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Abstract

Abstract

Micro-CHP has been proving itself as an interesting alternative to traditional
energy conversion processes due to its potentials in terms of energy savings and reduction
in emissions. This is especially relevant in modern times, when there has been an ever-
growing concern about environmental protection. Organic Rankine Cycles (ORCs) are
believed to play a large roll in this field due to their vast range of applications, including the
possibility of satisfying thermal demands on a domestic level with the added benefit of
producing electrical energy in the process.

The goal of the work presented in this dissertation is the construction of a
mathematical model capable of simulating the behavior of a Burner and Heat Exchanger
assembly to be integrated in an ORC as a direct evaporator.

The model intends to simulate the combustion and heat transfer phenomena
between the flue gases and the two fluids used: the working/organic fluid (WF) and liquid
water whose intention is to protect the WF from high temperatures (and eventual thermal
degradation), thus solving the main problem associated with direct evaporation.

In a final stage the model was compared to experimental data in order to perform
its validation. The first step involved the comparison of the model’s results to those obtained
in a series of preliminary tests where water was used instead of an organic fluid. Without
any calibration factor, the overall results concerning the heat transfer in the evaporator only
deviated from the tests by little over 5%. After performing the final tests and comparing
outputs, it was concluded that the model is capable of describing the overall behavior of
these components even if with smaller accuracy (errors up to 10% with no calibration factor).
This discrepancy was due to a series of factors such as simplifications in the model,
measurement inaccuracies and a few different phenomena which were not accounted for.

Regardless of said inaccuracies, the elaborated model provides useful insight
into the way these components behave as well as some particular aspects which are not easily

evaluated from experimental tests alone.

Keywords ORC, Micro-CHP, Direct Evaporation, Modelling.
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Resumo

Resumo

Em tempos recentes, tem-se vindo a concluir que a Microcogeracdo ¢ uma
alternativa interessante aos processos tradicionais de conversdo de energia devido ao seu
potencial em termos de poupancas energéticas bem como de reducdo de emissoes poluentes.
Tal ¢ particularmente relevante na atualidade, em que se tem vindo a verificar acrescidas
preocupagdes a nivel ambiental. Acredita-se que os Ciclos Organicos de Rankine (ORCs)
possam vir a desempenhar um papel fundamental neste campo devido a sua vasta gama de
aplicagdes, tais como a possibilidade de satisfazer necessidades térmicas a nivel residencial
com o beneficio acrescido de produzirem energia elétrica no processo.

O objetivo do trabalho apresentado nesta dissertacdo € a constru¢do de um
modelo matematico capaz de simular o comportamento de um conjunto Queimador-
Permutador de Calor para ser integrado num ORC como evaporador direto.

O modelo tem por objetivo simular uma série de fendmenos de combustdo e
transferéncia de calor entre os gases de escape e os dois fluidos utilizados: o fluido
organico/de trabalho (WF) e dgua liquida cujo objetivo consiste em proteger o WF de altas
temperaturas (e eventual degradacdo térmica) resolvendo, deste modo, o maior problema
tipicamente associado a vaporizagao direta.

Na fase final o modelo foi comparado com dados experimentais de modo a
efetuar a sua validagdo. O primeiro passo envolveu a comparagdo dos resultados do modelo
com os obtidos numa série de testes preliminares nos quais agua foi utilizada em vez de um
fluido organico. Sem qualquer fator de calibragdo, os valores da poténcia térmica transferida
no evaporador apenas se desviaram dos testes em pouco mais de 5%. Apos completados os
testes finais e os resultados novamente comparados, concluiu-se que o modelo ¢ capaz de
descrever o comportamento global destes componentes, ainda que com menor precisao
(erros até 10%, sem fatores de calibragdo). Esta discrepancia deveu-se a uma série de fatores
tais como simplificagdes no modelo, erros de medigao, etc.

Independentemente das referidas imprecisdes, o modelo construido fornece
conhecimentos importantes acerca do funcionamento destes componentes bem como de

alguns aspetos particulares que nao sao faceis de avaliar apenas com ensaios experimentais.
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INTRODUCTION

1. INTRODUCTION

1.1. Motivation and Objectives

It is no secret that energy is one of the main pillars that support modern
civilization. It does not take much, indeed, to look around us and realise how, without the
ability to transform, store and utilize energy in an effective way it would not be possible to
live in the modern world as we know it. In the last few years, however, energy consumption
has been growing exponentially due not only to the growth of the world’s population but
also to the improvement of its average quality of life. On top of this, one must notice how,
as times change, what is considered “standard” and necessary for each person to lead a
normal life also changes demanding an even greater energy consumption.

For these reasons, there has been an increasing level of concern about the
impacts that this high energy consumption leads to. These include both environmental
damage (usually in the form of greenhouse gases emissions) and the depletion of natural
resources including traditional energy sources (namely fossil fuels given that their
consumption occurs at a greater pace than that at which they are naturally restored). Hence
the need, on top of resorting to alternative energy sources (mostly renewable ones), to make
an efficient use of the ones we currently have available. It is in the latter field that we fit the
concept of Cogeneration or CHP (Combined Heat and Power) and, specifically in this case,
micro-CHP.

CHP or Cogeneration can be defined as the simultaneous production of thermal
and electrical/mechanical energy from a single primary energy source. Generally speaking,
it is similar to the production of electrical energy in a conventional way with the added
benefit that the usually wasted thermal energy generated in the process will be used
elsewhere (for example, in the production of domestic hot water DHW). That is when the
system operates as a topping cycle. The definition provided by Decree Law no. 68-A/2015,
of 30 April [1] is the following: “simultaneous production, in an integrated process, of
thermal and electrical energy and, or where appropriate, mechanical”. Intuitively, one can

conclude that micro-CHP is nothing more than standard CHP but at a smaller scale. More
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precisely, its definition (once again according to Decree Law no. 68-A/2015, of 30 April [1])
is: “small scale CHP with a power output smaller than 50 kW”. Although not specified by
the Decree-Law, it is worth mentioning that these 50 kW refer to the electrical power only.

Given these definitions, it is easy to understand that these processes present a
significantly higher efficiency than those traditionally used to produce electrical energy only
(typically around 35% - 40%). In fact, it is possible to reach a combined total efficiency
(thermal + electrical energy) of 90% or even greater which leads to large resources savings
as well as lower greenhouse gases emissions. One could raise the question, however, if this
this level of efficiency is sufficient given that traditional natural gas boilers may actually
reach slightly higher numbers (up to approx. 95%). The answer lies in the energy quality. It
is, indeed, easy to understand that the usability of thermal energy is, to say the least, very
limited since it can only be used to heat a given substance/object. Electrical energy, however,
has a vast field of applications (any energy requirement on a domestic level, for instance,
can be satisfied with electrical power). Therefore, its quality is much higher than that of
thermal energy. Additionally, partially replacing traditional power plants by these systems
will avoid the complete waste of large portion of the heat generated by burning fossil fuels
which is usually even larger than the amount of usable (electric) energy produced.

Due to their nature, CHP systems are usually implemented in a large scale (on
and industrial level, for example) and, for this reason, are already relatively well developed
and optimized for this type of purpose. Micro-CHP, on the other hand, is a relatively new
concept and still lacks the high level of development and study its larger scale version has.
One could be tricked into thinking that this could easily be achieved by simply reducing the
size of all its components down to the desired scale. However, it is necessary to take a
different approach in order to solve several challenges that this size reduction presents.
Nevertheless, micro-CHP is believed to have enough potential to justify its further
development and study. This potential mostly comes from the possibility of installing these
systems on a domestic level for DHW/heating purposes which would result in several
benefits namely a more decentralized energy production. This means greater energy supply
reliability, lower losses during distribution and lower energy dependence (this is especially
the case of remote areas the power network doesn’t reach). Furthermore, the residential
sector has a fairly large weight on a country’s energy consumption (and, consequently, its

greenhouse gases emissions) a lot of which is due to DHW. For this reason, this thesis will
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INTRODUCTION

have as a study object a small-scale Organic Rankine Cycle (ORC) based micro-CHP
prototype whose purpose is to produce hot water for DHW and/or heating (as well as
electrical energy) so that it can be applied at a residential level.

An Organic Rankine Cycle, as the name suggests, consists of a Rankine Cycle
where an organic fluid is used as a WF instead of water. Generally speaking, the main
difference between the two is that organic fluids tend to have a lower boiling point which
justifies their use when the temperatures provided by the energy source aren’t high enough
to implement a traditional Rankine Cycle. For this reason, these cycles are often used to
produce electricity from geothermal energy sources and also for waste heat recovery. ORCs
are already fairly well developed for large and medium scale applications which means that,
as previously mentioned, the main challenge will be to reduce the scale to such an extent
that, ideally, the whole installation would not be much larger than a boiler or hot water
cylinder typically found in a house. This would unlock the possibility of retrofitting existing
dwellings with these systems. It is important to notice that a wide variety of energy sources
may be used to power these cycles. These include the already mentioned waste heat and
geothermal energy as well as fuels (such as biomass). In the case that will be studied here,
natural gas will be the energy source since the target market (residential) is already fed (in
most cases) by this type of fuel. Furthermore, in order for micro-CHP to be feasible, it is
essential that the fuel used as primary energy is significantly cheaper than the electricity it
will generate (at the cost of purchase) so that a potential user would benefit from a cost
reduction by adopting this system.

It was previously mentioned that ORCs are commonly used when the
temperatures supplied by the energy source aren’t very high. However, since this system will
be powered by natural gas, that will not be the case. This could also raise the question of
why an organic cycle is used instead of a conventional one. It turns out working with low
temperatures is not the only ORC’s strength. In fact, for relatively low power installations,
conventional cycles aren’t able to deliver the same level of reliability and simplicity as ORCs
do [2],[3], which justifies their use in cases such as this one . Nevertheless, working with a
high temperature energy source will lead to one of the biggest challenges that comes from
using an organic fluid: the possibility of its thermal degradation (although sources differ, it
is known that at a temperature of 300°C the fluid is not subjected to any significant

degradation — see [4]). Several strategies have been adopted to solve this problem, one of
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which is the use of an intermediate fluid loop (with a thermal oil) in order to transfer the
energy from the combustion gases to the working fluid in two steps: the gases will heat the
intermediate fluid (able to withstand high temperatures) which will, in turn, transfer the
thermal energy to the organic fluid at a lower temperature. This is called indirect evaporation
and, even though it solves the initial problem, it is far from ideal as it leads to a worse overall
efficiency (due to losses in the additional loop), a larger installation and maintenance cost
(due to the added complexity and number of components) and a larger thermal inertia which
could be an advantage for some cases (namely waste heat recovery) but not when the system
is expected to have a short response time and highly variable working conditions. Given that
DHW production is characterized by these very aspects, it is concluded that indirect
evaporation is not a suitable solution for the thermal degradation problem.

The adopted solution was, therefore, the direct evaporation of the working fluid.
However, instead of having the combustion gases travel directly from the burner to the
evaporator, they first go through a set of finned tubes carrying water inside. This will act as
a post-heater for the water coming out of the condenser which will not only lower the
condenser’s operating temperature (enabling the turbine to perform a more complete fluid
expansion) but decrease the combustion gases’ temperature as well. Therefore, it will also
act as a protection for the working fluid which is expected to be enough to avoid its thermal
degradation. A schematic representation of the cycle (including the evaporator and water

post-heating section) is shown in Figure 1.1:
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Figure 1.1. Scheme of the developed micro-CHP ORC based prototype. Adapted from [5].
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Taking this into account, the main objective of this thesis is to build a
mathematical model (using Matlab) which is capable of simulating the behaviour of the ORC
evaporator as a whole. This will require the characterization of three separate components:
the natural gas burner, the aforementioned water “post-heater” and the organic fluid
evaporator itself. Needless to say, since these components are assembled in series, the
outputs of the first model (the burner) will serve as inputs for the second one (the post-heater)
and the same happens for the following and final model (the evaporator). In a final stage, the
three models are intended to work together in order to provide useful and important dada

about the behaviour of the ORC’s direct evaporator, as will be specified further ahead.

1.2. State of the Art Review

Given that this is an innovative approach (the use of a direct evaporator along
with a water post-heater), there hasn’t been a lot of work done which can be applied in this
specific case. In fact, direct vaporization has only been used for ORCs operating under lower
temperatures, due to the reasons previously mentioned, while indirect evaporation has been
the main choice whenever the energy sources reach high temperatures. Nevertheless, it is
worth mentioning some studies conducted on ORCs which mention some of the modelling
approaches that may be taken.

Liu et al. [6] took a theoretical look at some of the approaches for ORCs’ off-
design simulation, more specifically, the evaporator section. This proves to be very useful
as this particular system is not intended to constantly run at optimal conditions, but instead
it will respond to the highly variable hot water demands (whether it is for DHW or heating
purposes). Even though the heat exchangers mentioned in this study are plate heat
exchangers (typically used for indirect evaporation) it is interesting to take notice of the
chosen modelling approach. In sum, the volume occupied by the working fluid is divided in
three zones: liquid, two-phase and vapor. Each of which will be modelled through the use of
suitable heat transfer correlations. A large amount of these correlations can be found in
several tables, organized by the type of flow, fluid and heat exchanger they are adequate for.

