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Abstract

At the end of the year 2001 the radiolytic gases hydrogen and oxygen accumulated and exploded in non-vented
steam pipelines at two nuclear power plants. The HELIO code has been developed for the numerical simulation and
analyses of these incidents and as a support to the prescription of safety measures. This paper presents modelling
and numerical approach, verification and results of the two-dimensional module of the HELIO code for the conditions
of hydrogen—oxygen accumulation in a vertical pipe closed at the top. The results show a dynamics of hydrogen—oxygen
accumulation, formation and propagation of the concentration front, gas mixture natural convection due to concentra-
tion and temperature imposed buoyancy forces and gas mixture-liquid film interface shear. The verification against
plant data and for the common problem of steam condensation in the presence of air is presented.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

A hydrogen and oxygen accumulation and a mixture
explosion occurred in non-vented steam pipelines of
safety systems in the nuclear power plants Hamaoka in
Japan [1] and Brunsbuettel in Germany [2,3] at the end
of 2001. Although the presence of these radiolytic and
non-condensable gases in the main steam of Boiling
Water Reactors has been well known, their accumula-
tion to explosive mixtures has not been expected. These
incidents revealed a new problem that must be fully
understood and investigated in order to provide plant
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safety. The hydrogen and oxygen are present in coolants
of light water nuclear reactors during normal operation.
They are produced by the radiolytic decomposition of
water exposed to the nuclear fuel radiation [4].

Measurements have shown that in the main steam of
the Boiling Water Reactor the mass fraction of hydro-
gen and oxygen is approximately 22.5 x 107°. The molar
ratio of hydrogen to oxygen is 2:1, which means
2.5% 107® of hydrogen mass fraction and 20 x 10~° of
oxygen. The hydrogen and oxygen concentrations could
be further substantially increased if steam condenses in
non-vented pipes or components. Steam is condensed
and drained, while the concentration of remaining
non-condensables increases. After the time periods of
several days, weeks or months even an explosive mixture
of hydrogen and oxygen could be reached.
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Nomenclature

A area, m’

cp specific heat, Tkg™'K~!

D diffusion coefficient, m?s~", pipe diameter,
m

Dy, hydraulic diameter, m

f friction coefficient

g mass fraction, gravity, ms™>

H Henry’s constant

h heat transfer coefficient, Wm 2K, specific
enthalpy, Jkg™!

Jeon condensation mass flux, kgm2s™!

Ja absorption mass flux, kgm s~

k thermal conductivity, Wm 'K ™!

ki mass transfer coefficient, ms™!

L length, m

M molar mass, kgkmol !

)4 pressure, Pa

De partial pressure of gas mixture component,
Pa

R pipe radius, m

Re Reynolds number

radial co-ordinate, m

temperature, K, °C

time, s

velocity components, ms™

volume, m>

molecular volume, Eq. (42)

molar fraction, co-ordinate, m

co-ordinate, m

S‘U:Nﬂ‘
<

<~ o=

Greek symbols

o volume fraction

Ieon rate of condensation, kgmf3 st

r, rate of absorption, kgm s~

0 liquid film thickness, m

A latent heat of condensation, Jkg ™!

u dynamic viscosity, kgm~'s™!

v kinematic viscosity, m*s™"

p density, kgm™>

T shear stress, Nm >

Subscripts

atm parameter of the surrounding atmosphere

c non-condensable component of the gas
mixture

Cv control volume

H, hydrogen

1 liquid film surface, gas mixture-liquid film
interface

in insulator

(023 oxygen

w wall

1 liquid film surface

2 gas mixture

Superscript

n trigger for Cartesian (n =0) or cylindrical

(n=1) co-ordinates in governing equations

Since the problem was recognised recently, results
about condensation induced radiolytic gases accumula-
tions in the open literature are limited. The plant evi-
dences of the hydrogen and oxygen accumulation,
based on the industrial type measurements applied in
power plants, are reported in [2,3]. Small diameter verti-
cal pipes open at the bottom and closed at the top are
especially prone to radiolytic gases accumulation, as well
as other higher elevated parts of non-vented pipelines.
The Hamaoka plant incident initiated an experimental
investigation of the non-condensables accumulation in
a complex steam pipeline [1]. The pipeline consisted of
several horizontal and vertical segments and elbows.
For safety reasons, the helium was used instead of
hydrogen. In order to speed up the process hundred
and thousand times higher initial concentration of he-
lium and oxygen were applied than those caused by
the radiolytic decomposition of steam in the nuclear
power plant. Also, the accumulation process was simu-
lated with the application of the commercial CFD
(Computational Fluid Dynamic) code and with the
built-in simplified model of the process.

The hydrogen and oxygen accumulation within non-
vented pipes and volumes is driven by coupled thermal-
hydraulic and diffusion phenomena, such as steam
condensation in the presence of non-condensables, con-
densate drainage, non-condensables absorption and
degassing at the liquid film surface, gas mixture natural
convection due to concentration and temperature in-
duced buoyancy forces and due to gas mixture shear
at the moving liquid film surface [5,6]. Some aspects of
this new complex problem have been the main goals of
some previous investigations, such as vapour condensa-
tion in the presence of non-condensables, and hydrogen
accumulation in large volumes. Condensation of vapour
in the presence of non-condensable gases is an important
process for the efficiency of various condensers in power
and chemical industry. The heat transfer coefficient is
significantly reduced in the presence of non-condensa-
bles due to the non-condensables concentration increase
at the condensing surface [7-14]. Power plant condens-
ers, heat exchangers, condensers within the passive
safety systems of advanced nuclear power plants are
some examples of the equipment which operational effi-
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ciency depends on this process [15,16]. The second group
of investigations has been directed towards the predic-
tion of non-condensable hydrogen transport and accu-
mulation in large volumes in the mixture with steam
or steam and air [17,18]. Namely, during a hypothetical
severe accident in the nuclear power plant, a substantial
amount of hydrogen can be generated from a chemical
reaction between the zirconium cladding of the nuclear
fuel elements and the high temperature water steam, as
well as from the core—concrete interactions after a lower
head failure of the nuclear reactor vessel. Such generated
hydrogen may be transported into the compartments in
the containment building, and has the potential to threa-
ten the containment integrity by over-pressurizing from
global burning or explosions.

In order to investigate all aspects of the complex
process of hydrogen and oxygen accumulation in non-
vented steam pipelines, the multi-dimensional thermal—
hydraulic and physico-chemical in-house code HELIO
has been developed [5,6]. In this paper, modelling and
numerical approach, verification and results of the
two-dimensional module of the HELIO code are pre-
sented. Section 3 of the paper presents modelling ap-
proach. The HELIO code model governing equations
are based on the mass, momentum and energy conserva-
tion of the mixture of steam, hydrogen and oxygen, as
well as on the conservation equations for hydrogen
and oxygen mass fractions (a separate conservation
equation for each gas mixture component). The conden-
sate liquid film flow is treated according to the Nusselt
theory. Laminar flow condition is considered due to
the low liquid film and gas mixture Reynolds numbers.
Gas mixture partial pressures are calculated according
to the Dalton’s law, while the Henry’s law is applied
for the prediction of non-condensables absorption at
the liquid film surface. The heat flux from the gas mix-
ture to the environment is calculated by solving the
two-dimensional transient heat conduction in the pipe’s
wall and insulator, where the coefficient of heat transfer
from the outer insulator surface to the surrounding
atmosphere is prescribed. Section 4 outlines a numerical
solution procedure for the developed model, based on
the SIMPLE type numerical method [19] modified for
the conditions of two-phase flow [20]. Section 5 presents
numerical results of the hydrogen and oxygen accumula-
tion in a vertical non-vented pipe open at the bottom
and closed at the top (the configuration that is common
at the plant). Obtained transient results show gas mix-
ture temperature fields, hydrogen and oxygen mass
fraction fields, propagation of the accumulated non-
condensables front from the top to the bottom of the
pipe, as well as gas mixture convection induced by
the steam condensation, by buoyancy forces due to the
non-uniform concentration and temperature fields and
by interfacial shear at the liquid film surface. A separate
case of the hydrogen and oxygen accumulation in a long

vertical pipe with a large diameter is simulated. The tem-
perature transient at the pipe’s top for the real-time per-
iod of one month is calculated and compared with the
plant-measured data. Also, in order to demonstrate the
HELIO code versatility, usability and appropriateness
of the applied models to predict the condensation in
the presence of non-condensables, which is one of the
crucial phenomena in the process of non-condensables
accumulation, a steam-air flow over a uniformly cooled
vertical plate is simulated.

