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Abstract

A numerical model was presented to calculate the velocity and thermal fields of
turbulent flow through a conduit for removal of combustion products. This study
originated in response to an industrial concern to study dynamic behaviour of a
smoke conduit connected to a high efficiency gas boiler working in permanent
running mode (steady state), or cyclical non-static running mode (unsteady state).
The momentum and temperature fields were calculated via a finite volume CFD code
using the k-& turbulence model. The validation of this calculation was conducted
employing a full-scale experimentation. Comparisons of temperature fields were
made, and the model was shown to give an acceptable quantitative approach for

design within the framework of the coarse approximations adopted.
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Nomenclature

a Thermal diffusivity

C,,C,, C, Constants of turbulence model

C, Specific heat
D Conduit diameter
k Kinetic energy of turbulence
n Normal to surface
Q Production term
P Pressure
P Prandtl number
Pr, Prandtl number turbulent
T Radial distance
R, Reynolds number
S S, Source term, source term for variable ¢
t Time variable
Tyins Tivon Inner and outer wall temperature
U Vv,w Velocity in x, r and z directions, respectively
y Distance normal to the wall
() Dimensionless variable
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Greek symbols

Dissipation rate of kinetic energy of turbulence
Effective diffusion coefficient

Diffusive flux for the variable ¢

Thermal conductivity

Dynamic, turbulent and kinematic viscosity,

respectively

General variable (U, V, W, P, ...etc.)
Specific weight
Constants of &k —&model

Shear stress
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INTRODUCTION

This study originated as an industrial concern of domestic furnace systems using
relatively modest power generators (from 10 to 50 kW). The developments of new
techniques for heating buildings systems (high performance generators, new burners
with modulated functioning, automated management of the systems) allow to design
henceforth installations with high thermal efficiency. However, such installations
require above all energy recuperation and consequently lower temperatures of
removal combustion products. This causes smoke condensation over the wall of the
conduit. The condensate is often loaded with acid components contributing to
physico-chemical aggressions on the materials (CHERKAOUI [1]). Some problems
have been observed in systems in use. Designers put into question the durability of
smoke conduits and they are aware of detailed information on the development of
this phenomenon. Note that similar situations may also occur in other industrial

applications, e.g., exhaust of removal combustion products of motor cars.

The French Scientific and Technical Centre for Building (CSTB)! has initiated a
detailed study in order to establish a classification of the available materials and to
prevent the aggressive action of condensate. National and international normalisation
must take this phenomenon into account for different type of conduits and different
combustibles and burners. Theoretical and experimental approaches have been

undertaken in order to fulfil the industrial needs. The problem is complex as it
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involves coupled physical phenomena: turbulence, unsteady-state, two-phase

medium, phase change at different temperatures of saturation of vapour of water and
different acids (sulphuric, hydrochloric, nitric, ...etc.). This paper is a first step of the
program. Smoke is considered as a single-phase gas, i.e., one neglects the heat and
mass transfer by condensation over the wall (Maref [2]). The comparison of the
predictions of this simplified model with the experimental data allows us to assess the
validity of this hypothesis. The aim of this paper is to develop a numerical simulation
to study the thermo-convective behaviour of a smoke conduit. It allows the calculation
of the thermal field flows and the heat transfer to the wall of the conduit. The
simulation takes into account the different parameters: ambient temperature, conduit
material properties, dimensions and power of the boiler, etc. In the first part of this
paper, a commercially available CFD code (PHOENICS [3]) is used to predict the
temperature field on the basis of an approximate mean velocity field at the entrance
of the straight part of the tube. As in practical applications, the boiler works
intermittently, the computations are conducted in two cases. The first one is the
steady mode where the boiler starts from rest and operates continuously. The second
one is the cyclic operating mode of the boiler (referred hereafter as unsteady mode).
This case is closer to the actual operating conditions of the system. To validate the
computation, an experimental assembly has been developed on the basis of a
domestic boiler, working with natural gas connected to a transparent glass conduit.
Measurements of temperature distributions are made. In the second part of the study,

the experimental data are presented and compared to the model results.