Jiménez-Arreola et al [7] published a paper where two different heat
exchangers, to be used for direct evaporation in ORC waste heat recovery applications, were

compared. It was mentioned that, for relatively small-scale applications where the hot fluid
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is a gas, compact heat exchangers were the preferred solution with the fin-and-tube type
being one of the most relevant options. It is important to notice, however, that in this
particular study, a relatively high thermal inertia was desirable in order to dampen the
fluctuations of the heat source (a diesel engine). Something which, as mentioned before, will
not be a goal of the ORC studied in this thesis. Unlike the paper by Liu et al., where the fluid
contained in the evaporator was divided in three zones (depending on its phase), the method
adopted here is based on a finite volume approach. This means the working fluid is
discretized in a fixed number of “cells” regardless of its phase, with the calculations being
performed for each individual cell. The heat transfer correlations for the fluid side are similar
to those presented in the previous paper [6]. The difference lies in the ones used for the gas
side as these are specific for compact heat exchangers. As of 2019, the authors have
published another paper [8] where the same two direct evaporators were compared with an
indirect evaporation solution, once again for waste heat recovery of a truck diesel engine and

with the system’s thermal inertia in main focus.

1.3. Dissertation Structure

This dissertation is organized in 8 Chapters. The 3 Chapters following the
introduction consist of a description of the models elaborated for each of the three
components - NG Burner, Post-Heater and Evaporator. This includes the main outputs to be
provided by each one as well as the challenges faced and the strategies adopted to overcome
them.

This description is followed by a parametric analysis on the results provided by
these models, on Chapter 5. The behaviour of a series of important variables is presented
along with an analysis and explanation of the phenomena responsible for such behaviour. In
addition, this chapter includes the description of a series of small extra calculations relevant
but not essential to each of the previously presented models.

Even though the constructed models and the outputs they produce already have
an interest of their own, they are better supported if validated by an experimental analysis.
Chapter 6 consists of a description of the test rig used to conduct these experiments as well

as the procedure used to obtain the desired results.
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Finally, on Chapter 7 the experimental results are compared to those produced
by the model so that these can be properly validated. Beforehand, however, a quick
preliminary validation is performed (on the Evaporator only) using a series of older
experimental results whose process of obtention will also be briefly described.

Chapter 8 contains the conclusions of the overall performance and utility of the

Models as well as recommendations for future work.
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2. COMBUSTION MODEL

The first component of the ORC evaporator to be modelled is the power source
which, in this case, is a pre-mixed natural gas burner. This model was developed on MatLab
and uses RefProp as an auxiliary program to act as a database. Its objective is to supply
values for key parameters which will be needed for the heat transfer calculations, both on
the Post-Heater and the Evaporator itself. These include:

1) combustion flame temperature; ii) combustion gases’ mass flow rate; iii)
combustion gases’ composition (namely, its components’ molar fractions).

During the ORC’s operation, the main input parameter (concerning the
evaporator) will be the voltage supplied to the burner which controls its fan speed. For the
sake of simplicity, the variable defined as main input for the model is the volumetric flow
rate of natural gas which can easily be measured while performing the tests. In addition, a
series of extra input variables are required to run the model, such as:

1) surrounding air temperature; ii) relative humidity; iii) natural gas’

composition; iv) natural gas’ supply temperature and pressure.

The level of excess of air at which the burner operates is not considered an input
variable but instead a function of the NG' volumetric flow rate which, in turn, is a function
of the fan’s speed and input air flow rate — directly related to the burner’s power output. Such
dependence was determined experimentally, in previous tests. This mathematical expression

was obtained using an Excel trend line adapted to the graph on Figure 2.1.
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Figure 2.1. Excess of air as a function of the NG volumetric consumption.
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The generated trendline is then defined by equation (2.1):
Excess of air = 48915Cy;* — 42448Cy;> + 1)
+13880Cys* — 2091,7Cy¢ + 155,84
Cy¢ being the volume of natural gas consumed over a period of 300s, value
which is measured experimentally [m3/300s].
In an initial step, the stoichiometric coefficients for each compound are
calculated by the equation (2.2):
1% (C,H,N,0) + air x (0, + 3,76N;) =
=ax*(C0,) + c*(N,) +d=* (H,0)

(2.2)

This is followed by the determination of the coefficients of the real combustion
reaction which is assumed to be complete, since no CO is accounted for among the products
In this step, the of excess of combustion air as well as the humidity level are considered,
resulting in the equation (2.3):

1+ (C,H,N,0) + air'« (0, + 3,76N,) + x * H,0 =
=ax(C0;)+bx*0,+ (c*x(N,)+d=*(H,0)

(2.3)

In both this and the theoretical case, the coefficients are calculated using a simple
mass balance for each of the chemical species. Once these have been determined, the mass
and molar fractions of each product can be obtained as well as the partial pressures.

Since it is known that some of the water contained in the combustion gases will
condense if their temperature is to drop to low values (which may occur during the ORC’s
regular operation), it is not wise nor is it accurate to calculate the energy released in the
combustion using the LHV (lower heating value). On the other hand, it wouldn’t be realistic
to use the HHV (higher heating value) either since that assumes the complete condensation
of all water. Therefore, the model calculates the amount of water which will condense
assuming a reference temperature of 25 °C and utilizes this value to more accurately obtain
the energy released in the NG’s combustion.

The energy released in the combustion of natural gas - Q, (eq. (2.4)) is then

given by the difference between the reactants and the product’s enthalpy - eq. (2.5):

QO == H,R,T - H,P,T (24)
n/m

H'pr/H'pr = Z n; [Ahs + (H't — H'rref)]; (2.5)
j=1
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Where: H'pr/H'pr [J/molyg] is the total enthalpy of the combustion
reactants/products, calculated at temperature T; n/m [mol/moly;] is the number of
combustion reactants/products; n; is the amount of each compound; 4hs [J/mol] is the
enthalpy of formation of each compound; H'; [J/mol] is the enthalpy of each compound at
temperature T; H' 7, ¢ [J/molys] is the enthalpy of each compound at reference temperature;
Qo [J/moly] 1s the energy released in the combustion of 1 mol of NG.

It’s in the calculation of the products’ total enthalpy that the amount of
condensed water will be relevant, since both liquid water and vapor are considered.

Following this step, the burner’s power supply as well as the combustion gases’

mass flow rate are calculated by equations (2.6) and (2.7), respectively:

Pyyrner = (Qo * Cne, * Pnc)/ (Mg * 300) (2.6)

Meombustion gases = Pburner/(QO/mcombustion products,per kmol NG) (2.7)

Ppurner [W] is the power delivered by the natural gas burner; pys [kg/m3] is
the natural gas’ density at its supply temperature; My, [kg/mol]; is the natural gas’ molar
mass;  Meompustion gases [KE/S]; 1s  the combustion gases” mass flow rate;
Mcombustion products,per mol NG [K&/MOly] 1s the total mass of the combustion products per
mol of NG;

Finally, the model proceeds to calculate the combustion flame temperature. This
is achieved by an iterative process where the product’s enthalpy at flame temperature
(initially an arbitrary value) is compared to the previously calculated reactants’ enthalpy.
This difference is stored in a “error” variable which, once below a pre-determined value,

will cause the cycle to end. Equation (2.8) shows how it’s obtained:
error = Hpr — Hp rriame (2.8)

* Hprfiame [J/molyg] is the total enthalpy of the combustion

reactants/products, calculated at flame temperature; error [J/moly] is the control variable

of the iterative process.

While this value doesn’t approach 0, it will act as a parameter used to update the
flame temperature for the following iteration. The final flame temperature is determined
once the products’ enthalpy equals/approaches that of the reactants, causing the iterative

process to end.
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3. POST-HEATER MODEL

The post-heater is a heat exchanger located between the natural gas burner and
the ORC evaporator which consists of a pair of finned tubes in a cross-flow configuration.
These tubes will carry water which previously travelled through the condenser. The model’s
main objective is to accurately predict the increase in the water’s temperature (and,
consequently, the power transferred in the post-heater) as well as the decrease in the flue
gases’ temperature. Therefore, the input variables will include some of the Combustion
Model’s outputs such as:

1) combustion flame temperature; i1) combustion gases’ mass flow rate; iii)

combustion gases’ composition.

Additionally, it is necessary to know some information concerning the water
which enters the post-heater, namely:

1) water temperature; ii) water mass flow rate; iii) water pressure.

Since it is known that not only will the water inside the tubes remain in the liquid
state but also its temperature will not rise drastically, the system was simply divided in two
control volumes (CV) — one for each tube, as shown in Figure 3.1. Only one CV is considered
on the gas side as, due to a series of phenomena (convection in the gas flow, turbulence,

etc.), its temperature distribution is considered even in a horizontal direction.

B —[ E -
Water
Gas CV

vz Cvl
.'-r- =
e —
o

P NP NN N T
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Figure 3.1. 2D view of the burner (B), post-heater (PH) and evaporator (E) assembly with the control

volumes defined for both the water and gas flow.
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In order to determine the overall heat transfer coefficient U, it is first necessary
to obtain the heat transfer coefficient (%) for both the water and gas’ side (internal and
external, respectively).

The external heat transfer coefficient is separated in two components: the
convective heat transfer coefficient - h¢ypny 4 and the radiative heat transfer coefficient -
hraa,g- Since the heat exchanger’s walls are assumed to be at the same temperature as the

flue gases (which results from considering them adiabatic), these two can simply be added

[9], resulting in the “global” heat transfer coefficient hg;opq1,9. given by the equation (3.1):
3.1
hglobal,g = hrad,g + hconv,g [W/mZK] (3.1)

honv 18 Obtained according to the method presented by Incropera et al. [10] on
the “Compact heat exchangers” section. Here, the heat transfer coefficient is correlated in
terms of the Stanton number St (3.2) and the Colburn J factor j, (3.3).

3.2
St = hconv,g/G- CPritm,g 5.2

Jn =St * Prg2/3 3:3)

heonv,g [W /m?K] is the gas’ convective heat transfer coefficient; G [kg/s.m?]
is the gas’ maximum mass velocity; cprium,g [J/kgK] is the gas’s cp, evaluated at film

temperature; Pry is the gas’ Prandtl number.

The Colburn J factor may be obtained from a graph (see reference [10]) as a

function of the Reynolds number (Re) with:

Re =G * Dp/ug (3-4)
Dh = 4Afr/Pm (3.5)
G =1y /(dAs;) (3.6)

Here: Dy, [m] is the hydraulic diameter of the flow zone; u, [Pa.s] is the gas’
dynamic viscosity; Agss [m?] is the free-flow area of the post-heater, that is to say, the
available cross-section area the gases have to travel through; Pm [m]is the perimeter of that
same area; my [kg/s] is the gas” mass flow rate; o is the relation between the free-flow area

and the total frontal area of the exchanger.
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This graph (as well as all other graphs needed to obtain certain coefficients) was
inserted in the model with the help of an Excel trendline. All the combustion gases’
properties are evaluated at average film temperature (the average between the actual gases’
temperature and that of the tubes’ external surface).

Since the combustion gases consist of a mixture of several substances, it is
necessary to calculate the properties of the whole mix (once the properties for each individual
component have been obtained). While the density and ¢, values may be calculated by
simple molar and mass weighted averages (respectively), the same cannot be done for the
thermal conductivity and dynamic viscosity due to the fact that the way the properties of
different gases influence each other is more complex. These calculations can be found in
Annex A.

The final step in the calculation of the convective heat transfer coefficient is the
introduction of a correction factor. According to the “Flow Across Banks of Tubes” section
(Incropera et at., [10]), in a gas flow across a bank of tubes (either aligned or staggered) the
first rows/levels act as a turbulence generator which will increase heat transfer in the
following levels. According to the authors, this effect stabilizes after four or five levels,
meaning that no correction factor is necessary if this number is relatively large. Even though
the post-heater only has one level of tubes, it is located directly above the evaporator which
has four, leading to a five level staggered tubes configuration. Therefore, each value of
hconv,g (one for the post-heater and four for the evaporator) is multiplied by the adequate
correction factor which becomes larger as the gas moves through each level.

Once the convective heat transfer coefficient has been determined, the model
proceeds to calculate the radiative heat transfer coefficient h,44 4. This value is obtained by
setting two equations of heat transfer by radiation between a gas and a surface equal to each

other.

3.7
Qraa = A * hygq * (Tm,g — Tsur) 3.7)

— 4 4 (3.8)
Qrad_A*oJ*(gg*Tm,g — Qg * Lgyr )

Where: Q,qq [W] is the power transferred by radiation; A [m?] is the total heat

transfer area; Tp, 4 [K] is the mean gas temperature [K]; Ty, [K] is the surface’s mean

Jodo Pedro Figueiredo de Sa Sousa de Almeida 13



Characterization and Modelling of a Burner-Heat Exchanger Assembly to be used as an Evaporator in Low
Power Organic Rankine Cycles

temperature; o’ [W/m?K*] is the Stefan-Boltzmann constant; &g 1is the gases’ emissivity;
ag 1s the gases’ absorptivity.

In order to obtain these parameters, the method proposed by Incropera et al. [10]
on the “Gaseous Emission and Absorption section”, was followed. Here, equation (3.9) is
used to calculate the emissivity of a gas mixture containing water and carbon dioxide (as
well as nonradiating species such as oxygen and nitrogen):

&g =&y + & — 4 (3:9)

&g 1s the gas mixture emissivity; &, is the emissivity of water vapor; & is the
emissivity of carbon dioxide; 4, is a correction factor which accounts for the interaction
between the two radiating species present.

Beforehand, however, it is necessary to determine the so-called Mean Beam
Length L, which is a characteristic of the space the gas occupies’ geometry. It is defined, in
this case (arbitrary shape of volume V radiating to surface of area A) by the equation (3.10):

3.6V
Le ===+ 3,28084 [ft] (3.10)

Once this value has been obtained, the following sequence of steps is used to

calculate the gas mixture’s emissivity:
i) evaluation of €, through the graph in Figure 13.15 [10] using ppp,o * L, and Ty, 4 as
entry parameters (pppy,o in atm, L, in feet and Ty, 4 in K); ii) evaluation of €. through
the graph in Figure 13.17 [10] using ppco, * L and Ty, 4 as entry parameters (ppp, o in

atm, L, in feet and Ty, 4 in K); iii) evaluation of 4, through the graph in Figure 13.19

PPH,0

as entry parameters; iv) finally, the
PPcoz2t PPH,0 yp ) y

[10] using (Ppm,0 + PPco,) * Le and

gas mixture’s emissivity is given by the equation (3.9).