The numerical investigation in this paper is unique
since it comprises all important phenomena and effects
that are involved in the process of condensation induced
non-condensables accumulation. In the previous CFD
investigation of the Hamaoka incident [1], the applied
three-dimensional model was simplified in a sense that
the presence of the draining condensate film was
ignored, the energy equation was omitted (instead, it
was assumed that the temperature of the steam, helium
and oxygen mixture is determined with the saturation
temperature of steam at its partial pressure), and both
helium and oxygen were observed as a single non-con-
densable gas. The models developed mainly for the pre-
diction of the condensation heat transfer coefficient in
the presence of non-condensables are limited only to
one-dimensional (examples of which are papers
[10,11,13]), or plane and boundary layer steady-state
flows [12,14,15]. The transient models used for the pre-
diction of hydrogen accumulation in large volumes
[17,18] have the potential of non-condensables accumu-
lation prediction, but their use in the pipelines geome-
tries and an upgrading regarding the condensate film
presence and liquid film—gas mixture interactions is not
straightforward.

The incidents of hydrogen accumulation and explo-
sions at two nuclear power plants [1,2] under normal
operating conditions imposed a new problems and ques-
tions to the nuclear regulative commissions, licensing
procedures and safety measures. There are activities to
pose a condensation induced hydrogen accumulation
as a standard benchmark problem. The well-founded
and verified methodology and results are a contribution
to these activities. The numerical simulations can sup-
port the optimisation of the temperature measurement
locations that are used at the plant to indicate the
radiolytic gases accumulation. Also, numerical simula-
tions can replace expensive experimental investigations.

2. Problem statement

Fig. 1 presents a vertical pipe closed at the top and
open at the bottom. Although the pipe is isolated, the
heat loss to the surrounding cannot be totally elimi-
nated, and some amount of steam condenses on the wall.
The liquid film of condensate is drained due to gravity.



86 V.D. Stevanovic et al. | International Journal of Heat and Mass Transfer 48 (2005) 83-103

\//_\
Gas mixture of Il
vapour, hydrogen
and oxygen H Absojption [
L\l ]
< F ]
_|Condénsation-| -
<L (1~
Heat <— [ ) — Liquid film
losses |- Degassing | 1__ - drainage
< 7£ XA —>
- Y.
< . y’,r B
L A Z
© 6
Inflow of steam with 20 x 10™ mass fraction of
oxygen and 2.5 x 10 of,hydrogen

Fig. 1. Steam condenses in the presence of non-condensable
hydrogen and oxygen in a vertical pipe. Liquid film is formed
on the wall and drains due to gravity. The hydrogen and oxygen
accumulate within the pipe.

The condensed steam is replaced by the inflow of mix-
ture of steam and small amount of radiolytic gases at
the junction of the vertical pipe with the surrounding
system. The intensity of steam condensation on the iso-
lated pipe’s wall is small, but, nevertheless, after some
time, the non-condensables concentration in the vertical
pipe will increase considerably, and even an explosive
hydrogen—oxygen concentration could be reached. Some
amount of non-condensables is absorbed on the liquid
film surface and removed with the drained condensate,
but, the rate of this effect is smaller than the inflow of
non-condensables at the pipe bottom.

The modelling of thermal-hydraulic and physico-
chemical processes presented in Fig. 1 has to take into
account several phenomena and effects:

(a) The transport of hydrogen and oxygen and its
accumulation (the numerical results will show that the
accumulation starts at the pipe top and propagates
downwards) are the result of combined effects of non-
condensables diffusion and mixture convection. The
gas mixture convection is determined with the steam
condensation and its replenishment from the pipe open
bottom, with the interfacial drag between the gas mix-
ture and the draining liquid film, and with the buoyancy
forces caused by non-uniform fields of gas mixture tem-
perature and non-condensables concentration.

(b) It is assumed that the film condensation takes
place at the inner pipe’s wall. The condensation occurs
when the temperature of the inner wall surface is lower
than the steam saturation temperature determined with

the steam partial pressure. Due to the low heat flux rates
from the insulated pipe to the surrounding atmosphere,
the condensation rate is low, and consequently, the lig-
uid film thickness is low (in the section with numerical
results presentation it will be shown that the liquid film
thickness is of the order of tens of microns). The drop-
wise condensation is not considered. But, due to the thin
liquid film draining, it could not be completely excluded
that the liquid film may become unstable to cover the
whole pipe innerwall surface and dropwise condensation
may occur. The heat transfer coefficient under dropwise
condensation is higher than in case of film condensation,
but for here analyzed conditions this effect is not impor-
tant since the resistance of the pipe insulator is predom-
inant and determines the overall heat transfer coefficient.
Hence, the calculated amount of condensed steam would
not practically differ between cases of film and dropwise
condensation. In case of dropwise condensation, a ther-
mal-hydraulic interaction of the draining drops and the
gas mixture convection is complicated by the intermit-
tent time-dependent character of the dropwise condensa-
tion and the uncertainty associated with the location of
nucleation sites and the time when the largest droplet
will start its movement downstream. The approximation
of dropwise condensation with the film condensation
(under the same heat loss rates) should be regarded as
the averaged representation of the intermittent droplets
drainage. Further, it could be stipulated that for the long
time periods (several days or even months) and longer
pipe lengths (several meters and longer) the time-aver-
aged drainage of drops in the dropwise condensation
should impose nearly the same influence to the gas mix-
ture flow as the liquid film drainage.

(c) Absorption or degassing of non-condensables at
the liquid film surface takes place. It should be noted
that besides the non-condensables absorption, it is also
possible to have removal of non-condensable gases from
the liquid film to the steam-non-condensables mixture.
As it will be explained in the next sections, a direction
of the non-condensables transport at the liquid film sur-
face is determined with the dependence of the non-con-
densables saturation concentration in the thin liquid film
on the film temperature and on the non-condensables
concentration in the gas mixture (according to the
Henry’s law [21]).

3. Modelling approach

Governing equations are written for the mixture of
steam, hydrogen and oxygen, by assuming that these
chemical species are in thermal (same temperature)
and mechanical (same velocity) equilibrium. Since the
pipe geometry and boundary conditions are axisymmet-
ric, as presented in Fig. 1, the governing equations are
written in two-dimensional cylindrical coordinates. The
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same set of equations can be easily converted to a form
that models two-dimensional plane flow with the intro-
duction of the appropriate parameter n as shown below.

3.1. Mass, momentum and energy conservation equations
for the gas mixture

Mass conservation

Ooapa) | 1 a(mzﬂzy”vz)Jr ofzpzuz

ot V" oy

Momentum conservation
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Mixture energy conservation
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In Egs. (1)~(4) parameter n = 1 holds for axisymmetric
flow (cylindrical co-ordinates x — r) and n = 0 for plane
flow (Cartesian co-ordinates x — y). In case of axisym-
metric flow the y axis is identical to the radius r meas-
ured from the axis of symmetry, as it is indicated in
Fig. 1. Both cylindrical and Cartesian co-ordinates are
used in the numerical simulation in this paper. The index
2 denotes the gas mixture of steam, hydrogen and
oxygen. The parameters used in the above equations

are gas mixture volume fraction a,, gas mixture density
P2, gas mixture velocity components u, and v, in x and y
(or r) direction respectively, temperature 75, pressure p,
interfacial mass transfer rate at the liquid film surface
due to phase transition (condensation or evaporation
in general case) or absorption/degassing I', dynamic vis-
cosity o, specific heat ¢, thermal conductivity k,, and
enthalpy of species in interfacial transfer at the liquid
film surface /,, (enthalpy of condensing saturated steam
determined with the steam partial pressure, as well as
corresponding enthalpies of absorbing or degassing
hydrogen and oxygen).

The governing equations (1)—(4) are derived from [22]
for the conditions of flow with variable density, viscosity
and thermal conductivity. The gas mixture volume frac-
tion a, is introduced in order to take into account the
presence of two-phases—Iliquid film and gas mixture in
the zone adjacent to the wall. In the discretized govern-
ing equations (the control volume discretization is ap-
plied, as described in section Numerical solution
procedure) the gas mixture volume fraction equals 1 in
all control volumes except in the volumes that comprise
liquid film. Since very thin liquid films develop under
stated low heat fluxes to the surrounding atmosphere,
the liquid film is placed only in one column of control
volumes adjacent to the pipe wall. Hence, the gas vol-
ume fraction is less than 1 only in these boundary con-
trol volumes on the pipe wall (under the condition that
condensate film exists).

