Linge wird in eine groBe Anzahl Abschnitte unterteilt und die Austrittsbedingungen eines

Abschnitts werden als Anfangsbedingungen des folgenden Abschnitts benutzt. Es wurde cin Computer-

programm fiir diese schrittweise Berechnung aufgestellt. Ein Vergleich der hiermit erzielten Ergebnisse

mit verschiedenen verfiigbaren experimentellen Daten zeigt die Angmessenheit der vorgestellten
Methode.

MOAEJIb PACHETA 30HBbI BLICYIIMBAHWA MPHU TEYEHWMW B KOJIbLIEBOM
KAHAJIE PABHOMEPHO HAT'PEBAEMOW BEPTHUKAJIbHOW TPVYBbLI

Aunoramms — TlpennokeH METOR pacueTa JUTMHbE KOJALUEBOTO 3a30pa B NPAMOTOYHOM naporenepa-
TOpeE, BbLINOJIHEHHOM B BUNE BePTHKAILHOW TpyObl. Harpesaemblit yyacTtok pa3zaenen na 6onbuioe
YMCJIO YYACTKOB, a YCJIOBHMSA Ha BbIXOJE HA MPeAbiAylleM Y4acTKe HCIOJb3yHOTCH KaK HaualbHble
YCNOBHA Ha ClieayiolieM. a1 npoBeaeHns nocieA0BaTENbHOO pacueTa Obt/ia COCTABNEHA BbIYUCIH-
TenbHas nporpamma. CpaBHEHHE Pe3yTbTaTOB NAHHOIO UCCIIENOBAHMS C PA3IMYHLIMM UMEIOLLIMMHUCSH
3KCTIEPHMEHTANIEHBIMH JaHHBIMH CBHIETE/ILCTBYET 00 afeKBaTHOCTH NPEACTABAEHHOTO METONA.



