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Abstract-A combined experimental and analytical study of reflux condensation phenomena in single 
vertical tubes with large l/D ratios was conducted. From the experimental observations made, phenom- 
enological modelling was conducted by combining an extension of the classical Nusselt theory with a 
linearized stability analysis of the condensate film flow. A comparison between the model and the cor- 
responding experimental data is presented and discussed. The satisfactory agreement between the model 
and the data indicates that this mode1 could be used in nuclear reactor accident analysis to estimate heat 
removal capabilities of U-tube steam generators when, on the tube side, the assumed heat rejection 

mechanism is total reflux condensation. 

1. INTRODUCTION 

UNDER normal operating conditions the fuel rods in 
a CANDU-PHWRf or a PWR§ are well cooled by 
the coolant circulated by the primary pumps. This 
mode of fuel cooling may be disrupted or may deterior- 
ate under various accident scenarios where loss of 
forced circulation occurs. 

These accident scenarios define conditions where 

the U-tube steam generators act as important heat 
sinks. An illustration of this important possibility can 
be seen by considering a situation where heat (perhaps 
at decay levels) is generated in the reactor core and 
only a portion of it can be transported out through a 
small leak or break in the primary heat transport 

system. In this case, there may be some additional 
heat losses through the system piping components, 
but the steam generators become the major heat sinks 

VI. 
Depending on the particulars of the accident scen- 

ario [2], such as the primary pumps rundown time, 
the location and size of the break and the details 
of the emergency core cooling system, different heat 
removal mechanisms may occur in the steam gen- 
erator tubes. These include reflux condensation, sin- 
gle- and two-phase thermosyphoning. In general, heat 
removal capability in natural circulation is greater 
than in reflux condensation. Therefore, it is of interest 
to determine the mechanisms governing heat removal 
in reflux condensation. 

The existing data base for reflux condensation is 

t To whom correspondence should be addressed. Present 
address: Point Lepreau N.G.S., Safety Analysis Section, 
P.O. Box IO, Lepreau, N.B., EOG 2H0, Canada. 

1 Canada Deuterium Uranium-Pressurized Heavy Water 
Reactor. 

$ Pressurized Water Reactor. 

primarily from idealized component experiments [3- 
6] where the vertical reflux tube had a ratio l/n < 140. 
Russell [7] did experiments in an inclined long reflux 
tube with IJD = 250; however, no detailed measure- 
ments of the characteristics of the two-phase con- 
densing flow were performed. In U-tube steam gen- 
erators, the l/D ratio can be very large (> 700). To 
estimate their heat removal capabilities and the liquid 
hold-up when reflux condensation is the heat removal 
mechanism on the tube side, detailed knowledge of 
reflux condensation phenomena in tubes with large 
l/D ratio is needed. This paper reports the results of a 
combined experimental and analytical study of reflux 
condensation phenomena in single vertical tubes with 
large l/D ratios. Experimental observations of reflux 
condensation for an imposed constant pressure drop 
across the reflux tube is given. The phenomenological 
modelling of the experimental observations is con- 
ducted and a comparison between the model and the 
corresponding experimental data is presented and dis- 
cussed. Although local parameters were measured in 
this work, only global parameters are used in the 
above comparison and the analysis of the local 
measurements will be the subject of a future paper. 

2. EXPERIMENTAL OBSERVATIONS 

To simplify the system as much as possible, an 
experimental apparatus as shown schematically in 
Fig. 1 was used in the present work. It consists of a 

series of eight consecutive double pipe heat exchangers 
made of Pyrex glass linked together by Teflon spacers 
to allow measurements of pressures and temperatures 
at the centre and near the wall inside the inner tube 
and the injection of water in each cooling jacket. The 
void fraction was measured using capacitance probes. 
The inner tube is connected at the bottom to a steam 
inlet plenum and at the top to an outlet plenum. Both 
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B = J((1+2F) 

Cpl specific heat capacity of the condensate 
[J kg-’ “C-‘1 

E = 1;,+ i?, non-dimensional complex 
eigenvalue 

G constants in the solution of the 
eigenvalue problem 

D,, D,, E Functions in equation (37) and 
defined in the Appendix 

.f ; interfacial friction factor 
F = P,S5/3 
F$ functions in equation (37) and defined in 

the Appendix 

F,(% I ?i ) function defined by equation (37) 

B gravitational constant [m s-“1 
G = 1-~~2~l~Re~)~d~e~~~~) 
G,, G2 functions in equation (37) and 

defined in the Appendix 

h,, latent heat [J kg-‘] 
i = jy 

.ik volumetric flux for phase k [m s-‘1 ; 
k=l,g 

kt thermal conductivity of the condensate 
wrn-’ Y-‘1 

F = 2705,/i non-dimensional ~~venurn~r 
Ku = c,,AT,/h, Kutateladze number 

Kk = pk!‘“,k/[ga(p, - p,)] ‘I2 Kutateladze 
variable ; k = 1, g 

t,, t, functions in equation (37) and 
_ defined in the Appendix’ 

single-phase length [m] 
two-phase length [m] 
flooding steam mass flow rate [kgs-‘J 
inlet steam mass flow rate [kg s-‘1 

= &I@, 
function in equation (37) and defined in 
the Appendix 
pressure [N m-l] 
= pjp,u: non-dimensional pressure 
bottom plenum pressure ]k N m -*J 
upper plenum pressure [k N m-“1 
pressure drop across the single-phase 
region [k N m-‘1 
= PrRe, Peclet number for the 
condensate film 
= ~,/~~,k, Prandlt number tor the 
condensate film 