Similarly, the gases’ absorptivity a, is determined by the equation (3.11):

ag = ay + a.— 4q (3.11)
Where 4, = A, and
Tmg\"* 3.12
a,, = C'W * < m,g) * gw' ( )
TS'LLT‘
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. = ' (Tm,g> re, (3.13)
Tsur

a,, 1s the absorptivity of water vapor; a, is the absorptivity of carbon dioxide;

4, 1s a correction factor which accounts for the interaction between the two radiating species

present; &, and &.' are obtained similarly to &, and &, with the difference that, while

consulting the respective graphs, the entry parameters are altered. Ty, 4 is replaced by Ty,

(the tube’s external temperature was used) and ppy,o * L, and ppco, * L. are replaced,

TSuT
Tm,g

respectively, by ppp,o * Le * ;Si and ppco, * Le *
mg

The coefficients C’,, and C’, are evaluated from the graphs on figures 13.16 and
13.18 from [10], respectively.

The last step necessary to determine the overall heat transfer coefficient, which
concerns the gas’ side, is the fin’s efficiency. The overall surface efficiency 7, which
characterizes the behaviour of an array of fins attached to a base surface is calculated using

equation (3.14):

Af;
f (3.14)
Nowr = 1 — Am (1 - nfin)

Where: Afip [m?] is the total fin area; 4 [m?] is the total heat transfer area; n fin
is the efficiency of each individual fin which can be obtained using the graph from Figure
3.20 of reference [10] (approximated with an Excel trendline).

Once the calculations concerning the gas side have been completed, the next step
will be the determination of the internal heat transfer coefficient hy, 40 - €quation (3.15):

3.15
hwater = Nup * kwater/Dint ( )

As seen in the equation, this coefficient is a function of: the tube’s internal
diameter D;,,; [m]; water’s thermal conductivity K, 4¢e [W/m.K]; the Nusselt number Nup.

The latter is calculated using the Gnielinski correlation (see [10]), given by equation (3.16):

(g) (Rep — 1000)Pr -

NuD S 1

14127 (g)E (Prs —1)

where: Rep is the Reynolds number of the water flow inside the tubes; Pr is the

Prandtl number of water; f is a friction factor which, for smooth tubes, is given by eq. (3.17):
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f = (0,791n(Rep) — 1,64)2 (3.17)

All the aforementioned water properties are evaluated the fluid’s mean (not film)
temperature. This is probably due to the fact that the Gnielinski correlation is adequate for
turbulent flow (which will, indeed, occur in the Post-Heater). On this type of flow, due to its
nature, the radial temperature distribution will be more even than on laminar flow which
explains the lack of need to use the film temperature to evaluate these properties.

Additionally, as previously mentioned, the system was divided in two control
volumes which means that these calculations will be done separately for each CV.
Consequently, there will also be two different values for the overall heat transfer coefficient
U whose calculation will now be explained.

It was decided that U would be calculated relatively to the gas’ side in order to
facilitate the incorporation of the fins’ effect (found on the tubes’ outer surface). Therefore,
it will be represented by Uy . The steps used to reach this result are the following:

Firstly, the ratio between the internal and external heat transfer area (Ra) is
determined (equation (3.18)) followed by the thermal resistance of the tube’s wall multiplied
by the external area (ARp;) —eq. (3.19).

Ra =1 % Ding * Loy /A (3.18)

Dine * ln(Dext/Dint) (3.19)
2 *k; xRa

ARpl =

Where: Ra is the internal/external area ratio; L., [m] is the length of each control
volume; ARp; [m*K /W] is the wall’s thermal resistance multiplied by the external area (for
each control volume); D,,; [m] is the tube’s external diameter; k; [W/m.K] is the thermal
conductivity of the tube for each control volume; i is an index for each CV (1,2).

Now, the value of Uy ; for each control volume can be obtained (in W /m?K)
using the equation (3.20):

1

U,; =
9. 1 R, 1 (3.20)

+ LM 4 ARp; + Ry oxe +
hwaterl’ * Ra Ra pi Jext hglobal,g *Nsur

With Rf iy and Rf eyt [m?2K /W] representing, respectively, the internal and

external fouling factors.
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Having determined these two values, it is possible to calculate the power

transferred from the combustion gases to the water using equation (3.21):

Q;= Ug,i * A x (Tm,g — T water,i)

Where: Q; [W] is the power transferred in the VC i ; Ty, yater; [K] is the mean
water temperature inside each CV.

Finally, the initially arbitrary values for both the gases’ and the water’s
temperature at the Post-Heater’s exit may be recalculated (equations (3.24) and (3.23),
respectively). These will be of extreme importance for the convergence of the iterative

process used, which will be explained further ahead.

Q1

Tmidpoint,water = - % + Tin,water
Myqter * CPwater,1

Q2

My,gter * prater,z

Tout,water = + Tmidpoint,water

Q;
mg * cpm,g/Z

Where: Thiapointwater [K] (3.22) is the water temperature between the two

Tout gi = Tflame -

tubes of the Post-Heater — the middle point in the water’s path; m,, 4¢er [kg/s] is the mass
flow rate of water; cpyqarer,i [J/kgK] is the cp of water on CV I; Ty, yater[K] 1s the water
temperature at the inlet; Toyt water [K] 18 the water temperature at the outlet; Ty g [K] is
the gas’ temperature after going through CV i; Tfigme [K] is the combustion flame

temperature; ¢p,, 4 [J/kg.K] is the gas’ cp evaluated at mean temperature.

Since the gases’ outlet temperature is assumed to be uniform, an arithmetic mean
is calculated on the two values of Ty, 4, resulting in a single outlet temperature.

Another value which is required to properly run the following iteration is the
tubes’ exterior temperature (eq. (3.25) as it is used to calculate the gas’ film temperature).
Additionally, the interior temperature is also calculated (eq. (3.26)) as it may be used as
reference for the maximum fluid temperature (on its boundary layer).

Trube exti = Qi * (h : + By in

water i * Aint Aint

+ Rpi) + meater,i

1

Tiupe inti — Qi * A + Ty water,i

water i * Aint
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Where: Tyype exti [K] is the tube’s mean exterior temperature; A, [m?] is the
interior area of the tube; Rp; [K/W] is the wall’s thermal resistance and Tyype ine; 15 the
tube’s mean interior temperature on CV i [K].

After this step, the value for the copper’s thermal conductivity is updated using
the calculated tubes’ external temperatures along with a second order polynomial function
(constructed using Excel).

As previously mentioned, this mathematical model is based on an iterative
process. The need to do so arises from the fact that there are some initially unknown
parameter values (such as the gas and water outlet temperatures, tubes’ exterior
temperatures, material’s conductivity, etc.) which are needed for the calculations performed.
Once an iteration has been completed, these unknown values will have been updated based
on the results obtained. A new iteration is performed where these will be used to obtain new
results and this cycle will go on until they stabilize between iterations.

This is performed with the use of a while cycle and a control variable named
error. This variable will measure the difference (in K) between the two values obtained in
two consecutive iterations for the water’s outlet temperature. The cycle ends once this
variable reaches below a pre-established value (which may be changed according to the
desired accuracy). When describing the evaporator model on the next chapter, a flowchart
will be presented in order to demonstrate the working principles behind the model. A similar
iterative process to the one just described will be included on this chart as the evaporator
model requires the use of such cycle (as well as others) in order to complete a simulation.
The only difference being that the variable named error (on the post-heater’s model) will be
called variation on the evaporator’s.

Once this iterative process has been completed, the total power transferred is
calculated by simply adding that of each CV, being this the final step of the Post-Heater

model.
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4. EVAPORATOR MODEL

4.1. Overview and Heat Transfer Calculations

The main objective of this thesis work is to simulate the behaviour of the ORC’s
evaporator. This essentially consists of a compact heat exchanger of a mixed configuration.
That is to say, the two fluids do not run in a counter-flow path nor do they run in a purely

crossflow configuration. This can be demonstrated by Figure 4.1.

Figure 4.1. Isometric view of the evaporator section. The working fluid runs inside the tubes, in the

direction of the arrows, while the gas flows on their exterior.

As demonstrated, the evaporator contains 4 “levels” of stainless-steel tubes with
copper fins. Each level contains a different number of tubes, as shown by Figure 4.2.

In a similar fashion to the Post-Heater model, this one will require a series of
input variables in order to run a simulation, some of which will result from the two previous
models, namely:

1) flue gases’ temperature (from the Post-Heater model); i) flue gases’ mass flow

rate (from the Combustion model); iii) flue gases’ composition (from the

Combustion model).
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While others will concern the organic fluid’s entry conditions:

1) fluid temperature; i1) fluid mass flow rate; iii) fluid pressure.
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Figure 4.2. 2D view of the evaporator section with the discretization of the gas and fluid flow per control

volumes. For this scheme, it was considered Nc =8 and only the first and last tubes’ CVs are shown.

The organic fluid to be used in this system is Pentafluoropropane, also known
as R-245fa. In spite of this, the model is intended to accurately simulate the behaviour of this
heat exchanger regardless of the exact fluid chosen. Therefore, one of the input variables
will be the type of fluid used.

This model is expected to provide a series of important outputs, such as:

e Fluid’s final temperature (as well as its evolution as it travels through the
exchanger);

e Gases’ temperatures after each of the four levels;

e Power transferred in each level;

e Tube’s internal temperature (which will serve as reference for the maximum

fluid temperature, on its boundary layer).

The approach required to construct this model is, in part, different than the one
used for the Post-Heater. This is due to the fact that the organic fluid will enter the evaporator
as a liquid and, naturally, change phase and leave as vapor. Furthermore, the heat exchanger
doesn’t have a simple crossflow configuration, as previously shown. In order to tackle these
problems, the total volume of organic fluid inside the evaporator was split in a large number
of CVs. The input variable Nc controls the number of CVs per tube (for a total of 14 tubes).
This number can be adjusted according to the desired accuracy of each simulation. The

volume occupied by the gases was split in four — one per level. Additionally, since the path

20 2019



EVAPORATOR MODEL

the fluid and the gases travel through is somewhat in opposite directions, the organic fluid’s
final temperature (and not initial) was considered, in a first stage, an input variable in order
to facilitate the construction of the model. This means that the fluid’s control volumes are
run in the opposite direction of the real flow, as Figure 4.2 clearly demonstrates.

The calculations concerning the gas side were performed almost exactly like on
the Post-Heater model with a few exceptions. Therefore, the determination of the gas’
properties, Nyqq g > Reonv,g » Rgiovar,g @nd the fins® efficiency will not be explained in this
chapter. The difference here lies in the fact that these calculations will be performed four
times — once per level. The exit temperature from one level will serve as the entry
temperature for the following.

Once again, there are some unknown variables (such as the gases’ temperature
at the exit of each level, the tubes’ temperatures and the copper and stainless steel’s
conductivity) which will have to be arbitered for the first iteration and later replaced by the
real values.

The main difference in the calculations concerning the gas side is the way the
film temperature is obtained. Instead of calculating an average between the gases’ and the
tubes’ mean temperatures, a logarithmic mean temperature difference (LMTD) is used. This
change arises from the fact that there will be a significant variation in the gases’ temperature.
On top of this, and unlike with the Post-Heater, there are levels where the lowest
temperatures reached by the gases will come close to that of the fluid’s (and, therefore, the
tubes’). In these cases, using a simple average won’t produce accurate results as it
oversimplifies the evolution of the gas’ temperature. The exact way this calculation is

performed can be seen in equation (4.1):

Tfilm glevel =

ginleve tube ext,leve g out,leve tube ext,leve :
T +(T'l 1 — Ttube ext,iever) — (Tg out,iever — Trube ext,level) (4.1)
tube ext,level _
Tg inlevel Ttube ext,level

1nT

g out,level — Ttube ext,level

Where: Trim giever [K] 1s the film temperature of the gases on each level;
Ttube ext,iever [K] 18 the tubes” mean exterior temperature on each level; Ty i iever [K] is the
gases’ entry temperature on each level; Ty oy 1ever [K] 18 the gases’ exit temperature on each

level.
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As previously mentioned, the fluid’s side is divided in Nc control volumes per
tube, meaning that each level will have Nc*Nt CVs (Nt being the number of tubes per level,
which as specified above). A cycle was created in order to run through all CVs with the
index i [1 : Nc*14] indicating the number of each control volume. The level number is
indicated by the index variable /evel [1 : 4]. Through the use of if conditions together with
while cycles, the model will switch levels after the last CV of each level has been reached.

In sum, the sequence of steps for each individual CV’s calculations is the
following:

» Evaluate the phase the fluid finds itself in (liquid, two-phase, vapor) - xf
through the use of the RefProp program (fluid pressure pryiq and enthalpy Hppyiqg in,i @s
entry parameters):

» Utilize the adequate correlations, according to the fluid’s phase, in order to
obtain the internal convection coefficient (this step will be explained in greater detail further
ahead);

» Calculate the overall heat transfer coefficient, relatively to the gas’ side, for

that specific CV — equation (4.2):

1
s (4.2)
gt 1 R:; -
f int .
hfluidi * Ra + Ra + ARp; + Rf oxt +

hglobal g,level * Nsur level

e All parameters have the same meaning as in the Post-Heater model with
hfiai [W /m?K] representing the internal heat transfer coefficient.
» Calculate the power transferred in that CV using, once again, the logarithmic

mean temperature difference — equation (4.3).

