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PREFACE

THERMAM is a multi—disciplinary international conference on all aspects of advanced materials
including their synthesis, fabrication, thermal and mechanical characterization, applications and
impacts on nature and technology. This conference aims to highlight the most important results of
high-quality research and scientific developments as well as explore relevant and interesting topics
for the future. It covers broad range of topics related to thermodynamics and heat transfer
processes, energy conversion, functional materials, innovative material solutuions to ecosystem
and environmental changes, etc.

This conference is taking a leading role to bridge the gap between advanced materials and their
industrial applications by attracting numerous chemists, physicists and scientists from diverse
fields. THERMAM conference which is associated with the transfer of knowledge and technology
through university-industry relationships will provide numerous benefits to researchers, scientists,
universities, and companies.

Within this conference we want to bring together international scientists and engineers who work
in the very broad field of “Thermophysical and Mechanical Properties of Advanced Materials”.
This is a very interesting and modern field of research that will provide opportunities for the
development of innovative products and future technologies. It covers experimental and theoretical
new results for thermophysical properties, new measurement techniques and their applications,
molecular modeling with new theoretical insights, applications which show the improvement done
with the described research for thermophysical properties and mechanical properties all for
materials like nanofluids, nanocomposites, alternative solvents, metals, alloys, ceramics,
composites, functional composite materials etc.

We want to foster lively discussions and future international collaborations on this important and
stimulating field with this conference.

We wish you a very pleasant, joyful, interesting and stimulating conference “THERMAM 2019 at
the Altin Yunus Resort & Thermal Hotel, Cesme - Izmir, Turkey and hope you enjoy exchanging

and sharing the latest results in interdisciplinary research on material science and engineering.

The Organizing Committe
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KEYNOTE ABSTRACTS

Grooved Heat Pipes: Modeling, Experimentation and Applications
Assoc. Prof. Dr. Barbaros Getina

aMETU-Bilkent Heat Pipe Technologies Research Group
L.D. Bilkent University

Benefiting from phase change heat transfer phenomenon, heat pipes are viable tool for heat dissipation
purposes in a wide range of disciplines, from space applications to thermal management of electronic
components. The main advantage of heat pipes over conventional cooling methods is their ability to
transfer significant amounts of heat with small temperature gradients. Due to the fact that most designs
do not contain any moving and serviceable parts, the necessity of repair and maintenance is avoided,
which enables the operation of these devices with high reliability. More specifically, grooved heat pipes
have the additional advantages of ease of fabrication and numerical modeling due to less complicated
geometry. The complex interaction of evaporation, condensation phenomena and the dominant effect of
capillary forces on the motion of the liquid, in addition to the multi-dimensional heat conduction in the solid
walls requires a comprehensive modeling for the performance of heat pipes. Despite the fact that heat
pipes have been in use and production for a long time, complex heat transfer mechanisms still necessitate
further research both on modeling and experimentation. In this talk, challenges on modeling and
experimentation of grooved heat pipes will be discussed, and some common and current applications will
be demonstrated.
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Experimental-Theoretical Parametric Analysis in Micro Scale Transport
Phenomena: Application to Biodiesel Synthesis in Micro Reactors

Carolina P. NAVEIRA-COTTAab

al aboratory of Nano & Microfluidics and Microsystems - LabMEMS
bMechanical Eng. Dept and Eng. of Nanotechnology Dept. — Federal University of Rio de Janeiro — UFRJ, Rio de Janeiro,
RJ, Brazil
E-mail: carolina@mecanica.coppe.ufrj.br

The scale reduction in mechanical fabrication has been permitting the miniaturization of thermal and fluids
processing devices, such as in the case of micro-heat exchangers and micro-reactors. Novel
experimental, modelling and simulation approaches have been required to explain deviations of the heat
and mass transfer behaviour in micro-systems, when compared to predictions by classical macro-scale
phenomena correlations. Inverse problem analysis then plays a major role in the identification of
parameters and functions, besides the estimation of system states themselves. This lecture presents the
hybrid numerical-analytical-experimental approach in dealing with direct-inverse problems solutions,
which includes improved lumped-differential formulations for the mathematical model, hybrid numerical-
analytical integral transform solution of the direct problem, and inverse analysis via Bayesian inference
with the Approximation Error Model, in combination with the previously mentioned approaches. An
application dealing with the design, characterization, fabrication and testing of micro-reactors for
continuous biodiesel synthesis is selected to illustrate the unified hybrid framework and its success in the
proposed parametric analysis.

Keywords: Hybrid methods; Integral transforms; Convection-diffusion-reaction; Heat and mass transfer,
Bayesian Inference, Biodiesel synthesis; Microreactors.
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The Models With Accounted Disturbance Effects For the Measurement of
Thermophysical Properties of Materials by Transient Methods

Vlastimil BOHAC#, Rupali TIWARIz, Peter DIESKA®, Viliam VRETENAR?,

& Institute of Physics, Slovak Academy of Sciences, Duibravska cesta 9, 85101 Bratislava, Slovakia
b Institute of Nuclear and Physical Engineering, Faculty of Electrical Engineering and Information Technology,
STU in Bratislava Ilkovicova 3, 812 19 Bratislava 1, Slovakia
E-mail: Vlastimil.Bohac@savba.sk

Thermophysical properties of different classes of new developed materials are one of high research
interests supported by the technology. The demand of increased number of the measurements as well as
the small sample dimensions creates the force on effectivity of the measurement apparatuses. The
development of the transient methods was invoked by higher measurement speed in comparison with
classical stationary methods that require relatively large samples and thus the longer time for the
measurement. Principle of transient methods is based on the generation of the heat by point/ball, line or
plane heat source that in many cases serve also as the sensor for the temperature response (one probe
methods). The temperature response to the heat pulse should be recorded by means of thermocouple
placed apart of the heat source. In this case we have two probe methods. Typical time for the temperature
stabilization in between subsequent measurements ranges form 5-15 minutes for metals up to 5-8 hours
for non-homogeneous building or insulation materials. The sample size ranges from several mm up to 10-
15 cm.

The transient methods developed at the Thermophysics laboratory at IP SAS uses the series of models
that has been derived for the most common specimen geometries in 1D, 2D and 3D dimensions. The
models account the semi-infinitively large specimens, the slab samples having final thickness and finally
the cylindrical and cuboid shape of specimens. The influences of the heat sink blocks situated at both
ends of the specimen setup were added. Heat sinks exchangers serve for the temperature stabilization
of the sample before the measurement and its temperature is defined as one of the boundary condition.
For the real experimental arrangements the different disturbance effects exists that influence thermal field
development inside the specimen setup. They are represented by heat capacity of the probe/heater and
sample body, as well as by sample free surface. The onset of the temperature response is influenced by
non-ideal heat source having real heat capacity as well as with the thermal contact resistance at the
interface in between the heat source/probe and specimen body. This effect causes the delay in onset of
the temperature response.

For the long time measurements and for the limited specimen size the effects at the free sample surface
known as the heat loss effect appears. This effect lowers the temperature response because the
generated heat flux is divided in between axial and radial direction. The influence of the heat flux in radial
direction has been solved by adding heat transfer coefficient from the sample surface to the surrounding.
This effect should be suppressed by increasing the sample geometry only, but it is not possible in many
cases.

The paper discusses the transient models accounting influences of the disturbing effects illustrated by
analysis of the experimental results. The methodology of the model testing and data analysis helps to
suppress the uncertainty of the estimated thermophysical parameters.

Keywords: transient methods, thermal properties, sensitivity coefficients, uncertainty, disturbing effects

Acknowledgements: This work was supported by the Scientific Grant Agency VEGA grant No. 2/0192/17 “Development of
sensors and measurement methods for transient techniques for the measurement of thermophysical properties of materials
and their application for seasonal storage of heat energy”
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Computational Modeling of Foam Effective Thermal Properties/ Review And Recent
Advances
Dominique Baillis®, Rémi Coquard? ,
aEC2-MODELISATION, Villeurbanne, France

bINSA-Lyon, LaMCoS, Villeurbanne, France
Email: dominique.baillis@insa-lyon.fr;

In most of the numerous industrial applications of highly porous cellular foams, their thermal behavior is
a major concern. An accurate knowledge of the heat transfer mechanisms occurring in these materials is
thus of primary importance. Due to their high porosity, heat transfer in foams is a combination of heat
conduction (through both solid and fluid phases) and radiation transport. These two modes of heat transfer
are coupled and strongly depend on the density, the morphology of the porous structure, the temperature
and the thermo-optical properties of the constituents. Therefore, an exhaustive modeling of thermal
behavior of Polymer Foams requires cutting-edge numerical methods for the computation of the
conductive and radiative properties in close relation with their porous structure at the local scale.

Such numerical approaches can be build on:

X-Ray Tomographic characterizations of real foam samples to reconstruct very faithfully the cellular
morphologies of the foam investigated

Numerical generation methods using the Voronoi approaches to create 3-D finite elements meshes of the
porous structure of existing foams.

Based on our long time expertise in the field [1-5], we will present advances in computational modeling of
foam effective thermal properties. A special emphasis will be put on the influence of the structural
parameters. Note that these latest numerical developments have been incorporated in a freshly developed
software, named MODelia and edited by EC2-Modelisation company.

Keywords: polymer foams; semi-transparent medium; equivalent thermal conductivity; thermal radiation
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Hybrid Integral Transforms in Nonlinear Heat and Mass Transfer
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A hybrid analytical-numerical method known as the Generalized Integral Transform Technique (GITT),
first proposed in the mid 80°s, has been gradually advanced to handle various classes of nonlinear
problems in transport phenomena, including fluid flow, heat and mass transfer. The aim of this hybrid
approach is to offer robust, precise, and cost-effective simulations in convection-diffusion problems,
combining analytical eigenfunction expansions with numerical solutions of the nonlinear transformed
ordinary differential systems. The present lecture provides a general overview of the methodology, which
is based on the classical integral transform approach, generalized to handle a priori non-transformable
problems, such as in the case of nonlinear formulations. Particular attention is given to recent extensions
on the GITT, including the adoption of nonlinear eigenvalue problems in the proposed expansions, with a
resulting convergence enhancement effect. Also, the relative merits of the hybrid method in handling
inverse problems for properties and functions identification are briefly discussed. Finally, recent
applications involving membrane metal extraction, direct contact membrane distillation, microfluidic redox
flow batteries, and flow in partially saturated soils are more closely considered.

Keywords: Hybrid methods; Integral transforms; Convection-diffusion; Heat and mass transfer; Liquid
supported membrane extraction; Direct contact membrane distillation; Membraneless redox flow
batteries; Flow in unsaturated porous media.
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Newer, Simple and Effective Approaches for Predicting Viscosity of Binary,
Ternary and Multicomponent Liquid Mixtures

RANJAN DEY, FRSC, Ph.D.
DEPT. OF CHEMISTRY, BITS PILANI K K BIRLA GOA CAMPUS, ZUARINAGAR, GOA, INDIA - 403726

Liquid state properties are very useful in chemical analysis where a knowledge of thermodynamic and
transport properties of binary and multicomponent systems is essential in petrochemical, pharmaceutical
and chemical industries for design calculations. Data on aforementioned properties of liquids and liquid
mixtures play a critical role in getting an in depth knowledge of intermolecular forces and in testing the
various theories which attempt to estimate the mixture properties.

VISCOSITY is considered as one of the most important physical properties for calculations related to fluid
flow followed by thermal conductivity and diffusivity.

Literature survey reveals that it is very challenging and difficult task to develop a model which is
successfully able to predict viscosity of binary and higher order liquid mixtures over a range of temperature
with reasonably good predictive capability and efficacy. This arises from the fact that viscosity values are
highly sensitive to temperature and concentration variation.

Over the past few years, we have developed a few new and basic approaches, predictive in nature, for
evaluating viscosity of binary, ternary and higher order liquid mixtures. All of these approaches employ
the properties of pure components, making their usage very simple yet with good degree of accuracy.
The recently developed volume fraction approach has been used, for the first time(Journal of Molecular
Liquids, 265, 356-360,2018)to the best of our knowledge, for predicting viscosity of 200 binary, 25 ternary
and some quaternary liquid mixtures with a very good agreement with experimental findings.

References :
(1) Molecular Interaction studies based on transport, thermodynamic and excess properties of aniline and
alkanol mixtures at varying temperatures, M. Swetha Sandhya, Piyashi Biswas, N.R. Vinary, K. Sivakumar,
Ranjan Dey, Journal of Molecular Liquids, 278, 219-225 (2019).

(2) A Novel and effective approach for viscosity prediction of binary and multicomponent liquid mixtures,
Ranjan Dey and Piyashi Biswas, Journal of Molecular Liquids, 265, 356-360 (2018).

(3) Two new models for viscosity prediction of binary, ternary and higher order liquid mixtures, Akanksha
Saini, Shahswat Verma, Aditya Harshvardhan and Ranjan Dey, RSC Advances, 6, 113657-
113662(2016).

(4) A Modified Frenkel Approach for Viscometric Prediction of Binary and Multicomponent Liquid Mixtures,
Ranjan Dey, Akanksha Saini and Hardik Hingorani, RSC Advances, 6,  43838-43(2016).
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Inverse Method Based on Analytical Transfer Functions to Study a
Thermomechanical Problem

Najib LARAQI?, Jean-Gabriel BAUZINa
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An inverse thermomechanical methodology is presented in this communication. We developed an
analytical solution to determine the transfer function between the temperature and the mechanical
deformation of a solid. We consider a rod which is heated at its end. The deformation is measured far
from the heated surface for discrete time intervals using strain gauge. We apply a deconvolution product
for those measurements to identify the temperature of the heated surface. By this way, it is no longer
necessary to know the temperature field to solve the thermomechanical problem. We show that the
inversion procedure can be applied successfully even in situations of noised measurements by using the
Tikhonov regularization method. Lastly, the surface temperature identified from the deformation
measurements is compared to a temperature measurement. The same experimental device is used to
identify the coefficient of thermal expansion and the thermal diffusivity.
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Thermophysical Properties of lonic Liquids at High Pressures and Temperatures
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Typical room temperature ionic liquids (ILs) are liquid salts at wide range ambient temperatures, are ideal solvents
for green chemistry, clean synthesis and can be used in many cyclic processes. They are composed of bulky ions,
have negligible vapor pressure, non-flammable, no cavitation at high tension, low melting point, high solvating
capacity, low compressibility, high ionic conductivity etc., which make them attractive for practical applications.
During the many years, various ILs were investigated using the different quality of substance, measuring methods
etc. The quality of ILs at the first years of study also were not enough investigated. This problem played negative
role during the experimental investigations. At the results, many different experimental results were obtained by the
various authors and uncertainties of these investigations have big deviation between of them.

In this work, we will present thermophysical properties of various ILs up to p = 140 MPa and over a temperature
range T =(273.15 to 413.15) K together with a fundamental literature analysis:

= 1-ethyl-3-methylimidazolium tetrafluoroborate, [EMIM][BF4].

—  1-hexyl-3-methylimidazolium tetrafluoroborate, [HMIM][BF4].

—  1-ethyl-3-methylimidazolium trifluoromethanesulfonate, [EMIM][TFOJ;

= 1-butyl-3-methylimidazolium hexafluorophosphate [BMIM][PFe];

— 1-butyl-3-methylimidazolium trifluoromethanesulfonate, [BMIM][TFO].

Density p measurements were carried out using an Anton-Paar DMA HPM vibration-tube densimeter in the high-
pressure region and an Anton-Paar DSA 5000M model at ambient pressure, respectively, with an estimated
experimental relative combined standard uncertainty of Ap/p = £ (0.01 to 0.08) %. Additionally, heat capacity and
viscosity at p = 0.101 MPa and at temperatures T = (273.15 to 413.15) K were measured using a differential
scanning calorimeters (Acy/c, = £0.5 %), Anton Paar SVM 3000 Stabinger (An/n = + 0.35 %) and Rheometer MCR
302 (An/n = £1 %) installations. The results were compared with the published literature values and an empirical
multiparameter equation of state which covers the high-pressure region as well was established.

The literature values available were subject to a consistency check with our data. An equation of state was
established using parameters based on the new results to calculate the isothermal compressibility 7, isobaric
thermal expansibility ap, thermal pressure coefficient y, internal pressure pi, specific heat capacities at constant
pressure ¢, and at constant volume ¢y, speed of sound u, and isentropic exponent ks for each IL at temperatures T
=(273.15 t0 413.15) K and pressures p up to 140 MPa.

Keywords: density, high-pressure, high-temperature, ionic liquid, equation of state.
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ORAL ABSTRACTS

Synergy Effects of Graphene Nanoplatelets And Multiwalled Carbon
Nanotubes on the Electrical Properties of Hdpe-Based Nanocomposites

Tuba EVGIN?, Zdenko SPITALSKY®, Alpaslan TURGUT?, Maria OMASTOVA®

a Dokuz Eylul University, Engineering Faculty, Mechanical Engineering Department, Tinaztepe Campus, 35397, Buca, Izmir,
Turkey
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*E-mail: tuba.evgin@deu.edu.tr

The aim of this study was to investigate the synergistic effect of graphene nanoplatelets (GnPs) and
multiwall carbon nanotubes (MWCNTSs) on the electrical properties of the HDPE-based hybrid
nanocomposites. In our previous works, we have shown how the addition of MWCNTSs [1] and GnPs [2]
and their sizes influenced the electrical conductivity of the pure HDPE. The HDPE-based nanocomposites
with MWCNTSs exhibit considerably higher electrical conductivity and lower percolation threshold than that
of the HDPE/GnPs nanocomposites. The percolation threshold of the HDPE nanocomposites containing
MWCNTSs with higher aspect ratio (M12) was 2.23 wt.% [1], while this value was over 11.70 wt.% for all
HDPE/GnPs nanocomposites [2]. Therefore, inspired by our previous works, we herein suggest using
MWCNTs as a second filler for HDPE/GnPs nanocomposites, since MWCNTs may form a bridge between
GnPs layers, which facilitates electron mobility. Due to much better performance of HDPE/M12 and
HDPE/G2 nanocomposites, the amount of G2 (diameter (d)=44 um, thickness (t)= 50-100 nm) was kept
constant at 11.70 wt.% and M12 (d=10-20 nm, length (L)=10-30 pum) loading is in the range of 0.19-3.82
wt.% to investigate the synergistic effect of hybrid carbon-fillers.

