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ABSTRACT

One of the key safety systems of the Simplified Boiling Water Reactor (SBWR) of General
Electric is the Passive Containment Cooling System (PCCS). This system is designed to
behave as a heat sink without need of operator actions in case of a reactor accident. Such a
function relies on setting up a natural circulation loop between drywell and wetwell. Along
this loop heat is removed by condensing the steam coming from the drywell onto the inner
surface of externally cooled vertical tubes. Therefore, a succesful design of the condenser
requires a good knowledge of the local heat transmission coefficients.

In this paper a model of steam condensation into vertical tubes is presented. Based on a
modified diffusion boundary layer approach for noncondensables, this model accounts for the
effect of shear stress caused by the cocurrent steam-gas mixture on the liquid film thickness.
An approximate method to calculate film thickness, avoiding iterative algorithms, has been
proposed. At present, this model has been implemented in HTCPIPE code and its results are
being checked in terms of local heat transfer coefficients against the experimental data
available. A good agreement between measurements and predictions is being observed for
tests at atmospheric pressure. Further development and validation of the model is needed to
consider aspects such as mist formation, wavy flow and high pressure.
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1. INTRODUCTION

A design objective of the Simplified Boiling Water Reactor (SBWR), currently under
development by General Electric, is to provide passive removal of decay heat power under
accident circumstances. One of the key safety systems involved is the Passive Containment
Cooling System (PCCS). Its function is to remove decay heat from the containment after a
Loss of Coolant Accident (LOCA), maintaining the containment pressure within the design
limits. Its performance is based on no need of operator actions and on condensation of steam
released from the reactor coolant system to the containment dry well.

The safety function of the PCCS is initiated by a pressure increase caused by steam entering
the dry well. Once drywell-wetwell pressure difference provides enough driving head, steam-
gas mixture flows through a condenser located in an atmospheric water pool situated above
the dry well level. Gas accompanying steam consists mainly of nitrogen (drywell gas) and
hydrogen (produced by metal-water reaction). The condenser is made up of a bundle of
vertical tubes inside which steam is to condense onto their externally cooled walls. Codensate
is drained into the Gravity Driven Cooling System (GDCS) pool located inside the drywell,
as long as noncondensable gases are discharged into the suppression pool inside the wetwell.
A simplified diagram of PCCS performance is shown in Figure 1.

Even though condensation heat transfer has been extensively studied in the past, much less
attention has been paid to condensation inside vertical tubes, being most of data reported as
length averaged heat transfer coefficients [1-3]. The particular phenomenology occurring
inside a vertical tube during condensation gives a special interest to local heat transfer
coefficients. Although much fewer than averaged ones, experimental measurements of local
heat transfer coefficients have been taken under conditions representing those expected during
PCCS performance [4].

When a downward cocurrent mixture of noncondensable gas and steam condenses in a
vertical tube, the condensation generates a radially varying concentration distribution. A gas-
vapour diffusion layer forms next to condensate interface, through which steam must pass
by diffusion and convection. The thickness of this layer increases along the tube, so that
different conditions are to govern condensation at different tube levels. Thus, a variable gas
resistance should be expected to heat and mass transfer along the tube; namely, heat transfer
coefficients will be a function of axial location.



In this paper a model to calculate local heat transfer coefficients during steam condensation
inside vertical tubes when a noncondensable/steam mixture goes through is presented. Heat
transfer degradation caused by noncondensable gas accumulation at liquid-gas interface is
accounted for by a modified diffusion boundary layer approach. An approximate method to
estimate condensate film thickness has been developed to save computing time, preventing
the classical iterative method used. Special emphasis has been given to the interfacial shear
stress caused by relative motion of condensate film and gas core. A new computer code
called HTCPIPE, written in FORTRAN 77 programming language, has been built up and
its results are being compared to experimental data available.

2. MODEL DEVELOPMENT

Next, a model for steady, filmwise condensation of a downflow vapour-noncondensable gas
mixture inside a vertical tube is presented. As can be seen in Figure 2, the inner volume of
the tube can be described in terms of a 2-phase annular structure: a liquid film of thickness
6(z) next to tube walls and a core region where gaseous mixture flows; temperature, velocity
and gas concentration profiles are also shown in the plot. Liquid film moves at much slower
velocity than noncondensable-steam mixture what imposes a shear stress acting on water-gas
interface. The mixture regime can be either laminar or turbulent, depending upon the
position: near the tube entrance the regime will be turbulent, whereas in the lower region,
when most of steam has already condensed, the regime will be laminar. The steam is
assumed to enter the tube in a saturated state and flowing with a fully developed profile.
Condensate regime is assumed to be laminar.