= .f;SRe0 
non-dimensional normal perturbation 
stress 
heat flux at the inner wall of the tube 
[W m-‘1 
radial coordinate [m] 
inner radius of the tube [m] 
= A/&, non-dimensional inner radius 
= P/p, film Reynolds number 
= p,u”~“~~~, Reynolds number 
= 4~,~~~~~~~2~ 

condensate film disturbance temperature 
amplitude [“Cl 
= S(y)/AT, non-dimensional 
condensate film disturbance 
temperature amplitude 
cooling water inlet temperature [“Cl 
condensate film temperature [‘C] 
= (T, - T,,,)/A Tg eon-dimensional 
condensate film temperature 
saturation temperature corresponding to 
the bottom plenum pressure [“Cl 
non-dimensional higher order 
polynomial in q 
= $&/k, reference temperature 
difference YC] 
non-dimensional tangential perturbation 
stress 
axial steam velocity [m s- ‘1 
axial condensate velocity [m s- ‘] 
axia1 steam velocity at the tube centre line 
[m s-‘1 
non-dimensional local axial steam 
velocity 
= V/(f;eu$,/2) friction velocity [m s-r] 
= EI&, non-dimensional axial 
condensate velocity 
interfacial condensate film velocity 
[m s-‘1 
non-dimensional interfacial condensate 
film velocity ]m s-‘1 
= g(p, - pp)6t/2p, interfacial condensate 
film velocity with no interfacial drag 
[m s-r] 
transversal condensate film velocity 
[m s-‘1 
= U& non-dimensional transversal 
condensate film velocity 
axial coordinate [m] 
= x/6, non-dimensional axial coordinate 
transversal coordinate [m] 
= _r/S, non-dimensional transversal 
coordinate. 

Creek symbols 
j?,, p2, p3 functions in equations (33) and 

(34), and defined in the Appendix 

Y = P,iP, 
I- condensate mass flow rate per unit width 

Ikgm -‘s-9 

: 
base flow film thickness [m] 
= S/S,, non-dimensional base flow film 
thickness 

& base flow film thickness at the tube 
entrance [m] 

5 thickness of the wavy film [m] 

r = j/sis non-dimensional transversal 
coordinate 
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NOMENCLATURE (Contd.) 

1” wavelength [m] g, cl steam phase at the centre line of the 

PI absolute viscosity of the condensate film tube 

[kgm -‘s-V ie interface of condensate film and steam at 

&! absolute viscosity of the steam the tube entrance 

[kgm ’ s-II k phase considered, k = 1, g 

PI condensate film density [kg mm.‘] Ii interface of condensate film and 

PP steam density [kg m-‘1 steam 

D surface tension [N mm’] sP single-phase liquid 

d(v) disturbance stream function amplitude in 
the condensate film [m’ s ‘1 ;; 

upper plenum 
two-phase 

4(j) = ~$(y)ju,$,, non-dimensional 0 tube entrance. 

disturbance stream function amplitude 

in the condensate film. Superscripts 

(i) imaginary part of function F, (u*, E,) 
Subscripts (r) real part of function F,(Q) C,) 

g steam phase 
_ 

non-dimensional variable. 

plenums were thermally insulated with glass wool. 
The experiments were conducted with three different 
tube sizes: 2.54, 1.91 and 1.27 cm o.d. (respectively 
2.06, 1.59 and 0.95 cm Cd.). The total length of the 
tubes was 4.8 m, giving l/D ratios of respectively 233, 
303 and 506. Further details can be found elsewhere 

181. 
Figure 2 illustrates in a schematic way the phenom- 

ena observed for an increasing imposed pressure drop 
corresponding to an increasing steam mass flow rate. 
Each situation shown represents the same inner tube 
of the present reflux condenser with the two-phase 
flow pattern corresponding to a different imposed 
constant pressure drop. To go from one flow pattern 
to another, the steam flow was adjusted until the 
desired flow pattern was seen. 

Before flooding occurs, the phenomena observed 
were similar to what occurs in a short reflux condenser 
[3-61. Flooding in a short reflux condenser causes the 
condensate to be ejected from the top ; however, the 
phenomena observed in the present system were 

different: when the flooding point was reached, the 
condensate, instead of being ejected from the tube, 
was ejected from the average condensation (two- 
phase) region to accumulate in the form of a water 
column (single-phase region). In the case where a new 
constant pressure drop is imposed across the tube for 
a situation with a water column oscillating over the 
two-phase region, the system undergoes a small tran- 
sient, in which the flooding point is reached, resulting 
in a new quasi-static situation with a water column of 
increased length oscillating over a two-phase region 
of unchanged average length. Each of the flow regimes 
shown in the last four tubes in Fig. 2 is an example of 
a quasi-static situation observed that could be held 
indefinitely, where the average lengths of the single- 
phase and the two-phase regions remain constant. For 
these later situations, the condensate level meter of the 
bottom plenum indicated that a significant amount of 
condensate was collected in the bottom plenum. In all 

the situations shown in Fig. 2, all the injected steam 
is condensed and its condensate flowed back counter- 
current to the upward steam flow. In the present study, 
this flow regime is called total reflux condensation and 
could be qualified as quasi-static. 

The flow pattern observed in the two-phase region 
was intermittent churn-annular counter-current flow 
with entrainment in the form of droplet aggregates in 
the vapour core, pulsating upward towards the end of 
the two-phase region. These droplet aggregates were 
observed to originate from the formation of a standing 
wave near the tube inlet and the accumulation of 
condensate above it. The action of the vapour flow 
was then to tear off part of the accumulated con- 
densate (including the condensate in the wave) for- 
ming the droplet aggregates. In vertical two-phase 
flow the slug flow pattern can be described as a suc- 
cession of cap-shaped bubbles moving upward with 
the region between the bubbles being mostly filled by 
liquid. So, the liquid plays the role of the matrix in 
that flow pattern. In the present study, the flow pattern 
observed, in the vapour core alone, could be called an 

‘inverted-slug’ flow where the matrix of flow pattern 
is the vapour phase and the role of the cap-shaped 
bubbles is played by the droplet aggregates. 

The flooding criterion used in this study can be 
pictured as being the point where the steam flow rate 
is such that a water column starts to build up, resulting 
in a change in the bottom plenum pressure. Another 
definition of the flooding criterion can be stated as 
being the point where the steam flow rate is such that 
a standing wave, with respect to the condensate film 
interfacial velocity, appears near the tube inlet and a 
net transport of condensate occurs by means of drop- 
let aggregates pulsating upward. The two criteria are 
considered to be equivalent because it is the net trans- 
port of condensate upward that gives rise to the pres- 
ence of a water column, which in turn is the cause of 
an increase in the bottom plenum pressure. In the 
present study the first definition was used as the flood- 
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FIG. 1. Schematic of the reflux condenser. 
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FIG. 2. Flow patterns observed for an imposed pressure drop across the tube. 

ing criterion in all the experimental work, because it 
is reproducible and easily traceable. The other for- 

mulation is simply the one used by Cetinbudaklar and 
Jameson [9] and it is used, as presented later, in the 
linearized stability analysis of the condensate film 
tlow. 

