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Abstract - In recent years, numerical simulation heat transfer became a widely used for the chimneys simulation with the natural
boundary. This simulation has been performed using an iterative technique line-by-line, which is based on Thomas algorithm or TDMA
(3) (tri-diagonal matrix algorithm) and using the computational fluid dynamics (CFD) Fortran 90 code. CFD has been used to study
natural ventilation. The main advantages of the CFD approach are that it enables to analyze complex gases flow patterns for fireplaces
of buildings and that it can be used to simulate the chimneys flow performance for a lot of imaginary buildings for design purposes. The
results are included the figures of the temperature distribution, as well as heat flow lines and vectors. The overall heat loss through the
chimney walls has reached for chimneys 1 and 4 to 2876 and 2871 (W/m) respectively. These values have been generated by the post-
processing program (Tecplot 360). The comparative assessment of mesh sizes shows that the results are close to the ideal situation which
say that a mesh independent solution is one which does not change with further mesh refinement. This study has demonstrated that CFD
is a powerful tool capable of capturing the complex heat transfer process (with some assumptions) in gas-solid structures with satisfactory
results and is a useful tool in the design of other structures reactors.
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1. Introduction

Computational Fluid Dynamics (CFD) is a theoretical method of scientific and engineering investigation, concerned
with the development and application of a virtual video - camera like tool - a software which is used to analyze a fluid
dynamics as well as heat and mass transfer problem; for a unified cause-and-effect study. Here, the software results in a
fluid-dynamic a movie where each picture consists of a flow property (velocity, pressure, temperature, vorticity, and stream-
function). Each flow property can result in one movie. Thus, a large number of fluid dynamic movie can be generated for a
scientific understanding and engineering related study of a particular fluid dynamics problem. Representation, as well as
mathematical-modeling of flow, are needed to create a fluid-dynamic movie in CFD [5]. Applying the fundamental laws of
mechanics to a fluid gives the governing equation for a fluid. Partial differential equations are discretized into a system of
algebraic equations. And all algebraic equations are then solved numerically to render the solution field. This equation is
nonlinear partial differential equations. It is not possible to solve this equation analytically for most engineering problems.
However, it is possible to obtain approximate computer-based solutions to the governing equations for a variety of
engineering problems. This is the subject matter of CFD.

CFD is useful in a wide variety of applications. One of this applications is a numerical analysis of heat transfer in
enclosures of importance in thermal science [7]. For example, experimental investigations on fire scenarios are not always
straightforward to conduct owing to their consequences which can be devastating. As the case of Hasiba et al. [9] who used
an experimental data to conduct a CFD parametric study for investigating the effect of the geometrical and thermal
parameters of the heat source on the smoke spread inside a compartment fire. Another CFD study was carried out by Peppes
et al. [10] for simulating the airflow outputted by a fire through a stairwell connecting two floors of an industrial building.
Barozi et al. [8] studied the air movement in a 1:12 building model using a two-dimensional CFD model, and reported a
good agreement between simulation and experimental results. Although CFD has turned out more popular in various areas
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with the development of computer ability and user-friendly CFD program interfaces (Tong et al. [11]; Tong and Zhang [12]).
But the relative old computer methods are still used in this field and give satisfiable results. CFD simulation may not directly
predict thermal load and energy consumption. Basically, decision-makers would need to compare the energy consumption
of different design strategies. In order to esteem the energy reducing of the design, the application of energy simulation is
very needful.

Among numerical approaches for the analysis of heat transfer. For example, discretization by using the finite-volume
method which is, in this paper, used to study heat transfer cross four identical chimneys serving to exhaust the flue gases
from the fireplaces of four contiguous apartments of one building. The simulations shown below have been performed using
the CFD Fortran 90 coding.

2. Problem Statement and Goals

Fig. 1 represents the horizontal cross-section of this set of chimneys. The rectangular cross-section of each chimney has
dimensions of 1,2 mx 0,8 m, in the outside, and 0,96 mx 0,56 m, in the inner hole. The chimney walls are made of firebrick,
having an effective thermal conductivity k=1.2 W/m?2.°C.
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Fig. 1: The cross-section of the four chimneys.