2.1. Condensate film velocity

As said above, the film is assumed to be steady at a distance z from the entrance of the tube.
The acting forces on the condensate film element are displayed in Figure 3: gravity (Fgf),
buoyancy (FVpf), interfacial stress force (Frif) and viscous stress force (FTMf). The force balance
can be written as:

n[(R-y)2-(R-t>)2]Pfgdz *
"<fcf (1)

dz ~~ fdy

Expressing the pressure gradient as the product of a fictitious mixture density and gravity
(dp/dz=pm*g), imposing the nonslip condition at the wall interface (uz | y_ 0~0) a n^ integrating
the resultant equation, one finds the following expression for the condensate film velocity:

uz(y)
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R



2.2. Fictitious density

The application of the momentum conservation equation to a mixture volume element allows
to define the so called fictitious mixture density. As can be seen in Figure 4, the acting
forces are: gravity (Fgm), buoyancy (FVpm) and interfacial shear stress force acting on the
mixture (F^J . Equating these forces to the in-out term of the volume element and
rearranging the equation terms it is obtained:

dz

being um the mixture velocity.

Substituting here again the pressure gradient by the product of fictitious density and gravity
and integrating, an expression for pm* is found:

1 dTA_ ; ^ du (4)

where dH is the hydraulic diameter of the vapour-noncondensabe flow (dH=d-26).

2.3. Film thickness

Through the resolution of a simplified heat balance equation at the liquid-gas interface, one
can find out an expression for film thickness, 6(z), appearing in equations 1-4. Several
assumptions are taken. Concerning the film, heat transfer is mainly driven by conductive
mechanisms (i.e. covective term is supposed to be negligible), and temperature decreases
linearly from the interface (Ti) down to the wall (Tw),

Vfilm g g

Regarding heat coming to interface from the bulk, it is assumed to be entirely due to steam
condensation (i.e. sensible heat is neglected):

where hfg is the latent heat of vaporization at T, and Cp|AT/hfg is the Jakob number, which
measures the relative magnitude of the film subcooling. Equating the preceding equations a
transcendental equation is obtained:



z - (5)

For a given z one has to solve Eq. 5 to compute 6(z). An exact solution can be found using
numerical methods based on the secant and Chebyshev algorithms to integrate such an
equation. However, the possible implementation of the whole model in large severe accident
analysis codes makes desirable not to use iterative algorithms so that computing time does
not grow dramatically. An approximate via is to compute dF/d5 from Eq. 2 and the
expression of mass flow rate per unit of circular length, F(z):

f2n(R-y)Pjuz(y)dy

T(z) = -2
nd

Using the Leibniz formula to derive an expression for dF/dz from the preceding equation,
it is found that

All the integrals in Eq. 6 are solved expanding the natural logarithm function as a series of
Taylor. The derivative of the fictitious gaseous density respect to film thickness can be
derived from Eq. 4. Finally, the solution of Eq. 6 requires to know an expression for % and
its derivative respect to 6; all the equations concerning shear stress are presented below.

Once the expression found for dI7d<5 is introduced in Eq. 5, and after an integration the
following approximate result was arrieved to, by substituting in the square brackets 6 by 6p:

1 2596 *^
6 = N (7)

1/3

where the polinomyal coefficients are: a,=2, a2=-28/15, a3=-l/3, b,=4/3, b2=-2, b3=8/15,
b4=l/3, c, = l/2, c2=-8/15; and the variable x is the quotient between the film thickness and
the tube radius (x=6/R). Other variables in the formula are:



6p = 1.189

m, =
360/mPm(«w-«,)2

• _ 1
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By these expressions the results obtained for 8 were found to be quite similar to those from
the exact solution of the transcendental equation. Relative errors were within a margin of
5 %, being most of them around 1 %.