" (Tg in,level — Tfluid in,i) - (Tg out,level — Tfluid in,i)

=U :xAxF 4.3
Ql gt In (Tg in level — Tfluid in,i ) (43)
Tg out,level — Tfluid in,i
Truia in,i [K] 1s the fluid’s entry temperature on each CV; F' is the correction
typically factor used with the LMTD which, in this case, is equal to 1.
» Calculate the fluid’s (4.4) and gases’ (4.5) enthalpy at the exit of the CV:
(4.4)

Hepia outi = Hrwia ini — Q i/Mfiuia
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H _ Hg inlevel * mg inlevel — Qi * (NC * Nt) (4.5)

g outi — .
mg out,level

Where: Hepyig out,i [1/kg] is the fluid’s enthalpy at the exit of each CV; Hrpyiq in,i
[J/kg] is the fluid’s enthalpy at the entry of each CV; g4 [kg/s] is the fluid’s mass flow
rate; Hy oyt [J/kg] is the gas’ enthalpy at the exit of each CV; Hy i 1ever [J/kg] is the gas’
enthalpy at the entry of each level; My ;, jever [kg/s] s the gas’ mass flow rate at the entry of
each level; My oyt 1ever [kg/s] is the gas’ mass flow rate at the exit of each level.

> Calculate the internal (Tyype ine,;) and external (Tyype ext;) tube temperature

for that CV — equations (4.6) and (4.7), respectively:

Teuve inti = Qi( > + Triuid in,i

hfiiai * Aint

T L= Qi ! +Rfint+R~)+T-~~
tube ext,i i hfluidi *Aint Aint pi fluid in,i

» Determine the fluid’s temperature at the exit of the CV, using its enthalpy
and the RefProp program.

» Update the stainless steel’s thermal conductivity using the previously
determined value along with a second order polynomial function.

At the end of each CV, parameters like the fluid’s exit temperature and enthalpy
are transformed into the entry parameters for the following CV and so on.

Once all of the control volumes in one level have been run through, an arithmetic
average is calculated out of all of the tubes’ exterior temperatures as well as the gases’
enthalpy (since these values have to be uniform for each level in order to calculate the gas’
properties). The latter is used to calculate, by an iterative process, the gases’ temperature
which, on top of being the initial temperature for the next level, will be stored for the next
iteration (since the values initially used were arbitrary). Additionally, the total power
transferred in that level is calculated. This is performed for both the gases (4.9) and the fluid

(4.10). Assuming no thermal losses are considered, these results should be the same.

Qfuidtevet = (Hrwia injevet — Hftuid outtever ) * Mfiuia

Qftuiaever [W] is the total power received by the fluid in one level;
Hfpia intever [J/kg] 1s the initial fluid enthalpy of the first CV on that level;
He i out,iever [I/kg] 1s the final fluid enthalpy of the last CV on that level.

Jodo Pedro Figueiredo de Sa Sousa de Almeida 23

(4.6)

(4.7)

(4.8)



Characterization and Modelling of a Burner-Heat Exchanger Assembly to be used as an Evaporator in Low
Power Organic Rankine Cycles

It is important to take notice that the words “in” and “out”, when referring to the
fluid, are according to the direction the CVs are run through which is opposite to the direction
the fluid actually flows through (Figure 4.2). This means that both the fluid’s and the gases’
enthalpy will decrease from one CV/level to the other.

The power transferred from the gases is:

— - : (4.9)
Qg,level - Hg in,level * mg inlevel Hg out,level * mg out,level

Qg,iever [W] is the power lost by the gases in one level; Hy gyt 1ever [J/kg] 1s the
gases’ enthalpy at the exit of each level, calculated by averaging Hy oy¢,i5 Mg out,tever [KE/S]
is the gases’ mass flow rate at the end of each level.

As it may be observed, two different values of the gases’ mass flow rate are used
(one for the level’s entry and another for its exit). This is due to the fact that, in some cases,
the temperatures reached by the gases may be so low that condensation may occur. In those
cases, it is considered that as part of the water condenses, it is removed from the mixture,
reducing its mass flow rate. Nonetheless, this consideration implies an approximation as the
condensed water still has some energy (even if very little compared to vapor).

Additionally, the reduction in the amount of water vapor contained in the gases
will lead to a change in all the components’ partial pressures, mass and molar fractions. All

of which have to be re-calculated.

Psat water 4.10
Ywater,g = * Ywater (4.10)

pp water

— (4.112)
Ywater,l = Ywater — Ywater,g

Where: yyqter,g is the molar fraction of water which remains in a gaseous state;
Dsat water [P2] 1s the saturation pressure of water at the gases exit temperature; pp yqter
[Pa] is the initial partial pressure of water; Y, qter 1S the initial molar fraction of water;

Ywater, 18 the molar fraction of water which will condense.

Psat water) (4.12)

My out,level = Mg in,level — Mg in,level * fma water * <1 -
PPwater

With fma ,,4¢er representing the mass fraction of water.

Now, the new molar fraction of water (V,yqter new ) can be calculated —eq. (4.13):
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ywater,g
YCOZ + YOZ + yNz +ywater,g

Ywaternew =

The molar fractions of the remaining components as well as the new mass
fractions may be calculated in a similar way. These will serve as the initial value for the
following level, if there is one.

At the end of each level, the copper’s thermal conductivity will also be updated
as it is necessary for the fin’s efficiency.

Another important remark is that a simplification was made while calculating
the power transferred. Instead of using the initial and final fluid temperature in each CV (to
obtain its properties and calculate the heat transfer), only the initial temperature is
considered. This eliminates the need to arbitrate an extremely high amount of values (the
fluid’s temperature at the exit of each CV) as it could cause instability problems.
Furthermore, no correction factor F (4.3) will have to be used when calculating the LMTD
since, by assuming a constant fluid temperature, the heat exchanger’s configuration becomes
irrelevant (just like an evaporator or condenser). This simplification is considered acceptable
due to the large number of control volumes which makes their individual length very small

and, therefore, the variation in the fluid’s temperature small as well.

4.2. Internal Heat Transfer Coefficient

Now moving to a more detailed description of the internal convection
coefficients calculations, two distinct cases can be found:

» The organic fluid is in a single-phase flow (whether it’s liquid or vapor). In
this case, the Gnielinski correlation is used once again — equation (3.16), now adapted to the

fluid with f being given by equation (4.14) since the tubes are no longer considered smooth.

1
f =
6,9 er\b11
1,8log|5=—) + |3= 2
(1,8log (ReD) (3,7) )
With the relative roughness er defined by equation (4.15):
er = €a/Din;

ea [m] being the tube’s absolute roughness.

(4.14)
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» The organic fluid is in a two-phase flow:

This case will require a different approach, with the method used by André et al.

[11] being adopted. Now, the internal convection coefficient (hfyyiq ) 18 given by the sum of
the forced convection coefficient ( h'.f) with the nucleate flow boiling coefficient (h'cy) —
eq. (4.16):
Ppwia = en + e [W/m?K] (418)
With ¢ given by equation (4.17):
R ef = Rintemo * fe [W /m?K] 447

Where: Ry x=o [W/m?K] is the internal convection coefficient considering
saturated liquid (x = 0); fc is the empirical parameter of Lockhart-Martinelli for a turbulent

two-phase flow, defined by equation (4.18):

2(_1 1 4.18
fo= 1o"08021+l0g (Xtt)+0’54727*l°g(Xt¢)+0’45327 (4.18)

Which is valid if 0,1 <—< 100, with — given by equation (4.19):

1

Priiq \o5 . Mfvap o1 (4.19)
oo = (o)« (05, LLreyo
Xtt

1-x Pf vap s 1ig

Where: x is the vapor fraction; pryiqiiq (K9 /m3] is the fluid’s density,
considering saturated liquid; pfiyiqvap [kg/m?] is the fluid density, considering saturated
vapor; Uriaiiq [Pa.s] is the fluid’s dynamic viscosity, considering saturated liquid;
Uftuid vap [Pa.s]is the fluid’s dynamic viscosity, considering saturated vapor;

While running the simulations, it was verified that the parameter é may go

beyond the aforementioned interval in the first one or two CVs with two-phase flow (where
x is high, since the CVs are run in an opposite direction to the fluid’s flow). However, since
during the fluid’s evaporation the thermal resistance on the gas’ side (even with the fins) is
much larger than on the fluid’s side, it is the value of hy;opq; 4 Which will control U, the
most. This means that potentially having one or two values of hg,,;q higher than in reality

will not have a significant impact on the heat transfer (especially given the small CV’s size).
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The nucleate flow boiling coefficient (h',, — equation (4.20)) is obtained by
multiplying the nucleate pool boiling coefficient (h,,) by a factor (fs) which incorporates
the effect of duct flow.

Ren=hen*fs  [W/mK] .20
h.,, may be calculated using the Forster and Zuber correlation — eq. (4.21):
0,79
B Keuiatiq " * CPfiatiq O * Priuia 1iq **°
hen = 0,00122 0,5 0,24 0,24 0,24
Of 7 * Ufuid lig "~ * hfg * Pfluid vap (4.21)

0,24
* (Ttube int — Tfiuid sat ) * (pfluid sat @ (Ttube int ) — P )

0,75

Where: Kfyiq1iq [W/m. K] is the fluid’s thermal conductivity considering a
liquid state; cpsiyiq1iq [J/kg- K]is the fluid’s cp considering a liquid state; ofj,;q [N/m] is
the fluid’s surface tension; hyg [J/kg] is the fluid’s latent heat of vaporization; Triyig sar [K]
is the fluid’s saturation temperature; Priyiq sat @ (Trube ine ) 18 the fluid’s saturation pressure

at the tube’s interior temperature [kPa]; psyyiq 1s the fluid’s pressure [kPa].

The fs factor is given by equation (4.22):

fs = 0,14625 = log3(X) — 2,0917 = log?(X) + 9,3687 * log(X) — 12,459 (4.22)
With
X = Rel *fc1,25 (4.23)
and
(1 —x) * pg * Vrpyiq * Dine (4.24)

Rel =
Ury

o ps [kg/m?] is the fluid’s density;

®  Vriq [M/s] is the fluid’s velocity;

4.3. Final Considerations

A full iteration is considered completed once all CVs and levels have been run
through. The main outputs of this iteration will be the gasses’ exhaust temperature, the total
power transferred (calculated exactly like it is done for each level) and the fluid’s

temperature at the entry of the evaporator (since the CVs have been run through in the
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opposite direction the fluid travels in). At this point a new iteration is initiated where all the
values that had been arbitered for the first one will be replaced by the actual results of the
completed iteration. This is performed using a while cycle and a control variable named
variation. This variable evaluates (after each iteration) the difference between the total
power calculated in that iteration itself and that of the previous one. In a similar way to what
was done in the Post-Heater model, the cycle ends once this variable reaches below a pre-
determined value, meaning that the results have stabilized from one iteration to the other.
Since a logarithmic mean temperature difference, which is used to calculate the
power transfer, has an asymptotic behaviour it is worth noticing that some numerical
instability may occur. In order to avoid this issue and help with the iterative process’
convergence, a damping factor is used between two consecutive iterations. In practice, this
is achieved by affecting the gases’ temperature at the end of each level, since this is the main
parameter which is carried from one iteration to the other. A weighted average is calculated
between each of the four values of the gases’ exit temperatures and those obtained in the
previous iteration (which had been stored in an additional variable) — equation (4.25).

4.25
Tg out,level = Tg out,level * (1 - dp) + T,g out,level * dp ( )

Where: Ty oyt iever [K] is the gases’ temperature at the end of each level;
T' g outever [K] is the gases’ temperature at the end of each level, calculated in the previous

iteration; dp is the damping factor.

This damping ensures that no abrupt variations occur in two consecutive
iterations which may slow down the convergence process but avoids numerical instability
problems.

As mentioned before, in order to simplify the model’s construction, the fluid’s
temperature at the exit of the evaporator was considered the input variable (some value, even
if arbitrary, must be specified for each simulation). This means that one of the model’s
outputs would be the fluid’s temperature at the entry of the evaporator.

Naturally, this is not realistic since the real input will be the fluid’s initial
temperature and not its final. Therefore, an additional iterative cycle was created — one that
encompasses the previously mentioned cycle, only leaving out the geometric calculations

(since these are performed right at the beginning and are fixed throughout all simulations).
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Once the model has converged and provided an accurate result for the fluid’s
temperature at the beginning of the evaporator, its enthalpy is compared to the enthalpy the
fluid would have if it were at the “real” temperature at which it actually enters the
evaporator— one of the model’s inputs. This difference is stored in a control variable named
dif, as seen on equation (4.26).

_ 4.26
dif = Hrpia,finat — Hrwid,entry 20

Where: dif [J/kg], given by equation (4.26), is a control variable for this new
external cycle; Hepyig rinar [J/kg] 1s the fluid’s enthalpy at the temperature of the beginning
of the evaporator, calculated by the simulation; Hyyy,ig entry [J/kg] is the fluid’s enthalpy at
the actual temperature the fluid will enter the evaporator (input variable).

After this, another iteration will begin where the fluid’s enthalpy on CV no 1 is

“corrected” by this variable, as shown by equation (4.27).
. 4.27
Hepia ini=1 = Hfia inji=1 — dif [J/kg] (4.27)

After the simulation has converged and produced a new value for the fluid’s
temperature at the entry of the evaporator, a new value for dif will be calculated and the cycle
will repeat itself until this variable, once again, reaches below a desired value. The reason
why the enthalpy is used as a comparison instead of the temperature is to enable the iterative
process to converge even if the fluid is leaving the evaporator in a two-phase flow (even
though the ORC is not supposed to run this way).

Once this cycle ends, the simulation is considered complete with the fluid’s final
temperature now being an output variable. Annex B (Figure B. 1) contains a flow-chart
which demonstrates the basic operating principles of the model, namely the aforementioned
iterative cycles.