1 CS.T.B. Centre Scientifique et Technique du Batiment
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NUMERICAL STUDY

0 FORMULATION OF THE PROBLEM

The aim of the numerical model is to predict the gas flow, thermal field and wall
temperature in the conduit. This requires the solution of steady and unsteady state
equations for both flow situations. The physical contributions of conduction in the wall
and mixed convection inside the conduit are described by these equations. To
simplify the study, the following assumptions are adopted: (i) smoke is assumed to be

a part of dry air (Newtonian Fluid), (ii) the typical Reynolds number at the entrance

Re, =—2— is about 4500, (iii) the flow is fully turbulent, incompressible and 2D

axisymmetric, (iv) there is no heat source in the energy equation, (v) the thermo-
physical fluid properties are constant.

o, W,, Uy, D are the reference quantities respectively density, streamwise velocity
and viscosity in the entrance section and D the diameter of the conduit.

The analysed part of the installation is situated after singularities such as bends and
pipe junctions. A reasonable choice is to accept that the flow is turbulent even though
the nominal Reynolds number could be the one of a transition regime. The resulting
equations presented below are written in cylindrical polar co-ordinates (r, 6, z).

Mass conservation equation

:—Z(W)+%%(rV)=O (1)
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Momentum equation

Radial
arv ar oV o°P 10 oV 14
RAGNN 7S A PELENLILA b N B, Yy 2
p(az or az) or rar[weff ar} Her 2 @
Axial
ow oW ow oP 10 ow oV
+V +W =+ —+ 3
,0( ot or 0z j 0z ror {rﬂ@ff [ or 0z H ©)

Energy conservation equation:

a_T+Va—T+Wa—T:li a+L ra—T (4)
ot or 0z ror Pr, ) or

Equations of kinetic energy of turbulence k and of rate of dissipation &

a_k+V%+Wa_k:li V+L ra_k +Q_£ (5)
ot or 0z ror g, ) or

52

k

N A | aﬁ V] o ©)

9y 2w 2%+ Y| % i to-c,
ot or 0z ror g, ) or k

Where Q represents the production term of turbulent energy by shearing expressed

as:
2 2 2 2
S BRCROREES
or 0z r 0z Or
k2
With v, =C,p—, for k—& model and y,, :,O(V+V,) 8)
£

We have retained the classical constant set C,,C,C,,0,and o, (Launder &

Spalding [4]), which are the most commonly used in general purpose turbulence
modelling. These constants have been established for steady conditions but they will

be used in the cyclic cases considering that the time scale of unsteady phenomena



The International Journal of Building Science and its Applications -

BUILDING AND ENVIRONMENT
(typically minutes) is much larger than the characteristic time scale of turbulence

(typically fractions of seconds). The values of these constants are given as:

C,=0.09, C, =144, C, =1.92, 0, =133, g, =1.0 and Pr, =0.736

o NUMERICAL METHOD
Dimensionless equations
The reference parameters distance D (diameter of the conduit), velocity W, (velocity
at the entrance z = 0 and r = 0), and dynamic viscosity p, of the fluid are used to
expressed the dimensionless variables for the equations 1-6:
V=WV, W=WW", r=Dr", z=Dz', U, = i1,

3

% % % W * *
Mo =Myt H, = HoH oy s P:pWOZP , k:Wozk , 5:?05 , 1:21

0

() Represents the dimensionless variable associated with the variables V", w~, T~,

k™, € . In the sequel, the dimensionless values are represented without the sign ( )

in order don'’t to clutter the equations.