The volume fraction balance of the gas and liquid
phase is

o+ =1 (5)

where o represents liquid film volume fraction.
The sum of interfacial mass transfer rates in Eq. (1) is
written as

M
Zrm :Fcon+ra‘Hz +F¢z,02 (6)

m=1

The steam condensation rate is denoted as I'¢,,, while
terms I,pu, and [0, represent absorption (I',c>0,
¢=H,,0,) or degassing (I’ <0) rates of hydrogen
and oxygen per unit volume respectively. Components
of the gas mixture and liquid phase interfacial velocities,
where condensation, absorption or degassing takes
place, are denoted with u; and v;.

3.2. Conservation equations for non-condensables mass
fraction

Hydrogen and oxygen convection and diffusion in
the gas mixture are treated for each component sepa-
rately; therefore, the mass fraction conservation equa-
tion is written and solved for each non-condensable
component.
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The index ¢ in Eq. (7) denotes the non-condensable
component (hydrogen or oxygen).The non-condensable
mass fraction is denoted as g, while the diffusion coeffi-
cient of non-condensable component ¢ in the mixture of
gases is denoted with D..

3.3. Liquid film flow

The two-phase system presented in Fig. 1 is charac-
terized with the thin condensate film drainage on the
wall and the convection of steam — non-condensable
mixture within the pipe. The liquid film flow is modelled
with the well-known theoretical (and experimentally
firmly approved) results.

The condensate drainage at the vertical wall is mod-
elled according to the Nusselt solution of the condensa-
tion on the laminar liquid film. This approach is found
to be appropriate since the liquid film thickness consid-
ered in this paper is of the order of several tens of mi-
crons, hence the inertia force in the liquid film can be
neglected in comparison to the gravity and viscous force.
If the liquid film is introduced at the top of the vertical
plate and drained downward in the atmosphere of non-
condensable stagnant gas, the velocity profile predicted
with the Nusselt approach is reached after the entrance
length longer than 100-0,, where J, represents steady-
film thickness reached after the entrance length [24]. This
means that for the liquid film thickness of several tens of
microns, the entrance length along which the Nusselt
velocity profile is reached is of the order of several centi-
metres—the length that is negligible compared to the pipe
lengths of interest of several meters. The Nusselt ap-
proach is also derived under the assumption that there
is no interfacial drag between the vapour phase and the
liquid film. The theoretical results obtained with the per-
turbation method in [25] shows that the influence of the
condensing steam (that is stagnant far from the condens-
ing surface) on the liquid film velocity profile can be ne-
glected if the heat capacity parameter ¢ = ¢, 1,(T; — Ty,)/
A is lower than 0.2, and the acceleration effect parameter
&= k(T — Ty)/(u14) is close to zero (more exactly, it is
approximated to by less than 0.1). Both conditions are
satisfied in case of pure steam condensation. For instance,
at the pressure of 7MPa, and for the temperature differ-
ence across the condensate film of 0.5K, the parameters
have the following values ¢ = 5408 - 0.5/(1506 - 10%) ~
2-107%and & = 0.565 - 0.5/(94 - 107°1506 - 10*) ~ 2 - 107>,
The same conclusion can be derived for the condensation
of steam from the mixture with non-condensable gases,

since the thermo-physical parameters of the hydrogen—
oxygen-steam mixture are of the same order of magni-
tude as parameters of the pure steam. But, here derived
conclusion is not completely convincing, since the numer-
ical results presented in this paper shows that non-uni-
form non-condensables concentration and gas mixture
temperature fields induce buoyancy forces that exert
gas mixture convection. Therefore, the steam does not
condense from the stagnant volume of gas phase, instead
the natural convection of the gas mixture exists. In order
to estimate the influence of the steam natural convection
on the liquid film flow, the interfacial shear stress is com-
pared with the wall shear stress.

According to the Nusselt theory the wall shear stress
is calculated as

Tw = 1801 (8)
In one-dimensional approach to the internal flow, the
interfacial shear stress is calculated as [26]

2
5= fiw 9)

The interfacial friction coefficient for laminar flow con-
ditions is calculated as

16

i Res (10)

where the Reynolds number is calculated as

_ P wa—w | Dy
H

R62 (1 1 )
and the hydraulic diameter is Dy, ~ D.

From Egs. (8)-(11) the ratio of wall and interfacial
shear stresses is derived as

w__pgibD (12)
T Bup(uy — )

For the condensation of pure steam at the pressure
level of 7MPa in the pipe with diameter D =0.01m,
the ratio in Eq. (12) is estimated as
~740-9.81-50- 107°.0.01 23
T 8:20-107 |uy —uy |

Tw

T (13)

Numerical results presented in this paper shows that
the difference of the gas mixture velocity (calculated by
the numerical solution of the gas mixture two-dimen-
sional flow) and the liquid film velocity (calculated
according to the Nusselt theory) is surely lower than
0.5m/s. Hence, according to the relation given with
Eq. (13) the wall shear stress is at least 40 times higher
than the interfacial shear stress. This conclusion sup-
ports the application of the Nusselt theory for the calcu-
lation of the liquid film thickness and velocity, for the
conditions of pipe condensation investigated in this

paper.
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According to the Nusselt theory the liquid film thick-
ness is determined as [22-24]

) 1/3
5 = <L1;el> (14)
where

o
Rel = u‘l)—ll (15)
and

1 [
ul(sl :,0_1 L./condx (16)

Liquid film thickness ¢;, calculated with Eq. (14), is
the local value at the downward distance L from the lig-
uid film incipient. The integral on the r.h.s. of Eq. (16)
calculates the sum of steam that is condensed on the lig-
uid film from its beginning up to the downward length L
per unit width of the liquid film perimeter, Fig. 2. The
calculation of the liquid film parameters is performed
in the following order. First, the r.h.s. of Eq. (16) is cal-
culated. Than, the value of (u;0,) is introduced in Eq.
(15) and the liquid film Reynolds number is calculated.
Finally, the liquid film thickness is calculated with Eq.
(14).

The liquid film surface velocity is the liquid film max-
imum velocity and it is determined with [22-24]

3

ul,i :Eul (17)

and it is coupled with the gas mixture velocity under no
slip conditions at the film surface

Mz(}" = R) = Uy, and Vz(V = R) =0 (18)

B J con
4 /.:l_—_ '_
m 1

chondx
L

Fig. 2. Integration of condensing steam mass flux along the
liquid film height.

Due to the small liquid film thickness, the actual
position of the liquid film surface in Eq. (18) is approx-
imated with the position of the pipe wall, i.e.
r=(R — d;) = R. Due to the applied finite control vol-
ume solution method and formulation of the source
terms I, for the condensation and absorption in the
conservation equations (1)—(4), the suction of the steam
due to the condensation is taken into account in the con-
trol volumes that lay on the pipe wall through the calcu-
lated pressure field. Hence, the steam flow towards the
liquid film surface is not determined with the boundary
velocity v, at r = R.

3.4. Absorption and degassing of non-condensables on the
liquid film

The transport of non-condensables from the gas
mixture to the liquid film (absorption) and vice versa
(degassing) is a complex process that depends on the
non-condensables concentrations in the gas mixture
and liquid film, as well as on the liquid film temperature.
In case of thick liquid films, the non-condensables con-
centration and transport by the liquid film is modelled
with the conservation equation of the chemical spices
concentration, where the concentration of non-conden-
sables at the liquid film surface is saturated [27]. But,
in case of the thin liquid film, it is possible to replace
the time consuming solving of the multi-dimensional
conservation equations in the form of partial differential
equations with the algebraic closure laws.