2.4. Interfacial shear stresses

The interfacial shear stresses acting on the gaseous mixture (rim) and on the condensate film
(rif) are different because of suction effect due to condensation [5,6]:

Tta = t f a - 2 i - (8)

a'e"' (9)

where rm represents the interfacial shear stress if no phase change occurs and is given by:
and a' is the ratio of the mass flow rate condensing per unit area in the tube (dr/dz) to the
mass flux hitting the interface and rebounding after giving up its momentum to the surface:



(10)

dT

a'-

The interfacial friction factor, fj, is a crucial factor in the model given the importance of
interfacial shear stress as will be seen in the next section. To calculate f| the following
expression is used [5]:

being fm the friction factor of the vapour-noncondensable mixture for smooth tube walls:

fm = 0.079Rem-°25 /km>2300

where Rem is the Reynolds number of the mixture. These equations fit data for annular flow
at atmospheric pressure and air-water flows, but the effect of pressure is poorly represented.

2.5. Interface temperature

Both pm* and a' depend upon the local mass rate of condensation per unit area, dF/dz. This
derivative can be found if a heat transmission steady state at interface is assumed:

(ID

However another important unknown in this equation which is a direct function of
noncondensable presence is the interface temperature, Tj.

In order to find out T; a diffusion boundary layer approach is used [7,8]. The noncondensable
gas is carried with the vapour towards the interface where it accumulates. Thus, the
noncondensable partial pressure increases at the interfase and, as total pressure remains
constant, interfacial steam pressure is lower than in the gaseous core. In this approach it is
assumed that diffusion boundary layer is saturated, so that T ^ T

The sensible heat flux within boundary layer at a distance y from the interface, q,", is made
up of a conductive term and a convective term:



Using an integration factor technique to solve this equation it is found that q," can be
expressed as,

where a is roughly given by,

c_Af_v_.c
a ~

m m av pm *

K '
and h,. is defined as,

Here cm, cpm and km are respectively the average molar concentration, specific heat and
conductivity over the diffusion layer, and vav is the average velocity of the gaseous mixture
towards the interface. The second quotient on the right term of equation is a factor that
accounts for the suction effect on sensible heat transmission.

Noncondensable velocity, vav, is calculated assuming that the convective flux of
noncondensible carried with the vapour toward the interface is compensated by the diffusion
driven by the concentration gradient of noncondensable across the boundary layer. This
assumption along with the Dalton law and a modified Clausius-Clapeyron Equation [7] are
used to express vav as a function of temperature difference between the gaseous bulk and the
interface:

.
T v

av f

being: D, the diffusion coefficient; 6D, the boundary layer thickness; Tav, the average
temperature; vfg, the specific volume change of vaporization; and x ^ , the logarithmic mean
of noncondensable mole fraction.

The definition of the mass transfer coefficient K^ can be written in accordance with the
preceding equation as,

The Sherwood number (Sh=Kvd/D) can be defined from the above equation and introducing
some other variables in terms of an effective condensation conductivity, k,.,



hcd CmMvXwVavh
T -T

(15)

The first term in brackets is the condensation heat transfer coefficient, h,., and the last one
is the inverse of an effective condensation conductivity,

k _ (16)

Therefore, Eq. 11 can be rewritten as:

-T,) = ht(Tb-Tt) (17)

whenever gaseous bulk region is saturated. From this equation, once h, and h,. are known,
it is needed to iterate to find an interface temperature which fulfills such a balance.

2.6. Heat transfer coefficients

In order to determine heat transfer coefficients, h. and h,, the heat and mass transfer analogy
is applied and the following set of correlations for Nusselt and Sherwood numbers are chosen
[9]:

Nu0 = 4.36 laminar flow Re < 2300

Nu = 0.023Re0iPi°35 turbulent flow Re > 2300

Sh0 = 4.36 laminar flow Re < 2300

Sh = 0.023ifca8Sc0-35 turbulent flow Re > 2300

Re, Pr and Sc are Reynolds, Prandtl and Schmidt numbers of the gaseous mixture,
respectively.