The dimensionless form of the transport equations is represented below:

Mass conservation equation

2 )+ (7)=0 ©

Momentum equation

Radial

E r or

p(a_V+Va_V+Wa_V):— or + 1 i 21’&6—1/ -2 Hey 12 (10)
ot or 0z Re, or Re, r
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Axial
p(aW+V6W+W6W]:—6—P+li p Ko (6_W+6_VJ (11)
ot or 0z 0z ror| Re,\ 0r Oz

Energy conservation equation:

t

at—
0T  _oT . 9T 10 Pr, | OT

e ) S r— (12)
ot or 0z ror||Re,Pr,| Or

Equations of kinetic energy of turbulence k and of rate of dissipation &
ok 0k ok _10 e - ok
Ok 4y Ok yyok 10 ) UL I O (13)
ot or 0z ror|| Re, or | Re,
o 0¢ de 10 a ? o€ 0 € £
— AV — W —=—— Elr—|+C —=C,— (14)
ot or 0z ror|| Re, or Re, k k

Numerical code

The coupled heat and mass transfer is solved by using the commercial software
PHOENICS based on the well known finite volume method described by Patankar
[5]. Transport equations for the incompressible velocity field are linearized and solved
in a semi-implicit predictor corrector algorithm ensuring mass and momentum
conservation. The SIMPLEST algorithm coupling pressure to velocity is retained. The
temperature is obtained sequentially by solving the energy equation with the
previously computed velocity. During the successive fractional steps the linear

systems are solved using a line by line iterative algorithm.

10
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The case of the steady flow is solved until long false time convergence of the full

iterative process using arbitrary time steps. The case of the unsteady flow is solved
for small time steps compatible with the physical transient evolution. A time step of
20 seconds is fixed in order to follow the transient evolution for a total sequence of
7200 seconds. An internal iterative sequence at each time step is realised in order to
ensure an adequate coupling of the equations. To simplify the problem, in the steady
case, the streamwise diffusion terms may be neglected thus the equation parabolised
in this direction. This implies no significant changes with respect to the full elliptic
solver for the exit boundary conditions adopted. For the unsteady case, these terms
cannot be neglected and the space equation solved is fully elliptic.

Discretisation and boundary conditions

Conditions in the flow

The numerical domain corresponds to the selected part of the conduct (figure1), its
wall and an arbitrary domain of the ambient air in the room. The flow is studied in the
(r, z) positive half plane owing to the axisymmetry hypothesis. A regular meshing is
chosen and the number of mesh lines is 50 and 115 respectively in the radial and

vertical directions.
On the axis we have the symmetry conditions:

%0:0 for Yy=WwW,T,k,e and V =0

At the entrance section the experimental data profiles for the mean streamwise
velocity and temperature are introduced as Dirichlet boundary conditions. The radial
velocity is fixed to zero. This section is situated at 1m from the floor level (figure 3). It

is considered to be far enough from the junction with the boiler to neglect the

11
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singularity introduced by this junction.

At the exit section, the boundary conditions are free for mean velocity and
temperature (Neumann boundary condition). The pressure is considered to be

constant.

The turbulence quantities must also be fixed at the entrance of the conduct. As we
did not measure these quantities in our installation, it is necessary to make an
empirical choice. Different correlation are available (Morgan [6]), (Dyban et al. [7],

(Hinze [8]), (Comings [9]) but they all refer to specific conditions. After testing
different level of turbulence, we have adopted the following expression where T

represents the wall shear stress considered as a scale for near the wall turbulence

(Reynolds [10]):

k =2Lpb with 5 =0.15 empirical constant value.

W
The dissipation ¢ is estimated as function of k and of length scale, ¢ :—’; which is

assumed to vary linearly as function of the distance from the wall /=«y, where y,

designates the distance from the wall and k the Von Karman constant:

Conditions at the wall

The wall conditions for the momentum transport are introduced by assuming a
logarithmic velocity profile in the boundary layer. The first point near the wall is
considered to be situated in the equilibrium zone. An iterative process allows to fix
the value of the shear stress at the wall. This method is well known nowadays and is

referred to as the law of the wall. It does not necessitate to solve the problem down to

12
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the wall and to take account of low Reynolds number effects. This law fixes the value

of the velocity parallel to the wall as well as kinetic energy and dissipation rate in the

first cell from the wall.