The samples were fabricated by the melt mixing methods, followed by the compression molding.
Broadband dielectric spectroscopy (BDS) measurements were conducted by a Novocontrol Concept 40
instrument with an Alpha dielectric spectrometer supplied by Novocontrol Technologies GmbH
(Germany). The conducting pathways of MWCNTs-GnPs-MWCNTs or GnPs-MWCNTs-GnPs in the
HDPE/G2 (11.70 wt.%)/M12 increased with increasing of MWCNTSs loading that causes an increment in
the rate of electron hopping and/or tunneling. For example, the addition of 3.88 wt.% of MWCNTs M12 to
the HDPE/G2 (11.70 wt.%) nanocomposite increases the electrical conductivity from 3.41x10-15 to
6.76x10-5 S/cm. This value is almost four orders of magnitude higher than that of the HDPE/G2
nanocomposite with the same total concentration (5.10x10-9 S/cm), however almost two orders of
magnitude lower than that of the HDPE/M12 nanocomposite (5.08x10-3 S/cm). The percolation threshold
for the HDPE/G2 (11.70 wt.%)/M12 nanocomposites is between 0.2 and 1 wt.% of M12 loadings, i.e it is
between 11.90 and 12.70 wt.% of total hybrid filler materials. This value is at least 25 % lower than the
percolation threshold of the HDPE/G2 nanocomposites. Results clearly showed that the addition of M12
into the HDPE/G2 (11.70 wt.%) nanocomposites leads to increase of the conductivity and decrease in the
percolation threshold.

Keywords: Polymer nanocomposites, graphene nanoplatelets (GnPs), multiwall carbon nanotubes

(MWCNTSs), electrical conductivity
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Determination of the Optimum Operating Parameters of a Cascade Cooling System
Using the R245fa (1,1,1,3,3- Pentafluoropropane) Refrigerant

Halil ATALAY?
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Successive two-stage refrigeration systems are widely used, especially for low-temperature applications of vapor
compression cooling cycles. One of the important steps to be taken for the more efficient operation of such systems
is the selection of the refrigerant to be used in the system. Because achieving the highest COP value in refrigeration
cycle depends particularly on the selection of refrigerant and the optimal determination of the operating parameters.
R245fa (1,1,1,3,3-Pentafluoropropane) refrigerant is used as an ideal refrigerant for Organic Rankine Cycle
especially at low temperatures. In this study, as an example, a two-stage refrigeration cycle model using R45fa
refrigerant was developed and the optimal operating conditions of the system were determined. For this purpose,
a simulation model has been developed by using Java language. In this model, stochastic (statistical) optimization
methods have been utilized to prevent possible errors. In addition, a separate simulation model has been improved
in the Java language for calculating the thermodynamic properties of all phases of the refrigerants. In the simulation
study developed for the determination of thermodynamic properties, the properties for the liquid and superheated
vapor zones were determined using the Helmholiz real gas state equation. The saturation properties of the
refrigerants were also calculated using the cubic spline polynomial equations. It has been observed that the results
obtained from this simulation study are significantly compatible with the actual cooling cycle and the model
developed in this study will provide significant advantages, especially in the system design and analysis stage in
industrial cooling applications.

Keywords: Refrigerants, thermodynamic properties, R245fa, Cascade cooling cycles.
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One of the promising ways to improve the efficiency of solar power plants is the use of nanofluids instead
of the traditional working fluids. To achieve the maximum efficiency of solar power plants, researchers
pay considerable attention to both the thermophysical properties of working fluids and their ability to
absorb solar energy. The use of nanotechnology allows purposefully to change thermophysical properties
of high-temperature working fluids and to regulate the absorptive capacity of the rays of the sun. Moreover,
the additives of nanoparticles to the working fluid may enhance the heat transfer processes in the heat
exchange equipment. Thereafter, it results in decrease of their mass and dimensions, and consequently
costs reduction for equipment production. Therefore, the influence of perspective types of nanoparticles,
their size and concentration on the thermophysical properties of working fluids remains relevant.

Tetralin (CAS 119-64-2) has been previously used as a coolant in nuclear power plants [1]. Thus, it can
be considered as a promising high-temperature working fluid for solar energy due to its appropriate
thermophysical properties and the ability to dissolve carbon nanoparticles. However, thermophysical
properties of the solutions of tetralin with fullerenes Ceo are still not studied.

In present study the experimental results for the density, viscosity and heat capacity of
tetralin/fullerene Ceo solutions are reported in the temperature range from 280 K to 450 K and in the range
of fullerenes concentrations up to 0.6 mass%. The density measurements of tetralin/Ceo were carried out
using a variable volume pycnometer with an uncertainty of 0.12%. The viscosity was measured by the
capillary viscometer with a suspended level with an uncertainty of 0.5%. The isobaric heat capacity was
measured on a variable-temperature adiabatic calorimeter with an uncertainty of 0.5%. Thermal
conductivity was measured using an experimental setup that implements the transient hot-wire method.
Tantalum wire with a diameter of 25 ym and a length of 71 mm was used as a sensing element. Thermal
conductivity experiments were carried out in the temperature range from 290 to 340 K and in the range of
fullerenes concentrations up to 0.7 mass% with an uncertainty of 3%.

Based on the experimental results, it was shown, that the additives of fullerenes contribute to an slightly
increase the density and decrease the heat capacity (up to 2.3 %) of tetralin. The effect of fullerenes Ceo
on thermal conductivity does not exceed 1.2%. The viscosity of tetralin with 0.5 mass % of Ceo can be
either lower than viscosity of pure tetralin at temperature below 350 K (up to 2 %), or higher the viscosity
of tetralin when temperature more than 350 K (up to 1 %). Consequently, the report provides an analysis
of the temperature and concentration dependences of the studied properties of tetralin/Ceo solutions.
Keywords: Tetralin/fullerenes Ceo, Density, Heat capacity, Thermal conductivity, Viscosity

1. Chikazawa, Y., Farmer, M., & Grandy, C. (2009). Technology gap analysis on sodium-cooled reactor
fuel-handling system supporting advanced burner reactor development. Nuclear Technology, 165(3), 270-
292.
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Temperature And Concentration Dependencies Of Density And Viscisity For The
Fullerene Ce Solutions In O-Xylene
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Nowadays application of nanotechnology is one of the most promising ways to improve the efficiency of
energy equipment. The additives of nanoparticles increase the thermal conductivity, saturated vapor
pressure, decrease the surface tension and may enhance the heat transfer processes with and without
phase change. Moreover, it has been shown that nanoparticles like fullerenes contribute to the reduction
of the friction in the mating parts and increase the energy efficiency of the vapor compression refrigeration
machines [1]. However, despite these advantages, the prospects of fullerenes usage in power equipment
remain insufficiently studied. The temperature and concentration dependences of density and viscosity of
the solutions containing fullerenes at low concentration remain insufficiently studied. Furthermore,
physical mechanisms behind those effects have not been fully studied.

This study presents an experimental results for the density and viscosity of o-xylene/fullerenes Ceo
solutions. The experiments were carried out in the temperature range 280-350 K and concentrations up
to 0.47 mass%. The density measurements of were carried out using a variable volume pycnometer with
an uncertainty of £0.0010 cm3 (0.13%). The viscosity was measured by the capillary viscometer with a
suspended level with an uncertainty of 0.5%.

The performed analysis indicate to a similarity between the concentration dependence of the density and
viscosity of the investigated samples. At the concentrations up to 0.05 mass%, the density and viscosity
of the solutions o-xylene/fullerenes Cgo decreases as compared to pure o-xylene (on isotherms). At the
concentrations of fullerenes higher than 0.05%, the density and viscosity of the solutions o-xylene/
fullerenes Ceo increases.

Based on the experimental results, we can conclude that the concentration dependence of the density
and viscosity of the solutions o-xylene/fullerenes Ceo is determined by two factors: fluctuational (up to 0.05
mass% of fullerenes) and concentrational (when concentration of Ceo is higher than 0.05 mass%).

1.KuB.C.,Han Y.C., Lee J.E., Lee J.K., Park S.H. Tribological effects of fullerene (C60) nanoparticles
added in mineral lubricants according to its viscosity // Int. J. Precis. Eng. Man. 2010. Vol. 11. P. 607-611.
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Latent Thermal Energy Storage (LTES) systems utilize phase change enthalpies of different phase
transitions. Phase Change Materials (PCM) which are used in LTES systems promise higher energy
densities based on higher enthalpy changes during phase transitions. Due to that, a detailed knowledge
of the thermophysical properties, especially about the thermal transport is needed to identify the actual
energy density but also the thermal transport properties of the observed storage material.

As already described in [1] a disc type heat flow Differential Scanning Calorimeter (hf-DSC) is a useful
method for measuring specific heat capacity ¢y(T), phase transition enthalpies AH and cycling stability of
PCMs. In the liquid phase, the Laser Flash (LFA) method showed higher uncertainties in the evaluated
thermal conductivities A(T) compared to the Transient Hot Bridge (THB) measurements. Due to that, a
detailed investigation of the applicability of the used LFA liquid sample holder system and the influence
on the measured thermal diffusivity a(T) in the LFA experiment was conducted by the means of a
numerical simulation using Finite Element (FE) calculations.

[\ detector

L~
steel plates

Figure 1: FEM 2-D model of the LFA experiment with the steel/PEEK

This shown FE model in figure 1 was validated with LFA experiments. The results show that the
temperature gradient at the edge of the sample differs from the gradient in the centre and propagates to
an inhomogeneous temperature field at the top face of the cover steel plate. Due to the thermal mass of
the PEEK ring as well as the steel support, heat of the light pulse is consumed by this component leading
to lower temperatures at the edge of the sample and the upper cover steel plate.

The results have shown that A(T) of the sample and the focus of the detector have a crucial impact on the
measured thermal diffusivity a(T) in the LFA experiment and can lead to a misinterpretation of the actual
a(T) of the sample.

[1] Daniel Lager. “Thermal analysis on organic phase change materials for heat storage
applications”. In: AIP Conference Proceedings 1752.1 (2016), p. 030001. DOI: 10.1063/
1.4955229
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Heating Characteristics of Cherry Juice in an Inductive Heat Exchanger
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Induction heating is based on suppliance of energy by electromagnetic induction. When alternating current
flows through the induced coil, an electromagnetic field is formed around the coil. This electromagnetic
field induces high currents in the ferromagnetic materials and the resistance of the material to the current
generates heat in the ferromagnetic material. Induction heating technology provides rapid, clean, non-
polluting and high energy efficient heating. The aim of this study is to determine the heating characteristics
of the cherry juice in a custom designed inductive heat exchanger. The heating capability of cherry juice
was investigated by applying 3 different constant pipe wall temperatures (80-90-100°C) at 3 different flow
rates (200-250-300 ml/min). It was aimed to heat the cherry juice from 27£2°C to the target temperature
of 75 °C. The pipe wall temperatures were kept constant by using a Pl controller. It was determined that
the time to reach the target temperature of the cherry juice decreased with increasing the constant pipe
wall temperature. Also, it was concluded that the time to reach the target temperature of the cherry juice
decreased with the reduction of the flow rate of cherry juice. The cherry juice was heated in the shortest
time (123.31£4.94 s) at a flow rate of 200 ml/min with the constant pipe wall temperature of 100 °C. It was
determined that the lowest energy consumption value was obtained by setting the pipe wall temperature
to constant 80 °C. The energy consumption value increased as the constant pipe wall temperature
increased. A comprehensive study on determination of different process conditions affecting quality and
performance characteristics of fruit juices in an inductive heat exchanger is still in progress.

Keywords: cherry juice, induction, heat exchanger, energy, heating
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Characteristics of Free Surface Vortex Flows Under Effects of Rotation and
Buoyant- Thermocapillary Convection
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The characteristics of confined free surface swirling flows, driven by the combined effects of differential
rotation and buoyant-thermocapillary convection are investigated numerically. Interest is mainly focused
on the onset conditions of flow stagnation and associated reverse flow regions. As a basic isothermal
configuration, we first consider the open top rotor-stator cylindrical configuration with a central thin rod,
filled with an incompressible Newtonian fluid.

Over a given range of Reynolds number Re, the flow pattern is shown to exhibit axisymmetric on-axis
bubble and/or off-axis toroidal type vortices, in accord with the literature. Streamlines and velocity fields
revealed that very small temperature gradients between the rod and the ambient medium are sufficient to
alter significantly the flow topology. In particular, a warm rod is shown to enhance the onset of reverse
flow circulations while a cool rod tends to suppress them. Besides, under very small temperature
variations, thermocapillary convection induced by surface tension gradient is shown to efficiently control
the free surface stagnation as well as the entire bulk meridian circulation. This influence, as expected,
becomes more pronounced in the absence of gravity. However, with increasing rod temperature,
buoyancy predominates; reducing drastically the angular momentum transfer from the disk towards the
surface.

Keywords: vortex flows, cylinder, central rod, buoyancy, surface tension.
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Study Of Thermophysical Properties of Carbonate Stones by Means of the Pulse
Transient Technique and Analysis of the Effects of Thermal Heat Resistance and
Heat Capacity of Heat Source Accounted in Slab Model.
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The purpose of this analytical study is to provide quantitative data in the presence of the thermal contact
effects represented by the heat capacity of the heat source and the contact heat resistance solved by
introducing the heat transfer coefficient in between the heat source and specimen body. Both effects
influence the onset increase of the temperature response and subsequently cause thermal history in the
next temperature response development. The batch of carbonate stones having different volume densities
were measured by pulse transient method using slab model for parameters estimation procedure. The
stones differ by structure, porosity, density, etc. The stone volume density was taken as driven parameter
for the material inter-comparison because it depends on number of defects homogeneity and the state of
structure and. Subsequently, the non-homogeneity of stones causes structure fluctuations and thus the
change of thermal properties.

In theoretical part the paper discuss the analysis of the model for temperature response function derived
for the geometry of the infinitively large slabs having final thicknesses. The slab model accounts the heat
capacity of the heat source as well as the contact heat resistance by introducing the heat transfer
coefficient in between the heat source and the specimen body.

Carbonate stones were obtained by field works from different part of Carpathian Mountains. The data will
be useful for thermal calculations and optimization of the heat energy storage systems.

Keywords: transient pulse method, slab model, thermal properties of stone materials
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The present work studied the feasibility of applying temperatures above 100°C to improve the engineering
properties of apple dried with convective air dryer, as an interesting alternative to common temperatures
(below 100°C). In order to investigate the influence of air temperature and samples' geometry on the
drying kinetics, transport and thermo-physical properties of apple, different geometrically-shaped samples
(square, circle, and triangle) with equal surface area and aspect ratio, were dried by the air with a velocity
of 1.75 m/s and saturation humidity of Hs=25°C at 110, 115 and 120°C. To address the most appropriate
drying equations, 6 commonly-used mathematical models were fit with the experimental results. The
statistical and nonlinear regression analyses confirmed that the Midilli & Kucuk model was the best
equation to predict the drying characteristic of all samples. Drying was accomplished in the falling rate
period, which represented that diffusion was the main factor in the control of the drying process. According
to the Fick’s second law of diffusion, the values of diffusion coefficients were in the range of 1.77 x10-9 -
3.19 x 10-° (m?/s). Besides, the relations derived from general molecular transport equations of Newton’s,
Fourier's and Fick's law were used to calculate momentum, heat and mass transfer, respectively. The
results revealed that drag forces, heat and mass transfer coefficients, thermal conductivities and specific
heat varied from 2.796 - 3.331 (N), 32.06 - 38.14 (W/m? K), 0.02644 - 0.03156 (m/s), 0.557 - 0.580
(W/m.K), and 3722.13 - 3863.11 (J/kg.K), respectively. The results showed that triangle-shape samples
could have the potential to improve the air drying of apples in terms of drying time and diffusion coefficient
at an industrial extent. Also, the impact of temperatures above 100°C on the decrease of drying times
and the increase of the moisture diffusivity of the apples was highlighted, which could bring the use of
these temperatures closer to potential industrial use.

Keywords: Heat transfer coefficient, Mass transfer coefficient, Mathematical modelling, Thermo-physical
property, Drying kinetics.
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Chocolate is a widely consumed fat-based product in the world and mainly composed of cocoa, sugar,
cocoa butter, whey, milk powder and emulgators depending on the type of the products. Compound
chocolate, cocolin, is produced using vegetable-based fat instead of cocoa butter. In the present study,
grape pomace, waste of the grape juice production and rich in resveratrol content, was used in the
compound chocolate formulation instead of sugar, whey and milk powder. For this aim, mixture design
was performed to observe if it is possible to use grape pomace in the formulation. Prepared formulations
included grape pomace, sugar and whey/milk powder between 1.5-15%, 25-40% and 6-21%, respectively.
Particle size and rheological properties of the produced samples were determined. Particle size of the
samples changed between 41.4 and 150.4 ym and it increased with increasing grape pomace level.
Regarding rheological properties, all of the samples showed shear thinning behavior meaning that
apparent viscosity decreased with increasing shear rate. Casson model well explained the relation
between shear rate and shear stress values with R? values ranged between 0.9895 and 0.9936. Yield
stress and plastic viscosity values of the produced samples varied between 1.194-4.122 Pa and 1.061-
1.922 Pa.s, respectively. According to the modelling results, as yield stress decreased with increasing
pomace concentration, plastic viscosity increased. Thermal properties of chocolate, start and end of the
melting tempearture, were determined using gap method composed of change in upper and lower part of
plates as a result of melting of the samples resulted from temperature increase. Start and end points of
the melting temperature of the samples change between 22.91-24.51°C and 37.53-39.77°C, which are
not significantly affected by grape pomace usage in the formulation. The findings of the present study
highlighted that grape pomace can be used in compound chocolate formulation instead of sugar and
whey/milk powder to improve functional characteristics and to decrease cost of the compound chocolates.
This work was funded by the Scientific and Technological Research Council of Turkey (TUBITAK), Project
No: 2170054,

Keywords: Compound chocolate, Melting, Rheology, Recycling of waste, Gap method
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This paper is about the non-linear model predictive control (NMPC) of a basic vapor compression
refrigeration cycle (VCC). The basic VCC consists of four components, namely the evaporator, condenser,
compressor and expansion valve. The expansion valve utilized in this study is considered to be an
electronic expansion valve (EEV) for the control purposes. Following techniques are utilized for the
modeling of the VCC. Lumped parameter moving-boundary (MB) method is utilized for the modeling of
the heat exchangers and static relationships are used for the modeling of the compressor and EEV. In
the MB method, each phase that occurs in the heat exchanger is treated as a separate control volume
and phase transition zones are modeled as time-dependent moving-boundaries. Thermodynamical and
thermophysical properties of the fluid in the heat exchanger are calculated as lumped avarages for the
each phase. The model validation study of the developed model is carried out with comparing the three
selected outputs of the developed model with that of the model developed with ASPEN software with the
same design properties. The ASPEN model outputs proved the validity of the developed model.
Afterwards, an Articial Neural Network (ANN) is trained in off-line manner with the selected input-output
combinations of the developed model. Prediction capability of the ANN is tested with comparing the
outputs of the ANN with that of the developed model for the same inputs. The results showed that the
ANN is fitted well and can accurately predict the outcomes of the model. Finally, the NMPC controller is
implemented that utilizes the ANN as the main model of the VCC. The Whale Optimization Algorithm
(WOA) is applied for the solution of the optimization problem that NMPC generates for the each time step.
Performances of the four separate controllers are compared with each other, namely the cooling load,
first law efficiency, entropy generation and second law efficiency controllers. Each controller are named
after their unique performance objectives except the cooling load controller which considers only the
common objective, that is cooling load trajectory tracking. By looking at the results, it has been seen that
the entropy generation controller achieved the most desirable exergy destruction performance with 0.2%
lower than that of the cooling load controller. The cooling load controller performed worst among the other
controllers as expected. Moreover, the second law efficiency controller gave the highest overall second
law efficiency throughout the simulation time.