It is shown here that for the thin liquid film flows, the
gas concentration within the liquid film reaches satura-
tion concentration at the short distance along the pipe.
This means that the saturation condition of the non-con-
densables concentration within the whole thickness of
the liquid film can be assumed, without taking into ac-
count the relaxation time of non-condensables transport
from the liquid film surface to the liquid film inside
layers or vice versa. The change of non-condensable
¢ = H,,0, mean mass fraction along the liquid film is
determined with [27]

dgc.l _ ja.c _ kL(gcJ‘j - gql)
dx 1Py u1 0y

(19)

where (g.1; — g..1), represents a difference of the non-
condensable mass fraction at the liquid film surface
and its mean value within the liquid film. In Eq. (19)
the absorption mass flux is calculated with

ja.c = kLpI(gc‘l‘i 7gc,l) (20)
where the interface mass transfer coefficient is denoted

as k. Introducing Eq. (16) in Eq. (19) and expressing
the integral in Eq. (16) with its mean value it is obtained

dgc,l _ kL(gc,l,j - gc‘l)pl 21
d'x jCOl’l'x
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Eq. (21) is integrated by assuming that the parameters
Ze.1i> kL, p1 and jeo, are constant along the observed lig-
uid film length. The following relation is obtained for
the difference between non-condensables mass fraction
at the liquid film surface and its mean value

_kLe
8e1i — &l _ (1) Jeon
(8c1i = &) X
From [27] it is estimated that k; ~ 107> = 10~* m/s. For
low condensation heat fluxes the condensation mass flux
is in the range joon ~ 107> + 10~*kg/m?s. The values of
ki and j, are of the same order of magnitude, and
equation (22) shows that the mean non-condensable
mass fraction in the liquid film reaches the saturation

value along the very short liquid film path due to the
high value of p; in the power on the r.h.s. of Eq. (22)

gc.lti — &1 ~ <x)7p1

_ocli el (2 0
(8e1i — 8e)wo X
Therefore, the relaxation time of non-condensable gas
transport within the liquid film can be neglected and
the saturation concentration of non-condensables across
the liquid film thickness can be assumed, i.e. g1 ~ gc.1.i-
This conclusion is utilised for the prediction of the
absorption/degassing mass flux of non-condensables at
the liquid film surface.

The mass conservation of non-condensables in the
liquid film is

a(élplgc,l) a(51.01"lz‘>’c,1)

e = 24
Jac T o (24)

(22)

(23)

Since the relation g.; &~ g.1,, holds, the mean non-con-
densables mass fraction at certain distance along the lig-
uid film x is predicted from the empirical relation
formulated in the form of Henry’s law, which states that
the molar fraction of absorbed gas at the liquid film sur-
face x 1, is related to the non-condensable partial pres-
sure in the gas mixture p.

Pe

H. (25)

Xeli =
where H. is the Henry’s constant for the non-condensa-
ble ¢. By introducing the simple relation between non-
condensable molar and mass fractions
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and the relation between the non-condensable mass frac-
tion and partial pressure in the gas mixture

M,

— 27
Pe=8el (27)
Eq. (25) is transformed in the following form:

P M2
—g L 28
&e.l 82 Hc Ml.i ( )

where M denotes the molar mass.
Henry’s constant Hp, of oxygen in water is calculated
with the correlation from [21]

Ho, = exp[Q; + Op + Q3P2 + (04 +Osp+ QePZ)T
+ (07 + Op + Qop")T*
+(Q1p+ Qnp+ Qpp’) InT]

In Eq. (29) pressure p represents the partial pressure of
oxygen in the gas mixture and it is expressed in bars.
Temperature T is predicted as liquid film temperature,
which is assumed to be equal to the steam saturation
temperature determined by the steam partial pressure
in the gas mixture, and it is expressed in (K). Coefficients
in Eq. (29) are listed in Table 1. Calculated values of the
Henry’s constant are shown in Fig. 3 for pressures of
0.6 MPa and 7MPa. Obviously, the Henry’s constant is
temperature dependent, while its dependence on pres-
sure is weak. Data on the Henry’s constant of hydrogen
in water at elevated pressures and temperatures are not
available in the open literature, while the relative differ-
ence of hydrogen to oxygen Henry’s constant for water
is approximately 10% at moderate pressures and temper-
atures [23]. Thus, the Henry’s constant of hydrogen in
water is assumed to be equal to that of oxygen, and it
is determined also with Eq. (29).

Calculating the absorption mass flux with Eq. (24),
the absorption rate is calculated as

Fa‘c :ja‘cAi/VCV
where A4; is the interface surface within the control vol-

ume, while Vv denotes a value of the numerical control
volume.

(29)

(30)

3.5. Transient heat conduction in the pipe wall and
insulator

R M, (26) Heat can be transferred from the mixture of non-con-
oli = 8el M, densables and steam to the pipewall by the mechanisms

Table 1

Coeflicients in Eq. (29) for the calculation of Henry’s constant of oxygen in water

Coeff. Value Coeff. Value Coeff. Value Coeff. Value

0, —2.10973 x 10? 0, —2.02733x 107! 0, 9.77301 x 1073 Oio 479875 x 10"

0> 2.32745 % 10° 0s 245925 %1073 Os —1.43857x10°° on —5.14296 x 107!

0; —1.19186 x 1072 06 —1.21107x 1073 0o 6.84983 x 10~° 01> 2.61610 % 1073
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Fig. 3. Dependence of Henry’s constant on pressure and
temperature.

of steam condensation and convection or only by con-
vection. Condensation exists if the local steam satura-
tion temperature at the pipe wall (determined with the
local steam partial pressure in the gas mixture) is higher
than the inner pipe wall surface temperature. The inner
pipe wall temperature and heat losses to the surrounding
atmosphere are determined by the transient axial and ra-
dial heat conduction in the pipe’s wall and insulator. In
order to predict transient temperature field in the pipe’s
wall and insulator, a two-dimensional heat conduction
equation is solved

a(pkcpvak) 1 6 aTk 8 aTk

e 1 (LS R (S S D
where index ‘k” denotes pipe wall (k = w) or pipe insula-
tor (k = in). Pipe’s wall and insulator parameters are: 7,
temperature; p, density; c,, specific heat, and k is ther-
mal conductivity. Parameter n = 1 holds for axisymmet-
ric flow in a pipe (cylindrical coordinates), while n =0
holds for plane flow (Cartesian coordinates).

Eq. (31) is solved for the prescribed boundary condi-
tions. At the pipe wall top and bottom boundary, tem-
perature is prescribed (symbols are depicted in Fig. 4)
TW:TW,T atx:xT, yw1<y<yw2

(32)
TW:TW,B at x = xg, Yl <Y <Vw2

or the adiabatic conditions are applied

oT.
a—WZO at (x=xrorx=xp) and y, <y <y

X

(33)

The insulator top and bottom boundaries are adiabatic
aTin

3 =0 at(x=xrorx=uxp) and y, <y <y,

X

(34)

The conduction and convection heat fluxes at the insula-
tor outer surface are equal
oT;,

kinE:hatm(TinfTatm) ath <x <xr, Y:Yin

(35)

Insulator Wall

Top

XT

halm =

Bottom
XB

Fig. 4. Characteristic dimensions of the pipe wall and insulator.

where /1,4, s the heat transfer coefficient due to convec-
tion from the insulator surface to the air atmosphere of
temperature 7.

Pipe inner wall boundary condition, in case without
steam condensation, is determined with the equality of
the heat fluxes on the gas mixture and wall side
kz%:kw% at xp < x < X7, ¥ = Yy (36)
where k, is the thermal conductivity of the gas mixture
at the wall surface, and 75 is the gas mixture tempera-
ture. In case with the condensation on the wall inner sur-
face, the wall inner surface temperature is equalised to
the liquid film temperature in the control volume on
the wall

Tw=T1 atxg<x<xr, ¥y=yy (37)

For the flow of the thin liquid film (several tens of mi-
crons, as it is the case for vertical non- vented pipes),
the temperature drop across the liquid film thickness is
neglected and the wall inner surface is equalised to the
steam saturation temperature

Tw=T1; =Tt Pgeam) atxp <x<xr, y=yy (38)

The boundary condition stated with Eq. (38) neglects the
temperature jump on the gas mixture-liquid film inter-
face. This assumption is justified for atmospheric or
higher pressures [28]. The steam partial pressure pgicam
in Eq. (38) is determined with the Dalton’s law

Psteam = P — Pr2 — Po2 (39)
and the partial pressures of hydrogen and oxygen are
determined with Eq. (27). The mass fractions of non-
condensables at the liquid film surface are the results
of the solving of the conservation equations for non-
condensables mass fraction, Eq. (7).

Since the thin liquid film resistance to heat transfer is
neglected, the condensation rate (in cases when conden-
sation exists) is determined with the heat conduction at
the inner wall surface as



92 V.D. Stevanovic et al. | International Journal of Heat and Mass Transfer 48 (2005) 83-103

0Ty
Fcon = kw (a_) Al/(}VCV) (40)
y Y=Vwi
The possibility that a part of the pipe length is not
covered with the insulator or that there is no insulator
at all around the pipe wall is included in the model.