The conjugate heat transfer term is used to describe the process involved in the
temperature variations in the solid and in the fluid. For describing it inside the
conduit, a source term is introduced in the energy equation for the last point in the
radial direction r. This term represents the conduction flux through the cylindrical wall

in this direction (figure 2).

-1
S, (NY. Iz =| Y v S| v a vy A (r
P A /1 n Wi

ou _T)
5 s
Sy is the source term for energy equation, e the thickness of the wall, Y, the

distance of the last point close to the surface of the wall, 4, the lateral surface of the

last cell, NY the index of the near wall point in the direction corresponding to Y = R-r
and /Z the index of the point in the Z direction, T the computational cell temperature

and T,,, is the outer wall temperature.

A,.Ag represent the thermal conductivity respectively in the fluid and the solid. The

external temperature is fixed to the constant ambient value T, ,(298°K) at the
external boundary of the computational domain. The temperature at the outer wall

T,

O

. is computed by establishing the thermal balance through the use of an

exchange coefficient h corresponding to the Biot law for the flux, which is fixed 5

W/m?K in our case for both the steady and the unsteady regimes.

13
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EXPERIMENTAL STUDY

o EXPERIMENTAL SET UP

This study was carried out in a full-scale experiment (Figure 1). A glass conduit is
connected to a high efficiency gas boiler operating at low power (23 kW). The
dimensions of the conduit are 9.20-m height, 0.13-m inner diameter, and 5-mm
thickness of the wall. The comparison with numerical results is made in a domain of

8-m height.

The boiler works either in continuous established mode (steady state), or in cyclic
running mode (unsteady state). The latter case was obtained using a programmed
device for both running / non-running cycles. The device allowed imposing regular

working periods.

Natural gas was chosen as a combustible for the first study. Compared to fuel, gas
generates a less aggressive smoke on the sensors and has a simpler behaviour for

the condensation process as a whole.

At the entrance of the conduit, the smoke had an average temperature in the centre
of approximately 80°C and a velocity around 1m.s”. Further details on the

experimental set up may be found in (MAREF [2]) and (MAREF et al. [11]).

14
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MEASUREMENT UNCERTAINTIES

Different temperature fields (figure 3) were measured (smoke, interior and exterior
wall, ambience), in 4 sections situated at 1 m, 2 m, 4 m et 8 m from the bottom of the

conduit.

The measurements of temperatures were difficult to implement owing to the humid
and corrosive environment, to which the different sensors were exposed. We used
thermocouples type k imbedded in the wall or placed on prongs inside the conduit.

An appropriate envelope face to the acid corrosion protected the sensors.

These probes were directly related to a computerised centre, which recorded
regularly all thermocouples in use. After calibration of the whole system, it has been
used for providing the temperature fields during the transient runs. However,
calibration was not easy task in this environment and we have adopted uncertainty

values that are usually met in the literature for such probes that are +0.2K for

temperatures.

0 RESULTS AND DISCUSSION
The profiles at the entrance section of the conduit (z=0), for the two continuous and

cyclical regimes, were used as boundary and initial conditions for the numerical
calculations. In the following, the numerical results of thermal fields were compared
to the experimental data. But first, in order to provide a general overview of the
phenomena, qualitative plots of the mean fields for the steady state calculation is

presented (figure 4).

15
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The temperature field exhibits a regular decrease on the axis and towards the wall of

the conduit. One observes that the temperature fall along the conduit axis is around
18°K, a value that will be confirmed by the measurements. The effect of convection is
rather obvious and the isotherms are nearly parabolic with maximum values on the
axis. At the wall, a nearly isothermal value is found that differs from the ambience by
about 15°K. The isotherms outside the conduit are almost parallel to the conduit

direction at a short distance from it.

o STEADY STATE

Figure 5 shows the experimental and numerical radial profiles of temperature for the
three levels z=0m, z=1m, 3 m and 8 m. Good agreement is found between the
experimental data and the calculation.