Under the predominant wind direction in that region from Norwest, the heat transfer between the chimney outer surfaces
and the ambient airflow (at T.=10 °C) is characterized by the values of the convective coefficient h which is listed in Table
1:

Table 1: Average values of the convection heat transfer coefficient h on the outer surface of each chimney wall, according to its
orientation relatively to the wind.

Average convection Walls facing
a9 Chimney | Chimney | Chimney | Chimney
coefficient
1 2 3 4
h:=60 W/m2.°C w N - -
hz = h1/2 — E — E
hs= h./3 S - W, S, E S
h4 = 3h1/4 N W — N

When the respective fireplace is functioning, the flue gases rise through the hole at a temperature of T=150 °C,
exchanging heat with the inner surface of the chimney wall at a rate of. /=50 W/m®.°C Regarding the outer surfaces that are
not exposed to the wind (walls in contact with a contiguous chimney), If the contiguous chimney is used, the heat transfer
through the contacting walls will be practically negligible, therefore adiabatic conditions may be assumed.

Assuming that both data and conditions just described remain constant in time, It is determined the temperature
distribution in the cross sections of chimneys number 1 and number 4 and calculated the rate of heat loss per unit height of
each chimney, when the operating conditions are in case of all chimneys are used. The outer surfaces of chimney number 4
facing east and south absorb, respectively, 150 and 400 W/m? of the incident solar radiation. It is taken into account the heat
losses by radiation from the outer surfaces (emissivity & =0.85) exposed to the cold sky (supposed to be at Tg,= -20 °C).
The density of firebrick p=2.3*10*kg/ m® and the specific heat for it c=1050 J/kg.°C.
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3. CFD Analysis Process
3.1. Mathematical Model
The general equation of conservation in Cartesian coordinates and tensor notation is:
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Where ¢ can acquire different meanings: continuity 1, X momentum u, Y momentum v, Z momentum w, and energy h. In a
preliminary analysis of the problem, the relevant variables in equation (1) have already been selected, resulting in a set of
conservation equations to solve. The next step in the method of numerical integration of differential equations is called
discretization, whose main function is transforming the differential (conservation) equations into algebraic equations
(approximate, but resolvable) [2]. In this problem while the equation, which governs, is derived from the energy conservation
equation and the problem can be considered two dimensional. Thus, from Equation (1) ¢ =h, I',=k/c;,, and S,=Sn. When we
can assuming that the physical medium is incompressible then h=c,.T and the energy conservation equation sums up:
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The conservation equation is integrated by applying a power balance to a small region of the domain (finite control
volume) involving the mesh node. In this method, it is begun by dividing the computing domain (the domain is bordered by
the outer surfaces of the chimney) into a number of contiguous control volumes such that there is a control volume involving
each point of the mesh.
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Fig. 2: Scheme of a mesh of nodes and associated finite volumes, in a system referenced in xy coordinates.

The algebraic (discretization) equation expresses the conservation principle of T for the finite control volume, in the
same way, that the original differential equation expresses it for an infinitesimal control volume. Fig. 2 shows a Cartesian
mesh of nodes in the studied domain for a two-dimensional study, a finite-volume formulation.

Each node is associated with a control volume whose faces (the dashed line) are located mid-distance between
neighbouring nodes. It is assumed that the values of T are located in the nodal positions. It should be noted that the boundaries
of the domain of calculation, as well as of any obstacles or geometric singularities, coincide with the boundaries of the control
volumes. For this purpose, the mesh generation includes outer lines of fictitious nodes, which are, in relation to the borders,
in positions symmetrical of those of the adjacent internal nodes. A typical control volume within a computing domain,
together with the respective node P = (i, j), the neighbors (N, S, E and W) is shown in Fig. 3 and associated nomenclature.
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As a two-dimensional, in Cartesian coordinates xy(z), it is assumed that the control volume has unit depth (4z=1 m), and its
volume will be AV=SeuXxSnsx 1.
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Fig. 3: Schematic of an interior generic node P of a Cartesian two-dimensional mesh (xy), together with the respective control volume.
These faces are denoted by lowercase letters (n, s, e and w), in reference to the neighbouring nodes (N, S, E, and W) that communicate
with P.