3. MATHEMATICAL MODELLING 

3.1. An extended Nusselt theory 

classical Nusselt theory [lo] and is as follows : (i) 

obtain the radial and axial velocity profiles in the 
condensate film in terms of the film thickness by solv- 
ing the liquid phase momentum with the aid of the 
vapour phase momentum equation and the continuity 
equation of each phase ; (ii) obtain the condensate 
film temperature profile, again in terms of the film 
thickness, by using the velocity profiles in solving 
the energy equation; (iii) then, obtain the differential 
equation for the film thickness by substituting the 

The exact mathematical modelling of reflux con- 
densation is quite formidable because of the counter- 
current nature of the flow and the complex pattern of 

the waves travelling on the steam-water interface. 
Extensive idealizations are required to simplify the 
governing equations if any solution, either analytical 
or numerical, is to be obtained. In Fig. 3, we show the 
idealization of the configuration of the flow pattern 
used in the present base flow model. The assumptions 
made are : (i) the flow pattern is steady-state counter- 
current annular flow with no entrainment from the 
film in the vapour core and with a smooth interface ; 
(ii) the flow of condensate in the film is laminar; (iii) 
the film thickness of the condensate is negligibly small 
when compared to the tube inner radius ; (iv) the axial 
velocity profile in the vapour core is nearly uniform 
and much greater than the interfacial condensate film 
velocity ; (v) the pressure is the same in each phase 
and is only a function of the axial position ‘x’ ; (vi) 
the heat flux at the inner wall of the tube is constant ; 
(vii) the thermal-hydraulic properties of both phases 
are constant and evaluated at saturation where the 
saturation pressure is taken to be the bottom plenum 
pressure ; (viii) the condensation shear stresses at the 
steam-water interface have small influence on the 
characteristics of the base flow. 

Tube 

inner 

wall -7 

Vapor 

flow 
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The methodology used is similar to the one in the FIG. 3. Flow pattern idealization of total reflux condensation. 
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temperature profile in the equation resulting from the 
combination of the heat and mass interfacial jump 
conditions. 

The geometry of the system being cylindricai, the 
local instantaneous conservation equations can be 
written as follows : 

mass conservation 

& (PlW) + g (PI4 = 0 (1) 

momentum conservation 

ap a au, 
= -rz+ikz yjj ( > -9Wr (4) 

energy conservation 

Before deriving the velocity profile in the condensate 
film, we first state, based on the first assumption, that 
mass conservation is satisfied at each cross-section of 
the two-phase region, Then, we can write : 

- 
s 

R 
p,a,rdr = RI- = 

R-l%) s 

R-d(x) 
w,rdr. 16) 

0 

The integration of condensate and vapour momen- 
tum equations respectively from Y = R-&x) to r = R 
and from r = 0 to r = R-~(X), combined with the 
integration of their respective mass conservation 
equations and the use of the Leibnitz formula [ll], 
gives an expression for the pressure gradient. This is 
further simplified using the non-slip conditions at the 
steam-water interface. The resulting expression for 
the pressure gradient is then introduced in the con- 
densate momentum equation to obtain : 

s R-&x) 

X pgu,2r dr+ -!? L 
0 

RZ dx 
s 

L. pdrdr. (7) 
R hlx) 

In the present study, the condensation process occurs 
in the presence of a body force (gravity) and forced 

convection of the steam and the condensate at a 
Prandtl number greater than or equal to one. For a 
fiow of that type, one can neglect the inertia terms 
in the condensate momentum equation 1121. i.e. in 
equation (7) the left-hand side and the last term on 
the right-hand side can be dropped. Using equation 
(6) and the fourth assumption, one can write the fol- 
lowing approximation : 

2 d 

s 

R-b(r) 

R?dx, 
p&rdr = A- dr2. 

&R* dx (8) 

Introducing the change in coordinate y = R-r, where 
‘y’ is the transverse coordinate as shown in Fig. 3, and 
simplifying equation (7), one can write the equation 
of motion for the condensate film as follows : 

(9) 

with the following boundary conditions : 

B.C.1 at y=o; u,=o 

B.C.2 at y=6; 

The integration of equation (9) with the application 
of the boundary conditions gives in non-dimensional 
form : 

+ g E;Re”:j (10) 
0 

and from the mass conservation equation, the trans- 
verse velocity profile is : 

The energy conservation equation for the condensate 
film in non-dimensional form can be written as : 

with the following boundary conditions : 

B.C.1 at j = 0 ; 
a?;, 
---- = 
aJ7 l 

B.C.2 at y= s; i;l =o. 

Rohsenow [13] modified Nusselt theory by relaxing 
one of the basic assumptions [ lo]: the heat transfer is 
by conduction and convection. Although Rohsenow 
analysis differs from the present study, one could 
assume in the present derivation a temperature profile 
having a form similar to his : 
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T, = ?f+Fp (13) 

where Fi, = Fr,(q) is a higher order polynomial. Intro- 

ducing equations (lo), (11) and (13) in equation (12) 

and keeping first order terms only, we obtain : 

with the following boundary conditions : 

B.C.1 at rl=O; dTp 
drl 

=6-l 

B.C.2 at r/=1; Fr=l. 