3.6. Calculation of gas mixture thermo-physical
parameters

Density of the gas mixture is calculated as the sum of
the component densities

P2 :psteam+p02 +pH2 (41)

Steam density is calculated as a function of tempera-
ture and pressure with appropriate polynomials devel-
oped on the basis of steam tables [29]. Oxygen and
hydrogen densities are calculated from the ideal gas
law. Gas mixture and component densities are depicted
for two pressures in Figs. 5 and 6, assuming that the
steam is saturated, that the mixture components are in
the thermal equilibrium, and that the mole ratio of
hydrogen to oxygen is 2:1 (this mole ratio is determined
by the radiolysis of the water molecules, as will be ex-
plained later on). The gas mixture density-temperature
dependencies for the highest temperatures of 285.8°C
at 7MPa and 158.8°C at 0.6 MPa correspond to the neg-
ligible amount of hydrogen and oxygen in the mixture.
With the non-condensables concentration increase, the
steam partial pressure is decreased and the steam satura-

3.5
o 3 y Mixture
5 2,51 /\—/
E 127 Oxygen
2 -1 Saturated steam —»>
w Hydrogen
Qos5{ _¥
0 ; T T T T T
20 40 60 80 100 120 140 160

TEMPERATURE / °C

Fig. 5. Gas mixture and components densities at 0.6 MPa.
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Fig. 6. Gas mixture and components densities at 7MPa.

tion (i.e. gas mixture) temperature is decreased. The mix-
ture density curve has a minimum, for 0.6 MPa the
minimum is located at approximately 95°C and for
7MPa at approximately 185°C.

In the calculation of diffusion coefficients in the ter-
nary steam-—oxygen—hydrogen gas mixture, the appro-
priate coefficients of diffusion in binary mixtures are
calculated first with the Gilliland relation [30]

Ty? 11

D,=4357-10%— 2 [ 4+
! p(VIP VP M M;

(42)

where V; and V;, are the molecular volumes of constitu-
ents i and j, Table 2. Diffusion coefficient D;; is calcu-
lated in (m?/s), gas mixture temperature 7T is expressed
in (K), pressure p is the total gas mixture pressure in
(Pa), and the molar weight M is expressed in (kg/k mole).

The diffusion coefficient of component ¢ in a multi-
component gas mixture (three or more components
in the mixture), D,, is calculated with the Wilky’s formula
[31]

-1
8 &
D.=Y L (=2 43
=S (i) )
j#c J=

The specific heat of the multi-component gas mixture
is calculated as [22]

m

Cpr = chcp.c (44)
c=1

The dynamic viscosity i, and thermal conductivity k-
of the multi-component gas mixture are calculated as
recommended by Bird et al. [22]

- Xil
o= (45)
=Y dy
=1
and
m xlk’
k=Y % (46)
=l Y XDy
=1
where

B 1/2 2
1 M, 1/2 . M A
2= (1 + ﬁ) 1+ (Z) (ﬁf) (47)
J J !

In Egs. (44)—-(46) m denotes the number of components
that forms a gas mixture, and x is the molar fraction.

Table 2

Molecular volumes

Hydrogen, molecule (H,) 14.3
Oxygen, molecule (O5) 7.4
Water 18.8
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4. Numerical solution procedure

The SIMPLE type [19] numerical algorithm is ap-
plied to the solution of governing partial differential
equations (1)-(4), (7), (31). A discretization of these
equations is carried out by their integration over control
volumes of variable size in the two-dimensional Carte-
sian or cylindrical coordinate system. Non-condensables
mass conservation equations, gas mixture energy conser-
vation and pressure correction equation are integrated
over scalar control volumes, while the gas mixture
momentum conservation equations are integrated over
staggered control volumes. The convective and diffusive
terms at the control volume boundaries are determined
with the power law numerical scheme as presented in
[19]. Fully implicit time integration is applied. The
pressure field is calculated according to the modified
SIMPLE numerical method presented in [20], which
takes into account the presence of two phases—liquid
and gas. The resulting set of difference equations is
solved with the Alternating Direction Implicit (ADI)
method.

The iterative calculation procedure is performed as
follows:

1. Gas mixture temperature field (Eq. (4)), pipe’s wall
and insulator temperature fields (Eq. (31)), non-con-
densables’ mass fractions (Eq. (7)) and liquid film
parameters Eqs. (14)—(17) are calculated for scalar
control volumes.

2. Gas mixture velocity components are calculated for
staggered control volumes (Egs. (2) and (3)).

3. Pressure correction equation is solved for scalar con-
trol volumes (pressure correction equation is
obtained by introducing the velocity components of
gas mixture, expressed from momentum equations
(2) and (3), and liquid film velocity from Eq. (14)-
(16) into the mass conservation equation (1) [19,20]).

4. The velocity field is corrected with the corrected pres-
sure values.

5. If the error of the mass balance in all scalar control
volumes is not lower than the prescribed value and
the number of outer iterations is lower than the pre-
scribed integer, the program execution is returned to
step 2. Otherwise, the program execution is continued
with the next step.

6. If the error of the mass balance in all scalar control
volumes is lower than the prescribed value, the pro-
gram execution is continued with the next step, other-
wise the time step is divided by two, the current values
of dependent variables are equalised to the initial ones
and the program execution is returned to step 1.

7. The time is increased, new values of dependent vari-
ables are assigned to initial ones for the new time step
of integration and the physical properties are updated
with the new values of the dependant variables.

8. If the end of the transient is reached the program exe-
cution is stopped, otherwise the program execution
continues with step 1.

The convergence of the numerical procedure is
achieved by performing the calculation within the pre-
scribed errors for inner and outer iterations. The set of
algebraic equations obtained by the discretization of
one conservation equation is solved within the inner iter-
ations. The inner iterations are performed until the max-
imal difference of calculated dependent variable in two
consecutive iterations in all control volumes is not less
than prescribed error. This criterion is satisfied in the
calculation of all variables. The outer iterations are ap-
plied to the solving of all sets of discretized governing
equations. By the solving of pressure correction equa-
tion, the maximum error of mass balance for all scalar
control volumes is determined. The outer iterations are
performed until the maximum mass balance error is
not lower than the prescribed error. If this criterion
can not be satisfied for certain acceptable number of
outer iterations, the time step of integration is reduced
by two and the solution procedure is repeated as de-
scribed in previous section.

The stability of the numerical procedure is satisfied
by calculating the time step of integration according to
the Courant criterion

At < min (g&) (48)
u i

v

where i and j denotes counters of the control volumes.
Both gas mixture and liquid film velocities are consid-
ered in Eq. (48). Although the implicit time integration
method is applied, the restriction of Eq. (48) that the
fluid particle propagates only within the control volume
in one time step of integration is imposed in order to
track the non-condensables concentration front. Numer-
ical simulations showed that even one-tenth of the time
step calculated with the r.h.s. of Eq. (48) must be applied
in order to preserve required accuracy in transients with
large concentration differences. The transient heat con-
duction is less restrictive regarding the stability and
accuracy of numerical calculation.

5. Verification, results and discussion of the proposed
modelling approach

5.1. Steam-air flow over a vertical plate

As a part of the verification of the developed model
and applied numerical method, a prediction of the heat
transfer coefficient for the condensation on a flat plate
in the presence of a non-condensable is performed.
The downward external flow of steam-air mixture is
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observed over the uniformly cooled vertical plate (Fig.
7—obtained by the numerical simulation and represents
the flow conditions). A boundary layer flow of steam-air
mixture is formed over the liquid film. The grid refine-
ment tests show that grid independent results are ob-
tained for the length of the control volume of 0.2m in
the stream wise direction and with 50 control volumes
within the width of 0.3m, where the control volume
width is gradually decreasing towards the plate, as
shown in Fig. 8. A flow of steam-air mixture with uni-
form velocity is directed towards a vertical plate at the
plane x = Om in Fig. 7. On the left boundary of the flow
domain, which is on a sufficient distance from the verti-
cal plate to completely comprise velocity, temperature
and non-condensable concentration boundary layers
(at y = 0m in Figs. 7 and 8), the velocity boundary con-
ditions are

%}2:0 and v, =0 (49)

At the flow domain outlet at x = 2m in Figs. 7 and 8, the
velocity boundary conditions are

%:0 and %:

5 5 =" (50)

The liquid film drains on the plate due to the steam
condensation. The liquid film velocity and thickness
are determined with Egs. (14)—(17), and the gas mixture
boundary velocities at the liquid film surface with Eq.