Keywords: Vapor Compression Refrigeration Cycle, Control Systems, Artificial Neural Networks, Whale
Optimization Algorithm.

19



6™ Int. Conf.: Thermophysical and Mechanical Properties of Advanced Materials (THERMAM)
8"Rostocker Int. Conf.: Thermophysical Properties for Technical Thermodynamics
22-24 September 2019, Cesme, Izmir, Turkey

DNA Nanobundles as Smart Drug Carriers

Aykut BILIR?, Necdet SAGLAM?

aDepartment of Nanotechnology and Nanomedicine, Hacettepe University, 06800, Ankara, Turkey
E-mail: aykutbilir@hacettepe.edu.tr

Despite promising development of drugs over the past 50 years, effective delivery of the drugs to diseased
cells still remains a challenge. Nanoparticles have been used widely as drug carriers due to their high
delivery efficiencies and potential to break cellular drug resistance. However, their biocompatibility issues
and difficulty to engineer spatially addressable surfaces limits their widespread use. Alternatively, DNA is
inherently biocompatible and highly suitable for adding desired functionality to the tailored DNA shapes.
Since Nadrian C. Seeman suggested DNA as building block for bottom-up self assembly, numerous
nanostructures designed and developed based on Watson-Crick base pairing. By 2006 DNA origami
technique was invented and made possible to build 2D and 3D DNA nanostructures. Here to build drug
carrier system and overcome aforementioned limitations of nanoparticles we employed DNA origami, the
most versatile and common technique for nanostructure fabrication. Thermal annealing of 7-8 kb long
single-stranded DNA with hundreds of complementary distinct short ‘staple’ strands formed nanobundles.
Then gentamicin was chosen as model drug and loaded to this nanostructure via electrostatic binding and
characterized by EMSA (Electrophoretic mobility shift assay). A high level of drug loading efficiency was
achieved. Cytotoxicity of drug loaded nanostructures assessed by cell viability assay and showed
satisfactory results. The proposed approach presents efficient, biocompatible drug and carrier and shows
great potential of DNA nanostructures as cellular delivery vehicles as alternative to nanoparticle, polymer
and viruses.

Keywords: dna, nanotechnology, dna origami, drug delivery, nanomedicine
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Simulation and Design Optimization of Al Alloy Wheels Subjected to Biaxial
Fatigue Loading

Ali KARA?, Meric ISIK?

aCMS Jant ve Makina A. S.
E-mail: saglamci@gmail.com , meric304@gmail.com

As a responsible element to transfer road loads to the suspension system, passenger car wheels are
subjected to time-varying load history affected by road conditions, and even by the tire used. Due to
increase in use of aluminum alloy wheels in passenger cars, validation of performance of wheels for this
type of loading became very important. In addition to constant amplitude fatigue requirements such as
dynamic cornering or radial fatigue tests, flat track roll rig test or ZWARP (Biaxial Fatigue Test) test can
be used to identify the durability of wheels under time varying load histories. Therefore, this study aimed
to investigate the simulation and design optimization of Al alloy wheels under biaxial fatigue loading.
LBF.WheelStrength simulation software was used coupled with ANSYS WB. Statistical design
optimization using Design of Computational Experiments was conducted to obtain the optimum spoke
cavity geometry for wheels by using Minitab 18.0 statistical software with objectives of stress and weight
minimization.

Keywords: Aluminum alloy wheel, Biaxial fatigue loading, Simulation, Optimization
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The wheels are the parts which have critical importance, work under static and dynamic loads in vehicles.
Therefore, in the design phase, based on the vehicle which the wheels are used for, before the production
phase various mechanical analyses after, the production phase various tests carry on the wheels under
the loads which are calculated related with standards. Some of these tests are dynamic cornering fatigue
test, resonance test, biaxial fatigue test, radial fatigue test, 13° impact test, 90° impact test, compression
of inner rim test and ZWARP test. All of the aforementioned tests can be performed in CMS mechanical
laboratory. However, in order to perform these tests, the wheel must be manufactured. To provide cost
advantage, finite element analyses are frequently used tools for the design validation step. Shortening
the design validation phase is important for design process efficiency. Within the scope of the study,
optimization studies were carried out which would benefit the shortening of the design process. The
wheels work with many different parts while driving. During driving, the wheel is subjected to different
periodic road-borne or vehicle-borne loads. Under these combined forces, the wheels might have fatigue
cracks after the critical cycles. In addition, the wheels may resonate with other parts under operating
conditions due to their natural frequency. In order to prevent the resonance of the parts on the vehicle
and to determine the wheel stiffness, natural frequency analyses were performed. On the other hand,
cornering fatigue conditions were analyzed with Ansys Workbench 19.0 package program in accordance
with 1ISO 3006: 2015 dynamic cornering fatigue standard. In this study, 12 measurements on the wheel
were used as input for the experimental design and the effects of the parameters on fatigue - frequency
analysis were determined. As a result, optimization studies were carried out in order to minimize weight
and maximize strength by considering the effects of parameters.

Keywords: Aluminium alloy wheel, Optimization, Fatigue, Frequency
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In this work, we have studied the role of solution molarity on the physical properties of MgO thin films.
the MgO solution was prepared by dissolving the Magnesium chloride hexahydrate in the volume equal
to H20 with variation of molarity in the rang of 0.05 to 0.2 mol.I'". MgO thin films were deposited by
pneumatic spray technique on the glass substrate at a 400 ¢ with 10 minutes.The obtain results of this
work show that the MgO thin films having a cubic structure with (220) phase oriented the the minim
crystallite size was found with 0.1 mol.I"' .the overage transmittance is located in the rang of 75%-80%,
in the visible region .the measurements optical band gap are 6.30, 6.50 ,7.60 and 6.70 ev of the prepared
MgO films with 0.05, 0.10, 0.15,0.20 with respectively.The prepared MgO thin films can be used for
photovoltaic application.

Keywords: MgO; Thin films ; Optical gap.
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Body armors are any defensive coverings worn to protect the body from impact attacks such as not only bullets but
also stabs, blocks and particles with impact velocities. With the recent innovations in materials and manufacturing
techniques, soft and rigid composites reinforced with textiles are offered to provide body armor with improved
protection levels at a significant reduced weight: a potent combination for enhancing the effectiveness and mobility
of military trrops, law enforcement officers and security personnel as body armors must be worn to be effective;
weight and comfort are as important as the functionality.

In this study, it is aimed to investigate the effect of flat-bed lamination process parameters on the impact
performances of the composites manufactured using thermoplastic matrix and textile reinforcement to be
used as body armor. With this aim, TPU film is used as the thermoplastic matrix and different layers of
woven fabrics made of aramid and glass fibres as the reinforcement. Considering the fibre orientation of
the reinforcement (to be in 0 and 90), laminations are performed in two main directions and with three
different methods. During the composite manufacturing, lamination process temperature, pressure and
speed of the machine are the process parameters, thus effects of these process parameters on the
adhesion and stab impact performances of the composites are investigated. The thermoplastics
composites with standard accepted impact performances are laminated with warp knitted 3D fabrics
(which are developed and manufactured within Ames Europe Textile especially for personal body
protection) to improve comfort and impact performances.

Thermoplastic composites manufactured with 5 layers of aramid woven fabrics (0/0/0/0/0) laminated with
TPU films in between at 180C with 3m/mm process speed are found to have high impact performances
to be used as personal body protector against 15J impacts of blocks/particles. It is seen that, with the
increase of the lamination process temperature thermoplastic composites with impact performances could
be performed in lesser process speed, which should be considered for the cost and performance
optimization of the composites. With the manufacture of hybrid composites by laminating the 3D warp
knitted fabric, it is found that the impact performances of thermoplastic composites have increased to be
used as personal body protector against 40J impacts of blocks/particles.

Keywords: textile, lamination, impact, thermoplastic film, thermoplastic laminates
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Contact angle is defined as the degree of wetting of the fluid when the liquid and the solid interacts. When
the contact angle is less than 90°, this means a high wettability and hydrophilicity of the surface whereas
the greater contact angles mean lower wettability and hydrophobic nature of the surface. If the contact
angle is greater than 150°, the surface is called as superhydrophobic. It depends on the surface
characteristics such as surface roughness and type as well as liquid type. Some theoretical studies on
predicting contact angle by droplet shape analysis were carried out. Vafaei and Podowski [1] developed
a model on prediction of the contact angle by using force balance on the droplet. In this study, it is aimed
to predict contact angle of droplet by rearrangement of the coefficients given in [1]. As a result of this
rearrangement, the contact angle can be found by using geometrical parameters (location of the apex,
radius of contact angle, radius of curvature) and thermophysical properties (surface tension and density)
of the droplet sample. Moreover, different from the given correlation in [1], it is found that the volume of
the droplet does not affect the contact angle considering the force balance on the droplet surface.

Keywords: contact angle, wettability, surface tension, droplet volume

1] S. Vafaei and M. Z. Podowski, “Analysis of the relationship between liquid droplet size and contact angle,”
Adv. Colloid Interface Sci., vol. 113, no. 2, pp. 133-146, 2005.
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Single phase natural circulation loops (SPNCLs) are the passive systems based on heat transfer from hot
medium to cold medium by natural convection caused by temperature gradient. In order to increase
performance of the system (stable flow and highly efficient heat transfer), studies on geometry and
working fluids were carried out. Geometry (size, aspect ratio, heater-cooler orientation, pipe diameter,
shape, inclination angle) is primary factor affecting performance and stability. Nanofluids, as a new heat
transfer fluids, have been used to improve performance of SPNCLs. Temperatures (temperature
difference in heater outlet and inlet, and maximum temperature), effectiveness and mass flow rate are
widely used performance and characterization parameters in the available literature. Since measurement
of the mass flow rate is more difficult compared to temperature, Vijayan et al. [1] developed a theoretical
correlation for water based SPNCLs. In this study, validity of developed correlation by Vijayan et al. [1]
for nanofluid based mini SPNCLs (SPNCmLs) is investigated for various geometrical parameters,
numerically. Steady 3D model was developed for experimental setup (pipe diameter=4.75, aspect
ratio=1.38) in the literature. Effects of different aspect ratios (0.4, 0.6, 0.8, 1.0, 1.2, 1.38, 1.6, 1.8 and 2.0)
at constant pipe diameter (4.75 mm) and different pipe diameters (3, 4, 5, 6 mm) for constant aspect ratio
(1.38) were analysed at constant heat flux (10, 30, 50 W) at heater section and constant temperature
(20°) at cooler section. Water based Al203 nanofluids (1, 2, 3 vol. %) and water were used as working
fluids. It is found that, mass flow rate in SPNCmL is in good agreement with correlation [1] for higher
aspect ratio and pipe diameters. Moreover, higher concentrations and heater powers have higher
difference from the correlation.

Keywords: nanofluids, single phase natural circulation loops, natural convection, mass flow rate

1] P. K. Vijayan, “Experimental observations on the general trends of the steady state and stability behaviour
of single-phase natural circulation loops,” Nucl. Eng. Des., vol. 215, no. 1-2, pp. 139-152, 2002.
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Thermoplastic polymer-based foam materials are used frequently due to their superior sound and heat
insulation, low density, chemical stability, vibration damping, recycling, and reprocessing properties. In
this study, low-density polyethylene material (LDPE) in the thermoplastic materials group was foamed.
Sodium bicarbonate (NaHCO3) was used as the foaming agent. Also, certain amounts of talc, glycerol
monostearate (GMS) and zinc additive were added to the foam material to provide cell stability. Acoustic
experiments were conducted to determine the sound insulation performance of foam materials which are
frequently used in sound insulation. Moreover, the compression properties of the foam materials were
determined by compression tests. FTIR, TGA, and DTA analyses were performed to determine the
chemical and physical characterization of the foam material produced. SEM analyses were performed to
determine the cell geometry, width, and thickness of the cell wall of the foam material.

Keywords: Sound Insulation, LDPE Thermoplastic Foam ,Cell-size ,Cell-geometry
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The lightweight composite materials bring out several opportunities besides some challenges. One of the
key challenges is providing a strong and reliable joint for sensitive composite structures by preserv-ing
their specifications without any damage. Traditional fasteners are mostly designed for sheet metals, such
as rivets, bolts and clinched fixings are often incompatible with composites or they require addi-tional
work. Despite the “embedding fasteners” can provide a secure and discrete fastening solution, they
require proper production methods and special tools like moulding equipment for every case which results
in higher production cost. Although, embedding the fasteners regardless of their shape can lead some
design compatibility issues including process inefficiencies. Even the embedding pro-cess could weaken
the composite product or increase the thickness and weight.

Clinching composite layers is an alternative method for binding composite parts together. In this study, a
parametric metal insert geometry model is described between two composite layers and optimized by
using finite elements analysis in MARC/MENTAT software environment.

Keywords: metal insert, fasteners, clinching, composites
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An elastoplastic deformable epoxy resin was obtained by using post-curing operation from a developed
high flexible epoxy resin. The elasticity modulus increased from 4.5 MPa to 200 MPa, and tensile yield
strength also increased from 1.5 MPa to 10 MPa by post-curing operations. After post-curing, the flexible
epoxy’s stress-strain curve also transformed from linear-elastic to elastic-plastic behavior. Due to the
elastoplastic behavior of the post-cured epoxy resin, the material showed more impact energy absorption
performance. This resin was used to obtain syntactic foams by using four different glass bubble
contribution, which were 5,10,20 and 30% percentages. The obtained syntactic foams were filled inside
the aluminum honeycomb core cells, and by bonding aluminum face sheets, the sandwich panels were
also obtained. Obtained sandwich panels were subjected to impact loading and ballistic impact. The
results were compared with the unfilled aluminum sandwich panels. The results concluded by using
measured experimental data, the microstructure of the syntactic foams, fracture surface morphologies,
and post-mortem observations.

Keywords: Epoxy syntactic foam, Aluminum Honeycomb Sandwich, Impact loading, Ballistic performance
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Flexible epoxy resin has low strength high elongation properties without post-curing. The flexible epoxy
resin tensile strength was obtained as 2 MPa. The maximum strain was also more than 65% percent. The
behavior of the materials up to breaking point showed high linearity with very low Elastic Modulus, which
is 4.5 MPa. This flexible epoxy material was foamed by using physical foaming technique using CO2 gas
injection. The foamed structure was filled inside the aluminum honeycomb core cells. By bonding of
aluminum face sheets, sandwich panels were obtained. The front face sheets of the sand-wich panels
were perforated with a large number of circular holes. The sound insulation and sound transmission loss
performance of the produced sandwich panels were obtained by using impedance tube setup. The results
were compared with the unfilled aluminum sandwich panels and sound insulation materials which were
used in this area. The mechanical and physical properties of the developed sandwich panels were also
obtained by a series of experiments such as compression and three-point bending. The developed flexible
epoxy foam was also investigated by the microstructural and cell morphology point of view. The results
were concluded as a perspective of sound insulation performance and industrial application of the
developed sandwich structures.

Keywords: Flexible Epoxy Foam, Aluminum Honeycomb Sandwich, Sound insulation, Sound
transmission loss
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Latent heat thermal energy storage using organic phase change materials (PCMs) have been widely used for
waste heat recovery from industrial processes, thermal management of electronic devices, solar thermal energy
storage and thermoregulation of buildings. The high energy storage density and the capability of near-isothermal
storage and retrieval of thermal energy make these PCMs attractive. However, inherently low thermal
conductivity of such PCMs restricts their practical applicability. Thermal conductivity enhancements of PCMs
have been achieved by dispersing high thermal conductivity nano-inclusions (like carbon nanotubes, graphene,
metallic oxides, etc.) within the continuous media that makes these systems costly and hence, there is a need
for developing cheaper nano-inclusion loaded PCMs. Imparting photo-thermal conversion capability to these
nano-enhanced PCMs will make them technologically attractive and economically viable for rapid industrial
adaptation. In the present study, we experimentally probe the enhancement in thermal conductivity and photo-
thermal conversion for paraffin wax (PW) and lauric acid (LA) based PCMs loaded with carbon black nanopowder
(CBNP) of size ~ 30 nm (determined from atomic force and scanning electron microscopy).

Differential scanning calorimetry indicated that the phase transition temperatures and latent heat values were ~
60.1, 45.4 0C and 125.9, 151.6 kJ/kg for pristine PW and LA, respectively. The phase transition temperatures
remained unchanged upon loading with various concentrations of CBNP nano-inclusions. On the other hand,
latent heat values decreased slightly with increasing loading, which was attributed to the lowering of PCM mass
ratio. Thermal conductivity measurements were performed using a transient hot wire probe and for pristine PW
and LA, the liquid state thermal conductivity values were ~ 0.155 and 0.141 W/mK, respectively. Upon loading
with CBNP nano-inclusions, thermal conductivity enhancement in the liquid state was insignificant, whereas it
was substantial in the solid state. For PW based PCMs, thermal conductivity enhancements in the solid state
were ~ 80, 85, 98, 129 and 135 % for CBNP loading of 0.5, 1.0, 1.5, 2.0 and 2.5 wt. %, respectively. Similarly for
the LA based PCMs, solid state thermal conductivity enhanced by ~ 133, 140, 143, 160, 164, 174 and 195 % for
CBNP loading of 0.5, 1.0, 1.5, 2.0, 2.5, 3.0 and 3.5 wt. %, respectively. The highest thermal conductivity
enhancements obtained in the present study (~ 135 and 195 % for PW and LA, respectively) were found to be
significantly higher than the values reported in literature. For the nano-enhanced PCMs, during freezing, the
nano-inclusions are driven towards the inter-crystallite spaces forming quasi-2D networks of percolating
structures with high phonon mediated conductive heat transfer efficiency. Formation of such networks was
visually observed using time-stamped optical phase contrast video microscopy. Superior volume filling capacity
and high compressibilty of CBNP also aided in thermal conductivity enhancement. Infrared thermography based
non-contact temperature mapping was performed to evaluate the photo-thermal conversion efficiency of CBNP
loaded PCMs and it was observed that photo-thermal conversion enhanced by ~ 84 and 135 % for PW and LA
based PCMs loaded with 2.5 and 3.5 wt. % of CBNP, respectively. Photo-thermal conversion was found to
increase with CBNP loading, which was attributed to the intense multiple scattering of the incident radiation from
larger sized CBNP aggregates within the PCM host matrices. High thermal conductivity and photo-thermal
conversion efficiency of CBNP loaded PW and LA based PCMs will pave the way for development of portable
and self-sustainable solar-thermal battery packs.