Integration of equation (14) with the application of its 
boundary conditions and simplification by an order of 
magnitude analysis of the resulting expression give : 

+Q%!!!Q_l) 
24 ReO dS 

The mass and energy jump conditions can be written as 

[14] : 

mass 

energy 

aT, 
PgfJghrg = -k, - . ay (17) 

The right-hand side of equation (16) is the condensation 
mass transfer, and conservation of mass at each cross- 
section of the two-phase region results in : 

Introducing equation (18) in equation (17) we obtain in 
non-dimensional form : 

By definition we have : 

(19) 

(20) 

Introducing equation (10) in equation (20) we obtain : 

Re, = ” 
Re$ 

3 1 +J(1 f2F)’ 
(21) 

Introducing equations (15) and (21) in equation (19) the 
following differential equation for the dimensionless film 

thickness is obtained : 

Pr d6” 4 20 F 
Re,z== - 

[ 
____-~ 
l+B, 3 B,(l +B,)’ 

fKU 

38 F 11 40 F 
-1 x { i+j(l-tB,)Z 3-- [ 9 B,(l+B,) 111 ’ 

(22) 

From the momentum equation and the no-slip con- 
ditions the pressure gradient can be written as : 

ap 4 

z=- 

1 1 dRej , J; S Re2 

y Rei i?’ d.? R Ret ’ 1 ’ 
(23) 

The interfacial friction factor is calculated from the 

Baharathan-Wallis correlation [ 151. 

In summary, equations (6), (15), (21), (22) and (23) 
are the governing equations of the present model of 
film-wise condensation. Similar results were reported 
recently [16] for a short reflux condenser (Z/D = 14.6) 
with a different inner wall boundary condition than 

in the present study: the inner wall was assumed to 
be at constant temperature. Another difference is the 
choice of the characteristic length and the condensate 
velocity used in putting the equations in non-dimen- 
sional form, which is common to both the extended 
Nusselt theory and, as will be shown below, to the 
stability analysis. The choice of the constant inner 
wall heat flux as boundary condition is based on the 
experimental evidence that the cooling side heat trans- 
fer resistance is much larger than the one on the con- 
densing side. Experimental data from steam con- 

densation on a horizontal cylinder with a high cooling 
side heat transfer resistance are shown to be in better 
agreement with a theory based on the constant wall 
heat flux boundary condition [ 171, giving support to 
the choice of boundary condition just made. This 
completes the presentation of the present extended 

Nusselt theory. 

3.2. A linearized stability analysis of jilm-wise con- 

densa tion 

In this section a linearized stability analysis of film- 
wise condensation is exposed and its purpose is to 
compute the steam flow rate that leads to flooding for 
a prescribed base flow. It differs from previous studies 
by the nature of the perturbations considered, their 
consequences and the inclusion of tube diameter, sur- 
face tension and viscosity effects. In the present system 
the condensate film is perturbed by counter-current 
condensing steam flow. Then, the perturbations con- 
sidered are those related to the hydrodynamics of the 
two-phase flow and the condensation mass transfer. 
Moreover, it is hypothesized that they cause the for- 
mation of standing waves which in turn, as mentioned 
above, lead to flooding. A linearized stability analysis 
can give the interesting result of being able to identify 
the relative strength of each component of the net 
force acting on the interface. That knowledge could 
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FIG. 4. Flow situation idealization near the tube inlet. 

give justifications of the assumptions that would be 
made in the derivation of simpler models. 

In Fig. 4 the idealized flow situation near the tube 
entrance is shown. The assumptions made in the pre- 
sent stability study are : (i) flooding occurs at the tube 
inlet; (ii) the velocity profile in the steam core is no 
longer assumed to be flat, instead the universal vel- 
ocity profile (181 is assumed to be valid ; (iii) the local 
approximation method [19] is valid for the present 
case of film-wise condensation ; (iv) the amplitude 
of the wave is assumed to be infinitesimal and its 
wavelength is considered to be long with respect to the 
base flow film thickness. In the study ofthe stability of 
flow, the problem can be reduced to an eigenvalue 
problem fo~ulated in terms of the governing equa- 
tions for the disturbance amplitude functions and 
their boundary and interfacial disturbance jump con- 
ditions. The detailed derivations of the two governing 
equations for the disturbance amplitude functions and 
the boundary conditions have been reported pre- 
viously [l9-211 and will be omitted. On the other 
hand, the appropriate expressions of the interfacial 
disturban~ jump conditions for the present problem 
have not been exposed in the open literature yet and 
their detailed derivations can be found in ref. [8]. The 
statement of the eigenvalue problem for the present 
study is as follows : 

(i) the Orr-Sommerfeld equation 

(24) 

(ii) the perturbed energy equation 

(iii) the boundary conditions 

B.C.1 at y=o; B(O)=0 

(2% 

(26) 

B.C.2 at j=o; d&;(O) - . .._. - = 
dl’ 

0 

B.C.3 at y ZZ () ; dS(O) = 0 
d.P 

B.C.4 at 

ap 
- X(b(j) = 0 (29) 

(iv) momentum jump condition (nodal projec&~on~ 

2(1 -y) Ku2 arp dS 

yRe, Pe2 $9 dq’ (30) 

(v) momentum jump condition (tangential projection) 

The above eigenvalue problem needs expressions 
for P, and T,. Their full expressions have already been 
presented [9] and they will be omitted here. For a given 
base flow, the above eigenvalue problem contains five 
parameters: Reo, E, u* , Fr and q. Of these the Reyn- 
olds number is specified by the given base flow and 
the non-dimensional wavenumber is considered as 
given. As hypothesized before, at the flooding point 
standing waves appear on the interface near the tube 
inlet. This statement indicates that the wave celerity 
is equal to the interfacial condensate film velocity at 
the tube inlet, and we have : 

_ _ 
c, = uli at X: = 0. (32) 

In total reflux condensation, uli depends on the inlet 
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steam flow rate which in turn is related to ZJ*. Then, 
at the flooding point there is a relation between the 
friction velocity and the wave celerity, i.e. knowing 

one will give the other. The above eigenvalue problem 
will furnish two eigenfunctions i(y) and s(J) and 
one complex eigenvalue C = C,+ iC, for each pair of 
values Fand Re,. However, taking the same approach 
as Cetinbudaklar and Jameson [9], it is the friction 
velocity and the amplification factor /%L that are com- 
puted first and by the above relationships, the complex 
eigenvalue C is obtained. 