From equations derived for assessing heat transmission through the diffusion boundary layer,
it can be stated a total Nusselt number as:



ii

R = 0.023/te08Sca35 /tem>2300

d

(T -T) (19)
Nut = b ' = 4.364 /kffl<2300

k

where k ^ and k^, are effective conductivities for turbulent and laminar regimes,
respectively, and are defined as follows:

r\
0-35

)

a

The quotient multiplying the condensation conductivity is a correction introduced to account
for the effect of suction due to condensation on the sherwood number [10], where $a is
defined as,

Re;Sc
4

Sho

The correction term affecting the sensible heat transfer has been already commented above.

3. RESULTS AND DISCUSSION

In order to validate the model, experimental results were taken from ref. [11]. This work
consisted in a study of the behaviour of a natural circulation condensing system simulating
expected PCCS conditions. A total of 36 tests were performed and most of them provided
valuable experimental data on local heat transfer coefficients. As a first step, only those runs
carried out at pressures near 1 bar were chosen to check the model, so that this section is
restricted to runs number 4, 5, 7 and 8 of ref. [11].

In Table I experimental data and model predictions are compared in terms of their absolute
values, the ratio between them (f) and the relative error expressed as a percentage. In
addition, information concerning pressure, axial location, noncondensable mass fraction (wj
and mixture Reynolds number is included. In general, theoretical data follow pretty well the
behaviour of experimental ones. The same trends are observed in each case: the higher the
Rem, the higher the heat transfer coefficient. Likewise, it can be noted that the higher
experimental-theoretical differences are obtained as heat transfer coefficients show low values
so that the global behaviour of the model can be seen as reasonably accurate.



TABLE I
Experimental-theoretical comparison of local heat transfer coefficients

RUN

4

4

4

4

4

4

4

5

5

5

5

5

7

7

7

7

7

8

8

8

8

8

8

8

pxlO 5

1.058

1.058

1.058

1.058

1.058

1.058

1.058

1.03

1.03

1.03

1.03

1.03

1.024

1.024

1.024

1.024

1.024

1.077

1.077

1.077

1.077

1.077

1.077

1.077

z xlO"2

3.175

3.81

5.08

10.16

15.24

20.32

24.13

3.175

3.81

5.08

10.16

15.24

3.175

3.81

5.08

10.16

15.24

3.175

3.81

5.08

10.16

15.24

20.32

24.13

wa

0.0103

0.0107

0.0115

0.0155

0.0210

0.0288

0.0369

0.0274

0.0285

0.0307

0.0421

0.0584

0.0303

0.0316

0.0342

0.0479

0.0683

0.0290

0.0300

0.0322

0.0430

0.0575

0.0775

0.0975

Rem

11646

11122

10416

7692

5629

4050

3119

7184

6903

6368

4578

3222

7142

6844

6281

4404

2997

11871

11439

10617

7836

5730

4117

3172

h,(exp)

13665

13353

12196

8121

5716

4105

3121

7594

7316

6709

4823

3409

9413

9121

8314

5705

3932

14409

13637

12271

8075

5695

3579

2778

ht(th)

14131

13217

11660

8000

6051

4737

3733

9363

8770

7765

5161

3138

10024

9370

8239

5190

2936

13554

12590

11066

7250

4935

2718

1672

f

0.965

1.008

1.044

1.01

0.943

0.865

0.834

0.809

0.833

0.862

0.932

1.08

0.937

0.972

1.007

1.09

133

1.06

1.08

1.10

1.11

1.15

131

1.65

error
%

-3.5

-0.8

4.23

1.3

-6.0

-15.6

-19.8

-23.5

-20.

-15.9

-7.1

7.7

-6.6

-2.9

0.7

8.8

25.

5.7

7.5

9.6

10

13

23

39

In accordance with experimental data, model predictions point that heat transfer coefficients
change sharply with distance at the inlet of the tube, where most of condensation occurs.
This is a consequence of the shear stress and the suction effect considered in the model.
Shear stress arises from the difference in the local velocities of the mixture and the film and
it is dominated by u,,, at the upper part of the tube. Therefore, Rem is an indirect
measurement of its magnitude. Pressure similarity in runs 7 and 8 suggest that at a distance
of 3.175 from the tube entrance, given that noncondensable mass fractions are quite close
each other, differences found between both runs must be caused by shear stress between
liquid and gaseous phases. In sight of h, values it can be stated that: the higher Rem, the
higher the shear stress and, subsequently, the higher h, (both experimental and estimated).