Keywords: Phase change material, Latent heat thermal energy storage, Paraffin wax, Lauric acid, Carbon black
nanopowder
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Evaporation is commonly present in nature as well as in technological applications. High amount of energy
(latent heat) is needed during liquid-vapor phase change to break the intermolecular forces between liquid
molecules, which makes the evaporation process a promising tool in thermal management. Specifically,
utilization of droplets, which function as local heat spreaders, has been proposed in the electronics
cooling. However, drying out of the entire droplet in a short duration is a common problem and continuous
feeding from a reservoir has been also proposed as a method to mitigate this challenge. As an alternative
to the evaporating droplets, continuously fed evaporating half-cylinder water blocks can be also utilized
for the cooling. Benefit of this approach would be the ease of the production of the feeding passages
together with the relative ease of the numerical modeling. Concurrent effects of liquid feeding,
thermocapillarity, internal heat transfer inside the droplet, heat and mass transfer at the liquid-vapor
interface and gas motion above the interface are accounted during modeling, which is built on an iterative
solution scheme using MATLAB LIVE-LINK INTERFACE for Finite Element Method based solver of
COMSOL MULTIPHYSICS software.

Keywords: Thermal management, Electronics cooling, Evaporation, Evaporating water blocks
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Ulviyya HASANOVAP, Fariz AMIROV?2, Narmina GULIYEVA?, Zarema
GAKHRAMANOVA?, Djavid NABIZADE?, Baylar ZARBALIYEVa

aDepartment of Technology of Organic Substances and High Molecule Compounds, Azerbaijan State Oil and Industrial
University, 16/21 Azadliq Ave, Baku, AZERBAIJAN
bDepartment of Organic Chemistry, Baku State University, Z. Khalilov Street, 23, AZ1148, Baku, AZERBAIJAN
E-mail: narmina.guliyeva@asoiu.edu.az

Obtained composition prepared with epoxide oligomer has wide range of uses. Therefore, requirements
for operation properties of obtained composition are changing in wide range.lt is possible to use different
modifier agents in order to get epoxide composition with high exploitation properties. As exapmles we can
show fillers, surface active compounds, antioxidants, plasticizer, and other high molecule and etc.

There are various adhesives and varnishes which are produced on the epoxide oligomer bases.
Adhesives are mainly used to glue metals, wooden materials (wood, wood powder), plastic uses,
ceramics, glasses etc.

As we know, adhesives on the basis of epoxide oligmer are obtained during cold and hot packing process
by adding packings to them. We obtained adhesive by using ED-20 marked epoxide oligomer and PEPA
packing in cold packing process. In order to improve quality of adhesive (preventing bending, decreasing
the number of bubbles, improving the packing and elastic properties of plastics, woods) epoxide oligomer
is modified with various contented fillers and caoutchouc solvents.

In order to improve properties of adhesive composition we modified it mechanically by mixing in various
ratios with GO. Then, anti-oxidant is added and it is mixed vigorously at 50-70° C in 1-2 minutes and after
adding packings it is mixed fast. The physical-mechanical properties of prepared composites samples
were studied.

After studying properties of adhesive composition modified with graphene oxide on the basis of epoxide,
we see that the number of air bubbles in obtained adhesive composition are less comparing with not
modified adhesive compositions. When graphene oxide is distributed equally, oligomer fills voids in itself
and take off the air bubbles and the number of bubbles are decreasing on the surface. However, it is seen
from the table that the physical-mechanical properties of adhesive composition modified with graphene
oxide with epoxide oligomers are less than the properties of not modified epoxide adhesive composition,
but bending during solidification is decreasing.

Keywords: physical-mechanical properties, preparation of compositions, modified epoxide oligomer with
GO
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Drying is an energy intensive industrial process where heat and mass transfer takes place simultaneously
and has been practised for a long time as a preservation method for agricultural food products. Type of
product, energy consumption, dried product quality, food security and sustainability are critical parameters
need to be taken into consideration during selecting of drying system. About 10-15% of the total world
industrial energy is consumed for drying and the percentage consumption by food sector is 12%. Due to
uncertain price rise and rapid depletion of fossil fuels, development of food drying systems integrated with
renewable, sustainable energy sources became more and more important. As solar energy is abundant,
eco-friendly, cheap and easily applicable, especially studies on solar energy based drying technologies
and improvement of their energy efficiencies have been accelerated in recent years. Since solar energy
is dependent on weather conditions, it is only possible to provide continuity of the drying process with
additional heat sources. In order to prevent disruption of the drying process and improve to the drying
efficiency, many researches show that heat pump is one of the most suitable thermal technologies.

Solar energy can be converted into thermal and electrical energy by solar thermal collectors and
photovoltaic (PV) modules, respectively. The performance of PV modules decreases when the ambient
temperature rises above a certain level. For overcoming of this problem, a novel system calls a
photovoltaic/thermal (PV/T) hybrid technology was developed. In this system, excess heat is transferred
to the working medium by integration of absorber plate with PV modules. Although there are lots of studies
on food drying, still a need for efficient, economical and sustainable novel food drying systems.
Therefore, in this study, conceptual design of PV/T and unglazed solar collector integrated hybrid heat
pump drying system was carried out. A thermodynamic analysis of a new PV/T hybrid food drying system
was performed by applying mass, energy and exergy balances for the each system components.

Keywords: PV/T, Hybrid, Solar Dryer.
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and Wood Wastes
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In order to minimize waste and decrease environmental effects of plastics, reserve natural resources and
support circular economy for sustainable production and consumption, the possibility of using recycled
plastics and woods from urban household bulky wastes for the industrial manufacturing wood plastic
composites (WPCs) is investigated. The recycled WPC compounds, r-WPCs, were produced from urban
household bulky wastes at different compositions (wood flour, anti-oxidants, UV stabilizers and coupling
agents) to obtain optimum composition for pilot scale manufacturing. The mechanical tests of the WPCs
were carried out in order to determine the performance of the r-WPC with virgin WPCs (v-WPC). The
optimum compositions of wood and other additives in r-WPC were determined in laboratory scale before
industrial applications. Effects of wood flour content, compatibilizer and other additives (UV, antioxidants)
on tensile strength, impact, and water sorption properties of r-WPC were tested in order to determine the
optimum WPC compositions. Industrial manufacturing of r-WPC products by using bulky wastes were
done in injection molding machines by taking into account the optimum compositions. Crates and table
legs from recycled plastic and wood wastes as potential products were produced in the industrial scale.
Manufacturing of crates and table legs indicates the applicability of r-WPCs from recycle plastics in
transport and furniture sectors, respectively. Many alternatives for r-WPC products for requisites and
demands of consumers can be manufactured from municipal bulky waste. As a result of this study, the
industrial manufacturing capability of r-WPC products from municipal bulky plastic and wood wastes was
demonstrated and showed promising results by considering physical and mechanical properties.

Keywords: wood plastic composites (WPC), recycling, mechanical properties, WPC manufacturing, bulky
plastic waste
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Solvent-free bis-phenol A epoxy resin and pre-accelerated methyltetrahydrophytalic anhydride hardener
were used as matrix material. Silica particles were added to matrix to produce silica-epoxy particulate
composite. Silica particles with two mean diameters of 1 um and 37 um and filler rate of 20, 30, 40 and
60% were used to investigate the effect of particle size and filler rate on the fracture behavior of the epoxy
resin composite, respectively. The fracture behavior of the composites was characterized by linear elastic
fracture mechanics according to standard of ASTM-D5045 in which three-point bending test procedure
was used to investigate plane-strain fracture toughness (Kic) and strain energy release rate (Gic) of the
composite specimens. Tensile properties, Kic and Gic values increased with the particle size and filling
rate, compared to unfilled neat epoxy polymer. Glass transient temperatures (Tg) of the samples were
evaluated by using differential scanning calorimetry (DSC) to investigate the effect of particle size and
filling rate on curing mechanism of the epoxy polymer composite. Measured Tg values show that particle
size and quantity of the silica in the matrix have not a significant effect on the curing regime of the epoxy
composite polymer. Fracture surfaces of the produced specimens were examined by SEM to be able to
explain the fracture mechanisms of silica filled epoxy composite.

Keywords: silica, epoxy composites, fracture toughness

36


mailto:zaferazem@gmail.com
mailto:ugur.malayoglu@deu.edu.tr
mailto:bahadir.uyulgan@deu.edu.tr

6™ Int. Conf.: Thermophysical and Mechanical Properties of Advanced Materials (THERMAM)
8"Rostocker Int. Conf.: Thermophysical Properties for Technical Thermodynamics
22-24 September 2019, Cesme, Izmir, Turkey

Determination of Thermal Conductivity of Carbon Filled Polymeric Composite
Plates for Compact Plate Heat Exchangers

Aysun GUVENs, Ozay AKDEMIR®, M. Turhan GOBAN®, Metehan ATAGUR®, Yoldas SEKIde, Kutlay SEVER:,
Liitfiye ALTAYbe, Mehmet SARIKANAT®e

alnkara Yildinm Beyazit University, Mechanical Engineering Department, Kegidren, Ankara,
bEge University, Mechanical Engineering Department, Bornova, lzmir, Turkey.
c[zmir Katip Celebi University, Faculty of Engineering and Architecture, Cigli, Izmir, Turkey
9Dokuz Eylul University, Faculty of Science, Buca, Izmir, Turkey
elzmir Egitim Saglik Sanayi Yatinm A.S., Turgutlu, Manisa, Turkey
E-mail: lutfiyebulut@gmail.com, msarikanat@gmail.com

Fabrications of thermally conductive polymeric composite materials to be used in heat transfer devices have gained
a great importance over the last decades. Recently, the use of thermally conductive polymeric composites in
thermal management industry is growing up. Some of these polymers can replace metals and ceramics in heat
exhangers due to cost and energy savings. Because conductive polymers have the advantages of low cost, low
density and good corrosion resistance and easy manufacturability. A heat exchanger is a device used to transfer
heat between two or more fluids. The fluids can be single or two phase and, depending on the exchanger type, may
be separated or in direct contact. In order to increase the heat transfer, heat exchangers with high thermal
conductivity and low coefficient of thermal expansion are commonly preferred. For improving the thermal
conductivity of a polymeric material, polymer matrices are usually filled with the thermally conductive fillers like
metal powders, ceramic powders and carbon-based materials.

In this study, graphene and synthetic graphite were used as carbon fillers. Graphene and synthetic graphite filled
polypropylene composites were prepared with gelimat mixer and hot press molding techniques. Experimental setup
of compact plate heat exchanger to determine the thermal conductivity of composite plates was designed and
established. It was observed that the thermal conductivity of polypropylene was increased by the addition of
graphene and synthetic graphite. To investigate the effect of fillers on the thermal properties of composite plates,
several caharacterization techniques were performed. According to the results, the highest through-plane thermal
conductivity was obtained to be 3.4 W/mK using experimental setup of compact plate heat exchanger and 2.6
W/mK using Flash Diffusivity Analyzers.
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Magnetic nanofluids are colloidal mixtures which consist of nano sized magnetic particles suspended in
a carrier liquid. These nanoparticles typically can be maghemite (y-Fe203), magnetite (Fe304) and cobalt
ferrite (CoFe204) as magnetic materials. They have many potential industrial applications on electrical,
mechanical and optical fields. The ability of being manipulated by an external magnetic field made
magnetic nanofluids attractive especially when the fluid transport necessary in tiny quantities. Therefore,
they have also the potential to be utilized in microfluidic systems such as micro-sized heat sinks, micro-
pumping and micro-mixing [1]. In this numerical study, Fe3Os-water magnetic nanofluid in a square cross
sectional microchannel with a circular path was considered as the working medium. In order to manipulate
the magnetic nanofluid, NdFeB permanent magnets were employed. Hence, the external magnetic field
gradient generated by the permanent magnets caused a magnetic force on the magnetic nanofluid inside
the microchannel. Then, the magnetic force was defined as a body force in the simulations. The results
indicated that it is possible to achieve a magnetic nanofluid flow in a microchannel by an external magnetic
field. Moreover, we observed that the magnetic nanofluid velocity inside the microchannel depends on
the magnetization of the magnetic nanofluid sample.

Keywords: magnetic nanofluid, magnetic field, magnetization, microfluidics,
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The effects of epoxy-based binder impregnated fabrics on both mechanical and thermomechanical
properties of E-glass/epoxy-amine system for preform wind turbine blade part manufacturing applications
were investigated. The resultant properties were compared with binder-free fabrics containing panels.
Two types of fabrics which have unidirectional (UD) 0o and biaxial (+450/-450) orientations were used
during the trials. The integrity of the binder impregnated fabrics with each other was ensured by the
application of heat and vacuum pressure. Composite panels were produced by using epoxy resin and
vacuum-bag infusion process to investigate their mechanical properties.

Results of the table-top trials reveal that there is a general increasing trend for ILSS and tensile properties
of panels which were produced by binder impregnated fabrics when compared to binder-free panels.
However, such a trend could not be observed among the panels produced with binder impregnated fabrics
with increasing binder concentration. Complex modulus values of the panels were also tested with DMA
and have seen that they decrease with the use of bindered fabrics whereas they increase with increasing
binder concentration only for Biaxial fabrics. On the other hand, there were many noisy fluctuations for
UD panels due to excessive stiffness of panels. Moreover, it was detected the Tg values of panels with
binders increases which indicates that binders partially dissolve within epoxy resin matrix during infusion.

Keywords: Preform, binder, wind blade, mechanical properties
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Nanofluids are colloids that contain nanosized particles dispersed into a base fluid to improve the
thermophysical properties of the base fluid. If the nanosized particles have magnetic properties, the fluid
can be called as magnetic nanofluids. Thermophysical properties of magnetic nanofluids can be altered
and tuned by applying external magnetic field. This situation provides many potential application areas
for these fluids, such as biomedical applications and heat transfer [1]. Magnetic properties and
magnetization behaviour can give an insight to the nanostructure of the nanofluid, such as particle
interactions and agglomerate formation which can strongly influence the thermophysical properties of the
fluid [2]. To understand the effect of the magnetization on the magnetic nanofluids, magnetization
measurements were carried out for magnetite (FesO4) - water and maghemite (y-Fe203) - water magnetic
nanofluids by using a vibrating sample magnetometer (VSM). Various samples with different volume
concentrations for Fe3O4 - water (1, 2, 3, 4 and 4.8%) and y-Fe,03 - water (1.1 and 2.2%) nanofluids were
used in measurements. The results show that y-Fe2Os; - water magnetic nanofluid have higher
magnetization values than Fe3O4 - water magnetic nanofluid. The measurements also point out that as
the volume concentration increases, magnetization of the both magnetic nanofluids increases as well.

Keywords: Magnetic nanofluids, magnetic properties, magnetization, magnetite, maghemite.
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lonic polymer metal composites (IPMC) are smart materials in which the generated motion is controlled
by electric field applied between the two electrodes of IPMC. Free ions that are diffused in the body of
IPMC move due to the applied external electric field, and accumulate on the surface of one of the elec-
trodes. This inhomogenous distribution of ions in the film causes a bending motion in the actuator.
IPMCs are generally made of ionic polymers like Nafion, cellulose, chitosan etc. They are classified as
electroactive materials like piezoelectrics. They are actuated by low voltages like 3-10V, and they show
better performance in ionic environments like human body due to their ionic characteristics.

In this study; cellulose is used as the matrix material of ionic polymer composite actuator and graphane
is added to increase tip displacement by increasing the electrical conductivity. Cellulose is dissolved in
1-ethyl-3-methylimidozalium diethylphosphonate ([EMIM] DEP) and N, N-dimethyl acetamide (DMAc)
then 0.2% wt Graphene is added to the mixture. Films of 1,2,3 mm thickness are obtained by drying.
And then, golden leaves of 10um are placed on the both sides of ionic polymer as the electrodes. The
performance of manufactured IPMC layers is evaluated by experimentally. The maximum tip displace-
ments of actuators are measured by laser displacement sensor and maximum force is measured by a
load cell.

Keywords: cellulose, graphene, electroactive film, ionic polymer.
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Composite materials have been widely used in a wide range of engineering applications as automotive, aerospace,
civil engineering structures, due to their higher strength/weight ratios. In this study, two types of thermoplastic
composites were produced by placing single and double layers of woven E- glass fabric between polyethylene
films. The composites were prepared using the compression molder by curing the materials at a temperature of
190 °C under a constant pressure of 8,163 bar for 30 min. The mechanical properties were evaluated by means of
tensile test and drop weight impact test. The drop weight impact tests were performed at the different energy levels
beginning from 25 joule. Impact test results showed that with increasing energy level, contact force increased, while
the contact time de-creased. The maximum tensile load for the composite consisting single layer of woven E- glass
fabric between polyethylene films was found 2073 N and for the composite consisting double layer of woven E-
glass fabric between polyethylene films was found 3850 N. The average tensile strength was found 46 MPa for the
composite consisting single layer of woven E- glass fabric between polyethylene films and 70 MPa for the composite
consisting double layer of woven E- glass fabric between polyethylene films. It has been found that woven glass
fabric reinforcement significantly increases the tensile strength of the polyethylene film.

Keywords: polyethylene film, tensile test, impact test
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Polyamide 6 (PA6) is one of the thermoplastics used in many fields such as automotive, railway, textile,
construction and electrical-electronics sectors. It is one of the thermoplastic materials with a fast
flammable and low limiting oxygen index (LOI). By using flame retardant additives it is possible to improve
the easy flammability of pure PA6. The aim of this study is to develop Polyamide (PA6) based flame
retarded compounds, which have halogen free flame retardant properties at different hazard levels HL1,
HL2 and HL3 according to EN 45545-2 standard, by using twin-screw extruder. With the addition of
different amounts of zinc borate, it has been studied to improve the flammability properties of PA6 and
the composites produced have been characterized. Density and melt flow index (MFI) test were
performed. Tensile, flexural and Izod Impact properties were determined in order to measure the effect of
flame retardant to the mechanical properties. UL94 test was used to see the V-0, V-1 and V-2 flammability
ratings. Glow wire and LOI tests were performed to see the flammability performance of the composites.
Heat Deflection Temperature (HDT) and Vicat Softening temperature, thermogravimetric analysis (TGA),
thermo-mechanic analysis (TMA) and differential scanning calorimetry (DSC) analysis were performed
for the thermal and thermo-mechanical properties. As a result of the study, the LOI value of PA6 was
increased by approximately 43%.

Keywords: Flame Retardants, Zinc Borate, Polyamide 6 (PA6), Railway Application, Composite
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The main concern in the thermal energy storage systems is the storage and usage of thermal energy at
the time when it is available and required, respectively. Polymeric energy storage materials are materials
that are used to store thermal energy in many building applications.