In the present study, the method of Anshus and 
Goren [22] has been used for solving the eigenvalue 
problem. Following Spindler [19], the solution of the 
system at X = 0 can be written as : 

4(y) = C, sin~,Y+C,cosfi,j+C,sinfl,y 

+C,cos~,j (33) 

S(j) = C,sin/3,jj+C,cosfl,j+C,sin~,j 

+C,cos~,j+C,sinP,.~7+C,,cos/?,~. (34) 

The introduction of equations (33) and (34) in the 
system of differential equations and application of the 
first two boundary conditions result in the following 
solution : 

S(Y) = c, [$sinfl,j-- ($ - k)sinbZj] 

+C> $cos/I,j-- gcos/3,j 
1) 

+Cgsinfl,j 
2 1 

+C,,cosfl,j. (36) 

The introduction of equations (35) and (36) in 
equations (28)-(31) results in a homogeneous system 
of linear equations for the constants C,, C2, Cg and 

C,,. At the tube inlet X = 0, and at the interface 
we have y = 6 = 1. A non-trivial solution for these 
constants exists if the determinant of the coefficients 
is equal to zero. The determinant is shown in Fig. 5, 

0 

where the definitions of the variables, not already 

defined explicitly in the Nomenclature, are given in 
the Appendix. After straightforward algebraic 

manipulations the determinant reduces to the fol- 
lowing algebraic equation : 

-[G,o,B:+G,D,P:]sinP, sinp, 

iFi:’ Ku aT, 
X -F~~)+_-2&-_ 

kPe Pr ay 

x (FL:’ + Fc’) - EFb:’ + FL:’ - FL;’ + FL;’ 1 (37) 

By its complex mathematical nature, equation (37) 
reduces to a set of non-linear algebraic equations as 
follows : 

FI’)(u*, C,) = 0 (38) 

F,“‘(u*, C,) = 0 (39) 

where Fir) and Ft(i) are the real and imaginary parts of 
F, respectively. In the present study the method of 
Powell [23] has been used to solve the set of equations 

(38) and (39). The nature of the elements of equation 
(37) can be identified easily. All the terms in the square 
bracket multiplied by the Kutateladze number and 
the temperature gradient form an element related to 
heat transfer and all the remaining terms form an 
element related to the hydrodynamics of the two- 
phase flow. 

3.3. Simulation of total refux condensation 
In the development of the model the following steps 

have been covered : (i) from visual observations two 
forms considered to be equivalent to the flooding cri- 
terion used in the present study have been defined ; 
(ii) an extended Nusselt theory has been derived ; (iii) 
a linearized stability analysis of the condensate film 

I Gdlo- a,LrpIh- a& tLlh3 - atLd%h - wbu bsina-ol&cosa 

FIG. 5. Determinant of the system of homogeneous linear equations. 
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FIG. 6. Variations of the dimensionless amplification factor 
as a function of the interfacial friction velocity. (0) 

Reo = 51.81 ; (A) Rr, = 103.74; (+) Re, = 202.50. 

has beea carried out; (iv) the flooding criterion has 
been used to evaluate the wave celerity at the flooding 
point (see equation (32)); (v) the use of the critical 
layer concept reported in the literature on wave gen- 
eration has been given in the form of constitutive 
equations for the perturbing stresses P, and 7’,. 

For a given base flow condition, the only free pa- 
rameter in equation (37) is the wavenumber and for 
each value of the wavenumber there corresponds one 
pair of roots of that equation. The question is now to 
determine the critical wavenumber (~avclength) that 
will correspond to a pair of roots that will be related 
to unstable flow conditions. The two concepts of 
maximum mechanical energy transfer and film insta- 
bility can now be utilized to set up a simple criterion 
for the determination of that critical wavenumber. 
Figure 6 shows a variation of the non-dimensional 
am~li~cation factor & as a function of the friction 
velocity u* for a steam-water system at atmospheric 
pressure in a 2.54 cm o.d. tube with fk = 0.0185. Each 
curve corresponds to the solution of equation (37) 
for a range of wavenumbers with a given base flow 
condition indicated by the value of the Reynolds num- 
ber. It can be seen that in the unstable region, where 
I%!% > 0, each curve goes through a minimum value 
of us. It is the pair of roots corresponding to that 
minimun~ u* that is of greatest interest since it defines 
that value of u* below which all individual oscillations 
decay, whereas above that value at least some are 
amplified. In other words, it corresponds to flow con- 
ditions when the transfer of mechanical energy is at 
its maximum and it is all absorbed by viscous dis- 
sipation in the condensate film, ensuring its stability. 
This smallest friction velocity is the limit of stability 
with respect to the type of flow under coflsideration. 
Then, the steam flow rate at the flooding point is 
computed as follows. First, the steam velocity at the 
centreline is computed from the de~nitjon of the fric- 
tion velocity. Second, it is multiplied by the ratio of 
the average velocity to the centreline velocity com- 

I FLoclDING LINES 
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FTC. 7. ReAux condensation data in the K:“-Ki” plane for 
a 2.54 cm o.d. tube. (0) T,,, = 10°C; (A) T,,,, =45’C; 
(-O--) theory with T,, =i 10°C and J;, = 0.0185: 

(--A--) theory with T,,,, = 45°C and f, = 0.0221. 

puted with the ‘universal velocity profile’ to obtain 
the average velocity. Third, the average velocity is 
multiplied by the steam density and the actual cross- 
sectional area of the steam flow. The characteristics 
of a base flow are obtained by solving the governing 
equations of the present model arising from the 
extended Nusselt theory by applying global mass and 
energy balances. The simulation of the sequence of 
quasi-state situations shown in Fig. 2 is based on (i) 
the flooding criterion presented earlier, (ii) an 
extended Nusselt theory, (iii) a linearized stability 
analysis with the application of three concepts : critical 
layer, maximum mechanical energy transfer and film 
instability, and (iv) the postulate that after flooding 
is reached, the reflex condenser still operates at the 
flooding point, on a time average basis, for each new 
boundary condition defined by the new imposed press- 
ure drop across the tube. It should be noted here 
the use of the same characteristjc length ‘6,’ and the 
velocity ‘zlO’ in the present extended Nusseit theory 
and linearized stability analysis is to obtain a unified 
model of total reflux condensation. The results of the 
simulation are presented along with the experimental 
data in the following section, where a comparison is 
made. 