The main effect of shear stress is to make thin the condensate film thickness. In Table II two
different values of 5 are displayed for some z values in run 4: the first is calculated without
accounting for shear stress (6N) as long as the second (8) consider the interfacial friction. The
noticeable decrease of film thickness has a direct impact on the film heat transfer coefficient
(hfllm=kf/6).

TABLE II
Film thickness estimated at diferent axial locations for run 4

(6 - shear stress; h^ - no shear stress)

z xW (m)
3.175
3.81
5.08
10.16
15.24
20.32

6N x 10" (m) || 5 x 10* (m)

0.86
0.90
0.97
1.21
1.38
1.51

0.46
0.49
0.56
0.80
1.03
1.23

Another remarkable effect taken into account in the model is the heat transfer degradation
caused by noncondensable presence. In Table I it is readily seen that in runs 4 and 8 at
z=15.24 cm both pressure and Rem are quite similar, so that heat transfer coefficient
discrepancies can be attributed to the different noncondensable mass fraction. Thus, run 4
with wa=0.021 shows a higher h, (both experimental and estimated) than run 8 with
wa=O.O575. This confirms the well known trend: the higher the noncondensable mass
fraction, the smaller the heat transfer coefficient.

4. CONCLUSIONS

This paper summarizes the major features of a model developed to estimate the local heat
transfer coefficients for annular filmwise condenstion inside vertical tubes when
noncondensable gas is present. Likewise, the major results obtained so far in its validation
are shown. The interest of this work relies on the use of vertical tubes externally cooled as
passive safety condensers in future designs of boiling water reactors.

The model accounts for three fundamental effects: the shear stress produced by cocurrent
downflow, the heat degradation caused by noncondensable presence and the condensation
influence on interfacial shear stress, sensible heat and mass transfer. A significant advantage
of the model is the alternative method proposed to assess the condensate film thickness,
which showed extremely small deviations from the values obtained using the exact iterative
procedure. The impact fo noncondensables is taken into account through a diffusion boundary
layer modelling of the gaseous region next to condensate film.

The results provided by the model are reasonably accurate for moderate mass fractions of
noncondensable gases (1-10%) and atmospheric pressure (~ 1 bar), showing an excellent
agreement with experimental data in the turbulent region (where most of condensation takes
place).



Further development of the model is foreseen in several aspects. First, based on this model
a tube simulator is to be formulated in order to can validate it against a more wide
experimental data base. Second, pressures other than atmospheric one are to be considered;
this probably requires to analyze the adequacy of some of the correlations used presently.
Third, a couple of new phenomena are to be taken into account: wavy nature of condensate
film surface and misty flow in gaseous bulk. These works are presently under way.
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N O M E N C L A T U R E

cm gaseous mixture molar concentration
cp specific heat at constant pressure
d inner tube diameter
dH hydraulic diameter of steam-noncondensable gaseous mixture
D Diffusion coefficient
f friction factor
g gravity acceleration
Gm mass flux of vapor and noncondensable mixture
^ condensation heat transfer coefficient
hj sensible heat transfer coefficient
h, total heat transfer coefficient
hfg latent heat of vaporization
Kv vapour mass transfer coefficient
k thermal conductivity
k,. condensation thermal conductivity
M molecular weight
Nu Nusselt number (hd/k)
p local pressure
R inner tube radius
Re Reynolds number (pud//*)
Sc Schmidt number (p/pD)
Sh Sherwood number (Cp/x/k)
T temperature
Uj, axial film velocity
um axial mixture velocity
v radial mixture velocity
vfg specific volume change of vaporization
x molar fraction
y radial coordinate
z axial distance

Greek symbols

r condensate mass flow rate per unit of circular length



8 condensate film thickness
6D boundary layer thickness
H dynamic viscosity
p density
T shear stress

Subscripts

a noncondensable
b bulk region
f liquid
i l iquid-gas interface
m vapour-noncondensable gas mixture
v vapour
w wall
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Figure 1.Simplified diagram of PCCS performance

no condensables profile

condensate layer
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Figure 2. Sketch of vapour condensation in vertical tubes with cocurrent downflow and
noncondensable gas presence



Figure 3.Force balance on a condensate film volume element

Figure 4.Force balance on a gaseous volume element