In this study, effect of phase change materials on thermal, mechanical, and physical properties of
thermoplastic composites was investigated. Polypropylene (PP) as a polymer matrix of paraffin wax
RT5HC as phase change material (PCM) were used to manufacture PCM filled PP composites.
Composite granules were obtained by adding RT5HC at various weight fractions (20, 30, 40%) into PP
with twin screw extruder. Test specimens were produced by injection molding of these composite
granules. The effect of PCM on thermal, mechanical and physical properties of composites were studied
by several characterization techniques such as Thermogravimetric Analysis (TGA), Differential Scanning
Calorimetry (DSC), Thermomechanical Analysis (TMA), Melt Flow Index (MFI), HDT Vicat, Tensile and
Flexural Tests, Notched and Unnotched Impact Strength Tests, and Density Analysis.

It has been demonstrated that PCM improved thermal properties and energy capacity of PP composites.
PP composites with PCM has a great potential to be used in room temperature applications with high
thermal efficiency.

Keywords: polypropylene composites, phase change materials, mechanical properties, thermal properties
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Thermal management of products has gained a great importance due to rapid technological
advancements in electronics, power generation, thermal coatings, aviation and many other industries.
Heat release from the electronic devices is performed by thermal conduction. Among different
methods of heat dissipation from heat source, heat sinks with high thermal conductivity and low
coefficient of thermal expansion are commonly used. Recently, the use of thermally conductive
polymeric composites in thermal management industry is growing up. Some of these polymers can
replace metals and ceramics in heat transfer devices and systems due to cost and energy savings.

In this study, for improving the thermal conductivity of a polymeric material, PBT was filled with
synthetic graphite. Synthetic graphite and PBT with various weight fractions were mixed into polymer
by using twin-screw extruder and test specimens were fabricated by injection molding. In-plane and
through-plane thermal conductivity values were obtained by Xenon Flash Diffusivity according to
ASTM E1461. Change in mechanical properties of carbon based composites was determined by
tensile and impact tests. It was observed that specific heat values increased with respect to
increasing weight fractions of carbon fillers. Increasing graphite ratio in PBT led to decrease in
mechanical properties. Synthetic graphite addition into PPS at 40wt% increased in-plane and
through-plane thermal conductivity of PBT by 65 times and 12 times, respectively.

Keywords: PBT, graphite, thermal properties, mechanical properties, composites

Acknowledgement: We would like to thank to project conducted in R&D center of IMS polymers with a
project number of MG007.

45


mailto:tugce.uysalman@imspolymers.com
mailto:melis.ozkaya@imspolymers.com
mailto:ferhat.oner@imspolymers.com
mailto:akin.isbilir@imspolymers.com

6™ Int. Conf.: Thermophysical and Mechanical Properties of Advanced Materials (THERMAM)
8"Rostocker Int. Conf.: Thermophysical Properties for Technical Thermodynamics
22-24 September 2019, Cesme, Izmir, Turkey

Effect of Iron Powder on Mechanical and Thermal Properties of Polyester Based
Composites

Sena GULENg, Liitfiye ALTAY, Mehmet SARIKANATS, Zafer YENIER?

aDepartment of Mechanical Engineering, Ege University, Turkey,
E-mail(s): senaqulen16@gmail.com, mehmet.sarikanat@ege.edu.tr , lutfiye.altay@ege.edu.tr, zafer.yenier@gmail.com

Developments and technological advances in many sectors such as electronic devices, power generation,
thermal coatings, aviation, etc. make thermal management of substances even more important. The heat
generated during the operation of electronic devices is generally dissipated by thermal conduction.
Polymers with high thermal conductivity are increasingly being used in the thermal management industry.
In recent years many study shows that polymeric composites containing metal powders such as copper,
aluminium, steel, replace the conventional materials due to their light weight, high thermophysical and
mechanical properties.

The main motivation in this study is the experimental investigation of the concentration effects of iron
powder used as filler materials in Polyester resin on thermal conductivity and mechanical properties.
Experimentally, iron powder in various weight fractions (5, 10, 15, 20, 25, 30) were added into Polyester
resin.

Thermal, morphologic and mechanical analysis have examined. According to the desired thermal
conductivity values, 30wt% of iron powder concentration has the highest thermal and electrical
conductivity values. Therefore, the mechanical properties of polymer composites are considerably
important for industrial applications. Different iron powder ratios in Polyester resin have not play an
effective role in mechanical properties of this polymeric composite.

Keywords: Thermal conductivity, polymer composite materials, Iron powder.
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Collagen is a fibrous protein that contains about 30% of the total protein in mammals. Collagen is isolated
from various animal sources such as bovine, porcine and fish. There is a high demand for collagen in food
industry due to it displays multiple functional roles in food processing and formulations. Functional
properties that are associated with emulsion formation and stabilization, gelling (gel strength, gelling time,
viscosity, thickening, water binding) and protective colloid function. In this study; thermal and rheological
properties of collagen protein were investigated.

In this study, lamb feet were used as a source of collagen. Lamb feet, purchased from a butcher, were cut into
small pieces and homogenised with 0.05 M Tris-HCI (pH 7.5). Then, some pre-treaments such as defatting with
ethanol, decalcification with EDTA-2Na and removing non-collagenous proteins with NaOH were carried out,
respectively. The pre-treated samples mixed in %5 lactic acid containing 0.1 (w/v) pepsin at 4°C for 6 hours and
then ultrasound-assisted extraction (35 kHz, 140/560W) was performed for 60 minutes at 20°C. Afterward, the
suspensions were salted out by adding 2.5 M NaCl and subsequently dialyzed in 0.1 M lactic acid for 24 h and in
distilled water for 48 h. The dialyzed supernatant was lyophilized by vacuum freeze drying. Fourier transform
infrared (FTIR) analysis was carried out for chemical characterization of collagen. Thermal properties of collagen
were determined by Differential scanning calorimetry (DSC). Flow behavior of collagen solutions was determined
by flow test at different temperatures (5, 20, 35, 50 °C).

Collagen exhibited the absorption characteristic peaks in the spectra (amide A and B as well as amide |, I, Ill). The
DSC pattern of collagen showed a single endothermic peak, the maximum transition temperature (Tmax) and
enthalpy (AH) are determined as 41.86+0.13 °C and 0.082+0.035 J/g, respectively. When the flow behavior
characteristics of the collagen solutions at different temperatures were examined, it was determined that at the
same shear rate value the shear stress value decreases when the temperature increases. And it was determined
that the model that best represents the flow behavior for all samples is the Power Law model.

Keywords: collagen, protein, thermal properties, rheological properties
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Polymeric materials have generally limited usage in high-temperature applications due to their low thermal
conductivity, approximately between 0.11 and 0.44W/mK. It has been known that good thermal
conductivity is one of many important properties that are essential for various industrial applications.
Polymers can be filled with various conductive fillers to be used in place of metals and ceramics in heat
transfer devices and systems. Thermally conductive polymeric composite materials, due to their excellent
thermal and mechanical properties, have gained particular importance in thermal management
applications, especially as they provide cost and energy savings. Graphene, a single layer of graphite,
offers extraordinary properties due to its unique 2D structure. High thermal conductivity, superior
mechanical properties, and excellent electronic transport properties make graphene potential carbon filler
that could dramatically improve the structural and functional properties of polymer-based composites at
low loadings. In this study, synthetic graphite and graphene nanoplatelets were used as conductive
carbon fillers to produce polyphenylene sulfide (PPS) based composite materals. Carbon fillers with
various weight fractions were mixed into PPS by using twin-screw extruder and test specimens were
fabricated by injection molding machine. Synergistic effect of graphene on thermal properties of
graphite/PPS composites were investigated by TGA and DSC analyses. Xenon Flash Diffusivity was
used to measure both in-plane and through-plane thermal conductivity values of composites. Change
in tensile and flexural properties of hybrid carbon filled PPS composites were investigated by
mechanical characterization. It was observed that graphite and graphene filled composites showed
increase in thermal stability. Also, improved in-plane and through-plane thermal conductivity values
were obtained when graphene was used at 5wt% in the composites. This study showed that when
graphite and graphene were used as hybrid carbon fillers, measured thermal conductivities were
significantly higher because of the better thermal network formation in PPS based composites, It has been
demonstrated that the addition of graphite and/or graphene does not cause a remarkable change in
mechanical properties.

Keyword(s): PPS, graphite, graphene, thermal properties, mechanical properties, composites
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This work presents the results obtained at Heat Transfer and Transmission Laboratory — LTTC
PEM/COPPE/UFRJ - for the physical properties measurements of selected water-based nanofluids. The
physical properties of interest here are specific heat and viscosity. The specific heat was measured with
a Differential Scanning Calorimeter while the viscosity was measured with a rotational rheometer. These
equipment allow the temperature variation of the tests through their temperature controllers. Commercial
nanofluids with nanoparticles of SiO2 were analysed with different volume concentrations. Particular focus
is given for those with SiO2 nanoparticles, due to present high stability, without any apparent deposition
of nanoparticles. With the physical properties measured in this work, a new correlation is proposed to the
viscosity of SiO2 nanofluid as a function volume concentration of nanoparticle and temperature.

Keywords: Nanofluids, Viscosity, Specific Heat, SiO2 nanoparticle.
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Syntactic foams are lightweight composite materials producing a kind of hollow spheres into the binder
materials. The mechanical behavior of these foams depends on the binder and hollow particle material
types. The thermoset polymer-based binder materials and glass bubbles are the most used materials to
develop syntactic foams. These syntactic foams generally deform under load as brittle foams. Under
repeated loading conditions, these type of foams does not continue their functions, even the reducing
ratio. In this study, rubber-based syntactic foams with functionally graded configurations were developed
by using hollow-glass microspheres. The compression behavior of the developed syntactic foam was
investigated under repeated quasi-static compression loading conditions, and load-displacement behavior
was observed according to numbers of loading. The foam structure also designed as functionally graded
to obtain maximum energy absorption behavior under compression loading by changing regional density
oft he foam during the manufacturing process. The behavior of the graded foam also measured under
multiple quasi-static compression loading conditions. The microstructural modifications after each loading
were observed using Micro-CT scanning techniques and SEM images. The syntactic foams were
observed after repeated loading conditions by breaking oft he glasses micro-spheres inside the rubber
binder to convert to closed cell rubber foam by including glass particles inside each cell.

Keywords: Rubber syntactic foam, Multiple quasi-static compression loading, Micro CT 3D scan, SEM
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The frozen meat products should be thawed before its consumption or usage in further processing. The
main purpose of the thawing process is to carry out the thawing process in the least possible thawing time
and with the lower energy requirement. To shorten the thawing time and to increase the energy
efficiencies, studies have been focused on alternative thawing methods. Ohmic thawing is a novel
alternative thawing method for foods. Itis based on the passing of electric current from the food and using
it as a resistance in the circuit. In this study, the frozen minced beef samples in a cylindrical shape (13 cm
height x 3.91 cm diameter) having fat content of 10% were thawed with ohmic thawing (OT). OT was
applied at 4°C+0.5°C ambient temperature by using voltage gradients of 10, 13, and 16 V/cm by using
titanium foil electrodes and novel custom-made ohmic thawing cell. It was aimed to investigate the effect
of voltage gradient on energetic and exergetic performances of ohmic thawing applied to minced meat
until its centre temperature reached -1°C from -18 °C. The energy efficiencies for ohmic thawing of
cylindrical frozen minced meat were in the range of 17.66% and 38.69% while the exergy efficiencies
were between 12.03% and 34.73%. As the voltage gradient increased the energy-exergy efficiencies
increased. The lowest improvement potential was found for 16 V/cm since the energy loss value was
minimum at this voltage gradient. It is thought that the results of the present study will provide valuable
data for designing pilot and industrial scale ohmic thawing systems.

Keywords: Ohmic, meat, thawing, energy, exergy
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6-Mono acetyl morphine (6-MAM) is a metabolite of Heroin, a common drug of abuse. This metabolite
can be detected by certain analytical methods. However, there is a strong need for cheaper and faster
methods to detect 6-MAM. Surface Enhanced Raman Spectroscopy (SERS) raises as an alternative tool
for detection of drugs of abuse. This study aims to reveal SERS spectra of 6-MAM and establish an
alternative method for 6-MAM detection.

6-MAM, in acetonitrile solution, in concentration of 1 mg/mL was used as sample solution. 2 uL of 6-MAM solution
and 2 pL of colloidal Ag nanoparticles were mixed and vortexted. Lastly 2 uL of final solution was dropped on to
Raman active Au surface. After an incubation period of five minutes Raman spectra gathered by a Raman
Spectroscope with 785 nm laser source. The same process was repeated for 100 ppb, 500 ppb, 1 ppm, 5 ppm, 10
ppm, 50 ppm, 100 ppm concentrations of 6-MAM.

Gathered spectra were compared. Major peaks of morphine were determined as 627 s*' was the main major/specific
peak. Other peaks were 544, 627, 868, 943, 1014, 1394 s'. Gathered spectra of were compared for different
concentrations of 6-MAM. A non-linear calibration curve was prepared using the intensity of 627 s

A clear SERS spectrum of 6-MAM was obtained. Developed method showed the ability of SERS in terms of 6-MAM
detection in different concentrations.

Keywords: Forensic Toxicology, Surface Enhanced Raman Spectroscopy, 6-Mono acetyl morphine
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Aproximately 33-50% of all produced foods is wasted. Therefore, recycling of food wastes is one of the
most hot topic in the food industry. Fruit and vegetable-based wastes are composed of important part of
the wastes. In the present study, grape pomace, arised after grape juice production was used in the
chocolate spread, widely consumed by people of all ages throughout the world, instead of sugar, whey
and milk powder up to some level. The formulations of the chocolate spreads were determined using
mixture design. Sugar, whey/milk powder and pomace concentrations changed between 35-50%, 0.066-
8.000% and 0.23-15%, respectively. Steady rheological properties of the chocolate spread were
determined at 40 °C and Ostwald de Waele model well described the flow behavior of the samples with
R? values close to unity. Consistency coefficient (K) and flow behavior index values changed between
8.29-24.26 Pa.s"and 0.523-0.708, respectively. In addition, firmeness and work of shear parameters as
a textural characteristics were measured and they were found to between 1.92-4.17 N and 0.755-1.421
N.mm. Mixture design was performed to mathematically explain the relation between rheological and
textural parameters with respect to sugar, whey/milk powder and grape pomace concentrations. All of the
established models successfully described the relation with R? values higher than 0.8. Textural and
rheological parameters as well as sensory characteristics of the samples indicated that grape pomace
can be used as a healthy and low-cost ingredient in chocolate spread formulation instead of sugar, whey
and milk powder up to some level. This work was funded by the Scientific and Technological Research
Council of Turkey (TUBITAK), Project No: 2170054.
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The article presents information on the results of scientific studies on the physico-chemical properties of
opoka-like rocks of the Republic of Uzbekistan and their influence on physical-mechanical properties of
portlandcement. It is known that the opoka consists mainly of clay minerals. Typical or normal supports
are those opokas, which contain 54-80 % of opal silica, 10-40 % of clay minerals and up to 10 % of sandy
particles. Due to the fact that the opoka in its composition contain active silica, capable of chemically
interacting with lime under normal conditions, they are called pozzolans, that is, the products of chemical
interaction with clinker minerals are slightly soluble in water calcium hydrosilicates, formed due to the
intensive binding of CA(OH)z, released during the hydrolysis of clinker minerals and hydration of cement.
The faster the CA(OH)2 binds to water-insoluble hydrate compounds, the faster the cement stone is
compacted and strengthened.

In the research and testing center "Strom" of the Institute of General and inorganic chemistry of the
Academy of Sciences of the Republic of Uzbekistan investigated the influence of rock, represented by
geologists as opoka, on the suitability for use as an additive for cement grade PC 400 D20. The presented
rock samples showed that the chemical composition of the rock consists mainly of silica SiO», the content
of which is 80,6%, A1203-9,57%; Fe203-1,59; Ca0-0,27; Mg0-0,80%; SO3-0,76; losses during
calcination-1.59%, i.e. its composition according to the content of oxides is within the reference data
characteristic of the opoka.

To obtain the incremental cement, the mixture comprising clinker, 10-20% of the opoka and 5% of gypsum
were subjected to joint grinding. Noted that the introduction of the mixture "clinker+gypsum" 10-20% of
the flask, the crushing process compared to the cement with no cement remains practically unchanged:
the grinding fineness, is determined by the residue on the sieve Ne 008 of cement with the additive of the
flask, was 10-12%. Cement after 28 days of hardening in water have compressive strength within 406-
442 kgf/cmz2, which characterizes them as general construction cements grade 400 according to GOST
(State standard) 10178-85. At the same time, the activity of additional cements with 10-20% opoka is 430-
442 kgflcm2, which is higher than that of non-additive cement having a strength of 402 kgf/cm2. It should
be noted that the clinker for the production of cements with opoka must be of high quality and contain at
least 55% of three calcium silicate C3S.

Keywords: opoka, clay minerals, portlandcement, cement additive, clinker
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Bayesian approach is essentially based on the principle of uncertainty is that, from the parameters
necessary to determine the likely change in the interval [1]. In this study, the method of analytical 3D
modeling of the crystallization surface in Ag-Pb-Se and Cu-Pb-Se systems of PbSe chemical
compounds is described in [2]:

T,K(PbSe,Ag-Pb-Se)=(26811*x"6+50223*x"5-178433*x"4+151208*x"3-54226*x"2+9112*x+600)*y"0.274 W)
Where x=xSe=0-0.76; y=0.27-1. y refers to y (0.5PbSe)-(1-y)(1/3Ag2Se).
T,K(PbSe, Cu-Pb-Se)=(26811*x"6+50223*x"5-178433*x 4+151208*x"3- 54226*x"2+9112*x+600)*y"0.3 2)

Where x=xSe=0-0.76; y=0.3-1. y refers to y (0.5PbSe)-(1-y)(1/3Cu2Se).

Analytical modeling was done through the OriginLab computer program. 1 and 2 equations are given in
the computer version.
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Fig. Projection of Liquidus surface in Ag-Pb-Se system of PbSe chemical composition and in various
coordinates 2D graphs.

Figure show that the amount of lead selenide increases with the liquid alloy increases with the
crystallization temperature. Figure allows the determination of the crystallization temperature
range of the lead selenide fluid phase, depending on the composition of the liquid alloy. [1]Mammadov
AN., Aliev Z.S., Babanly M.B..// Advances in Intelligent Systems and Computing, vol 896. Springer,
Cham,2019 //doi.org/10.1007/978-3-030-04164-9_107 [2]Yu.A. Yusibov, 1.Dzh. Alverdiev, L. F.
Mashadiyeva, A.N. Mamedov, D.B. Tagiev, M.B.