Having described all three models, their results may now be analysed and
evaluated. The next Chapter will perform a parametric analysis of the outputs produced by
these models and attempt to explain the physical phenomena behind the behaviour of a series

of important parameters.
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5. ANALYSIS OF RESULTS

In this chapter, an analysis will be performed on each of the previously described
models’ main results. Additionally, a series of small extra calculations which were
performed on both the Post-Heater and the Evaporator’s models will be explained and its

results discussed as well.

5.1. Combustion Model’s Results

Since the natural gas burner is the first component to be modelled, its results will
be of great importance for the following models. Among these outputs, those with the largest
influence on the heat transfer on the two heat exchangers will be the flame temperature and
the gases’ mass flow rate.

Taking this into account, the behaviour of these parameters and the way they
relate to each other will now be analysed starting by the mass flow rate, plotted on a graph

on Figure5.1.
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Figure 5.1. Combustion gases’ mass flow rate as a function of the burner’s power output.

As it can be seen, the combustion gases’ mass flow rate follows a nearly perfect
linear trend when plotted as a function of the burner’s power output. This could be

considered an interesting result as the excess of air is not constant along the burner’s power
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range, as seen on the graph from Figure 2.1.The flame temperature’s behaviour, however, is

clearly influenced by the excess of air, as demonstrated by Figure 5.2.
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Figure 5.2. Flame temperature and excess of air as a function of the burner’s power output.

The connection between the excess of air and the flame temperature can be
further evidenced by plotting the second as a function of the first, as shown on as seen on

Figure 5.3.
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Figure 5.3. Flame temperature as a function of the excess of air.

By adapting a trend line to the to this graph on Excel, it appears that the relation
between these two parameters is, in fact, quite linear. Indeed, it is known that the maximum
combustion flame temperature is reached when the air-fuel mixture is rich which explains
why this value is higher for lower levels of excess of air. This relation may prove to be quite
important when attempting to control the fluid’s maximum boundary layer temperature

since, on the particular burner used, the excess of air can be manually adjusted.
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5.2. Extra Calculations

In addition to the main objectives of the modelling performed on these three
ORC components (Burner, Post-Heater and Evaporator), there are some small behavioural
characteristics which are worth simulating as well (whether it’s for safety reasons or simply
to have a greater understanding of the way the cycle will work as a whole).

Taking this into account, three additional calculations will be described in this

section and their respective results analysed.

5.2.1. Fin Tip Temperature

For safety reasons (as well as a proper material preservation), it is convenient to
know the maximum temperature the fins will reach, which will occur on their tips.

In order to achieve this, the method presented on the “Heat Transfer From
Extended Surfaces” section, from [10], was adopted. Here, the fin’s temperature at any given

point is determined by equation (5.1) - valid for annular fins of rectangular profile:

i _ Iy(mf * 1) x Ky (mf *1;) + Ko(mf 1) * Iy (mf *13) (5.1)

Oy a Io(mf * 1) x Ky(mf *1,) + Ko(mf = 1;) = ;(mf *13)

Where: 6 [K] =temperature difference between the surroundings and the desired
point; 6,[K] = temperature difference between the surroundings and the fin’s base; Iy =
zero-order modified Bessel function of the first kind; K, = zero-order modified Bessel
function of the second kind; I; = first order modified Bessel function of the first kind; K; =
first order modified Bessel function of the second kind; r; [m] = fin’s radius, at its base;
[m] = fin’s radius at its tip, corrected in order to include the heat transfer in that area; r [m]
= fin’s radius at the desired point;

2h
kxt

e mf = [m™1] (5.2)

h [W /m?K] = external convection coefficient (on the gas’ side); K [W/m.K] =

fin material’s thermal conductivity (copper); t [m] = fin’s thickness.

32 2019



ANALYSIS OF RESULTS

The Bessel Functions, which can be found in a series of tables, were inserted in
the models via mathematical functions (polynomial of degree six for the first kind and
exponential for the second kind).

Since only the maximum temperature is needed, the point at which the fin’s

temperature is calculated will always be its tip (' = 7§, 1), @s seen in equation (5.3):

(5.3)

Tfin,tip = Tin,g - 9_ * (Tin,g — Ttube ext)
b

Where: Ty ¢1p [K] is the temperature of the fin’s tip; Tj, 4 [K] is the surrounding
gas’ maximum temperature, which happens at the entry of each level (since this is mainly a
safety calculation); Ty pe exe [K] 1s the tube’s exterior temperature.

While the Bessel functions are calculated for each level in the evaporator’s case
and just once for the Post-Heater, the value of T ., is specific of each control volume, which
results in two values of Ty, ¢, for the Post-Heater and Nc*/4 for the Evaporator.

The results for the maximum fin tip temperature (as well as the maximum tube’s
exterior temperature) for the Post-Heater and the Evaporator can be seen, respectively, on

Table 5.1 and Table 5.2 for three different power levels.

Table 5.1. Maximum fin tip and tube’s exterior temperature on the Post-Heater.

Post-Heater
Burner Power [KW] 37 20 8
Maximum Fin Tip Temperature [°C] 252.6 2248 190,6
Maximum Tube’s Exterior Temperature [°C] 238,3 215,7 186,2
Table 5.2. Maximum fin tip and tube’s exterior temperature on the Evaporator.
Evaporator
Burner Power [KW] 37 20 8
Maximum Fin Tip Temperature [°C] 612,0 482,3 363,2
Maximum Tube’s Exterior Temperature [°C] 569,2 4582 356,5

The simulations at different power levels were performed according to the
parameters defined on Table 5.3.

As it may be observed, the maximum temperature difference between the fin’s
base and its tip is 43 °C. This happens on the evaporator (where the fins are longer) and at
the maximum power level (maximum flame temperature and gases’ mass flow rate). It is

worth noticing that this result comes from the fact that the fins’ efficiencies is extremely
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high (due to their relatively short length and highly conductive material) which means that
mean fin temperature is relatively close to that of its base. Since the maximum temperature
reached (612°C) is within the fins’ operating temperature (see [12]), the simulations suggest
that this parameter should raise no problem during the ORC’s operation. Additionally, the

real value should be even lower due to the conduction along the fin’s perimeter, which was

not considered.

Table 5.3. Simulation parameters for three different power levels.

Burner Power [kW] 37 20 8
Excess of Air [%] 27,2 35,6 71,3
Flame Temperature [°C] 1680 1603 1344
Gases’ Mass Flow Rate [kg/s] 0,0155 0,0089 | 0,0045
Water Mass Flow Rate on the Post-Heater [kg/s] 0,080 0,060 0,033
Water’s Outlet Temperature on the Post-Heater [°C] 85 85 85
Fluid’s Mass Flow Rate on the Evaporator [kg/s] 0,090 0,045 0,015
Fluid’s Outlet Temperature on the Evaporator [°C] 108 108 108

5.2.2. Pressure Drop in the Gas Flow

The main reason why this parameter is worth calculating is to know whether
some dedicated gas extraction system is needed or if the burner’s own ventilation system is
sufficient to ensure a proper exhaust gas flow.

This calculation relies on one equation only (5.4) (see [10], “Compact Heat
Exchangers” section). The result is the pressure drop (Ap) associated with a gas flow across
finned-tube banks.

G? *v;
2

Ap = [(1+02)*<1:jut_1)+f*i*v_m [Pa]

in Arr Vin
Where: G [kg/m?s] is the gas’ maximum mass velocity; v;, [m3/kg] is the
gas’ initial specific volume; v,,,; [m3/kg] is the gas’ final specific volume; v, [m3/kg] is
the gas’ mean specific volume; o is the area ratio; f'is the friction factor, measured from a
graph [10] (as a function of the Reynolds number); 4 [m?] is the total heat transfer area; Agr
[m?] is the free-flow area.
The pressure drop for the three same simulation conditions as those used in

section 5.2.1 are found, for both the whole assembly, on Table 5.4.

(5.4)
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Table 5.4. Pressure drop in the gas flow for three different power levels.

Burner Power [kW] 37 20 8
Pressure Drop in the Gas Flow [Pa] 7,25 2,27 0,578

After analysing this table one can conclude that, according to the simulations,
the pressure drop on the gas flow across the two exchangers is extremely low (less than 8 Pa

in the most extreme case) meaning that this phenomenon may not be relevant.

5.2.3. Pressure Drop in the Working Fluid

In order to properly select a suitable pump for the installation (capable of sending
the desired flow of WF through the circuit), it is important to know the pressure drop the
fluid will suffer as it travels through the evaporator.

The fluid’s pressure drop may be split in three main components:

e Pressure drop due to friction (continuous as the fluids travels through the
evaporator’s pipes);

e Local pressure drops due to the existence of components (such as valves,
elbows, U-turns, etc);

e Pressure drop due to the height elevation inside the evaporator (hydrostatic).

The continuous pressure losses are calculated individually for each control
volume and rely on the formula given by equation (5.5):

Ap =hf xp*g [Pa] 53]

With the pressure drop in terms of fluid column being given by equation (5.6):

AL v? (5.6)

* o [m]
Dint Zg

Rf = f

Where: Ap [Pa] is the pressure drop; p [kg/m?3] is the fluid’s density; g [m/s?]
is the gravitational acceleration; AL [m] is the length of each CV; v [m/s] is the fluid’s

velocity; f is the Darcy coefficient of friction, given by equation (5.7):

1 6.9 er 111 (5 7)
— = —18xlog [+ (— :
NG *log g * (3.7) ]
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For the local pressure drops all the turns between each evaporator tube were
considered as well as its entry and exit (which correspond to a cross-section enlargement
and contraction, respectively). The general expression is shown on equation (5.8):

1
Ap=kprzxpv? [Pa] )

Where kp is a pressure drop factor specific for each type of component. Typical
values of kp can be found in the form of graphics and/or tables (see [13], [14]).
The pressure drop due to the height difference between the evaporator’s entry

and exit Az [m] can be calculated by equation (5.9):
Ap=Azxp*g (5.9)
After all the parcels have been calculated, they are simply added resulting in the

total pressure drop across the evaporator.

Once again, results for three different power levels are shown in Table 5.5.

Table 5.5. Pressure drop in the Organic Fluid for three power levels.

Burner Power [kW] 37 20 8
Pressure Drop on the Organic Fluid [kPa] 5,02 2,43 1,75

As expected, the pressure drop is higher when the fluid’s mass flow rate is higher
(resulting in an increased velocity). As interesting analysis may be looking at the three

pressure drop “parcels” separately, as demonstrated by the graph on Figure 5.4.
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Figure 5.4. Weight of each type of pressure drop on the organic fluid.
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Naturally, the hydrostatic pressure difference remains unchanged throughout
different power levels while the other two increase with it (result of the fluid’s increasing
mass flow rate and, therefore, velocity). It is worth mentioning, however, that when
considering the whole circuit, this parcel (which has a large weight on the overall pressure
drop) will be 0 since it is a closed loop.

As one may assume, this pressure loss is not constant throughout the evaporator.
Figure 5.5 shows the evolution of the WF’s pressure loss as it travels through the evaporator
for a burner power of 37 kW (the hydrostatic pressure difference is not included). The
graph’s abscissa axis represents the number of tubes in the Evaporator (14 in total) and the
corresponding position according to a linear coordinate L [m], with L=0 being the point at
which the fluid enters the Evaporator. The dotted lines mark the separation between each

level of tubes.
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Figure 5.5. Continuous and local pressure losses inside the evaporator.

As it can be observed, the local pressure losses have the largest contribution
(conclusion which could also be made by analysing Figure 5.4). This happens at the
evaporator’s entry and exit as well as between each of its tubes (where U-turns are located).
In addition, it is clear that both parcels radically increase after tube 11. This is the point
where the WF enters two-phase flow, for this power level (as will be demonstrated on
Section 5.3). This increase is due to the fact that, as the fluid turns into vapor, its velocity
rises significantly resulting in larger pressure losses (both due to friction inside the tubes as

well as specific components).
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5.3. Post-Heater & Evaporator Model’s Results

This section contains an analysis of some of the results provided by the Post-
Heater and Evaporator’s models. The choice was made not to separate the two since both
describe physical phenomena of heat transfer from a gas to a fluid and both the components
simulated are no more than heat exchangers assembled on top of each other.

A series of simulations were carried out for different power levels. However,
with the exception of a few parameters, it would be redundant to present the results for all
of them since the variables in main focus have a similar behaviour in all scenarios.

Therefore, the results presented in the following figures were obtained under the
simulation conditions described on Table 5.3 with a burner power of 37 kW, starting by the

temperature of the combustion gases as they travel through the exchangers - Figure 5.6.
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Figure 5.6. Combustion Gases’ temperature variation.

As mentioned on Chapters 3 and 4, heat transfer by radiation is considered in all
levels of the evaporator as well as the post-heater. However, its weight on the total heat
transfer is not constant, as clearly demonstrated by Figure 5.7.

The graphs that will then follow show the behaviour of several parameters
considered relevant for the characterization of the evaporator:

e Internal heat transfer coefficient hsyy,;4 - Figure 5.8;
e Power transferred per CV (for a total of 10 CVs per tube) Q ; - Figure 5.9;
e Tube’s internal temperature Ty pe ine - Figure 5.10;

e Working Fluid’s temperature Tfy,;q - Figure 5.11.
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The reason why these same results are not provided for the Post-Heater is that,
with only one heat exchanger level, two CVs and a relatively low temperature change in the
water, all these variables remain practically constant with the exception of the water

temperature which increases almost linearly.
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Figure 5.7. Weight of the heat transfer by convection and radiation on each level.
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Figure 5.8. Internal Heat Transfer coefficient
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Figure 5.9. Power Transferred per CV.
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Figure 5.10. Tube’s internal temperature.
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Figure 5.11. Working fluid’s temperature.