4. CD~PARISON OF NUMERICAL REStlLTS 

WITH EXPERlMENTAt DATA 

4.1. Flooding 
One of the main features of total reflux con- 

densation is the impossibility of independently vary- 
ing the phase flow rates and temperatures as in the case 
of air--water or air-steam/water flooding experiments. 
The rates of condensation obtained for the three tubes 
have been plotted in the K:‘2-K;!2 plane in Figs. 7--9 
with the cooling water inlet temperature and the 
entrance interfacial friction factor (7”,,,, and ,f;, respec- 
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FIG. 8. Reflux condensation data in the Kj!ZPK,“2 plane for 
a 1.91 cm o.d. tube. (0) T,,,, = 14°C; (A) T,,,, = 45°C; 
(-a-) theory with T,,,, = 14’T and ,f;, = 0.0185; 

(-A-) theory with T,,,, = 45’ C and f;, = 0.0227. 

tively in the figures) as the main parameters. It can be 

seen that in total reflux condensation, the steam and 
condensate flow rates on the flooding curves are, in 
terms of the Kutateladze variables, in the high and 
low range respectively when compared to the ranges 

of values these variables can have in an adiabatic 
system (K,“’ and Ki” range between 0.0 and 2.5). 

The inlet cooling water temperature is shown to have 
a significant effect on the flooding point except in the 
case of the smallest tube (see Fig. 9). For the other 
two tube sizes, the smaller the temperature gradient 
between the primary and the secondary side, the more 

the condensate film appears to be unstable, leading to 
a lower flooding point 

FLOODING LINES 

/ 

FIG. 9. Reflux condensation data in the Ki”‘-K,“2 plane for 
a 1.27 cm o.d. tube. (0) T,,, = 18°C ; (A) T,,, = 45°C ; 
(-a--) theory with T,,,, = 18°C and & = 0.0185 ; 

(-A-) theory with T,,,, = 45°C and f;, = 0.0185. 

170.0 

60.0 

150.0 

140.0 

130.0 

IZO.0 

110.0 

100.0 
.oo M I .oo I 250 2 

Kg 
30 

FIG. 10. Variations of the bottom plenum pressure as a 
function of steam flow rate for a 2.54 cm o.d. tube. (0) 
Upper plenum opened to atmosphere with T,.,, = 10°C ; (A) 
upper plenum pressurized with T,,, = 10°C; (+) opened to 
atmosphere with T,,,, = 45°C; (x) upper plenum pres- 
surized with T,,,, = 45°C; (-•-) theory with T,,,, = 10°C 
and ,f;, = 0.0185; (-A-) theory with T,,,, = 45°C and 

,f;, = 0.0227. 

Figures 10-12 show that as the steam flow is 
increased to reach the flooding point (near point B in 
Fig. 10) a water column starts to build up during a 
short transient, to equilibrate the imposed pressure 

drop, resulting in an increased pressure in the bottom 
plenum. After the flooding point is reached, the trend 
in the experimental data shows no notable change in 
the condensation rates in terms of the Kutateladze 
variable ‘IQ as the pressure in the bottom plenum 
increases. This suggests that flooding at the tube inlet 
is the controlling process that causes the reflux con- 

denser’s capability of condensing steam to ‘saturate’ 
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FIG. 1 I. Variations of the bottom plenum pressure as a 
function of steam flow rate for a 1.91 cm o.d. tube. (0) 
Upper plenum opened to atmosphere with T,,,, = 14°C; (a) 
upper plenum pressurized with T,,,, = 14°C ; (+) opened to 
atmosphere with T,,,, = 45°C ; (x) upper plenum pres- 
surized with T,,,, = 45’C ; (p@-) theory with T,,,, = l4;‘C 
and f;, = 0.0185; (-A-) theory with T,,,, = 45’C and 

J;, = 0.0227. 
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FIG. 12. Variations of the bottom plenum pressure as a 
function of steam flow rate for a 1.27 cm o.d. tube. (0) 

FE. 13. Reflux condensation data in the K$* -K,' ' plane for 

Upper plenum opened to atmosphere with T,*,, = 18°C ; (a) 
all tube sizes with the coldest cooling water temperature. (0) 

upper plenum pressurized with TcW,, = 18°C ; (+) opened to 
1.27 cm o.d. tube with T,,,, = IS‘C; (A) 1.91 cm o.d. tube 

atmosphere with T,,,, = 45 C; (x ) upper plenum pres- 
with T,,,, = 14’C; (+) 2.54 cm o.d. tube with T,,,, = 10°C; 

surized with T,,,, = 45 ‘C ; (-a-) theory with T,,,, = 18°C 
(-•-) theory for 1.27 cm o.d. tube, T_,,, = 18°C and 

and .f;, = 0.0185; (-A-) theory with T,,,_, = 45 ‘C and 
,f;, = 0.0185; (-¤-) theory for 1.27 cm o.d. tube, 
T,,, = I8 ‘C and ,f;, = 0.0 I85 ; (-A-) theory for I .27 cm 

,f;, = 0.0227. o.d. tube, T,,,, = 18 C and ./;, = 0.0185. 

and it defines the maximum amount of steam flow 
that can be condensed in the total reflux condensation 
mode. 

In the model of total reflux condensation given in 
the preceding section, the entrance interfacial friction 
factor f;. is a free parameter that closes the set of 
equations. In general, the entrance condition influ- 
ences the value of the parameter, which is usually 
greater than the correlation given for a position far 
from the entrance. Due to the complexity of the two- 

phase flow mechanics at the tube entrance, it is not 
possible yet to evaluate it by theoretical means and it 

must be evaluated empirically. As shown in Figs. 7- 
12, the present model fits the experimental data for 
the three tube sizes fairly well, with ,f;. equal to 0.0185 
for total reflux condensation and the lowest inlet 
cooling water temperature. In the case of total reflux 
condensation with the hottest cooling water tem- 
perature, the present model fits fairly well with the 
same value of the parameter ,f;, equal to 0.0227, but 
for the smallest tube the original value of ,J, = 0.0185 
had to be used. It can also be seen that in all the cases 
the present model fits the corresponding experimental 
data within the error of steam flow measurements 
(*5%) and it brings additional support to the 
assumptions made in the derivation of the present 
model. 