/IRussian Journal of Inorganic Chemistry Babanly. 2018, Vol. 63, No. 12, pp.1622-1635 / DOI:
10.1134/S0036023618120227
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By the reaction of electrophilic addition of acyl chlorides to allyl chlorides, 2- and 2,4-substituted
chloroketones are obtained [1,2]. In these reactions, the yield of the desired products and the heating of
the reaction depend on the reaction conditions, especially on the temperature.

We took 3-chloro, 2-methyl-3-chloro, 2,3-dichloro- and 3,3-dichloropropenes as allyl chlorides, and
cyclohexanecarboxylic acid chloride as acyl chloride.

The reaction temperature and the products obtained are shown in the following scheme.
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The course of the electrophilic addition reaction at different temperatures (see diagram) depends on the
induction effects of the functional groups on the double bond. Under the action of the groups with the + J-
effect (-CHa), the reaction occurs at a relatively low temperature (-20 + -25), and in the presence of groups
with “-J” - the effect (-Cl; -CH2Cl; -CHCI,) of the reaction temperature rises.

[1] Ibragimov 1.1, Mamedov E.l. and others. Chemistry systems allyl type. // Acylation of 3-bromo- and 2-
methyl-3-chloro-1-propenes // RFKh, 1990, T. 26, Issue 28, p. 1648-1654; [2] Zaidova G.A., Mammadov
E.l, Ismaylova S.G. Synthesis of 3,4,4-trichlorobutanone with tsx-lower treatment. Intern. scien. conf.
“Actual problems of modern nature and economic sciences’, Ganja, 03-04.05.2019, vol.1, pg.185-186
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Quantum Chemical Studies of Some Diamine Derivatives: Theoretical Investigation
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In this study, a,,-diamines (NH2(CH)aNH2, n=10,12) have been investigated by using density functional
theory. The quantum chemical calculations were performed by means of the Gaussian 09W [1] and Gauss
View 5.0 [2] software package, using hybrid density functional theory (DFT) at the B3LYP level and with
6-311G++(d, p) basis set. All the computations have been carried out in gas phase. The harmonic
vibrational frequencies have been calculated at the same level of theory. The vibrational frequencies were
calculated and scaled, and subsequently values have been compared with the experimental Infrared
spectra. The vibrational modes were assigned on the basis of the potential energy distribution (PED)
analysis for using scaled quantum mechanics (SQM) program [3]. The highest occupied molecular orbital
energy (Enomo), lowest unoccupied molecular orbital energy (ELumo) and the energy gap between Exomo
and ELumo (AEHomo-Lumo) have been calculated at the same level of theory. Additionally, the molecular
electrostatic potential, electron density and electron density contour plots were presented.

Figure1. Optimized structures, atom numbering and HOMO LUMO plot of 1,10-Diaminodecane

Keywords: 1,10-Diaminodecane and 1,12-Diaminododecane, Density Functional Theory (DFT),
Molecular Spectroscopy
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In recent years, rapid and accurate detection of pathogenic bacteria (Salmonella, Staphylococcus,
Escherichia et al.) has been a current research area in terms of public health and food safety. One of the
effective methods for this purpose is Surface-enhanced Raman scattering (SERS), its sensitivity, signal
amplification capability, portability, and paper-based horizontal flow immunoassay (LFIA) system; Due to
their high analysis rate and low cost, they stand out as a powerful and effective technique for the detection
of pathogenic microorganisms.

In this study, SERS and the paper-based LFIA system were combined using raman label of DTNB 5,5
D-Dithiobis (2-Nitrobenzoic acid). Accurate and rapid detection of target and other pathogenic bacteria
was performed after pre-enrichment with Fe304/Au-PEI nanoparticles. For this purpose, the SERS-based
LFIA system developed by us is intended to be applied to E. coli as an indicator microorganism due to
highly selective method, and also 20 nm gold nanoparticle (AuNP), casein, 15 nm size Fe3O4/Au-PEI
nanoparticles and rennet enzyme were used and optimized conditions were investigated.

In the first stage of our study, FesO4/Au-PEI nanoparticles coated selected bacterial antibody were
interacted with E. coli concentrations of 101-107 cfu/mL with the help of enzyme based magnetic extraction
system.

In the last stage of our study, the effectiveness of E. coli was investigated in synthetic urine, reference
blood and commercial milk known as biological samples. Here, this study showed that the synthetic urine,
reference blood and milk, valuable nutrients especially indicator E. coli tested as biological samples
confirmed the idea that we will detect other pathogen bacteria.

Keywords: SERS, AuNP, Nanotechnology Nanomedicine, LFIA, Fe3O4/Au-PEI.
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In recent years, nanoscale metal oxides have attracted a great deal of research interest because of both
fundamental and technological point of view. Among all the metal oxides, cupric oxide (CuO) has attracted
considerable attention because of its particular properties. We report in this study, the effect of
temperature annealing on the structural and optical properties of CuO nanoparticles. This latter was
synthesized using the sol-gel method. The structural and optical properties of these nanoparticles were
studied using X-ray diffraction (XRD) and UV-Visible spectrophotometer. XRD analysis indicated that the
crystallite size increase as and when the annealing temperature increase, its average value varied
between 20,31 and 48,07 nm. The transmittance value of the obtained nanoparticles varied between 38%
and 60% in the range of visible light. Optical absorption analysis indicated that the band gap decreased
proportionally to the increase of the temperature, it varied between 3,45 and 3,21 eV.

Keywords: Metal oxides, nanoparticles, nanoparticles elaboration methods

59


https://context.reverso.net/translation/english-french/in+the+range+of+visible

6™ Int. Conf.: Thermophysical and Mechanical Properties of Advanced Materials (THERMAM)
8"Rostocker Int. Conf.: Thermophysical Properties for Technical Thermodynamics
22-24 September 2019, Cesme, Izmir, Turkey
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The exploitation of the useless biomass generated every year by a huge number of date palm trees could
have a positive economic and environmental impact. In this respect, the objective of the present work is
to study the possibility to produce low thermal conductivity composite materials using date palm particles
and low-cost binder. Date palm particles were used as a reinforcing material of an organic matrix, wherein
two types of polymers were tested. Thermal properties of the obtained composites were characterized
using the thermal analyzer Hot Disk-Thermoconcept. The effect of elaboration process variables such as
press temperature, particle size, press cycle time, and incorporation rate on the thermal conductivity,
diffusivity, and thermal density of the materials was studied. The results were presented graphically and
discussed in terms of elaboration process parameters in order to determine the optimum conditions of the
composite material elaboration.

Keywords: Date palm wood, biocomposite materials, thermal properties
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Modern synthetic antimicrobial agents occupy a leading place in the treatment of bacterial infections. The
difficulties of treating and preventing infectious diseases caused by the diversity of biological forms of
pathogens, the constant emergence of multi-resistant forms, the emergence of new types of dangerous
pathogens, determine the urgency of the problem of creating new antimicrobial agents. The need for new
drugs due to various reasons: the expansion of the antimicrobial spectrum, increased activity, activity
against resistant pathogens, improved pharmacokinetic properties, reduced toxicity. Organic compounds

inhibit or completely stop the growth of microorganisms.

The antimicrobial activity of some synthesized compounds of synthesized new chemical compounds
based on diethyl 4-hydroxy-4-methyl-2- (4-methylphenyl) -6-oxocyclohexane-1,3-dicarboxylate was
screened and the antimicrobial activity of derivatives of polycarbonyl compounds was established with

respect to microorganism test cultures, performed by a disc diffusion method and a serial dilution method

Sample.1 (1-(-6-hydroxy-3,6-dimethyl-4-phenyl-2-(thiazol-2-yl)-4,5,6,7-tetrahydro-2H-indazol-5-yl)
ethan-1-one), Sample 2 (1- (6-hydroxy-3,6-dimethyl-2,4-diphenyl-4,5,6,7-tetrahydro-2H-indazol-5-yl)
ethan-1-one), Sample 3 5-Acetyl-6-hydroxy-3,6-dimethyl-4-phenyl-4,5,6,7-tetrahydro-2H-indazole-2-
carbothioamide, Sample 4 (diethyl-9-hydroxy-9-methyl-7-phenyl-1,4-diazaspiro [4.5] decane-
6,8dikarboksilat)

Our studies show the relationship between the bactericidal action of the synthesized substances and their

structure and composition.
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Table Ne 1: The results of the research of the biological activity of the synthesized combinations

Name of Test Growth Name of Percentage
microorganisms combinations | suppression microorganisms %
Established strains zones isolates
G (-) rods E. coli
E. coli ATCC® 25922 | Test 1 - 0,5cm 0-10%
Test 2 1,9cm 1,6 cm 40 -36 %
Test3 1,3¢cm 1,4 cm 30-32%
Test 4 - 0,6 cm 0-12%
S. enterica (enteridis) | Test 1 1,9 cm S. enterica 2,1 cm 40 - 43%
ATCC® 13076 Test 2 1,3¢cm 1,4 cm 30-32%
Test 3 1,1 cm 0,8cm 20-17%
Test 4 2,7¢cm 2,5¢cm 60 — 58 %
Ps. aeruginosa ATCC® | Test 1 3,6 cm Ps. aeruginosa 3,5 cm 80-78 %
27853 Test 2 2,7cm 2,5¢cm 60 - 64 %
Test 3 24cm 2,6 cm 50 -56 %
Test 4 3,9¢cm 3,7cm 85-82%
G (+) coccus Test 1 4,0cm S. aureus 3,7 cm 90-82 %
S. aureus ATCC® | Test?2 3,6 cm 3,3cm 80-73%
25923 Test 3 3,6cm 3,2¢cm 80-70%
Test4 4,0 cm 3,9¢cm 90-85%
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The purpose of this work is the synthesis of sulfocatonites based on household waste of polystyrene,
modified polyvinyl chloride.

It is known that due to its operational characteristics and ease of obtaining polymeric materials and
products derived from them, are used in almost all areas of industry. In this regard, the amount of polymer
waste increases greatly and the amount of this waste increases ~ 5% annually. Polystyrene is one of the
most widely used polymers in the industry and about 8% of all household and industrial waste falls to its
share. One of the ways to recycle polymeric wastes is to reuse them. In this regard, the synthesis of ion-
exchange materials using polystyrene waste is an important task.

As an object of research, the internal lining of the «ORSK» refrigerator produced in 1979 (OPS) and
polyvinyl chloride (PVC) obtained by the suspension method were used.

Mechano-chemical modification of the polymer mixture OPS: PVC was carried out on a laboratory
capillary viscometer (lIRT-1) with a constant shear rate at a temperature of 140-150 °C for 5 minutes.
Under these conditions, all modified mixtures had a stable flow. To obtain a homogeneous composition,
the polymer mixture was subjected to triple treatment. Were obtained polymer compositions OPS: PVC
in the following ratios, wt.%: 99: 1; 98: 2; 97: 3; 96: 4; 95: 5.

Mechano-chemical modification was carried out to obtain graft and block copolymers in order to increase
the impact strength of polystyrene waste by introducing a polymer containing a functional group. It was
expected that with an increase in the impact strength of polystyrene, as well as as a result of weak
structuring due to the functional group, the mechanical strength of sulfonic cation exchangers based on
the OPS: PVC polymer blend will increase and the exchange characteristics of ion exchangers will
change. The effect of PVC content on the complex of rheological properties of polystyrene wastes was
studied. The rheological properties of the systems were investigated by capillary viscometry 140-150 ° C

in a wide range of stresses (7 ) and shear rates (7 ). The temperature was chosen based on practical
considerations of processing mixtures of plastics under production conditions, the shear stress range was
3.56 +7.87 - 105Pa.

The homogeneity of the obtained systems is proved by the non-Newtonian nature of the flow of the
systems. The straight-line character of the dependence of the shear rate on the shear stress value and
the monotonic changes in the effective viscosity of the modified mixtures on the amount of the modifier
introduced indicate a more uniform structure of these systems for all samples. In this regard, the efficiency
of the process of sulfonation improves, since the nature of the supramolecular structure of polystyrene
changes.

Subsequently, sulfonic cation exchangers were obtained on the basis of modified OPS: PVC polymer
compositions by sulfonation with concentrated sulfuric acid.
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This study relates to the production of a composite reinforced with flax/jute woven fabrics and
determination of its mechanical properties. The polypropylene nonwoven fabric used as a matrix material
was placed between the layers jute and flax woven fabrics in thin form and formed into an interface which
joins the jute and flax fabric layers by melting under high pressure and temperature. For increasing the
amount of adhesion between reinforcement and matrix, alkali treatment was applied to jute and flax
fabrics. The jute and flax woven fabrics have been retained in rate of 2% NaOH solution for 2 hour, then
have been dried at room temperature. The composite was prepared using the compression molder by
curing the materials at a temperature of 180 °C under a constant pressure of 8,163 bar for 30 min. The
mechanical properties were evaluated by means of tensile, flexural and dropweight impact test. The
ultimate tensile strength the young modulus of the hybrid composite was determined as 25.95 MPa and
2.76 GPa respectively. And the flexural strength of the hybrid composite was determined as 19.75 MPa.
The perforation threshold of the composite was observed at 14,89 joule. Polypropylene used in the study
was produced by spunbond method. In subsequent studies, the meltblown production method and the
sequence of the jute and flax fabric may be worth investigating.

Keywords: polypropylene nonwoven fabric, mechanical properties, impact test
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The highest energy consumption in residential buildings is due to the home-type refrigerators and
freezers. Therefore, to improve the coefficient of performance and reduce the energy consumption are
the most important goals for researchers and suppliers. Over the past few decades, there has been a
significant number of innovative systems that have become a part of the refrigeration system in mass
production. In this research, a literature review of these systems (variable capacity compressors,
microchannel heat exchangers, phase change materials etc.) which reduce the energy consumption of
the vapor compression system is presented. In addition to existing studies, this paper also presents a
numerical investigation carried out to study the effect of a natural circulation loop on vapor compression
system. Using a natural circulation loop on a cooling system of household refrigerator/freezer is a novel
method which has a potential for enhancing coefficient of performance. By using temperature-entropy and
pressure-enthalpy diagrams, effects of natural circulation loop on system is examined.

Keywords: coefficient of performance, natural circulation loops ,refrigerator
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The development of processes of industrial importance such as oligomerization, polymerization and
alkylation is of special importance for progress of petrochemical industry in our republic. It is known that
AICI3 and aluminium organic compounds, including Ziegler-Natta catalysts prepared on the basis of
transition metal chlorides are used for oligomerization processes. This type of catalysts is very sensitive
to the effect of the external environment, as well availability of low-molecular fractions in proper amount
in composition of the obtained products has a negative impact on the physical and chemical properties of
oligomers and materials obtained on the bases of it. New catalytic complex (NCC) has been synthesized
by using metallic aluminium and 1,2-dichloroethane on purpose of preventing these deficiencies and
increasing the economical effectiveness of the process and shown that NCC has higher stable activity in
comparison with the other aluminium-containing catalysts in the processes of oligomerization, alkylation
of liquid products of pyrolysis.

The synthesis of bimetallic catalytic complex has been realized in “in situ” mode by including metal
compound into the system during the running of the reaction, at the moment of formation of initial radicals
by using metallic aluminium, 1,2-dichloroethane chrome salt, and the physical and chemical parameters
of obtained catalytic complex have been studied. The impact of temperature, reaction duration, the nature
of the solvent, amount of the compounds, as well Al:Me molar ratio on the synthesis process have been
investigated and optimal condition has been defined. Oligomerization processes of hexene-1 in presence
of the synthesized bimetallic catalytic complex have been conducted and the results have comparatively
analyzed. It has been established that bimetallic catalysts, especially NCC/CrClz in molar ratio of
Al:Me=8:1 allow to decrease the density of catalyst from 1,0%mass to 0,5%mass, to increase the mass
of the molecule, to improve the physical and mechanical properties of the obtained products in
oligomerization processes by showing higher activity.

The nature, the structure, different physical parameters and the impact mechanism of synthesized
catalytic complexes have been investigated by modern physical analysis methods. The size of catalytic
particles in liquid phase has been investigated by dynamic light scattering (DLS) spectroscopy method
and established that at 25°C temperature NCC and its modification with Cr(1ll) chloride, constitute from
nanodispersed clusters of sizes changing, respectively at interval of 11,9-44,2 nm and 37,4-142,0 nm.
The formation of nanostructured carbon particles and Me-C interactions in catalytic complexes has been
confirmed by spectroscopy analysis methods as EMR, TG/DTA, RFM, RFA, iR-, UV-.

Thus, conducted investigations show that it is possible to form new generation Ziegler-Natta type
catalytic complexes constituting from nanostructured clusters with high stable activity by using metallic
aluminium, dichloroethane and transition metal chloride. This type of the catalytic complexes create wide
perspectives for realization of synthesis of high-molecular compounds of variuos definition in industry on
the basis of oligomerization and polymerization reactions of individual olefins.
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Abstract: In this study, energy and exergy efficiency and pressure drops of air at 100 bar and molten salt
which is mixture of 60 wt% sodium nitrate (NaNO3) and 40 wt% potassium nitrate (KNO3) were compared.
The volumetric flow rates of air and molten salt were determined to be 1180 L/min and 145 L/min,
respectively. All calculations were performed using the properties of the LS-2 parabolic trough collector.
As a result, the thermal efficiency of the molten salt is higher than the air at 100 bar, and the maximum
difference of thermal efficiency was calculated as 3.83% at 550 °C. Furthermore, after 319 °C, the exergy
efficiency of the molten salt was higher than the air and the maximum exergy efficiency difference was
calculated to be 2.53%.

Introduction/Background: Among solar technologies, parabolic solar technology is one of the low-cost
technology [1]. Parabolic solar collectors reflect the sun's rays from a parabolic shaped twisted reflector
to the receiving pipe. Parabolic solar collectors transfer the sun's rays from the large area reflector to the
small area (the receiving pipe) and then transfer this energy to the fluid circulating within the receiving
pipe [2]. The PTC receiver tube is usually made of stainless steel. itis coated with a black selective coating
and isolated with a glass cover. To reduce the convective heat loss, the annular space between the
receiving tube and the glass is vacuumed. The outer glass surface can be coated with anti-reflective
coating to reduce heat losses by infrared radiation [3] The most common commercially used PTC
reflective material is a low iron thick glass mirror with silver coating on the back. However, in addition to
polished metal sheets, silver or aluminum thin coated films can also be used on a hard parabolic shaped
layer. The reflectance of the clean, silver-backed glass mirror is approximately 0.93. The silver coated
mirrors are very resistant to breakage and the breakage rate in PTC applications is less than 0.1% per
year [2]. Fig. 1 shows the reflectors and receivers of the parabolic solar collector.
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Heat transfer fluid (HTF)
Solar radiation

Metal pipe

A Glass cover

Vacuumed area

Reflector

Figure 1. Reflector and receivers of the parabolic trough collector [4]

As PTC heat transfer fluids, water (up to 100 ° C), pressurized water, thermal oils (up to 400 ° C), nitrate
salts (up to 600 ° C), liquid metals such as sodium and lead-bismuth (up to 900 ° C) and gases such as
air, carbon dioxide and helium (above 1000 ° C) can be used [5]. PTC applications using molten salt
technology have attracted attention in recent years due to their high performance and low cost [6]. The
molten salts have some advantages over the thermal oil (e.g.low environmental effect). However, molten
salts exhibit a higher melting point with the risk of salt freezing and/or filling/drainage of the solar field
tubes compared to thermal oils [7]. The use of pressurized gases as working fluids is clean and safe
without temperature limitation. It also provides perfect integration with a storage system based on molten
salts [8].