The discretization equation according to a totally implicit scheme can be written in its generic two-dimensional form:

atl,=alT, +a,l, +a,T, +aTl +b (3)
Where:
k Ay k,Ay k Ax k Ax
aE: € ’aW: ’aN: 2 '35: S 3
ox EP ox PW Sy NP Sy PS (32)
0 pcpAXAy
4, = AL (3b)
_ 070
b=S5,AxAy +a,T, (30)
a,=a,+a,+a,+a,+a,—S,AxAy (3d)

The coefficients ag, ..., as represent the thermal conductance between the node P and its neighbours. The term b results
from the addition to the previous term of the rate of heat generation in the control volume associated with Sy plus the internal
energy contained in the control volume at time t. Finally, the central node coefficient, a,, is the sum of all neighboring
coefficients, further containing a linearized thermo-source contribution.

The procedure for incorporating a boundary condition consists of two steps:

1. The coefficient anignvor ON the side of the boundary (cutting off the connection to it) is nullified.

2. The effect of the boundary on the adjacent control volume is introduced through additional source terms (which
account for flows across the border).

In heat conduction situation, boundary conditions are divided for two types:

1. Frontier with known temperature. The usual method is to cut the "connection™ of node P with node E, neutralizing
the corresponding conductance ag=0.

2. Known heat flux across the boundary (zero, if the boundary is adiabatic). The first step to incorporate this condition
is to cut the node's connection to the boundary then canceling the corresponding coefficient.
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In convective boundary, the flow of heat across the boundary is not known at the outset. It is assumed that the boundary
of the domain is exchanging heat with a fluid. Assuming the convection coefficient h and the temperature of the fluid T is
known, the heat flow from the fluid is given by:

=T -T,) [W/nr] (4)

qﬂ-‘ﬂﬂi’,ﬂ

It is possible to eliminate Tr from equation (4), based on a thermal balance applied to a control surface coincident with the
face and the control volume of P:

- Tm_TF TF_TP Tx_?:’
qc'cmvt' = e,F — = = - (5)
’ ' 1/h ox,/k, 1/h+ox,,/k,
Thus, the thermal power entering the control volume of P, through its face e (frontier) is:
. T -T
anv,e = c;? £ (5a)
o, P
Where R » is the total heat resistance that the heat must "beat" in its path from the (T.,) to the node P:
1 Ox
R =|—+—% °c/wW 5b
P (11143 kpAe] ["C/W] (5b)

Therefore the incorporation of this convective boundary condition requires the following modifications in the equation of
the frontier node P: a, =0, S, =S, +(7 /R ,),and 5,=5,-(1/R_,).

3.2. Solution Method

The system of formally linear algebraic equations consisting of the discretization equations of all domain is solved by
an iterative technique line-by-line, which is based on the so-called Thomas algorithm or TDMA 3 (tri-diagonal matrix
algorithm) [1]. Considering the resolution of the equation of ¢ along a column of i of nodes (see Fig. 2), the discretization
equation (3) can be written in the following form - to a node (i, j) any in that column and substituting T for ¢, for convenience:

Dj¢f,/ =40, B, + C/ (62)
Where:

A =a,, B=a, D=a, C=ap, +a,p . +b. (6b)
The auxiliary coefficients P; and Qj are then defined:

A C. +B.xC,
_ _J J Jj-1

J

P=—-+, Q=" 7a
/D -B.A .~/ D-B.A (72)
J J -1 Ji j-1

Which, after being calculated for the whole column in the “progressive" sense (increasing), allow the updated calculation of
@i;j throughout this column, through:
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by going in the "regressive" sense, from decreasing j (from j=nj-1 to j=2).