Starting by Figure 5.6, one can see that no particularly surprising results are to
be found. Since this graph includes both the post-heater and the evaporator, it is only natural
that there are two distinct behaviours/trends as the gases travel through each component. It
is also not surprising that as the gases’ temperature drops, the heat transfer also decreases
resulting in a lower temperature loss rate.

The results shown on Figure 5.7 were also predictable since not only is the gas
volume (on eq. (3.10)) much larger on the post-heater than on each level of the evaporator
but also the area of heat transfer is considerably smaller (due to fewer and shorter fins). This
leads to a Mean Beam Length which, on the evaporator, is smaller by approx. one order of
magnitude (compared to the post-heater). In addition, as the gas temperature decreases from

one level to the other, the influence of the radiation is also reduced.
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Moving on to Figure 5.8, it can be seen that the internal heat transfer coefficient
remains fairly steady until close to tube 11. This is the point where the fluid enters the two-
phase flow. This type of flow is typically characterized by extremely high values of
hf1iq which may increase by approximately one order of magnitude compared to the sub-
cooled region [10]. In fact, the increase is so high that a logarithmic scale had to be used for
the ordinate axis in order to facilitate the interpretation of the graph. This parameter reaches
its peak as the fluid enters Annular Flow (the liquid forms a film next to the tube wall as the
vapor moves at great speed through its middle), followed by the Mist Regime (small droplets
of liquid which travel in the core of the tube) [10]. The heat transfer coefficient then suddenly
drops as the fluid returns to a single-phase flow — now vapour.

As mentioned on Chapter 4, the value of é (a parameter necessary for the

calculation of hsj,, ) may go beyond its interval of applicability, resulting in unrealistically
high values of hy,;4 for one of two CVs. Nevertheless, and as previously mentioned, since
the thermal resistance on the gas’ side is, for the two-phase flow, much higher than on the
fluid’s side, this will not have a great effect on the value of Q ;, as see on Figure 5.9. It may
initially look like the power transferred per CV follows a similar trend to hysy,;4 (except for
the “steps” as the fluid changes level and, therefore, is subjected to much higher gas
temperatures resulting in an increased heat transfer). However, one must not forget that this
graph (Figure 5.9) is not presented with a logarithmic scale. Indeed, while the value of
14 Tises more than one order of magnitude in the two-phase region, Q ; only increases by
approx. 50%. More precisely, the value of hs,,;4 increases by over 3 times on the CV where
ﬁ is beyond its limits while Q ; only grows by 1,2% (both compared to their corresponding
values on the previous CV).

The parameter where hysp,;qhas a visible effect is on the tube’s internal
temperature (Figure 5.10). On the first three levels, this parameter rises at a constant yet slow
place as we move through the Evaporator with clear “jumps” appearing at the separation of
each level. On the last level, however, there is a great drop in this temperature during the
two-phase flow region followed by an abrupt rise back to its “normal” single-phase value,
on the last tube. This is due to the increase of hfj,,;4 and, therefore, a decrease on the internal
thermal resistance. This is also where one of the model’s limitations shows its effects.

Indeed, it is not realistic that such an enormous temperature variation occurs in one single
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tube whose length is only 26,4 cm. This happens due to the fact that no heat conduction
along the tubes’ walls was considered due to the high complexity its integration would
involve. In reality, due to this phenomenon, this temperature variation (even if as large)
would be more gradual and not as abrupt. Nevertheless, according to this simulation, the
tube’s internal temperature may rise to significantly high values due to the fact that the
incorporation of extended surfaces brings the thermal resistance on the gas’ side close to that
on the fluid’s side. This combined with the fact that the first level of the evaporator (tubes
10-14) is exposed to extremely high gas’ temperatures results in a potentially dangerous
boundary layer temperatures of the organic fluid (dangerous since the fluid may be subjected
to thermal degradation). Nonetheless, it was observed that, as the power is set to gradually
lower levels (such as the other two shown on Table 5.3) the maximum temperature on the
tubes’ internal wall also deceases (while the overall trend seen on Figure 5.10 is always the
same). This is verified for any given power within the burner’s range as long as the WF’s
flow rate is adjusted in order to maintain similar inlet and outlet fluid temperatures.

Finally, the behaviour of the fluid’s mean temperature does not show anything
unexpected. Its rise is constant for each of the first three levels with visible changes in the
first derivative as the fluid moves up a level. On the last one, the fluid’s entire evaporation
occurs (at a constant temperature) as well as a small degree of superheating (approx. 6 °C).

Having analysed these graphs and provided some explanations for the
phenomena observed, it would now be interesting to visualize the effect hsyy,;4 on the radial
temperature distribution. That is to say, the way the temperature changes as we move from
the inside of the tubes until their exterior. This can be seen on Figure 5.12 for two distinct
cases:

e Two-phase flow (x = 0,69) - hfpyq is extremely high;
e Single-phase flow (vapor superheated by 1 °C) - hfyyi4 s much lower.

*Note: the gas temperature presented is the mean temperature on the 1% level.

These graphs make it easy to visualize how the internal convection coefficient
(which is the only parameter that changes significantly between the two graphs as the fluid’s
temperature difference is only around 1 °C) affects the temperature distribution. On (a)
hfiia 1s extremely high and, therefore, the internal thermal resistance is significantly lower

than the external which brings the tube’s temperature much closer to the fluid’s. On (b),
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however, the internal thermal resistance goes up and, due to the fact that the tubes have fins
on their exterior (they were not represented on the graph for the sake of simplicity), both
thermal resistances come close to each other which results in a tube temperature which is

somewhat between the fluid’s and the gas’ temperature.
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Figure 5.12. Radial temperature distribution for two-phase flow (a) and superheated vapor (b).

It was previously stated that most parameters would remain unchanged
throughout the simulations at different power levels. One that does not, however, is the
distribution of the heat transferred in the Post-Heater and Evaporator. The graph on Figure
5.13 shows the portion of power which is transferred on each of the two components as well
as that which is lost (both in the chimney and to the exterior of the Evaporator). The results
for a burner power of 8, 20 and 37 kW were obtained according to the conditions established
on Table 5.3 with the additional two (14 and 28 kW) being performed so that the both the
working fluid and the water suffered the same temperature increase as in the three previous
ones (this was achieved by adjusting their mass flow rate).

It can be observed that, for lower power levels, the portion of power transferred
in the Post-Heater is much larger (going from nearly the same as the Evaporator for 8 kW to
2,5 times less for 37 kW). In fact, this is not a big surprise. If the Post-Heater is seen as
merely another level of the evaporator, it is expected that, as the power increases, the first
level is no longer capable of absorbing the same amount of power (relatively speaking) since
this is limited by a wide range of parameters (such as the tube’s conductivity, internal and
external heat transfer coefficients, etc). Therefore, for higher power levels, there will be more
energy left to absorb from the flue gases after these have gone through the first level. This is

supported by the fact that, in the Evaporator alone, the power distribution through each level
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does become more even as the burner’s power rises. For 8 kW around 76% of the total power

transfer in the Evaporator happens in the first level while for 37 kW this value drops to 65%.
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Figure 5.13. Power distribution between the two components (including losses).

Knowing the power supplied by the burner and the portion transferred on each
component, the thermal efficiency of this part of the circuit can be calculated. The results

for the same power levels as in Figure 5.13 are shown on Figure 5.14.
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Figure 5.14. Efficiency of the Burner, Post-Heater and Evaporator assembly.

As it can be seen, the variation of this parameter for the whole power range of
the burner is around 2,5% with no clear trend being detected.

Now that a series of important outputs of each model have been presented and
analysed, the next chapter will proceed to describe the characteristics of the test rig used to

perform the experimental analysis as well as the way these tests were performed.

44 2019



EXPERIMENTAL ANALYSIS

6. EXPERIMENTAL ANALYSIS

In order to verify and validate the results provided by the model it is essential
that the Post-Heater and Evaporator are tested as part of an actual ORC. Indeed, the
mathematical model developed intends to simulate a series of physical phenomena meaning
that theoretical results alone don’t possess enough strength unless supported by experimental
data. Furthermore, carrying out these tests allows investigators to cover a series of smaller
physical phenomena which, for one reason or another, were not always included in the
models’ construction.

To achieve this, a prototype Organic Rankine Cycle was built in the facilities of
the Department of Mechanical Engineering (Departamento de Engenharia Mecanica —
DEM) of the University of Coimbra — UC. The following section will consist of a description

of this installation.

6.1. Test Rig Description

As it can be seen on Figure 1.1, the installation consists of a series of components
typically found in Rankine Cycles, namely:
e A pump;
e A working fluid evaporator;
e An expander;

e A condenser.

However, a few important differences can be seen on this particular prototype.
Firstly, and as previously mentioned, the ORC evaporator is not placed immediately after
the burner but after the Post-Heater. As it can be seen in the complete scheme of the circuit
(Figure E. 1, Annex E), the water initially flows through the condenser (removing thermal
energy from the organic fluid and heating up in the process) after which it is fed to the Post-
Heater where its temperature will be raised even further, leading to a reduction in the

combustion gases’ temperature.
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Secondly, the working fluid’s expansion is not performed in a turbine (which
would be used to power an electric generator) but instead in a throttling valve. This choice
was made due to the fact that the main objective of this installation is to test the ORC
evaporator since most of the other components are considered to be “off-the-shelf”, that is
to say, they do not need great further development for this specific purpose. The evaporator,
however, cannot be found on sale and was built specifically for this ORC. Replacing the
turbine by a throttling/expansion valve does not affect the evaporator’s behaviour. The only
difference being that the condenser must be chosen so that it can transfer the additional
energy which would otherwise be absorbed by the turbine, since the fluid’s expansion is now
isenthalpic and not isentropic.

Since this thesis work focuses on the modelling of the evaporator section only
(NG Burner, Post-Heater and Evaporator itself), a description of the instrumentation
installed in this section of the prototype will now follow.

A series of temperature sensors (thermocouples) are placed along the gas, water
and working fluid’s circuit as demonstrated by Figure 6.1 and Figure 6.2.

Additionally, sensors no 1 and 2.0 are located at the working fluid’s entry and
exit of the evaporator, respectively. Sensors no 6.0 and 7 are located in the water circuit,

before and after the Post-Heater (see Figure E. 1).

Burner

Post
Heater

Evaporator

OGO

Figure 6.1. Location of the fluid and water thermocouples on the Evaporator and Post-Heater.
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Figure 6.2. Location of the gas thermocouples on the Evaporator and Post-Heater.

On Table 6.1, the main characteristics of each thermocouple used can be found.
All of the sensors which measure the WF’s and water’s temperature (with the exception of
2.0) have a contact probe. This means that the actual measured temperature is that of the
tube’s exterior (on the turns), where the thermocouple’s tips are attached to. This area is
outside the gas flow zone and is externally insulated. The gas’ temperature sensors have
regular probes which are inserted inside of the evaporator. Sensor 2.0’s probe is in placed

direct contact with the WF’s flow.

Table 6.1. Thermocouples’ characteristics. t = Measured Temperature

Sensor no. Type Range [°C] Accuracy
1-2.0;6.0-7 T - 40 to 300 0,0075 |t| or 1°C
10 T -40 to 300 0,0075 |t| or 1°C
9-94 K -40 to 1100 0,0075 |t| or 2,5°C
8 R 0 to 1600 0,0025 |t| or 1,5°C

Another key parameter for the validation of the model is the pressure at which
the fluid flows through the evaporator. This is measured by a pressure sensor P1 (located

after the pump) and P2 (after the evaporator). Table 6.2 contains the characteristics of these
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two sensors as well as two additional ones found in the installation: P3 — located after the

expansion valve; P4 — located between the condenser and the pump.

Table 6.2. Pressure sensor’s characteristics. F.S = Full Scale

Position Type Reading | Range [bar] | Accuracy | Max. Temperature [°C]
1,2 Diaphragm | Relative 0-25 0,25% F.S 120
3 Diaphragm | Relative 0-10 0,25% F.S 120
4 Diaphragm | Relative -1-9 0,25% F.S 120

In order to determine the mass flow rate of both the water and the organic fluid
a series of flowmeters are required. In the complete installation only two of these can be
found and both in the water circuit — one after the condenser and another just before the Post-
Heater. This is due to the fact that, thanks to a series of valves and a T connection, not all of
the water which flows through the condenser has to travel through the Post-Heater meaning
that two readings are required. The characteristics of both flowmeters (which are identical)

can be found on Table 6.3.

Table 6.3. Flowmeter’s characteristics.

Type | Range | Accuracy | Max. Temperature [°C] Max. Pressure
(I/min) Pressure [bar] | Drop [bar]
Pulse | 1-25 2% 70 20 0,1

The original solution to obtain the WF’s flow rate was a Coriolis mass flow
sensor. However, due to a series of conditioning factors, it could not be installed in time for
the tests. Therefore, the WF’s flow rate was determined indirectly. This is achieved by
making an energy balance in the condenser. The inlet and outlet temperatures for both fluids
are known as well as the water’s mass flow rate. By assuming a specific value for the
condenser’s efficiency, the mass flow rate of the WF can be determined, as seen on equation
(6.1):

Mygter * CPwater * ATwater,cond =n* mfluid * AHfluid,cond (6.1)
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Where: AT, qtercona [K] is the temperature variation in the water (in the
condenser); n is the condenser’s efficiency; AHfpyiqcona [I/kg] is the fluid’s enthalpy
variation in the condenser.

Concerning the gases, there are two devices needed to obtain the necessary
inputs for the model: the Gas Meter (to measure the consumption of NG) and the Gas

analyser (to obtain the composition of the combustion gases). Their respective characteristics

can be found on Table 6.4 and Table 6.5.