Thermal model

Energy model of PTC can be explained by the energy balance in receivers. Energy model includes solar
radiation, optical losses in parabolic reflector and receivers, heat losses in receivers, and heat gains of
working fluid [10].

Qabs = Qloss + Quseful (1)
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Figure 2. Parabolic trough collector [9]

The useful heat (Qusefu) can be calculated with following equations [11]
Quseful = IbnoptAa _Qloss (2)
Quserul = 7Z-Dpi Lh, (Tpi -T; ) (3)

The optical efficiency of the PTC is given by Eq. (4) Microscopic defects of reflectors, macroscopic
deformations during assembly, and other factors that cause the sun's reflection to the receiver at an
incorrect angle, are all referred to as Intercept factors. The Intercept factor is shown in Table 1 [12]
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Table 1. Intercept factors of PTC [12].

Parameters Symbol
Shadow effect y1
Twisting and tracking error y2
Geometric errors V3
Mirror clearness Y4
Receiver clearness ys
Miscellaneous factors V6

By using Newton's cooling law, the heat transfer coefficient is calculated with Eq. (5) [13].

Nu. k

forf

h, = o (5)

pi

If the Reynolds number is less than 2300, the flow is considered Laminar and Nu has a constant value
equal to 4.36. When the Reynolds number is greater than 2300, the flow type is considered turbulent and

the Gnielinski’s correlation can be used.as [14].

Wy /8(Re, —1000)Pr,
" 1+127,1,18(Pro-1)

(6)

However, Eq. (6) is valid for 0.5<Prs<2000 and 2000 <Ref < 5 E6 [14]. Friction factor and Prandtl number

can be calculated as respectively [15]:

- L Y

(0.791n(Re, )-1.64)

_ MC,

Pr, "

(8)

f

The Reynolds number of the working fluid and total pressure drop is given by Eq. (9) and Eq. (10)
respectively [19]:
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Re, = u 9)
f
7D, u;

L(1 |,
AP = pr—(Eprfj (10)

pi

Heat losses in the collector are given by Eq. (11-13). All heat losses are equal [16]. Due to vacuum
between absorber and glass cover, the heat loss with convection is negligible in Eq (11). Eq. (14) indicates

the heat loss between the outside of the pipe and the inner wall of the glass [15].

orD,, L (T -Ts)

Qloss, <= (11)

P 1 (1—8p0) Dpo

7+ s~ -
o &,,D,

po —ci

Heat loss between cover inner wall and outer wall can be calculated by [13]:

0y (12)

Convection and radiation heat losses between glass and air is calculated with the next equation [16]:

Qloss,c—air = hc—airﬂDco L (Tco _Tair ) +o7e, Dy, L (ch) _Tsiy ) (13)

co —co

As selective coating Cermet was used and Cermet's temperature dependent function is calculated by
[13].

£, =2.249x10'T* +1.039x10 T +0.05599 (14)

In calculating the heat loss between the outer wall of the glass and the inner wall, the heat transfer

coefficient must be calculated.

k
— c—air Nuco (15)

co

h

c—air
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(Teo-Tair)/2 is used in the calculation of keair. In this study, the system is modelled at a constant wind
speed. The system is operated in a windy environment. Therefore, forced convection occurs. The Nusselt
number is given by Eq. (16) and it is valid for 0.7 <Prair <500 ve 1 <Reair <E6 [17].

1/4
Pr_
Nu. =CRe” Pr’ | —2-
Dco air air ( Pr } (16)

co

It can assume that the effective sky temperature (Tsk) is 8 °C below the ambient temperature [13].

Thermal efficiency of PTC is the ratio of the useful heat with the direct beam radiation on the aperture

area [15].
Quseful
th =7 (17)
A,

Table 2. Intercept factors affecting solar collector efficiency [12].

Re.ir (04 m

1-40 0.75 04
40-1000 0.51 0.5
1000-200000 0.26 0.6
200000-1000000  0.076 0.7

Exergy model

The first law of thermodynamics relates to the amount of energy and states that energy cannot be created
or destroyed. On the other hand, the second law of thermodynamics evaluates both quantity and quality
of energy. Exergy is the expression of energy loss due to the generation of entropy in irreversible systems
or processes [18]. Exergy analysis has proven itself to be a powerful tool for thermodynamic analysis of
energy systems. Exergy analysis is widely used in the design, simulation and performance evaluation of
energy systems [19]. The general exergy balance is shown by eq. (18). [20].

&nal%vm&sl&imlﬂ '

1l
The exergy of solar radiation is calculated as following equation [19]:

4
. 1( T 4T
EXinlet,sun = IbA 1+§(T0 ] - 3T0 (19)

sun

(18)

73



6™ Int. Conf.: Thermophysical and Mechanical Properties of Advanced Materials (THERMAM)
8"Rostocker Int. Conf.: Thermophysical Properties for Technical Thermodynamics
22-24 September 2019, Cesme, Izmir, Turkey

Useful exergy is given by Eq. (20). Tsun can be taken as 5770K [15].

: T T, MAP
EXuse ul = Quse ul mc TO In |: - :| - (20)
" " P Tin T, p;
Optic and heat exergy loss are calculated as [21]:
4
: 1( T, 4T,
EXIoss,opt = (l_ nopt) IbA[l+ g(ﬁ} - 3.|.5un ] (21)
: 1 1
EXloss th — QlossTO (_ - _J (22)
Tair Tro
Total exergy loss is the sum of optical and heat exergy losses [21]
EXloss = EXIoss,opt + Exloss,th
The ratio of the useful exergy to the exergy of solar radiation gives the exergy efficiency [20].
_ E.Xuseful (23)
nex - EX-

inlet,sun
Model description
Fluids properties

The volumetric flow rates of the working fluids were chosen in order to make an appropriate comparison
of the working fluids in the study. The selections were made considering the change of thermal and exergy
efficiency of HTFs. The volumetric flow rate of air was selected as 1180 |/ min and the molten oil was 145
|/ min. The maximum pressure the system can achieve without mechanical risk is 100 bar. Therefore, the
air pressure was selected as 100 bar [22]. With references [23] and [24] thermophysical properties of air
at 100 bar is obtained. The maximum operating temperature of the molten salt is 873 K and the freezing
point is 493 K. Thermophysical properties of molten salt can be calculated with following equations [7,25].

p; =2.1060-6.6795x107T, (24)
c, , =1.5404-3.092x10°T, (25)
k, =0.3804 + 3.452x10“‘Tf (26)
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gy =22714-0.12T, +2.281x10°'T,” -1.474x10 ' T’

In this study the constant parameters of environment are shown in Table 3.

Table 3. Constant parameters of model.

(27)

Parameters

Tair 25 °C
Vwind 3m/s

I 900 W/m2

Model validation

For validation of the model parameters, experimental data of LS-2 collector which is tested in Sandia

National Laboratory were used. that geometric-thermal and optical properties of LS-2 collector is shown

by Table 4. As HTF Syltherm 800 was used [26]. Between the glass cover and receiver tube is vacuumed

[12,27]

Table 4. Geometric and optical properties of LS-2 collector [12,27]

Geometric and thermal Properties

Parameter Symbol Value  Unit
Width w 5 m
Lenght L 7,8 m
Aparture area Aa 39 m2
Receiver inner diameter Dpi 0,066 m
Receiver outer diameter Dpo 0,07 m
Cover inner diameter Dy 0,109 m
Cover outer diameter Deo 0,115 m
Absorber thermal conductivity ks 0,78 W/mK
Cover thermal conductivity ke 54 W/mK
Optical Properties

Absorber absorbance ap 0,96 -
Cover transmittance Te 0,95 -
Collector reflectance 0 0,935 -
Incident angle modifier K 1 -
Shadow effect Y1 0974 -
Twisting and tracking error Y2 09% -
Geometric errors Y3 0,98 -
Mirror clearness Y4 0,95 -
Receiver clearness Y5 0,98 -
Miscellaneous factors Y6 0,96 -
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Table 5. Data of tested and model parameters of LS2-2 [27]

Incident  Wind T Flow
beam speed ¥  rate

No. (W/m2) (mls) (°C) (/min) (°C) Exp. Model %Deviation Exp. Model %Deviation
1 9337 26 212 47,7 1022 124 12411 0,089 7251 72,11 0,55

968,2 3,7 224 478 151 1733 173,69 0,23 70,9 71,79 1,26
9823 25 243 491 1975 2195 220 022 7017 71,22 1,5
9095 33 262 54,7 250,7 2694 26955 0,056 70,25 70,18 0,1
937 1 288 555 2978 3169 317,18 009 67,98 68,75 1,13
8806 29 275 556 299 3172 31712 0,025 68,92 68,52 0,58
9032 42 311 563 3559 374 3745 0,13 63,82 6575 3,02
9209 26 295 568 3795 398 398,63 0,16 62,34 64,40 3,30

Tintet Toutiet (°C) Ntn(%)

o N o o BB W DN

Data of tested and model parameters of LS2-2 is shown in Table 5 [27]. The maximum and minimum deviation
rates of thermal efficiency and outlet temperature values were calculated as 3.30% and 0.23% respectively.
According to these results, the developed model can be accepted as valid.

Discussion and Results

In this section, energy and exergy performances of air at 100 bar and molten oil are compared using the
properties of LS-2 collector. Energy efficiencies of working fluids according to the inlet temperatures is shown
by Fig.3. It is shows that the thermal efficiency of the molten salt at operating temperatures is higher than the
air at 100 bar. At 250 °C and 550 °C inlet temperature, the thermal efficiency difference of the molten salt
with air is 0,44% and 3.83%, respectively. Fig. 4 shows exergy efficiencies of air at 100 bar and molten salt
according to the inlet temperatures 25 °C to 550 °C. As shown in Fig. 4, the exergy efficiency of molten salt
and air are very close to each other. Exergy efficiency difference at 550 °C is calculated as a maximum
of 2.53%. The maximum efficiency of the molten salt is 40.82% at 433 °C while the maximum exergy
efficiency of the air is 39.84% at 401 °C
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Figure 3. Energy efficiencies of working fluids according to the inlet temperatures 25
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Figure 4. Exergy efficiencies of working fluids according to the inlet temperatures 25

°C to 550 °C

Fig. 5 shows the comparison of the pressure drops according to the inlet temperatures of heat transfer

fluids. The pressure drop is function of velocity, density, and viscosity of the HTF. The density of the air is low
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but its fluid velocity is higher than the molten salt. But, the molten salt has a high density than air but its fluid

velocity is lower than air. Thus, pressure drops of air and molten salt are almost equal (Fig.5)

—*—Molten Salt

—o—Air at 100 bar

100 200 300 400 500 600

Tinlet (OC)

Figure 5. Pressure drop according to fluids inlet temperature
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Conclusions:

The energy-exergy efficiency of air and molten salt were compared with using the optical and geometric

properties of the LS-2 collector. As a result, it was calculated that the energy efficiency of molten salt and

exergy efficiency after 319 °C temperature were higher than the air at 100 bar. Maximum energy and exergy

efficiency differences were calculated as 3.83% and 2.53% respectively at 550 © C. Maximum exergy

efficiencies of air and molten salt were obtained as 40.82% and 39.84% at 433 °C and 401 °C respectively.

All calculations were carried out numerically. However, in real systems, carrying out the effects of these two

fluids on the PTC installation, and studies of detailed economic analysis of HTFs is important.

Symbols

cp  specific heat capacity [J/kg ° C]

D diameter [m]
Ex  exergy [W]

f flow friction factor [-]
h convection heat transfer coefficient [W/m2 ° C]
lp direct normal irradiance [W/m2]
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K thermal conductivity [W/m °C]
K incident angle modifier [-]

L lenght [m]

m mass flow rate [kg/s]

Nu  Nusselt number [-]

Pr Prandtl number [-]

Re  Reynolds number [=ulD/]
T Temperature [K]

u velocity [m/s]

UL overall heat transfer coefficient (W/m2 °C]
Q  heat flux [W]

\ volumetric flow rate (L/min)
W Width [m]

Subscripts

a aparture

abs absorbtance

C cover

ci inside of cover

co  outside of cover

col  collector

ex  exergy

f working fluid

opt optical

p  pipe

pi inside of pipe

po  outside of pipe

th  thermal

Greek symbols

a absorbance [-]

AP pressure drop [Pa]

€ emissivity [-]

n efficiency [-]

Y intercept factor []

8 incident angle []

u dynamic viscosity [Pa s]

P density [kg/m?]

o Stefan Boltzmann constant [5.67x108 W/m2 K4]
T transmittance [-]
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ABSTRACT

Using the Multipurpose Genetic Algorithm (MGA) for fuzzy systems, thermodynamic equations for
heterogeneous equilibria of lead selenide — liquid alloys — vapor phase in Ag — Pb — Se and Cu — Pb —
Se systems are solved. Analytical dependences between the temperature, composition, and saturated
vapor pressure of diatomic selenium over the crystallization surface of lead selenide are approximated.
In particular for the selenium vapor pressure in regions PbSe(p-type)-Se and PbSe(n-type)-Pb of the
Ag-Pb-Se and Cu-Pb-Se systems the following dependences obtained, respectively:

|9 Py, = [-1281+5624(1000/T)-9190(1000/ T)2-+6648(1000/T)*-1797(1000/T)*]-12 X 5,
|9 Py, = [2026-8778(1000/T)+14247(1000/T)2-10259(1000/T)*+2759(1000/T)]-10 X o
|g Ps., (Pa)=[-1281+5624(1000/T)-9190(1000/T)?+6648(1000/T)*-1797(1000/T)*]-10.35 X, °

g ps,, (Pa)=[2026-8778(1000/T)+14247(1000/T)?-10259(1000/T)*+2759(1000/T)*]-8.36 X,

3D visualization of the obtained analytical dependencies is carried out with the help of a computer
program OriginLab2018.

KEYWORDS - Thermodynamic, Modeling, Ag — Pb — Se and Cu — Pb — Se systems.

PACS — 05.70.—a Thermodynamics; 05.70.Ce Thermodynamic functions and equations of state

INTRODUCTION
Materials based on lead, silver and copper chalcogenides are of interest for the production of

semiconductor, photovoltaic and thermoelectric elements. [1-3]. To determine the optimal conditions
for the directed synthesis of chalcogenide phases, reliable data on the phase equilibria and
thermodynamic functions of the corresponding systems are necessary [4]. In particular, information for
the liquidus surface of the ternary systems Ag-Pb-Se and Cu-Pb-Se in the form of a 3D model is
necessary to determine the conditions for obtaining PbSe doped with silver and copper by crystallization
of a liquid alloy [5].

The use of a genetic algorithm with Bayesian statistics allows for incorporating uncertain data
sets, both large and small, in an efficient and meaningful way [6,7]. This process then leads to the
optimization of the parameters of proposed models and the assessment of the overall predictive

credibility of said models. In particular, this work determines the degree of uncertainty at the phase
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boundaries of the crystallization surface of the compounds PbSe in the ternary system Ag(Cu)-Pb-Se,
taking into account the available data on the boundary phases, the adopted phase boundary models and
the thermodynamic data used in these models.

The aim of this work is thermodynamic calculation and 3D modeling of the crystallization
surface of lead selenide and vapor pressure of diatomic selenium in Ag-Pb-Se and Cu-Pb-Se systems
with Bayesian uncertainty analysis.

Thermodynamic calculation and modeling
The thermodynamic equations were obtained from the condition that the chemical potentials of lead and

selenium are equal in equilibrium phases [8]. For the compound PbSe, which is in equilibrium with the
liquid solution saturated by it, we can write:
s / /
Mppse = Mpp + Mse )
Taking pure liquid components as the standard state, using the well-known thermodynamic relations,
we obtain the following equation for the condition for minimizing the Gibbs energy:

S | |
AGPbSe -RT In(anaSe)Cu(Ag)—Pb—Se

=0 )
In equation (2) AGg,. is the free energy of formation of solid lead selenide from liquid components
and is expressed as

AG; (PbSe) = AH %, (PhbSe) —TAS 2, (PbSe) — AC 02081 LIN(T /298) + (298 /T)] (3)
Giventhat @ = X'y we can write:
RT Inag,al, = RT In(Xh X5 ) (7horse) = RT In Xh x5, + AGES:! (4)
In equations (1-4): Xp,, X4, ; Vpps Vse s @by s, -mole fraction, activity coefficients and thermodynamic

activities of lead and selenium in a liquid three-component alloy. AGST,SS"E—the sum of partial molar

excess free energies of lead and selenium, AH 0y, (PbSe) = —110693 J.mol-1, AS 2, (PbSe) = —25.695

J.molL.K - enthalpy and entropy of formation of PbSe from liquid components, ACp]‘,_g8 =1.535J.
mol=.K* -difference of heat capacities of lead and selenium in pure form and in compound PbSe. By
inserting these thermodynamic data and equations (3.4) into (2), we obtain

—110693 +25.695T —1.535T[In(T /298) + (298 /T)]— RT In X\, X, — AGS. =0 (5)

To solve the equation containing two functional parameters (temperature, composition) and Gibbs'

excess free energy, the Multipurpose Genetic Algorithm (MGA) was used [9]. The following conditions

were used to carry out the iteration process:

Xby + X4, =1, Tonee <1352 K AGES <0 (6)
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Solving equation (5) allowed us to determine the coordinates of the liquidus surface (temperature,
composition) and the values of excess free energy of lead and selenium for liquid alloys saturated with

PbSe, and also calculate the vapor pressure of two atomic selenium molecules:
exs,| I \2p0 _ | I \2p0
In Py, =2AG," /RT +In(Xg,)" P, = IN(Xg75.)" P, 7)

For 3D visualization of the PbSe crystallization surface (Fig.1) and vapor pressure Se; (Fig.2) their
analytical expressions are determined depending on the liquidus temperature and the concentration of

the components of liquid alloys according to the procedure described in [10,11].

t,C PhSe,1079
1100 . )

1000 [

liquidus PhSe

IgP(Se,),Pa

3,000
2,000
1,000
0,000
-1,000
-2,000
-3,000
-4,000

-5,000

\oPSe P2

-6,000

-7,000

Fig. 1. 3 D visualization of the crystallization surface PbSe in the Ag-Pb-Se system
Fig. 2. 3D visualization of P-T-x diagrams for the partial pressure of saturated vapor Se>
over the liquidus surface PbSe in the ternary system Cu-Pb-Se. | — region of PbSe-Se
, II—=region of PbSe-Pb.
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The contour of the frontal part of the graph in fig. 2 represents the IgP — 1/T dependence in the
PbSe liguidus line of the Pb — Se binary system and is in agreement with the experimental data [12],

which indicates the reliability of the used calculation method.

