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Abstract

Combined heat and power (CHP) production brings a lot of savings of primary energetic
sources and it is suitable not only for big and medium operations, but for a small applications
as well, for example for householders etc., where the power consumption is only a few
kilowatts. This cogeneration area is marked like micro cogeneration. Micro cogeneration unit
combusting biomass is alternative of decentralized energy production.

In area of cogeneration and micro cogeneration are used more technologies, like for
example engines with internal combustion, Stirling engines, gas micro turbines, ORC
(Organic Rankine cycles), fuel cells etc.

This article describe problem of micro cogeneration conversion way of chemically fixed
energy of solid biomass on electric power and low — potential heat and optimal heat exchange
between boiler and work space of two-cycle engine. Project subject is research of converse
way and device development on its realization.
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Introduction

The EU is committed to reducing its overall emissions to at least 20% below 1990 levels
by 2020, and is ready to scale up this reduction to as much as 30% under a new global climate
change agreement when other developed countries make comparable efforts. It has also set
itself the target of increasing the share of renewable in energy use to 20% by 2020.

One of the way how get this target is Cogeneration. Cogeneration is progressive
technology of electricity and heat production, based on principle of conjugate production,
what means, that electricity and heat are produced at the same time. Nowadays not only fossil
fuels but also biomass began to be used.
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Target and Proposal

The main target is to design minimally one suitable Micro-cogenerational process incl.
the conversion from chemical energy to electrical one using biomass and the low potential
heat using analytic-experimental methods and determines the functional and material
requirements of optimal conversion process based on the technical and economical
optimization. Since the working device is an experimental equipment, there are several ways
for its construction. The device consists of the boiler for dendromass, the two-cycle engine
and two heat exchangers (fig. 1).
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Fig. 1 Proposal of Micro-cogeneration unit

One of the proposal ways is based on the principle to exchange heat from the boiler to the
working space by using of a copper exchanger. During the compress piston stroke a consistent
application of sprayed liquid is done by the injection jet on the front area of the exchanger.
The spraying of liquid into large surface area makes possible a quick heat transfer between
exchanger and liquid (adding of heat into liquid form accumulated heat in exchanger). After
the evaporation liquid is changed into the high temperature steam and extends its volume.
Polytrophic or simplified isothermal-adiabatic expansion follows after that and engine starts
to work. After finishing of expansion up-stroke steam leaves work space of engine.

Important aspect of optimal heat exchange is appropriate design of exchange area
between boiler and work space of two-cycle engine (fig. 2) to reach sufficient capacity needed
to warm up of liquid and its evaporation.
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Fig. 2 Part of heat exchange

Working steps

1% Step: The following calculations were carried out: 1) the specific volume extension during the
evaporation as a function of pressure (fig.3), 2) the required amount of injected water as a function of
pressure and temperature (fig. 4) and 3) the required amount of heat for the heating and evaporation of
water as a function of pressure (fig. 5), which all are based on the size of the double stroke engine.
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Fig. 3 Specific volume extension as a function of pressure during evaporation
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Fig. 4 Required amount of injected water as a function of pressure and temperature
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Fig. 5 Required amount of heat for heating and evaporation of water as a function
of pressure

2" Step: In the next step the volume of exhaust gas per hour, the quantity of fuel per hour, the
velocity, the viscosity, the Reynolds and the Prandtl numbers as well as all other input variables were
calculated where the stoichiometric equations, boiler characteristics and sizes of exchanger were used.

3" Step: This stage was started with the drawing and meshing different kind of head pipe
exchanger models (fig. 6). The pipes’ diameter changed from 4 mm to 8 mm, and the ordering of the
head pipes was both the in-line tube and the staggered tube arrangements.
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Fig. 6 Heat pipes exchanger

4t Step: All above calculations have been used for modeling the heat transport in copper
heat exchanger by using the commercial software Fluent. In this work the standard k-& model
and the RNG k-¢ model were used which are described in details below.

Fig. 7 Comparison of different kind of models
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Governing equations

Computational Fluid Dynamics (CFD) is based on the solving of the conservation or
transport equations for mass, momentum, energy and chemical species. The basic equations
for a turbulent fluid flow are the Reynolds-Averaged Navier-Stokes (RANS) equations and
their steady state forms are defined in this Chapter [1].

Continuity equation

The mass conservation equation of the gas phase is written as:
\v ( pv) =0, (1)
where p is the fluid density and v s its ensemble-averaged velocity vector defined on a 3D
domain.

Momentum equations

The Navier-Stokes (~momentum) conservation equations are defined as:
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where f; are the sum of external forces and 7, is the viscous stress tensor described by the

Newton law:
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where 5, is the Kronecker symbol and x is the molecular viscosity depending on the fluid

properties [1].
Energy equation

When considering heat transfer within the fluid or solid regions of the domain, the
software covers also the general form of the energy equation written below:
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where 2 is the total specific enthalpy and which for a multicomponent medium takes the
following form:

h=2Yih, (5)
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where Y, is the mass fraction of the species i in the mixture and 4, is its total enthalpy
written as:

T
hi=hp+ | Cp,(T)dt (6)

Tref

where 7’, T, wr and C,;(T) are the formation enthalpy, the reference temperature and the
specific heat at constant pressure, respectively.

Species transport equations

Finally, the behaviour of the species i will be solved by the following equation:

%(pyi)"'v(P‘;Yi):_vjﬁ’Ri +5; (7)

where S, is the rate of creation by the addition from the dispersed phase plus any user-defined

sources, R, is the net rate of production of species i by chemical reaction and 71 is the mass

transfer rate. The finite volume method to solve the governing flow equations described above
is applied [1].