This resolution procedure is extended to the entire domain, sweeping it, line-by-line. The calculation program called
"COND-2D_Didact" ,which is used in this problem, was adapted for pedagogical purposes from a more complex TEACH
program [Gosman (1975)][3,4]. It is intended to solve transient or stationary heat conduction problems in two-dimensional
domains referable in cartesian or cylindrical coordinates, and governed by Equation (2). Where only the permanent regime
(steady state) solution is concerned, it will be interesting to "simulate” a single "time jump", which can be achieved by
specifying At—o (eg, At=10*s) or by programming. The solution is then obtained through a succession of the iterative
calculation cycles described above until the convergence criterion is reached.

4. Results and Discussion

Presentation of results (by using Tecplot software) is included graphs of the temperature distribution, as well as heat
flow lines and vectors as it is shown in Fig. 4 for the chimney number 1 and Fig. 5 for the chimney number 4. From Figs. 4
and 5, it can be recognized the effect of walls boundaries conditions on the predicted heat transfer. Where the heat flux
through for the east wall of chimney 1 and west wall of chimney 4 equal to zero due to the adiabatic condition. While
Figs.(4,b) and (5,b) show the differences in the heat flux distribution close to the other walls of each chimney due to the
different conditions which are incident in the other directions.
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Fig. 4: Temperature distribution and heat flow lines along of the chimney number 1 (a) and heat flux distribution (b).
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Fig. 5: Temperature distribution and heat flow lines along of the chimney number 4 (a) and heat flux distribution (b).

For each chimney (number 1 and 4) and by taking the coarsest mesh, it was made a comparison between the values of
the overall heat loss through the chimney walls calculated from the numerical results at two different closed lines (close to
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the inner and outer surfaces). It was found that at these two lines the values of thermal flow are almost equal and this is
evidence of the validity of the results. These values have reached for chimneys 1 and 4 to 2876 and 2871 W/m respectively.

On the other hand, Investigation of the effect of the mesh size on the solution results is one of the steps performed in
CFD study. Ideally, a mesh independent solution is one which does not change with further mesh refinement [6]. Grid
sensitivity was carried out in both directions (x,y) corresponding to (32,22), (62,42), (122,82), (242,162) and (482,322) grids,
respectively. as it is shown in Fig. 6 by increasing the size of the grid which it is studied, heat loss reaches to values that the
difference with the previous one has a small ratio. where at the grid of (482,322) this difference reaches to less than 0.7 %
compared with the previous grid.
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Fig. 6: The curve of comparison between the values of the Overall heat loss QW [ m] through the chimney 4 walls calculated from
the numerical results at closed line close to the inner surfaces depending on different grid size (number of nodes in the study domain).

5. Conclusion

Simulations of heat transfer between the chimneys and with the natural boundary have been performed using an iterative
technique line-by-line, which is based on the so-called Thomas algorithm or TDMA 3 (tri-diagonal matrix algorithm).

Presentation of results is included graphs of the temperature distribution, as well as heat flow lines and vectors. By
taking the coarsest mesh, the overall heat loss through the chimney walls has reached for chimneys 1 and 4 to 2876 and 2871
(W/Im) respectively. Where the results have referred to be care must be taken in a specification of walls boundary conditions,
and especially the heat flows inside the boundary of the chimneys, and the situation of the functioning of contiguous
chimneys which significantly influences the heat transfer coefficient profile interphase between the chimneys and the
boundary of the domain which is the base of this study. The results of the comparison of the mesh sizes are close to the ideal
situation which say that a mesh independent solution is one which does not change with further mesh refinement.

Thus this study has demonstrated that CFD is a powerful tool capable of capturing the complex heat transfer process
(with some assumptions) in gas-solid structures with satisfactory results and is a useful tool in the design of other structures
reactors. Where this investigation it can be used in order to achieve a recovering in energy systems run by ordinary chimneys.
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