It has been shown previously by the authors (MAREF et al. [11]) that the actual flow in
the conduit induces condensation at the wall with a high saturation degree.
Comparison with the dry air computed by the numerical model is surprisingly good.
Although the model cannot describe the entire consistency of the actual physical
phenomenon, this result shows that, as far as the thermal flow is concerned, it
provides a sufficiently fair prediction to be used as a coarse approximation for design

purposes.

o UNSTEADY STATE

The explored regime corresponds to a cyclical running mode of the boiler
characterised by a period of 15-min (5 min running and 10 min not running). The
observation period covers eight cycles for simulating an actual run of two hours of the

boiler.

16
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The typical transient behaviour of the thermal field is represented in figure 6 at the

exit section and at the centre of the conduit. The duration of observation goes from
rest to the periodic regime. Dashed curves (1) and (2) represent the upper and lower
limits of the temperatures during the run. During the transient, a rise is observed in
both limits of temperature. We can also observe a gradual increase of temperature

during the heating phase and a quite abrupt fall when the boiler is stopped.

The comparison between numerical and experimental results is provided in figures 7
and 8. It is possible to distinguish between the previous transient stage, which lies
approximately over three running periods and the established regime corresponding
to the last five periods. This comparison shows that some differences exist between
experiments and computations during the first phase of heating from rest. These
differences are limited to approximately 2.3 %. When thermal equilibrium is reached,
they are reduced to 0.8 %. As a matter of fact, one can conclude that the agreement

between experiments and computations is good.

Note that the time for thermal equilibrium is not identical for the whole levels of the
conduit (figure 7). For example, the equilibrium is reached after 60 min at the bottom
of the conduit (z = 1 m) and after 90 min at the upper part of the conduit (z = 8 m).
There are also some differences between the evolution on the axis and near the wall
as can be seen on figure 8. In general the simulations under-estimate the
temperatures in the transient phase but are relevant to the final steady regime.

Nevertheless, these results also confirm that the approximation of dry incompressible

gas used in this study conveniently predicts the thermal field.

17
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CONCLUSION

The objective of this work is to develop and validate a simplified model for describing
and predicting the thermal heat transfer in a smoke conduit. The work includes both
established steady regime of operation, which serves as a reference basis, and the

cyclic regime. The later is closer to the actual runs of the burner in its daily operation.

The good agreement between computed and measured temperature leads to the
conclusion that this numerical model is able to predict qualitatively the thermal
distribution in the conduit. This information is useful in order to predict the places
where condensation arises corresponding to low temperature zones (MAREF & al.
[11]). Moreover it is suitable for intermittent regime in the normal use of the plant.
That means that the switching time of the boiler is very large with respect to the
turbulence time scales inside the conduct. Some results not presented here
(CHERKAOUI [12]) (CHERKAOUI & al [13]) have shown that this model can also be
adapted to other situations with different materials for the conduct or other
combustion products. One may think that some more elaborate model would give
more accurate insight into the physical problem taking into account that two phases
flow and low Reynolds number approach near the wall. Nevertheless, even though
the present approach does not describe accurately the entire physical process, it
provides a good design tool for the problem of exhaust of combustion products in

domestic heating boilers.

18
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Figure 3 Thermocouples positions
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Figure 4 Thermal field isotherms (unit in K)
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Figure 5 Experimental and numerical results for temperatures at z = 1m, z = 3m, and

z=8m
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Figure 6 Computed rise of temperature at the centre of conduct (r = 0 and z = 8m)
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Figure 7 Experimental and numerical time evolution of temperature at the centre of

the conduct at three vertical location (z=1m, z=3m and z = 8m; r = 0mm)
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Figure 8 Experimental and numerical time evolution of temperature for z = 3m

(r=0mm and r = 65mm)
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