Table 6.4. Gas Meter’s characteristics.

Type Range [m3/h] | Accuracy | Op. Temperature [°C] | Max. Pressure [bar]
Diaphragm 0,04 - 6 1% -25-55 0,5

Table 6.5. Gas analyser’s measurement capabilities.

Sample Gas Range Accuracy [%]
Carbon Dioxide 0-20% 1
Carbon Monoxide 0—500 ppm & 0 —5% 1
Hydrocarbons 0— 1000 ppm 1
Oxygen 0-25% 1
Nitric Oxide 0—250 ppm 1

The Thermometer/Hygrometer is the last device relevant to the validation of the
models, since it measures the air temperature and humidity (both of which are input variables

of the combustion model).

Table 6.6. Thermometer/Hygrometer’s characteristics.

Type Temperature Range [°C] | Humidity Range [%] Accuracy [%]
Analogue -20-40 20 - 80 5

Having completed the overall description of the test rig used, the next section

will focus on the experimental tests performed and the way these were conducted.
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6.2. Experimental Tests

Using the ORC prototype installation, a series of experimental tests were carried
out under a variety of different conditions (burner power, WF and water’ mass flow rate) in
order to validate the model in its entire range.

In an initial stage, the WF’s superheating was maintained at around 5 °C while
the burner’s power output was gradually risen from approx. 10 kW to 30 kW. This was
achieved by adjusting the pump’s speed according to the supplied power. The water’s mass
flow rate (in these tests, equal on the condenser and post-heater) was maintained relatively
constant throughout these tests by adjusting one of the needle valves in its circuit.

Once this range had been covered, the power was set to an intermediate level
(around 17 kW) in order to carry out a few final experiments. The first of which consisted
in raising the WF’s flow rate until it left the evaporator in a two-phase flow instead of
superheated vapor. This was followed by a test where its superheating level was raised up to
around 10°C. Finally, the water’s mass flow rate was lowered significantly and the WF’s
superheating set back to 5 °C.

The outputs were automatically saved in a series of files with the exception of
the surround air conditions, gas analyser’s outputs and NG’s consumption which were
registered manually. The aforementioned data which is automatically saved is recorded for
every second of the test. For each individual trial, a period of approx. 10 minutes (after the
system had stabilized) was analysed with an arithmetic mean being calculated out of all these
individual points (for each desired output). This ensures that the results which will be
compared with the model are representative of the condition the system reaches once it has
stabilized and not the cause of a temporary change in one of the input variables (such as the
water’s flow rate, which cannot be controlled entirely due to the distribution system).

In the following chapter (section 2) the results of these tests will be compared to
those provided by the model in order to verify its correct functioning as well as to explain a
few differences which may arise. The increase in the water/WF’s temperature (and,
consequently, the power transferred in the Post-Heater/Evaporator) will be the main
variables used to perform this validation since these are believed to me measured with greater

accuracy than the gas’ temperature, while performing the tests.
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7. MODEL VALIDATION

7.1. Preliminary Validation

In an earlier stage of the elaboration of this thesis work, when the combustion
and heat transfer models had just been completed, it was decided that a brief validation
should be conducted in order to verify their overall correct functioning. Since the test rig
described on Chapter 6 had not yet been completed (as its construction took place
simultaneously with the development of the model), this could not be done with results from
the actual ORC prototype.

Therefore, the outputs of the model were instead compared to a series of results
obtained in an earlier stage, when testing the evaporator alone. This meant that, in this
configuration, no Post-Heater was used as the NG Burner was assembled directly on the
Evaporator. Since there was no complete installation at the time the tests took place, they
were conducted with water flowing inside the Evaporator’s tubes (in an open circuit).

The conditions under which these tests were performed have several
implications in this “Preliminary Validation”, namely:

e Since the fluid used was water and, with the mass flow rates tested, no
evaporation occurred, these results may only verify the correlations used for a single-phase
flow. Additionally, it can only be concluded if they are adequate (or not) for water and not
for the organic fluid used in the complete ORC installation;

e Not only were the temperature sensors not placed exactly on the same
locations as in the final test rig but also the accuracy of some of their measurements may be
questionable, as will be discussed further ahead;

e None or little thermal insulation was used on this assembly which resulted in
increased losses. Since the model developed does not account for such phenomenon (given
that the Evaporator in the final test rig will be well insulated), they were manually inserted

with the actual values of thermal losses measured in these tests being used;
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¢ Finally, and as previously mentioned, no Post-Heater was used and, therefore,
it may not be validated with these results alone (even though this test may indicate whether
the methods used are adequate or not, since they do not differ much from the Evaporator, for

single-phase flow).

The variable which will be evaluated here is the total power transferred in the
Evaporator. In the tests performed, this was calculated using the total increase in the water
temperature inside of the evaporator and its mass flow rate. This could also be determined
by the gases’ temperature change, but it was decided not to do so due to reduced accuracy
of the temperature sensors used to measure this parameter. The model’s outputs include both
the power transferred and the evolution of the water temperature (as well as the gases’). As
mentioned, the former was chosen to serve as a comparison. The power supplied by the
burner was calculated, in these tests, using the consumption of NG and its composition, both
of which are inputs of the combustion model. In addition to these inputs, the water
temperature at the entry of the Evaporator was set equal to that of the tests (as well as its
mass flow rate) with its outlet temperature being the output variable.

The comparisons were made for six different power levels of the burner, as

shown on Table 7.1.

Table 7.1. Comparison of the Power Transferred to the water for the Model and Tests.

Burner Power [kW] 7,950 | 13,087 | 18,736 | 24,663 | 30,446 | 36,267
Power Transferred — Model [kW] | 7,245 | 11,473 | 16,602 | 21,433 | 26,286 | 30,397
Power Transferred — Tests [kW] | 7,446 | 12,010 | 17,420 | 22,560 | 27,780 | 32,110
Relative Error [%] -2,687 | -4,471 | -4,696 | -4,996 | -5,378 | -5,335

In order to have a perception of how the results of the tests compare to those of
the model, Figure 7.1 and Figure 7.2 show graphs of the combustion gases and water
temperature, respectively, for a burner power of 24,663 kW. The gases’ temperature was
measured at the beginning of the Evaporator and after each level while the water’s was
measured on 8 different points with 0 being the inlet and 7 the outlet.

As it can be seen, without any calibration factor (other than the thermal losses

inserted in the model), the results do not differ greatly from each other with the maximum
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relative error being -5,4%. This can partially be attributed to inaccuracies in the
measurements. Taking the case of the combustion gases, it is clear that the first temperature
values (just before the Evaporator) are quite different. This could be a result of thermal losses
on the thermocouple itself. Indeed, the one used on this point was type R, with the
characteristics seen on Table 6.1. It is significantly larger and with a bigger surface area than
the remaining ones which could result in the reading being not the actual temperature of the
gases but of the thermocouple tip itself, which is achieved when heat transfer balance (in
radiation, convection and conduction) is reached.

As to the water temperature measured on point 6, there may have been some
kind of malfunction of the thermocouple since not only was this behaviour verified in all
power levels but the resulting temperature profile obtained on these tests (on this particular

location) did not make much sense, physically speaking.
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Figure 7.1. Gases’ temperature results from the tests and model.
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Figure 7.2. Water temperature results from the tests and model.
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Even though this step might not have been enough to properly validate the
models (due to all the constraints mentioned) it still served as a good indication, in the earlier
stage when it was performed, that, overall, the simulations were producing solid and realistic
results. These results, however, must now be compared to those obtained on the actual
complete ORC installation in order to assure their validation, as will be done in the next

section.

7.2. Final Validation

Once the ORC prototype’s final installation had been completed, a series of tests
were performed (as mentioned on Chapter 6). The parameters of each test which are relevant
to the model’s validation can be found in Annex C, Table C. 1.

Before comparing results, however, it is wise to mention that, due to the nature
of the ORC prototype and the experimental component of this thesis work, it is only natural
that the results are influenced by a series of measurement errors. Indeed, all the instruments
used to measure the desired parameters have a certain degree of inaccuracy.

Taking this into account, Figure 7.3 shows the results for the Post-Heater (tests
vs model) with the respective uncertainty interval. The two dots of each colour for each of
the tested burner power (hard to distinguish on the model’s results) represent the extremes
of said interval. In this case, the variation on the absorbed power can be traced down to the
temperature sensors no. 6.0 and 7 (Post-Heater’s inlet and outlet, respectively) as well as the
flowmeter - Table 6.3 (an average between the two flowmeters was used). These error
calculations can be found in Annex D. These calculations were not performed for the
evaporator due to the fact that the number of parameters which affect this component is much
higher and their relations much more complex (fluid temperature, pressure, power absorbed
on the post-heater and WF’s flow rate — obtained indirectly).

Looking at Figure 7.3, it can be seen that the interval of values for the model’s
results is extremely small (so small that it’s nearly impossible to see). This happens because
the model only requires as input parameters two water flow characteristics (inlet temperature
and mass flow rate) and performs the calculations according to these values. In the case of

the tests, however, the value of AT, ¢ 1S determined by two different sensors and, for a
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fixed flow rate, a small variation in one of these temperatures may cause a significant change

in the power absorbed.
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Figure 7.3. Power transferred in the Post-Heater for various levels of burner power.

Another conclusion which can be made is that, regardless of the sensor’s
inaccuracies, the results follow a clear trend — for the lowest power level, the model’s results
show a power transfer which is greater than the real value (by 11,2%, when comparing
intervals’ centres). This gradually changes as the power increases ending with a difference
of -11,7% (in the opposite direction) for the maximum power test. This difference may
obviously be lower due to measurement errors (since this error of -11,7% is the consequence
of a small 2°C difference) but there is another phenomenon which is believed to cause this
behaviour. Indeed, it is natural that, for the lowest power, the model calculates a higher
AT, qter Since no thermal losses were accounted for. Even though the post-heater and
evaporator section were thoroughly insulated, it was clear, during its operation, that losses
did occur (especially on the post-heater as not only is the gas temperature in this section
much greater but also there were two small glass “windows” built into the prototype in order
enable visual contact with the flame). As the power is raised, however, small spots of steam
begin to form along the post-heater’s tubes. This was concluded not only due to the
distinctive noise these steam areas generated during the tests but also due to the fact that the
post-heater’s model itself predicted an internal tube temperature above 100°C for all but the
lowest power level.

The creation these areas of steam leads to a greater power absorption due to the

increase of the internal convection coefficient. It is also clear that this phenomenon becomes
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more relevant as the power is raised due to the higher temperatures reached (since it was not
possible to raise the water’s flow rate any further). By the time 30 kW are reached, the model
predicts a lower power absorption on the post-heater than in reality as it does not account for
such phenomenon. In the three remaining tests (performed at 16,7 kW) the error remained
positive without ever exceeding 7%.

Now moving to the evaporator section, Figure 7.4 shows the evolution of the
WEF’s temperature inside the evaporator for test no. 3 — burner power of 21,5 kW. This graph

is representative of all the tests performed except no. 6 — two-phase flow (Figure 7.5).
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Figure 7.4. Fluid temperature in the Evaporator for a burner power of 21,5 kW.

As it can be seen, the WF’s temperatures almost perfectly match except for the
last value (where the fluid is superheated). However, despite the large temperature
difference, the total power transfer “error” is only 5,5% (for this particular trial). Overall,
the error is always positive (more power transferred in the model than in reality) starting
from nearly O for the 1 test and rising until 10,3% for the 30,3 kW test (highest power).
These translate into seemingly large temperature differences due to the fact that the fluid’s
Cp 1s relatively low, when in a gaseous state.

Once again, this difference may be explained by a few different phenomena
(other than inaccuracies and limitations in the model itself). Firstly, it is important to notice
that the thermocouple used to measure the fluid’s outlet temperature was located not

immediately after the evaporator but a reasonable distance further ahead, after a few
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components that may induce some thermal losses which, as mentioned, may lead to large
temperature variations. Nonetheless, this does not explain the growing trend in the error. In
fact, the largest difference (percentwise) occurs for the maximum power which is where the
maximum error in the post-heater is also verified. Additionally, these occur in opposite
directions, that is to say, the model predicts a lower power transfer in the post-heater than in
reality and a higher one in the evaporator. This may partially explain the difference. Indeed,
if the post-heater were to transfer 1 extra kW (the difference for this test), it is likely that the
evaporator would not transfer as much energy. It may not be enough to explain the 2 kW
difference but it may be one of the causes. Finally, one must not forget how these results
may also be affected by measurement errors which are probably even greater than on the

post-heater due to the increased number of variables on which this process depends.
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Figure 7.5. Fluid temperature in the Evaporator for a burner power of 16,7 kW.

As previously mentioned, Figure 7.4 is representative of all tests except for the
one where the fluid was made to leave the evaporator in a two-phase flow instead of vapor.
These results can be seen on Figure 7.5 and, although this graph cannot be supported by
exact numbers (since the indirect way of calculating the fluid’s flow rate does not allow the
determination of the power transferred in this case) it shows that the temperatures match
relatively well. In fact, in all tests, the two-phase region always matched perfectly (if small
measurement errors are accounted for).

Finally, the evolution of the gas temperature as it travels through the Post-Heater

and Evaporator is shown on Figure 7.6, for a burner power of 30,3 kW (test 5).
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Figure 7.6. Gas temperature for a burner power of 30,3 kW.

Once again, the overall trend the temperature follows is similar for all tests. The
largest difference is seen on the first point. The thermocouple type R placed in this location
is supposed to measure the flame temperature but, as mentioned on section 7.1, it is subjected
to large thermal losses including by radiation (this was confirmed when its probe was
verified to be incandescent — visible through the “windows”). In addition, (and this is true
for sensor 9 as well — located after the post-heater) this is the section where most of the
thermal losses occurred due to high gas temperatures and weaker insulation. The remaining
differences can be explained by other phenomena, namely the aforementioned power
transfer difference between the model and the tests. Nonetheless, the exhaust temperature
(sensor no.10) was very close for all 8 tests with some condensation often occurring.