0 1.0
m/s
0.5 T/°C
Pm 918
E 91.5
— 91.2
510 L 909
o 90.6
T 90.3
90.0
1.5
2.0

THICKNESS /' m

Fig. 7. Velocity and temperature fields in two-dimensional
plane flow of steam and air mixture over vertical plate (air mass
fraction of 0.4).
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Fig. 8. Numerical grid with 30 x 50 control volumes in x—y
directions for the simulation of external steam-—air flow over
uniformly cooled vertical plate (10 upstream and 9 downstream
rows of control volumes are not shown for the sake of more
detailed presentation in the plate region).

(18). Gas mixture temperature and air mass fraction
are specified at x = O0m, while at the outlet x = 2m and
far from the plate at y = Om it holds

%:0 and %:0 (51)
where n is the co-ordinate normal to the boundary
plane. The condensation takes place in the control vol-
umes that lay on the vertical plate (as it was already sta-
ted, the liquid film is thin and it is whole comprised in
the control volumes that lay on the wall), so, the gas
mixture temperature in these control volumes is equal
to the steam saturation temperature determined by the
local steam partial pressure. The adiabatic condition as
given with Eq. (51) is applied for the air mass fraction
at the plate wall. The plate is cooled with the constant
heat flux of 500 Wm 2. The total inlet steam air pressure
is 0.1 MPa. The air thermo-physical parameters are pre-
scribed according to [22,23].

Due to the condensation in the presence of non-con-
densable air, the air concentration near the liquid film
surface is increased, the steam partial pressure is de-
creased and, consequently, the saturation temperature
of condensing steam is decreased. The results of the
numerical simulation in Fig. 7 clearly show the forma-
tion of the velocity and temperature boundary layers
on the vertical plate. Numerically predicted mean heat
transfer coefficients for 2m long plate are compared with
the predictions of engineering correlations of Uchida [7],
Tagami [8], and MIT correlation [9] for the range of air
mass fractions from 0.1 to 0.9, Fig. 9. The mean heat
transfer coefficient is calculated as
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Fig. 9. Comparison of the condensation heat transfer coeffi-
cient of steam in the presence of air calculated with the HELIO
code and engineering correlations.

1
h:Z/Lhdx (52)

where L represents plate length. The characteristic
dimension in the definition of the Reynolds number de-
picted in Fig. 9 is the vertical plate length L, thus Re =
U, Llv. Fig. 9 shows that the numerically predicted re-
sults are dependent on the Reynolds number. Good
agreement is obtained with the Uchida and Tagami cor-
relations for the Reynolds number of 0.7 x 10*. The
MIT correlation gives higher values for air mass frac-
tions lower than 0.8, which can be attributed to the fact
that the MIT correlation is developed for the turbulent
flow over the vertical plate, characterised with the Reyn-
olds numbers higher than approximately 5x 10° [23]
(obviously the numerical results presented in Fig. 9 are
obtained for the laminar flow regimes for Reynolds
numbers of 0.7 x 10* and 1.3 x 10%).

The results presented in Figs. 7 and 9 are obtained
with the mass balance error for each control volume less
than 107'° kgs™".

5.2. Dynamics of hydrogen and oxygen accumulation in a
vertical non-vented pipe

A vertical pipe 2m long and with an inner diameter
of 0.03m is open at the bottom and closed at the top,
Fig. 10. The pipe wall thickness is 0.003 m, and its insu-
lation thickness is 0.02m. The pipe wall parameters are:
thermal conductivity 15Wm™'K~', specific heat
500Jkg 'K ! and density 8000kgm 3. The insulator
parameters are: thermal conductivity of 0.05Wm™ 'K,
specific heat 800Jkg™'K~' and density 300kgm—>. The
coeflicient of heat transfer from the insulator outer sur-
face to the ambient air of 40°C is 5Wm 2K . Initially,
the pipe is filled with the gas mixture of saturated steam
and a small amount of hydrogen and oxygen with the
mass fractions of 2.5x 107> and 20.0x 1073, respec-
tively. The total gas mixture pressure is 7 MPa. The pipe
is connected at the bottom with a large volume filled
with the steam-hydrogen—oxygen mixture at the same
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Fig. 10. Numerical grid with 100 x 20 control volumes inside
pipe, 100 x 5 in pipe wall and 100 x 10 in insulator.

pressure. The mass fractions of hydrogen and oxygen
at this boundary are constant and equal to the initial
mass fractions in the vertical pipe.

The grid refinement tests have shown that practically
grid independent results are obtained for 100 x 20 con-
trol volumes inside pipe in (height x width) directions
respectively, 100 x 5 control volumes in the pipe wall,
and 100 x 10 in the insulator. The following boundary
conditions are applied. Components of the gas mixture
velocity are zero at the pipe top, at the pipe axis of sym-
metry the velocity boundary condition is given with Eq.
(49), for the pipe bottom Eq. (50) is applied. Due to the
heat losses to the surrounding the condensation occurs
and the water film drains along the inner pipe wall.
The liquid film and gas mixture parameters in the con-
trol volumes that lay on the pipewall are determined
as in the test case presented in the previous Section
5.1. Gas mixture temperature and air mass fraction are
specified for the inlet gas mixture flow at the pipe bot-
tom, while for the axis of symmetry and for the pipe
closed top end Eq. (51) holds. Pipe wall and insulator
boundary conditions are described in Section 3.5. Pipe-
wall temperature at the bottom end is equal to the gas
mixture inlet temperature, while the pipe top end is adi-
abatically insulated. Both insulator ends in axial direc-
tion are adiabatically insulated. In order to avoid
counter-current gas mixture and liquid film flow at the
pipe open bottom end, which leads to calculation insta-
bility and substantial increase of the calculation errors
of the velocity field, it is assumed that the pipe is adia-
batically insulated 0.3m from the bottom and the whole
liquid film flow is removed in the control volume at the
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Fig. 11. Temperature field in the gas mixture, pipe wall and
insulator of the vertical non-vented pipe open at the bottom
and closed at the top after 2.78h of accumulation.

location of 0.3m from the pipe bottom. These boundary
conditions enable stable and accurate numerical tran-
sient simulation, without the influence on the dynamics
of the hydrogen—oxygen accumulation within the pipe.

Fig. 11 shows the temperature field in the gas mix-
ture, pipe wall and insulator, as the result of the tran-
sient calculation of conjugate heat transfer in the gas

mixture and solid walls. The temperature fields are cou-
pled and show both radial and axial heat conduction.
Due to the hydrogen—oxygen accumulation from the
pipe top, a zone of lower temperature is formed from
the pipe top down to the height of approximately
1.35m. The corresponding hydrogen and oxygen mass
fraction and gas mixture temperature fields are com-
pared in Fig. 12. It is shown that these fields are strongly
coupled. The temperature front is located at the same le-
vel as accumulated non-condensables front. The ratio of
accumulated hydrogen to oxygen mass fraction is shown
in Fig. 13. Approximately constant value of 0.125 is ob-
tained, which correspond to the initial and boundary
hydrogen to oxygen mole ratio of 2:1. This ratio is deter-
mined by the process of water molecule radiolyses—the
H>O molecule is separated into H, and O, where oxygen
atoms are recombined into O, molecules, and the proc-
ess results into 2:1mole ratio. Corresponding mass frac-
tions are calculated as follows. The hydrogen mass
fraction is

1\41—[2X|—[2

= 53
8, Mu,xu, + Mo,xo0, + Mn,0xn,0 (53)
The oxygen mass fraction is
Mo,xo
g0, = (54)

 Muy,xn, + Mo,xo0, + Mu,oxm,0
Dividing Eq. (54) with Eq. (53) and introducing 2:1 mole
ratio of hydrogen to oxygen as

tz
o 55
(59)
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Fig. 12. Hydrogen and oxygen mass fractions and gas mixture temperature after 2.78h of accumulation.
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Fig. 13. Hydrogen and oxygen mass fraction profiles along the
pipe centerline after 2.78h of accumulation.

and the molar weights of hydrogen My, = 2kgkmol !,
oxygen Mo, =32kgkmol™' and steam My,o =
18kgkmol™!, the ratio of hydrogen to oxygen mass frac-
tions is obtained as

&y,
go,

=0.125 (56)

which is the same value as the results of the complex
numerical prediction depicted in Fig. 13. In the experi-
mental investigation of the non-condensables accumula-
tion in the long complex pipeline, performed within the
investigation of the nuclear power plant incident [1], it
was showed that the initial and boundary mole ratio
2:1 of non-condensable gases is preserved during the
transient in all points of the experimental pipe. Here pre-
sented numerical results verifies that the developed HE-
LIO code is able to predict the right mole ratio of
radiolytic gases during the long duration of transient,
and within the whole calculation domain with intensive
changes of radiolytic gases concentrations.