the Baharathan-Wallis model [15]. The results for the 
case of the hottest inlet cooling water temperature 
show the same behaviour but only for the two larger 
tubes, as depicted in Fig. 14. The behaviour of the 
model for the 1.27 cm o.d. tube can be explained by 
the choice of the value for the parameter JC. A close 

examination of Figs. 13 and 14 illustrates the fact that 
variations in both experimental and theoretical flow 
rates on the flooding curve, as a function of the tube 
diameter, are within the experimental error in the 

steam flow measurements. Therefore, it is concluded 

For a given inlet cooling water temperature, the 
trends in the experimental data are not really affected 
by the variation of the tube diameter; however, the 
present model exhibits a small influence by the tube 
diameter on the flooding curve as illustrated in Fig. 
13 for the lowest inlet cooling water temperature. The 
present model is seen to follow a behaviour where as 
the tube diameter is reduced the ordinate of the flood- 
ing curve decreases ; this is similar to the behaviour of 

FIG. 14. Reflux condensation data in the Kb"-K," plane for 
all tube sizes with the hottest cooling water temperature. (0) 
1.27 cm o.d. tube with T,,, = 45°C; (A) 1.91 cm o.d. tube 
with T,,,, = 45°C ; (+) 2.54 cm o.d. tube with TcW,! = 45°C; 
(-•-) theory for 1.27 cm o.d. tube, TW,i = 45°C and 
/ie = 0.0185; (-¤-) theory for 1.91 cm o.d. tube, 
TcW,, = 45’C and 1;. = 0.0185; (-A-) theory for 2.54 cm 

o.d. tube, T,%,, = 45’C and .jc = 0.0227. 

I FLOODING LINES 
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Table 1. Measured and calculated single-phase region lengths 
for 2.54 cm o.d. tube, T,,,, equal to 10°C and the upper 

plenum pressurized 
~-“--.- 

k, LSP 
PhP P.P (measured) (calculated) 

138.138 I 1 I .327 2.21 2.73 
135.658 111.029 I.97 2.51 
129.325 111.193 1.28 1.85 
155.423 129.651 2.24 2.62 
150.895 129.214 1.80 2.21 
144.274 129.274 1.15 1.53 
135.044 128.925 0.30 0.62 
165.614 139.563 2.39 2.65 
159.688 137.673 1.80 2.24 
155.389 138.046 0.54 I.76 

_--_.~_______ __“---“-_. ---.. _ _ .._-.- 

that the influence of the tube diameter on the 
definition of the experimental flooding curve in 
total reflux condensation, in terms of Kutateladze 
variables, is negligible for the range of tube diameters 
studied, which is representative of what is found in 
steam generators. For tubes with much larger diam- 
eters, for example a feeder pipe in a CAN~U-PEER, 
the relative importance of the weight of the liquid film. 
the viscous forces in the liquid and the interfacial 
shear stress may be different. 

For total reflux condensation in a 2.54 cm o.d. tube 
with inlet cooling water at 1O’C the theoretical results 
define the path ‘ABC’ in Figs. 7 and 9. The path 
follows the so-called ‘ideal complete condensation 
line’ (point A to point B) before reaching the Aooding 
fine (at point B) and following it (point B to point C). 
This global behaviour has similarities with the work 
of other investigators [24]. This path can be con- 
sidered as the response of the reflux condenser in 
terms of condensation rates to a variation in imposed 
pressure drops across the tube. The fairly good agree- 
ment between the present model and the experiment 
gives support to the postulate presented in Section 3.3 
where the model is capable of predicting the global 
behaviour of the system in terms of condensation 
rates. 

One important question can be raised on the effects 
of flooding and tube length on the condensate dis- 
tribution in the tube. The obvious answer is the 
appearance of a single-phase region osc~lIating over a 
two-phase region (see Fig. 2). Besides the amount of 
heat removed, computed via the condensation rates, 
the model predicts the length of these single-phase 
regions that could represent a significant amount of 
inventory that is not available for core cooling. Typi- 
cal results are presented in Table 1; other cases can 
be found elsewhere IS]. In all the cases, the model 
overpredicts the length of single-phase region which 
is acceptable, giving a conservative estimate of the 
inventory that could be trapped in steam generator 
tubes. 

5. CONCLUSIONS 

Total reflux condensation phenomena in single ver- 
tical tubes were studied experimentally from which a 
phenomenological model has been derived. The good 
prediction of measured rates of condensation by the 
present model shows that flooding occurs at the tube 
inlet and plays a key role in defining the maximum 
heat removal and the distribution of the condensate 
hold-up in the tube. For the present tube entrance 
conditions (square edge), representative of what is 
found in an actual steam generator, the flooding flow 
rate, in terms of non-dimensional Kutateladze vari- 
able ‘Kg’, is not a function of tube diameter or the 
system pressure for the ranges of tube diameter and 
pressure studied. The inlet cooling water temperature 
has a notable influence on the definition of the flood- 
ing flow rate, for the hottest cooling water flooding 
occurs at a lower point than for the coldest water. 
The present model overpredicts the measured heat 
removal ; however, that quantity can be obtained from 
the predicted condensation rates. A significant 
amount of condensate can be trapped in the tube in 
the form of a single-phase region. The agreement 
between the experimental data and the present model 
is satisfactory as the model overpredicts the single- 
phase region length, which is conservative from a 
reactor safety point of view. 

The improved understanding developed in the pre- 
sent study of the mechanisms governing heat removal 
and liquid hold-up in total reflux condensation in 
vertical tubes is reflected in the good agreement 
between the experimental data and the present model 
in regard to the condensation rate and liquid hold-up. 
In steam generators, the cold and hot legs of the tube 
bundle can be considered as a bank of parallel vertical 
tubes. Different U-tube lengths and tube-to-tube 
interactions could well lead to instabilities such that 
total reflux condensation could not be maintained and 
transition to natural circulation could occur [I, 4, S]. 
This couId result in a situation where some tubes 
would experience natural circulation and others total 
reflux condensation. That situation would not cor- 
respond to the conservative case as the heat removal 
in natural circulation is in general greater than in tOtid 

reflux condensation. The results of the present work 
could be used in a small-break LOCA analysis where 
the present model could estimate the heat removal 
capabilities (via the condensation rates) and the 
amount of coolant trapped in the steam generators, 
if, to be conservative, total reflux condensation is the 
assumed flow regime in each tube of the steam gen- 
erators. 

