Condensation of steam on vertical wall
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Abstract

In this paper a condensation of water vapor is solved numerically. Software package OpenFOAM was chosen like a basic tool for
solving of problem. Especially for this study the new solver was build. This solver was used for solving of a laminar film condensation
on a vertical wall. The result of simulation was compared with analytical solution from Nusselt.
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1. Introduction

Understanding of condensation is very important in many
industrial fields e. g. steam condensation behind steam
turbine or condensation in a dryer or dishwasher.

This paper helps to understand of steam condensation
through  numerical  solution.  Software package
OpenFOAM (Open Field Operation And Manipulation)
was used for solution of problem. OpenFOAM is a free,
open source CFD software that is written in C++
programming language. This software contains a lot of
implemented solvers for solving one phase flow,
multiphase flow, heat transfer and other problems. Also is
possible to use this software for design of new solver for
solution particular problem.

The OpenFOAM solver interPhaseChangeFoam [1]
was rewritten into new solver interCondensationFoam.
Solver interPhaseChangeFoam is for 2-incompressible,
isothermal immiscible fluids with cavitation phase
change. Uses a volume of fluid phase fraction based
interface capturing approach. Governing equations are
solved for phases mixture (homogenous equilibrium
model). Into this standard solver were implemented
energy equation and condensation/evaporation model.

2. Governing equations

Governing equation for conservation of mass, momentum
and energy are given by [2], [3] and [4].

Equation for conservation of mass respectively for
conversation of volume continuity is shown below (1).

=)

Pv

1 dp

paT+V U= (m,+ me)(l

Conservation of momentum for mixture of two-phases
is given by eqgn. (2).
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, Where last term on right hand F is for a surface
tension in the liquid-gas interface.

The energy equation is given by equation of
temperature (3).
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Continuity phase equation (4) is introduced to track
the interface between phases.
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, Where « is fluid volume fraction for liquid in this
case.

a= Vphase,cell (5)
Veell
Transport properties in equations (1) - (5) p, u, &, Cp
are evaluated for mixture.
The solution is transient and for solving momentum
and continuity equation is used PISO algorithm.

3. Condensation/Evaporation model

For condensation/evaporation phenomena in necessary to
establish a condensation/evaporation model. Into
presented solver was implemented simple model given by
[5]. The equations (6) and (7) show this model.

—m,= C.pa , for T < Tsq (6)

- TS‘“ , forT> T (7)
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, Where C. and C. are constants that drive condensing

respectively evaporating process. The choice of this

constants is very important. The temperature at the

interface can’t go above saturation temperature and vapor
temperature must be at saturation temperature.

4. Test case

Solver interCondensationFoam is tested by simulation of
laminar film condensation on a wall. This problem is very
well known and has approximately solution derived by
Nusselt. The approximately solution is described in many
books e. g. [6], [7]-
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The case was solved in 2D and computational domain
is shown at figure 1.
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Fig. 1. Computational domain

Vapor inflows into domain at low velocity U =0.1 m/s
and at temperature T = 373.15 K that is equal to saturation
temperature. On the right patch is set symmetry boundary
condition. First part of left wall is thermally insulated and
second part has temperature T = 353.15 K. The dimension
of domain is 20 x 2.5 (cm). 80 thousand hexahedral cells
create a mesh. Boundary layer mesh is in the near-wall
region.

Fig. 2. Detail of boundary layer mesh

The height of first cell of boundary layer is 2.5e-5 (m).

5. Results

At the figure 4 is shown computation domain with
condensate water. The figure 5 shows average heat
transfer coefficient calculated from simulation

Water fraction
1.000e+00

- 0.75
0.5

- 025

0.000e+00

Fig. 3. Laminar film
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Fig. 4. Average heat transfer coefficient

The heat transfer coefficient calculated from
simulation is approximately 8 times smaller than
coefficient calculated with a help of Nusselt formula.
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6. Conclusion

Between results from simulation and from analytical
solution is big difference. The reason for this can be in
poor condensation/evaporation model. It is also possible
that some bugs are in solver interCondensationFoam. It is
necessary to check whole code and try to find another
model for condensation/evaporation. On the other hand,
created solver is working. Evan if it has some bugs, it is
definitely first step to numerical solution of steam
condensation.

Nomenclature
p density (kg/m®)

pressure (Pa)

o

pseudo time (s)

XY

U velocity vector (m/s)

m rate of mass transfer (kg/(s m®))
u dynamic viscosity (Pa/s)

g gravitational acceleration (m/s?)
F surface tension force (kg/(m? s?) )
T temperature (K)

a thermal conductivity (m?/s)

a phase fraction (-)

v volume (m?)

C condensation/evaporation model constant
Subscripts

v vapor

I liquid

c condensation

e evaporation

sat saturation
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