Fig. 14 shows a typical gas mixture velocity field in
the pipe during the non-condensables accumulation.
The shear stress at the liquid film surface causes the
downward gas mixture flow in the vicinity of the wall.
The condensing steam is being replenished with the inlet
gas mixture flow from the open pipe bottom. As the
steam is being condensed on the wall, the intensity of
the gas mixture velocity is reduced along the pipe.

Fig. 15 shows the results of the grid refinement tests.
The numerical results do not depend on the grid in the
initial period of the transient (as it is shown by temper-
ature profiles after 1.39h). But the dependence on the
grid refinement is more and more pronounced as the vol-
ume of the accumulated non-condensables is increased
(the strongest dependence of the calculated temperature
profile on the grid refinement is observed after 4.44h
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Fig. 14. Gas mixture velocity field in the vertical pipe closed at
the top and open at the bottom after 1.39h of the non-
condensables accumulation due to the condensation.
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Fig. 15. Temperature profiles along the pipe centerline calcu-
lated with different numerical grids.

when the concentration front reaches the level of
approximately 0.5m).

The stronger dependence of the calculated tempera-
ture fields on the grid refinement in the later periods
of the transient is caused by the formation of vortexes
in the zone of concentration front and within the vol-
ume of accumulated non-condensables, Fig. 16. One
vortex exists at the top of the pipe during the initial per-
iod of the hydrogen—oxygen accumulation, Fig. 16a.
Two vortexes with opposite directions of rotation are
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Fig. 16. Temperature and velocity fields in the vertical non-vented pipe at several instants during the non-condensables accumulation

transient and at different elevations.

formed in the later period of the transient, one at the
top of the pipe and the other across the front of non-
condensables concentration, Fig. 16b. Further, the vor-
tex across the concentration front is enlarged, Fig. 16c.
During the last period of the transient a complex flow
structure is formed across the concentration front and
within the volume of accumulated non-condensables,
Fig. 16d. Below the concentration front, the gas mixture
flow at the immediate vicinity of the wall is directed
downwards due to the shear with the draining liquid
film, while further from the wall the gas mixture flows
upwards and replenishes the condensing steam, Fig.
16e. Near the pipe bottom the recirculation of the
descending gas mixture occurs, Fig. 16f. The presented
flow structures are the result of three effects: the shear
of the gas mixture and liquid film, the suction of the
steam from the gas mixture due to the condensation

on the liquid film surface and its replenishment with
the inlet gas mixture, and the convection due to the
buoyancy forces induced by the gas mixture density var-
iations within the flow field. The density differences and
corresponding buoyancy forces are caused by the non-
uniformity of the hydrogen and oxygen concentrations
and temperature fields. It was already shown in Fig. 6
that the mixture temperature decrease (from its initial
value that corresponds to the state with low concentra-
tion of non-condensables) leads first to the decrease of
the gas mixture density, and after passing through the
minimum, to the increase of the density. It should be
stated that the calculated temperature field is close to
the steam saturation temperature field determined with
the steam partial pressure field (differences between local
calculated gas mixture temperatures and steam satu-
rated temperatures are lower than 1°C). This means
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that the relation given in Fig. 6 can be applied to the
analyses of here obtained results. The buoyancy forces
have the domain influence on the formation of vortexes
within the accumulated non-condensable volume and
across the non-condensables front (Fig. 16a-d). Tem-
perature field presented in Fig. 16a is in the range be-
tween 180°C and 270°C. In this range the gas—mixture
concentration increase and temperature decrease, as
presented in Fig. 6. Since the non-condensables concen-
tration is higher and the temperature is lower near the
pipe wall due to the condensation (Fig. 16a), the gas
mixture density is lower near the wall, and the gas mix-
ture ascends along the cooled wall and the vortex is
formed at the pipe top. The temperature fields in Fig.
16b-d are in the range below 185°C, which means
according to Fig. 6, that the gas mixture density in-
creases with the non-condensables concentration in-
crease and temperature decrease. Hence, the induced
buoyancy forces lead to ascending flows in the higher
temperatures areas (due to lower densities), and to
descending flows in lower temperature areas (where den-
sity is higher).This circulation direction is clearly
demonstrated in the areas of non-condensables concen-
tration fronts in Fig. 16b and c¢. The vortexes across the
concentration front and within the accumulated volume
in Fig. 16b and c rotate in opposite directions. Also,
these directions of rotation changes during the transient,
in Fig. 16b gas mixture ascends along the wall at the
non-condensable front location, while in Fig. 16¢c gas
mixture descends at this location. This behaviour leads
to complex flow structure in the later period of the tran-
sient when the volume of accumulated non-condensa-
bles is enlarged, as presented in Fig. 16d.

Liquid film parameters are shown in Fig. 17. Liquid
film mass flow rate is increasing from the pipe top due
to condensation, Fig. 17a, except at the location of the
non-condensables concentration front between 1.38m
and 1.5m (this concentration front is shown in Fig.
16b which corresponds to the same time instant). At
the stated location the wall inner surface temperature
is higher than the steam saturation temperature deter-
mined with the steam partial pressure, which means that
the condensation is stopped at this short distance. The
liquid film thickness and velocity are gradually increas-
ing from the pipe top, with a certain disturbance at the
location of the concentration front (Fig. 17b and c).
Fig. 17d shows the mass flux of absorbing oxygen at
the liquid film surface. The absorption is practically
stopped below the condensation front since the hydro-
gen and oxygen mass fractions are much lower in this re-
gion (close to the inlet boundary value of 22.5x 1073)
than mass fractions in the volume of accumulated non-
condensables above the concentration front (which is lo-
cated at approximately 1.5m).

The results presented in this Section are obtained
with the mass balance error of 1072 kgs ! for every con-
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Fig. 17. Liquid film parameters after 2.78h of non-condensa-
bles accumulation (from top to bottom: liquid film mass flow
rate, liquid film thickness, velocity and oxygen absorption mass
flux at the liquid film surface).

trol volume. The calculation of 4.5h transient with
100 x 20 control volume lasts approximately 200h on a
PC computer with 1.7 GHz processor.
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5.3. Simulation of radiolytic gasses accumulation in a long
pipe of a nuclear power plant auxiliary system

A temperature decrease at the top of a vertical pipe
due to the radiolytic gases hydrogen and oxygen accu-
mulation was recorded at an auxiliary system of the nu-
clear power plant and reported in [3]. The pipe was 16m
long and its inner diameter was 0.34m. The pipe top was
closed, while the bottom was opened and connected
to the rest of the system at the total pressure of
0.6 MPa. The pipe wall thickness was 0.008 m. It is esti-
mated that the pipe was without insulator 2m from the
top, while the rest of the pipe had an insulator of 0.08 m
thickness. The thermo-physical parameters of the pipe
wall were as follows: thermal conductivity I5Wm 'K ™!,
specific heat 500Jkg 'K ™!, and density 8000kgm >
Insulator parameters were: thermal conductivity
0.042Wm 'K, specific heat 800Jkg71K71, and den-
sity 300kgm . The initial mass fractions of hydrogen
and oxygen were 2.5 x 10~® and 20.0 x 107°, respectively.
The temperature was measured with a thermocouple
placed on the non-insulated outside wall of the pipe
0.05m from the pipe top.