For the range of tube diameters studied, pertinent 
to steam generators, the present model could be 
applied as follows : 

(i) given the geometry of a tube (l/D) and the pro- 
per boundary conditions (pressure drop across the 
tube and wall heat flux), the base flow characteristics 
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are computed for a given inlet steam mass flow rate 
‘ti,’ using the extended Nusselt theory (see equations 
(6), (15), (21), (22) and (23)) plus global mass and 
energy balances ; 

(ii) equations (38) and (39) are solved simul- 
taneously to find the minimum friction velocity at 
which the wave amplification factor is positive, giving 
the flooding steam flow rate ‘&’ for the given base 
flow characteristics ; 

(iii) this flooding flow rate is compared to the given 
inlet steam flow rate ; if it is greater, the inlet steam 
flow rate is increased in steps of A@ until an interval 
is defined where at the lower limit of the interval 
ti, < ti, and the upper limit of the interval h, > ti, ; 
the flooding flow rate equating the inlet steam flow 
rate is then found by applying the method of bisection 

with a tolerance of 0. I % ; 
(iv) this flooding flow rate will be equal to the 

condensation rate by the assumption that total reflux 
condensation is the heat transfer mechanism ; the heat 
removal is computed by multiplying the condensation 
flow rate by the latent heat corresponding to the 
bottom plenum pressure ; 

(v) the amount of coolant trapped in the single- 
phase region is calculated from the knowledge of the 
pressure drop in the two-phase region (see equation 
(23)) which is subtracted from the pressure drop 
across the tube yielding the pressure drop in the single- 
phase region; that pressure drop is due to gravity 
and the amount of coolant trapped is obtained by 
multiplying AppsP by the ratio of the tube cross- 
sectional area and the gravitational constant; 

(vi) a conservative estimate for the total heat 
removed and the amount of coolant trapped in a given 
bank of vertical tubes is obtained by multiplying the 
above two quantities derived for a single tube by the 
total number of tubes. 
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Expressions for uariahles in the determinant of Fig. 5 
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Expressions for the variables in equation (37) 
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PHENOMENES DE LA CONDENSATION AVEC REFLUX DANS DES TUBES 
VERTICAUX SIMPLES 

Rbum&Les phtnomknes de la condensation avec reflux dans des tubes verticaux simpies avec un rapport 
l/D tlev& sont I’objet de la prtsente &tude expkrimentale et thtorique. La combinaison de la thkorie classique 
de Nusselt modifi&e et d’une analyse linlaire de la stabilitb du film du condensat a tt& utiliske pour crier 
un mod&le mathtmatique des phknomtnes observts expbrimentalement. Une comparaison entre ce modkle 
et les r&hats expCrimentaux est prksentt-e et discutte. Cette comparaison r&le un accord satisfaisant 
entre le modkle et les don&es exptrimentales. Ceci indique que le modZle pourrait &tre utiliser dans I’analyse 
d’accidents dans les rtacteurs nuclCaires pour calculer la capacitk d’enltvement de chaleur des gCni.rateurs 
de vapeur quand sur le cBt& tube de ceux-ci on suppose que le transfert de chaleur se fait par condensation 

avec reflux. 

RijCKFLUSSKONDENSATION IN SENKRECHTEN EINZELROHREN 

Zusammenfassung-Die Phlnomene der Riickflurjkondensation in senkrechten Einzelrohren mit groSen 
I/D-Verhlltnissen werden experimentell und analytisch untersucht. Ausgehend von den experimentellen 
Beobachtungen erfolgt die phPnomenologische Modellierung durch Verkniipfung einer Erweiterung der 
klassischen Nusselt’ schen Theorie mit einer linearisierten Stabihtltsanalyse der Kondensatfilmstriimung. 
Der Vergleich des Modells mit den entsprechenden Versuchsdaten wird vorgestellt und diskutiert. Die 
zufriedenstellende Ubereinstimmung von Model1 und Meljdaten zeigt, da13 dieses Model1 zur Abschitzung 
der Kiihlleistung von U-Rohr-Dampferzeugern bei der Analyse von Kernreaktorunfillen dienen kiinnte, 

falls der WHrmetransport auf der Rohrseite durch vollstgndige RiickfluDkondensation erfolgt. 

KOHAEHCAqI45I B OAMHOVHbIX BEPTHKAJIbHbIX TPY6AX 

~oTa4an-3KcnepsMenTanbHo li anannTIigecKa IiccnenyeTcn xanemie KonnencamiB B onBHo’Inb1x 
sepTmcanbnbIx Tpy6ax c 60JIbm)lMU OTHOmeHHRM&i l/D. Ha OcHOBe 3KcnepeMeHTanbHblx na6nmnenG 
npoaonaTcs @XOMeHOnOIWieCKOe MonenApoBaHAe nocpencTBoM COYeTaHUR o6o6meHnoti Knaccwiec- 

KOI? Teopmi HyCCeJIbTa H neneapu30eaHHoro aHaJnf3a ~CTO&~BOCTS~ nneno~noro Teqemis KoHnencaTa. 
npOBOL,HTCK CpaBHeHHe pe3,‘JIbTaTOB MOnWIHpOBaHWI C COOTBeTCTByH)IIJUMIi 3KCnepRMeHTaJIbHbIMII 

fiaH”bIMB. YnOBneTBOpBTeJIbHOe COrnaCHe MeXKny HIlMU nOKa3bIBaeT, ‘IT0 paCCMaTpHBaeMaK MOnenb 

MomeT wmonb30BaTbcK npe ananH3e asapmi Ha rnepnoM peaKTope nnn oueeara 803Mo~nocTefi -ren- 
nooTaona naporenepaTopa c U-06pa3HbIMil Tpy6aMH B cnyqae, Korna npennonaraelca, YTo TennooT- 

Bon co cToponbI ~py6 0cymecTBnaeTcr 38 cqeT KonneHcawin. 