In sum, despite not being perfect, in can be said that the model can predict the
overall behaviour of the burner-post-heater-evaporator assembly, with the differences being
justified by a series of physical phenomena not accounted for (losses, local evaporation, etc.)
as well as measurement errors. It is also worth mentioning that the outputs shown were
obtained without the use of any type of calibration factor which, as is known from
experimental work, will most likely not lead to perfect results.

The following and final chapter of this dissertation will present the global
conclusions to be made from this thesis in addition to making some remarks and

recommendations for the future work to follow.
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8. CONCLUSIONS

8.1. Global Conclusions

This thesis had, as a main goal, the development of a mathematical model
capable of simulating the behaviour of a low power ORC evaporator, more precisely: a
natural gas burner, a water post-heater and the working fluid evaporator. The model was
developed on Matlab and divided in three parts - one for each component. Due to the lack
of existing work on this specific area (small scale ORCs with direct evaporation and an
incorporated post-heater), the adopted approach was that of starting with the more basic heat
transfer phenomena along with some well-established correlations for compact heat
exchangers.

Still during this development stage, the outputs the model was beginning to
provide were compared to experimental results obtained in a preliminary test rig where water
was used as a fluid. It was verified that (other than thermal losses which were particularly
high during these tests) the simulation results described the behaviour of the evaporator
satisfactorily well. This served as a preliminary validation for part of the model as the final
ORC prototype was still being built at the time.

Simultaneously with the elaboration of the model, the construction of the final
ORC prototype was taking place. This installation would use the organic fluid R245FA as a
WEF, cooled by water which would then travel through the post-heater (not present during
the preliminary tests). This task proved itself as particularly challenging due to a number of
reasons, one of which the novelty of such particular system.

Once the ORC prototype had been completed and was ready to operate, a series
of tests were performed, subjecting the cycle to a variety of working conditions. Comparing
these results to the model’s outputs led to the conclusion that, although not being perfect
(due to a number of phenomena not accounted for as well as possible limitations and
inaccuracies in its construction), the model does describe the overall behaviour of this

assembly of components. Being capable of simulating a series of intricate physical
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phenomena with reasonable accuracy (taking into account the lack of calibration factors),
the model proved to be useful. This usefulness comes from the possibility of knowing certain
aspects of the behaviour of the evaporator which, for one reason or another, are particularly
hard to measure/determine with experimental tests alone. Probably the most important of
these is the hypothetical maximum temperature reached by the fluid during the ORC’s
operation. Although not calculated directly, the internal tube temperature does provide a
good approximation to this parameter. Knowing this parameter is extremely useful to
avoid/minimise the fluid’s thermal degradation as well as to make recommendations for
future work on this area.

In sum, it can be said that the main goal of this thesis work was achieved — the
creation of a model capable of simulating this particular ORC evaporator with reasonable
accuracy. This now leads to the final section of this dissertation — recommendations for

future work.

8.2. Recommendations

During both the elaboration of the model and the construction of the ORC
prototype, a series of challenges were faced and a number of key aspects discovered. Now,
with both of them completed, it is possible to use the knowledge acquired during this process
in order to improve and/or facilitate future work to be developed in this particular area.
Starting by the model itself, there are a number of improvements that can be made (some of
which could, however, be avoided with certain changes to the ORC prototype).

The first is related to the aforementioned WF maximum temperature. It was
previously said, even though some results showed high values for this parameter, that those
could be somewhat exaggerated as no conduction along the tube’s walls was considered.
Integrating this phenomenon in the model (if possible) could lower the maximum
temperature in the inner wall by avoiding sudden “jumps”.

The second recommendation concerns the post-heater and the occurrence of
local evaporation of the water. Considering this possibility in the model could

reduce/eliminate some of the discrepancies seen. Nonetheless, this could be avoided if some
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changes were made to the installation such as the use of slightly pressurized water or the
incorporation of some sort of turbulence generator inside the post-heater’s tubes.

The third recommendation would be the modelling of heat transfer to the exterior
of the evaporator (thermal losses). Given the complexity this would add to the model,
better/more insulation could be used in the prototype instead.

Finally, although the two-phase region of the WF’s flow appears to be well
described by the model, the correlations used are mostly adequate for vertical and not
horizontal tubes. It would be interesting to evaluate the heat transfer in this area with
adequate correlations, if possible.

Concluding with the ORC prototype, it is recommended that more intrusive
sensors are used for the high temperature/vapor sections as they proved to be more accurate
than contact thermocouples in these parts of the installation. In addition, if new prototypes
are built for this purpose, it would be advisable to use smaller or no fins in the first level in
order to avoid the possibility of thermal degradation as lower temperatures would be reached

with this change.
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ANNEX A

ANNEX A

Transport Properties of a Gas Mixture

The method adopted to calculate the dynamic viscosity and thermal conductivity
of the combustion gases is presented by Bird et al. [15] on the “Viscosity and the Mechanisms
of Momentum Transport” section. Now, the dynamic viscosity of the mixture is calculated

using the semi-empirical formula of Wilke (A. 1):

n
iy = # (A. 1)
2. Vi * @ij
. ]:1

=1

With:
1 M;\ 2 ﬂi) (M,) (A.2)
= —(1+= 1+(—] () 17
i \/§< M]-> : (u,- M; ]

Where: n = 4 (4 substances which make the combustion gases); y; is the molar
fraction of the compound i; ; [Pa.s] is the dynamic viscosity of the compound i; M; [kg/mol]
is the molar mass of the compound i.

In a similar fashion, the mixture’s thermal conductivity is obtained the following

way (“Thermal Conductivity and the Mechanisms of Energy Transport”, [15]), eq. (A. 3):

(A. 3)

n
kmix =
i=

Vi * ki
n
z Vi * @i
1 J=1
Where k [W/m.K] is the thermal conductivity of each individual compound.

Once these two properties have been obtained, the Prandtl number can be

calculated by equation (A. 4):

Jodo Pedro Figueiredo de Sa Sousa de Almeida 65



Characterization and Modelling of a Burner-Heat Exchanger Assembly to be used as an Evaporator in Low
Power Organic Rankine Cycles

Where: cpriimg [J/kg.K] is the gases’ cp, evaluated at film temperature; kg
[W/m.K] is the gases’ thermal conductivity.

In order to assess the difference between following this method or simply
calculating these properties using mass and molar weighted averages, Table A. 1 and Table
A. 2 (where the three different results are compared) were constructed. It can be observed
that the effect this has on the convective heat transfer coefficient is significant if the gas
temperature is relatively low. Since low exhaust temperatures are expected to be reached,

this approach was maintained even if more complex.

Table A. 1. Effect of different methods for calculating gas properties on 4 (for T film = 731 K)

Tg ft=731 K
h Error Error K
[W/m?.K] [%] u [Pa/s] [%] [W/m.K] | Error [%]
Chosen Method 35,139 - 3,337E-05 - 0,054 -
Mass fraction 34,846 -0,836 | 3,352E-05 | 0,456 0,053 -1,117
Molar Fraction 35,163 0,067 | 3,315E-05 | -0,650 0,054 -0,186

Table A. 2 Effect of different methods for calculating gas properties on 4 (for T film = 325 K)

Tg ft=325K
h Error Error K
[W/m?2.K] | [%] u[Pa/s] [%] | [W/mK] | Error [%]
Chosen Method 31,611 - 2,443E-05 - 0,033 -
Mass fraction 43,439 37,415 | 6,559E-05 | 168,436 | 0,083 150,150
Molar Fraction 48,625 53,822 | 9,174E-05 | 275,484 | 0,115 244,144

66 2019



ANNEX B

ANNEX B

START
Input Variables

I Geometric Calculations I
7
Level=1&i=1
Level 1:i € [1: Nc*4]

Level 2:i E [Nc*4 + 1: Nc*7]
Level 3: i € [Nc*7 + 1: Nc*11]
Level 4:i € [Nc*11 + 1: Nc*14]

y

Gas’ Calculations — properties, external h, fin efficiency

v

Internal h & Heat Transfer Calculations (per CV)

Y

4

" izi+1
v
Yes T gge a4y P =
i € level ? H_fluid(i=1) = H_fluid(i=1) - dif
No
Calculate Average Gas Temperature & Power Transferred in the Level
Level = level + 1
v
No
Level >4 ?
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Calculate total Power Transfer
Gas’ Final Temperature (outlet)
Fluid’s Final Temperature (inlet)
Variation = (Power Transferred — Power Transfer from previous iteration)

v
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v

Idif | >X° ?
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| T_fluid(outlet) = T_fluid(i=1) |
v
Figure B. 1. Flow-chart of the evaporator model. The iterative process controlled by the variable variation
also applies to the one used on the post-heater model, where the control variable is named error.
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ANNEX C

Table C. 1. Experimental tests parameters.

Test | Cyg [m3/300s] | T b[m]er' “[‘EVg‘;fs‘iT T6[°C] T[GC]S T7[°C]
1 0,077 9,883 0,1082 | 364 40,6 44,0
2 0,129 16,583 0,1088 | 438 50,1 55,5
3 0,167 21,465 0,1075 | 51,1 58,7 64,7
4 0,202 25,963 0,1064 | 57,4 66,2 73,0
5 0,236 30,334 0,1178 | 59,5 68,6 75,6
6 0,13 16,704 0,1088 | 4438 51,2 55,9
7 0,13 16,704 0,1129 43,6 49,8 54,5
8 0,13 16,704 0,0694 | 551 65,0 72,1
Tl 7y Pf wn| T11 | T12 | T13 | T14 | T15 | T16 | T17 .
Test | g | toaried |0 rd | rd | A | ed | ed | ed | org | 7209
1 |00257| 1,70 | 255 | 273 | 300 | 363 | 390 | 42,5 | 429 | 428 | 467
2 |o00428| 255 | 281 | 294 | 329 | 384 | 421 | 51,9 | 51,5 | 516 | 551
3 | 0058 | 347 | 31,9 | 331 | 361 | 41,7 | 462 | 596 | 593 | 592 | 64,1
4 |00702] 453 | 340 | 353 | 382 | 458 | 537 | 686 | 670 | 667 | 711
5 |0083| 503 | 350 | 364 | 394 | 480 | 576 | 709 | 703 | 701 | 748
6 |00660| 249 | 354 | 366 | 386 | 421 | 442 | 508 | 51,0 | 50,9 | 498
7 |o00432| 268 | 276 | 286 | 322 | 390 | 429 | 532 | 528 | 528 | 621
8 |00430| 359 | 326 | 339 | 368 | 426 | 465 | 616 | 603 | 604 | 652
Test | T8[°C] | T9[°C] | T9.1[°Cl | T9.2[°C] [ T9.4[°C] | T10[°C] | %02 | Exc. Air [%]
1 843 791 414 55 47 47 8,0 55,4
2 986 938 600 77 55 57 4,8 26,7
3 995 960 635 89 62 63 5,1 28,9
4 1009 980 635 202 74 68 5,1 28,9
5 1031 1006 651 221 80 73 5,1 28,9
6 951 908 611 73 55 57 5,9 35,2
7 951 914 629 79 56 58 5,9 35,2
8 951 916 635 85 61 61 5,9 35.2
Jodo Pedro Figueiredo de Sa Sousa de Almeida 69




Characterization and Modelling of a Burner-Heat Exchanger Assembly to be used as an Evaporator in Low
Power Organic Rankine Cycles

70 2019



ANNEX D

ANNEX D

Experimental Uncertainty Calculation

The power transferred in the post-heater during the tests was determined using
equation (D. 1), where 4H,, 4., 1s calculated using the inlet and outlet temperatures (T}, and
T,ut, respectively). However, in order to allow for an analytical error calculation, it will be

now replaced by eq. (D. 2) with cp being measured at a mean temperature.

Qwater = Mygrer * AHyqter (D-1)

— N — N — D.2
Qwater - mwater * prater * ATwater - mwater * prater * (TO'LLt Tm) ( )

It is known that the standard deviation of a function x (g, ) can be given by the
equation (D. 3), whenx = a + band eq. (D. 4), when x = a*b with a and b being two variables

with a given uncertainty (see [16]).
Oy =+/04%+ 0p? (D. 3)

o = |2+ 2y ©.4)

Therefore, calculating the uncertainty of Q,,4ter can be done in two steps:
e In the first one, the considered function is cpygrer * ATwater-

Being cp,,qter @ constant, the resulting ¢ is given by equation (D. 5).

— 2 2 D.5
O-cpwater*ATwater = CPwater * \/UT out + OT in ( )
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e The second step considers the multiplication of the previous function by

m,,qterr» Which leads to equation (D. 6).

O-prater*ATwater )2 + (O:mwater)z (D. 6)

0 Q Q ater (
water wat C * ﬂ‘{ m
2: water water water

The interval is obtained by adding and subtracting g, .~ to the determined
value of the power transferred. o7 oy, 07 in and oy,

7).

ey r€ calculated using equation (D.

Oy = VU * err0Tsensor (D7)

Where v is the variable and error.,,, is the maximum error in each sensor,
displayed on Table 6.1 and Table 6.3.

Since the maximum error of Q,, ¢ calculated by the model cannot be obtained
analytically, the interval was determined by running the simulation with the input parameters
(temperature and flow rate) at their minimum and maximum. This provides the results for
the two extreme cases, enabling the creation of said interval.

These calculations were performed for each of the tests shown in Figure 7.3.
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Figure E. 1 Working diagram of the complete ORC prototype.
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