The half of the pipe geometry from the axis of sym-
metry to the outside surface of the insulator is modelled
in cylindrical co-ordinates. Applied numerical grid con-
sists of 100 x 10 control volumes inside pipe in axial and
radial direction, 100 x4 control volumes in the pipe
wall, and 100 x 4 control volumes in the insulator. The
control volumes are equally spaced in radial direction in-
side pipe, in the wall and insulator, but non-uniform
grid is applied in axial direction, Fig. 18, in order to min-
imise the required computer calculation time. The en-
trance length of 2m from the pipe bottom is
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Fig. 18. Numerical grid for the simulation of radiolytic gases
accumulation at the Nuclear Power Plant.

discretized with 10 uniform control volumes in axial
direction (Fig. 18), then 30 control volumes with gradu-
ally increasing length are placed within next 10.75m, 30
control volumes with gradually decreasing length are
placed in next 4.75m, and the last 0.5 are modelled with
equally spaced 30 control volumes. The finest grid is ap-
plied at the pipe top with the aim to calculate the hydro-
gen and oxygen accumulation in the short distance from
the pipe top and to reduce the concentration and tem-
perature front smearing in this zone. The number of
control volumes was not further increased, since the sim-
ulated transient time period is long (40 days), and fur-
ther substantial increment of control volumes would
require very long computational times, which would
not be justified by the accuracy of obtained results.
The applied boundary conditions are the same as in
the previous calculation presented in Section 5.2.

Also, in order to reduce the long computational time,
the simulations are performed with 50, 300 and 1000
times higher initial and boundary mass fraction of
non-condensables than the real value of 22.5x 107° at
the plant. The calculated simulation time is linearly in-
creased according to the increase of the initial mass frac-
tion, and the obtained results are shown in Fig. 19 (for
instance, 50 times increment of initial and boundary
mass fraction of hydrogen and oxygen is also accompa-
nied with 50 times increment of the simulation time, this
also mean that the required computational time is re-
duced approximately 50 times). It is shown that the re-
sults obtained for 50 times higher non-condensables
initial/boundary mass fractions give the closest agree-
ment with the measured data, while the results obtained
with 300 times and 1000 times higher mass fractions
overpredict the measured data. The reason that the lin-
ear time scale cannot be applied is the non-linear behav-
iour of the gas mixture convection. Velocity fields in
cases of 50 and 1000 times increased initial/boundary
mass fractions are shown in Figs. 20 and 21 respectively.
In case of 50 times initial/boundary mass fractions in-
crease, the recirculating flow is formed, with ascending
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Fig. 19. Comparison of measured and calculated data. Calcu-
lations are performed for different initial and boundary mass
fractions of radiolytic gases, time is linearly scaled with the
mass fraction.
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Fig. 20. Velocity profile for the initial/boundary mass fraction
of radiolytic gases equal to 1.125x 1073,
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Fig. 21. Velocity profile for the initial/boundary mass fraction
of radiolytic gases equal to 22.5x 1073,

flow in the pipe core and descending flow at the pipe
wall. Descending flow at the pipe wall is the result of
the gas mixture-liquid film shear. In case of 1000 times
non-condensables initial/boundary mass fraction incre-
ment the ascending gas mixture flow is moved towards
the pipe wall, while in the pipe core the mixture is nearly
stagnant. Such behaviour is the result of more intensive
change of gas mixture density near the wall, and corre-
sponding more intensive buoyancy forces in this zone
than in the case of 50 times initial/boundary non-con-
densables mass fraction increase. Hence, the results in
Fig. 19 show that up to 50 times increment of initial
and boundary non-condensables mass fraction is accept-

able with the aim to reduce the necessary computational
time. Since the measured data in Fig. 19 were obtained
for the long time period at the plant (during which same
of the ambient or boundary conditions could be chan-
ged—details about the ambient and other boundary
conditions were not recorded at the plant), and with
the accuracy of the industrial measurement, the agree-
ment between calculated and measured temperatures is
acceptable.

The calculation of the results presented in Fig. 19 for
1.125 x 10~ initial mass fraction of non-condensables is
performed with the mass balance error of 10 °kgs™" for
every control volume. The calculation of the 38h tran-
sient lasts approximately 90h on a PC computer with
1.7 GHz processor.

6. Conclusion

A complex thermal-hydraulic and physico-chemical
two-dimensional model is presented for the prediction
of hydrogen and oxygen accumulation induced by the
steam condensation in the vertical non-vented pipe.
The mass, momentum and energy balance equations
are stated for the gas mixture flow by taking into ac-
count that two phases exist near the pipe’s wall due to
liquid film drainage. Hydrogen and oxygen convection
and diffusion in the mixture with steam are described
with the mass fraction conservation equations, which
are written for each non-condensable. In order to im-
prove the efficiency of the developed method and to re-
duce time consuming computations of long transient
accumulation processes, the condensate liquid film flow
is modelled according to the Nusselt theory. The applied
shear free boundary conditions at the liquid film surface
are justified for the conditions of natural convection in
the pipe during non-condensables accumulation. The
saturated concentration of non-condensables in the thin
liquid film is justified and the mass absorption rate of
non-condensables is predicted by solving the mass frac-
tion conservation equation for the liquid film and by
applying the Henry’s law. Transient radial and axial heat
conduction in the pipe’s wall and insulator is predicted
with the two-dimensional Fourier’s equation. Com-
pound boundary conditions are presented for stated
thermal-hydraulic and physico-chemical conditions.
Calculation of the gas mixture thermo-physical parame-
ters is described. The presented model is applied to the
prediction of heat transfer coefficient for the condensa-
tion in the presence of non-condensables, to the detailed
investigation of the hydrogen and oxygen accumulation
in the vertical pipe closed at the top and opened at the
bottom, and to the simulation of the nuclear power
plant conditions of hydrogen and oxygen accumulation
in the long vertical pipe. The major findings are as
follows.
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(a) The hydrogen and oxygen accumulation is initiated
at the pipe top. The concentration front of accumu-
lated non-condensables is formed and propagates
downwards from the pipe top. The non-condensa-
bles concentration and gas mixture temperature
fields, as well as concentration and temperature
fronts are strongly coupled.

(b) The gas mixture convection in the pipe is deter-
mined with the wall liquid film—gas mixture shear,
with the steam suction due to the condensation at
the liquid film surface and replenishment of the
condensed steam with the inlet gas mixture at the
pipe open bottom, and with the buoyancy forces
caused by the non-uniform non-condensables con-
centration fields and gas mixture temperature field.

(¢) Due to the low liquid film thickness on the inside
wall of the non-vented insulated pipe that is cooled
by natural convection of the ambient air, and
due to the low gas mixture velocities under the
conditions of natural convection induced by non-
condensables concentration and temperature non-
uniform fields, the Nusselt approach can be applied
to the liquid film flow modelling. The liquid film
drainage on the wall influences the gas mixture
velocity field through the shear on the liquid film
surface.

(d) At the nuclear power plant the mass fractions of
radiolytic hydrogen and oxygen in the mixture with
steam are very low 22.5x 107, The simulation of
hydrogen and oxygen accumulation in non-vented
pipe with this initial mass fraction value requires
substantial computational time. The sensitivity
analyses have shown that computational procedure
can be speeded up with an increase of the initial and
boundary non-condensables mass fractions approx-
imately up to 50 times, where the simulation time
can also be increased for fifty times and the compu-
tational (computer) time can be reduced approxi-
mately 50 times. Further increase of non-
condensables mass fraction will lead to difference
of the gas mixture velocity field and a linear
increase of the simulation time in the same propor-
tion as the increase of the initial and boundary non-
condensables mass fractions is not preserved.

(e) Besides the non-condensables initial and boundary
mass fractions, the pipe diameter determines the
accumulation time. In Section 5.2 it is shown that
the hydrogen and oxygen accumulation in 2m long
pipe with a diameter of 0.03m lasts for approxi-
mately 4.5h, while in case of 16m long pipe with
0.34m diameter the accumulation within the
0.05m from the pipe top lasts approximately 38
days. Also, the reduction of the heat losses to the
environment would reduce the rate of non-conden-
sables accumulation.

The obtained results show that the developed method
is able to efficiently predict hydrogen and oxygen accu-
mulation due to the condensation in the vertical
non-vented steam pipe during the long time periods of
several days, weeks or even months. Further work on
the application of the developed methodology will be
directed towards the simulation of the non-condensables
accumulation in the vertical pipe open at the top and
with a pipe bottom submerged in the water pool (the
conditions important for the blow-down pipe in the nu-
clear power plants with the Boiling Water Reactor and
with a wet containment). Also, the case of interest is
the accumulation in a non-vented vertical pipe closed
at the top and connected at the bottom with a horizontal
pipe in which the flow of the main steam exists. Three-
dimensional cases of non-condensables accumulation
in slightly inclined, inclined and complex steam pipelines
are also under investigation.
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