Modelling of Gas Phase

The modelling results of the turbulent reactive flow in this work are based on the
Standard and the RNG k-¢ turbulent model, the Discrete Ordinates (DO) radiation model and
the Eddy Dissipation Combustion Model (EDM, turbulent gas phase combustion). The
sensitivity of the combustion and turbulence models in CFD predictions is also evaluated. The
calculations of the following turbulence and combustion models were done for the
comparison:

Turbulence:

» the Standard k-¢ model
= the Realizable k-¢ model
= the RNG k-¢ model

Combustion:

» the Finite-Rate/Eddy-Dissipation model
» the Eddy-Dissipation Model

» the Eddy-Dissipation-Concept model.

Turbulence model

The k-¢ turbulence model has become widely used as it’s provides robustness, economy
and reasonable accuracy for different kinds of turbulent flows. Three types of the k-¢ model
are introduced in this chapter. The form of transport equations for & and ¢ in standard,
realizable and RNG models are similar. The main differences between the three models are as
follows:
= The turbulent Prandtl Numbers controlling the turbulent diffusion of k£ and ¢
* The production and destruction terms in the equation for ¢
= The approach of calculating turbulent viscosity.
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The Standard k-¢ (SKE) model is the most widely used turbulence model in industrial
applications. The equation for the turbulent kinetic energy k is derived directly from the
Navier-Stokes equations and dissipation rate ¢ could be derived in the same way, usually a
different approach is taken. The two-equations of turbulence models employ the Boussinesq
hypothesis to relate the Reynolds stresses with the mean flow field gradients. In the SKE
model, the turbulent kinetic and its dissipation rate are computed from the following
equations:

0 0 0 ok ou, dU; \au,
k)+—( pkU. + + Ly J L_ pe
o PR+ (kU = Ku J@x } ut[ax. . Jaxj pe ()

J

0 0 0 u, | o e |ou, oU;\oU, &’
& eU, +L == |+C,, — Ly — L-Cy,p— (9
~ (pe)+——(pel;)=—— Hﬂ agjax} Lgkﬂ{ax — ]Gx. 2P O

Xi J J ! J

where 4 1s computed by combining k and ¢ as follows:
k2
= pC,~— (10)
&

The standard values for constants of the model are listed below:

C,.=144,C,, =192,0,=10,0,=10,0,=13

These default values have been determined from experiments on turbulent shear flows
including homogeneous shear flows and decaying isotropic grid turbulence. They have been
found to work fairly well for a wide range of wall-bounded and free shear flows [1].

The RNG k-¢ (RNG) turbulence model is derived from the Navier-Stokes equations,
using a mathematical technique called renormalization group (RNG) methods. The RNG
model includes constants which are different to those used in the standard k-¢ model and also
adds new terms to the transport equations for the turbulent kinetic energy and its dissipation.
This model has an additional term in its equation that significantly improves the accuracy for
rapidly strained flows. The effect of swirl on turbulence is also accounted for in the RNG
model, enhancing the accuracy for swirling flows. The RNG theory provides an analytical
formula for turbulent Prandtl numbers, while the standard model relies on user-specific
constant values. Finally, this model uses an analytically derived differential formula for the
effective turbulent viscosity which accounts for low Reynolds number flows, while in the
SKE a high Reynolds number model is including. Therefore, the RNG k-¢ model is more
accurate and more reliable [2].

The equation for k and ¢ are as follows:
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where G, denotes the generation of turbulent kinetic energy that arises due to mean velocity

gradients, G, represents the generation of turbulent kinetic energy due to buoyancy and Y, is
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the fluctuating dilatation in compressible turbulence that contributes to the overall dissipation
rate. ¢, and o, are the inverse effective Prandtl numbers for the turbulent kinetic and its

dissipation.
The constants in the RNG model are defined as:

C,=142,C,, =168, a,=a, =1.39

The RNG theory uses a scale elimination procedure that describes the turbulent viscosity
in the following equation:

. .
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where

V:;Ueff/ﬂ
C, =100

Equation (13) incorporates the ability to accurately define how the effective turbulent
transport varies with the effective Reynolds number to obtain better results for low-Re
number and near wall flows. In the high-Re number, the effective viscosity is defined by the
following equation:

k2

the constant C, =0.0845 is derived using the RNG theory and it is interesting to note that
this value is very close to the empirically value of 0.09 used in standard model.
The Realizable k-¢ (REK) was used for simulations in this work. The term realizable

means that the model satisfies certain mathematical constraints on the normal stresses, more
consistent with the physics of turbulent flows [3].

The modelled transport equation for & is the same as for k-¢ standard model and the
equation for ¢ is:
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The form of the ¢ equation is different from those in the standard and RNG models.
Another difference between the realizable model and the standard and RNG models is that C,
is no longer constant(the viscosity is computed in equation 10.). The coefficient of dynamic
viscosity is calculated from:
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In the above equation Q_i].is the mean rate-of-rotation tensor viewed in a rotating

reference frame with the angular velocity w;. The model constants 4)and As are defined as:

Ay =4.04, A, =~J6cos ¢
where
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It has been seen that C,, is a function of the mean strain and rotation rates, the angular
velocity of the rotating system, and the turbulent fields. The standard value of C, = 0.09 is
calculated from equation 10 for inertial sub layer in the equilibrium boundary layer.

The model C, o, and o, constants have been determined to ensure that the model
performs well for certain canonical flows and are defined as follows:

C,=19,0,=10,0,=12

Conclusion

This part of research was very important and useful for the next steps. Based on the CFD
method the optimal sizes and ordering head pipes for heat exchange from boiler to double
stroke engine were found when it is easier to design and measure the real head pipes
exchanger.
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