CONCLUSION
Using the mathematical apparatus of thermodynamics of heterogeneous equilibria from the

position of fuzzy systems the T-x-y and P(Se) -T-x diagrams of Cu — Pb — Se and Ag-Pb-Se systems
on the crystallization surface of lead selenide were determined and modeled. The data obtained can be
used to determine the conditions for the synthesis of lead selenide with a certain type of conductivity,
since region | refers to the p-type PbSe semiconductor, mainly with hole conduction, and region Il refers

to the n-type PbSe semiconductor with mainly electronic conductivity.
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Abstract: The wheels are the parts which have critical importance on safety they work under static
and dynamic loads in vehicles. Therefore various mechanical analysis are made prior to production
as well as after production validation tests. Some of these tests are; dynamic cornering fatigue test,
resonance test, biaxial fatigue test, radial fatigue test, 13° impact test, 90° impact test, compression
of inner rim test and ZWARP test. All of the aforementioned tests can be performed in CMS
mechanical laboratory. However, in order to perform these tests, the wheel must be manufactured.
To assure cost advantage, finite element analyses are frequently used tools for the design validation
step. Shortening the design validation phase is important for design process efficiency. Within the
scope of the study, optimization studies were carried out which would benefit the shortening of the
design process. The wheels work in combination with many different parts while driving and is
subjected to different periodic road-borne or vehicle-borne loads. Under these combined forces,
wheels might have fatigue cracks after the critical number of cycles. In addition, wheels may
resonate with other parts under operating conditions due to their natural frequency. In order to
prevent the resonance of the parts on the vehicle and to determine the wheel stiffness, natural
frequency analyses are performed. On the other hand, cornering fatigue conditions are analyzed
with Ansys Workbench 19.0 package program in accordance with 1SO 3006: 2015 dynamic
cornering fatigue standard. In this study, 12 measurements on the wheel were used as input for the
experimental design and the effects of the parameters on fatigue - frequency analysis were
determined. As a result, optimization studies were carried out in order to minimize weight and
maximize strength by considering the effects of parameters.

Introduction

Automobiles are vehicles consisting of many different parts. The key industry and subindustry
manufacturers of automobiles try to produce these parts with the lowest cost, highest efficiency and
the most appropriate safety coefficients where these parameters are suitable. Aluminium alloy
wheels used in passenger cars have functions besides the visuality they add to the vehicles. Wheels
are safety parts with legal obligations and directly related to life and property safety. Other functions
of the wheels are to provide connection between tyre and hubs, outstand the road-borne impact
effects. The changes in the weight, size and design of the wheel significantly affect the performance,
comfort and fuel economy of automobiles [1].

The wheels come into contact with the tires and are safety components located on the vehicle
between the tire and the axle system, operating under different driving and environmental
conditions during their lifetime. Since they are safety components, wheels are expected to meet a
wide range of strength requirements set by international standards, from design to production [2].
Wheels are the parts whose basic dimensions are designed according to the standards. In this way,
it is aimed to minimize the problems related to installation and vehicle compatibility. European
Tyre and Rim Technical Organization and Japan Automobile Tyre Manufacturers Association is
the largest source which include standard wheel dimensions. Some of these dimensions are wheel
diameter, rim width, pitch center diameter, bead seat dimension. Wheels used in passenger cars
have a rim width of 4” to 10” and a wheel diameter of 10” to 22” [3].
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Table 1. Dimensions used in the classification of wheels according to ETRTO standards

Pitch
Rim Width Wheel Number of Circular
. Diameter Flange type Offset [mm] Bolts .
[inch] [inch] [piece] Diameter
P [mm]
8 18 H2 ET 43 4 100

Wheels should be designed specifically for a vehicle taking in the consideration that they will face
random impacts and loading conditions during their life time.

In this study, dynamic cornering fatigue behavior and natural frequency change of aluminum alloy
passenger car wheels were investigated by screening design of experiment. Design of experiments
(DOE) is defined as a branch of applied statistics that deals with planning, conducting,
analyzing, and interpreting controlled tests to evaluate the factors that control the value of a
parameter or group of parameters There are many experimental design methods such as factorial
design, Taguchi method, response surface, screening design. While the effect of the factors is
determined with the experimental design, the effect of not only factors but also factor interactions
is determined [4].

Dynamic cornering fatigue and resonance tests are carried out in the test laboratory at the CMS
Wheels after sample production of the relevant wheel. However, until the testing phase, the mold
design and production of the mold for the designed wheel must be completed first. It is
advantageous to accomplish a design which will ensure completion time has been completed before
the mechanical test phase. Finite element analysis is a practical and effective method for solving
time and cost problems. Therefore, for dynamic bend fatigue analysis, A. Kara et al. conducted a
correlation study between the analysis program and the test in order to use ANSYS Workbench-
based finite element analysis effectively and determined the optimum loading and boundary
conditions for the FEA. [5].

Material

AISi7Mg (A356) and AlSi11Mg alloys are frequently used in wheel production by low pressure die
casting method. Table 2., Table 3. and Figure 1. show the characteristic properties of A356 material
obtained with standard test setup and standard samples.

Table 2. Mechanical properties of A356 T6

Properties Value

Density [gr/cm?] 2,67

Hardness [HB] 70 - 105

Yield strength [MPa] 165
Ultimate tensile strength [MPa] 234
Elongation % 3,50

Elastic modulus [MPa] 72,4
Shear modulus [MPa] 27,2
Poisson ratio 0,33
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Table 3. Chemical compaosition of A356 [6

Element Si Fe Cu Mn Mg Zn Ti
Weight [%] | 6.5-7.5 0.15 0.03 0.01 0.3-0.45 0.07 0.01-0.02
i o \

Cycles

Figure 1. Wohler curve of A356 [6]

Tests
3.1. Dynamic cornering fatigue test
The aim of the dynamic cornering fatigue test is to simulate the forces coming to the wheel when
the vehicle is cornering and to determine the fatigue behavior of the wheel subjected to these
periodic loads. The loads acting on the wheel are the combination of horizontal and vertical forces
between the road and the wheel caused by road friction and vehicle load. These resultant forces
produce a dynamic bending moment in the hub of the wheel on the test device, the wheel is fixed
from the inner flange region to the tray in a static state. As seen in figure3. The excited moment on
the hub is created by the eccentric weight on the shaft rotating around 1700-1900 rpm. With the
formula (1), the bending moment at the hub of the wheel is calculated. [7].

Mbmax = S. Fv.( p.rgyn+d) @

Mb max : Bending moment [Nm] Fv :
Maximum static Wheel load [N] d :
Offset distance [m] rdyn : Dynamic
radius [m] p : Friction coefficient (0,7)

[4]

Turnplate

Electromotor

NNANANY
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Figure 2. Schematic of the bending fatigue test [8]
3.2 Impact resonance test

This test is also known as Modal Testing. It is a method of non-destructive testing that allows us to
calculate the natural frequencies (modes), modal masses, modal damping ratios and mode shapes
of a test structure. For this test a special hammer is used to measure the force of the impact as well
as accelerometers located on the body to be tested. The impact force and accelerations from body
is collected by the signal conditioner and transmitted to data acquisition card and to the computer
accordingly (Figure 3.). The graphical user interface can be organized to give needed graphics like
FRF, FFT, displacement, angular velocity and many more. Depending on these outputs we can have
the resonance frequencies and dynamic stiffness values as well.

impact Hammer

Test Specimen

Accelerometer

Data Acquisition System

vy R
® i Coni
Card Block

Figure 3. Schematic of impact resonance test [9]

Analyzes

4.1. Dynamic cornering fatigue analysis

Dynamic cornering fatigue finite element analysis is carried out by Ansys Workbench 18.0 package
program. The models used for dynamic cornering fatigue analysis are prepared according to
standard parts on the test bench. Wheels, bolts, flange and shaft geometries are required for the
analysis. The installation of geometries in Ansys Workbench 18.0 should be very similar to the
mounting system in the test bench. Since the shaft length and strength affect the moment applied to
the wheel, every dimension of the shaft should be modeled in Catia to be prepared for finite element
analysis. The bolts and flange vary according to the wheel geometry. For each analysis, bolts and
flange geometries must be recreated for the wheel. Shaft, flange, wheel bolts and wheel for finite
element analysis are modeled with Catia V5 R26 software. The experimental setup in (Figure 4.) is
prepared in Ansys Workbench 18.0 software with boundary conditions determined as a result of
Kara et al. (2015) study.
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Figure 4. Dynamic cornering analysis

4.2. Free-free modal analysis
Free - Free Modal analysis is carried out with Ansys Workbench 18.0 package program.

Free - Free modal analysis is a shortened name of “Free Constraints and Free Loads modal
analysis”. The most common types of analyses are quasi-static analysis, where the load is applied
at a very slow rate so that the acceleration is negligible and dynamic analysis is where the effects
of acceleration can’t be ignored. Both types of analyses provide a one to one relationship between
a particular inputs with its system response [10].

Regardless of these two types of analyses, there is another type of analysis that enables us to obtain
information about the structural limits of the geometry. Modal analysis is a simple way to calculate
the natural frequencies of the geometries. Natural frequencies of the geometry are also called
resonance frequencies show us the frequencies which can be destructive for the geometry. In other
words, resonance frequencies enable us to determine how much deformation we get if the system
is excited with the natural frequency. Resonance frequencies only change due to the shape of the
model and boundary conditions of the system when the material properties are constant. In this
study A356.0 is used for the modal analysis. The natural frequency values obtained due to the free-
free boundary conditions indicate the rigidity value of the wheel.

Design of Experiments

In order to see the effects of the selected parameters on the dynamic cornering fatigue behaviour
and natural frequency of the wheel, a screening design of experiment is designed using Minitab
package program. Screening experimental design is an experimental design method that is
frequently used to characterize systems under different parameters. If the number of parameters is
taken as F, a minimum 2F + 1 test must be designed. Each parameter which is predicted to have an
effect on the result of the screening design is used as input in the test design [11]. Selected
parameters for screening test design; spoke thickness, spoke draft angle, diamond surface width on
style surface, connection radius between hub and spoke, outer flange connection radius, spoke
pocket width, spoke pocket length, spoke pocket depth, offset pocket depth, rim profile mid angle,
rim profile mid thickness and style surface parameters (Figure 5.) (Table 4.).
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Figure 5. Parameters

Table 4. Screening desigh of experiment

Run A B C D E F G H J K L M
No. | [mm] | [mm] | [mm]| [mm] | [mm]| [mm] | [mm]| [mm]| [mm] | [mm] | [mm] | [°]
1 26,5 48 -7 85 35 -7 40 20 7,7 4,75 15 97
2 26,5 45 -9 75 30 -10 30 10 7 4 10 | 91
3 28 46,5 -9 75 30 -10 40 10 7,7 4,75 15 | 97
4 25 46,5 -7 85 35 -7 30 20 7 4 10 | 91
5 28 48 -8 85 35 -10 40 10 7 4,75 10 | 91
6 25 45 -8 75 30 -7 30 20 7,7 4 15 | 97
7 28 48 -9 80 35 -7 30 10 7 4 15 | 97
8 25 45 -7 80 30 -10 40 20 7,7 4,75 10 | 91
9 28 48 -9 75 | 325 -7 30 20 7,7 4,75 10 | 91
10 25 45 -7 85 | 325 | -10 40 10 7 4 15 | 97
11 28 48 -7 75 30 -8,5 40 20 7 4 15 | 91
12 25 45 -9 85 35 -8,5 30 10 7,7 4,75 10 | 97
13 28 45 -9 85 35 -10 35 20 7,7 4 15 |91
14 25 48 -7 75 30 -7 35 10 7 4,75 10 | 97
15 28 48 -7 85 30 -10 30 15 7,7 4 10 |97
16 25 45 -9 75 35 -7 40 15 7 4,75 15 |91
17 28 45 -7 85 30 -7 30 10 7,35 4,75 15 |91
18 25 48 -9 75 35 -10 40 20 7,35 4 10 |97
19 28 45 -9 85 30 -7 40 20 7 4,375 10 |97
20 25 48 -7 75 35 -10 30 10 7,7 | 4,375 15 |91
21 28 45 -7 75 35 -10 30 20 7 475 | 125 |97
22 25 48 -9 85 30 -7 40 10 7,7 4 125 |91
23 28 45 -7 75 35 -7 40 10 7,7 4 10 94
24 25 48 -9 85 30 -10 30 20 7 4,75 15 | 94
25 | 26,5 46,5 -8 80 |[325 | -85 35 15 735 | 4375 | 125 | 94
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Results and Optimization

Since the rim is fixed at the inner flange and the dynamic bending moment is applied to the hub
region, the maximum von Mises stresses that can cause fatigue damage have been observed in areas
close to the hub region that are exposed to further movement. The seventh mode, which is the first
mode to be obtained in the analysis, is observed as the potato chip mode due to the wheel design.
An example result’s views of dynamic cornering fatigue and modal analyses are shown in Figure
6. All analyses results’ values and mass of the analysed model are shown in Table 5.

R: Tarama_DOE_1 R: Tarama_DOE_1
o Arka

Type: Equivalent (von-Mises) Stress
Unit: MPa

Maximum Over Time

n
Type: Equivalent (von-Mises) Stress
Unit: MPa

Maximum Over Time

156,71 Max
140,03
123,36

L] 10660

L] s

= 73,345
56,672

40

30

190,07 Max
16863
147,19
125,75
10431
82,877
61,438

. 0,49053 Min

A: Tarama DOE_1
Total Deformation 7
Type: Total Deformation
Frequency: 343,37 Hz
Unit: mm

23,621 Max
20,998
18375
15,752
13,120
10506
o 78827
of 525%
2,636
0,013385 Min

Figure 6. Example result
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Table 5. Screening design of experiment

Run Front Surface | Back Surface Frequency Mass [k]
No. [MPa] [MPa] [Hz]
1 156,71 190,07 343,37 13,63
2 81,42 117,64 372,42 14,17
3 112,09 143,74 349,65 13,80
4 102,73 137,66 364,85 13,39
5 87,09 113,67 369,79 14,60
6 135,24 183,61 353,96 13,22
7 130,56 183,83 364,59 13,02
8 95,77 131,16 353,15 13,40
9 94,49 118,94 362,68 13,96
10 123,86 157,70 354,66 12,46
11 111,73 129,05 368,61 13,21
12 101,18 153,19 351,76 13,22
13 102,99 129,34 362,29 13,39
14 151,38 117,55 348,05 13,78
15 85,72 126,86 368,48 13,80
16 130,47 147,43 350,45 13,97
17 121,24 148,26 348,94 14,11
18 98,44 132,18 359,95 13,71
19 118,22 146,08 346,22 13,56
20 95,42 129,33 364,32 14,28
21 95,16 143,36 352,79 13,82
22 121,86 139,61 355,7 13,99
23 111,98 132,21 356,16 13,83
24 101,64 146,54 352,55 13,95
25 110,22 143,42 353,45 13,88

The effect of the parameters determined to be effective on the stresses on the front surface of the
wheel as a result of the experimental design is given in Figure 7. along with the effect directions.
Increasing the spoke thickness and spoke pocket width parameters reduce stress and increase fatigue
life of the wheel. Increasing the values of the other three parameters reduce the fatigue life of the
wheel. The slope of the main effect graphs shown in the graph shows the magnitude and direction
of the effect of the parameter on the result. In this case, the most effective parameter is the spoke
pocket width.
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Main Effects Plot for Front [MPa]
Fitted Means

Spoke Thickness Spoke Pocket Width Spoke Pocket Length Spoke Pocket Depth Style Surface
125

120
115

110

Mean of Front [MPa]

100

255 26,5 27,5 -9,5 -8,5 -71.5 30 35 40 10 12 14 92 94 96

Figure 7. Main effect plot for von Mises stress — Front surface
Regarding the stress which occur on the spoke back surface, increasing the radius between hub and
spoke, spoke pocket width, spoke pocket depth and style surface parameters increase the stress and
reduce the fatigue life of the wheel. Radius between hub and spoke parameter is the least effective
parameters compared to other three parameters (Figure 8.)

Main Effects Plot for Back [MPa]
Fitted Means

Radius Between Hub And Spoke Spoke Pocket Width Spoke Pocket Depth Style Surface

Mean of Back [MPa]

130

75 80 85 -9,5 -8,5 -71.5 10 12 14 92 94 96

Figure 8. Main effect plot for von Mises stress — Back surface

When the parameters on the frequency are examined, it is seen that spoke thickness and diamond
surface width parameters have the opposite effect compared to the other parameters. Increasing
values of these two parameters increase the strength of the wheel for the seventh mode shape.
Increasing values of style surface, spoke pocket width, spoke pocket length and spoke pocket depth
parameters reduce the rigidity of the wheel. Increasing value of rim profile mid thickness also
reduces the stiffness for the seventh mode shape of the wheel although it increases the mass. (Figure
9)
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Main Effects Plot for Frequency [Hz]
Fitted Means

Spoke Thickness Diamond Surface Width on Style Spoke Pocket Width Spoke Pocket Length RimProfilk Mid Thickness Spoke Pocket Depth Style Surface

362
360
358 /
356

354

Mean of Frequency [Hz]

352
255 265 215 450 46,5 480 95 85 -75 30 35 404,0 4.4 4,80 12 14 92 94 9%

Figure 9. Main effect plot for Frequency

Effects of the parameters on mass are shown in Figure 10. with the direction of effects and their
compared magnitudes. Since the dimensional changes of parameters rim profile mid thickness and
style surface parameters affect a large area on the wheel, these parameters are the most effective on
mass.

Main Effects Plot for Mass [kg]
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Figure 10. Effects of parameters on Mass

6.1 Optimization

When the effects of the parameters on the life, frequency and mass of the wheel are determined, the
necessary preparations for the optimization step are completed. Stress values and mass are
minimized and frequency value is maximized by using “Response optimizer” tool in Minitab 18.0
package program. Thus, the wheel geometry with the best properties in terms of strength is obtained
with the lightest mass. As a result of optimization with minimum mass, minimum stress and
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maximum frequency target, the values in Figure 11. were obtained. The wheel that was remodelled
with the measurements obtained from the optimization was analysed.
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Figure 12. Effects of parameters on Mass

When the optimization results and the analysis results are compared, it was observed that the result
values are very close to each other. The difference for the mass value is 200 grams. The difference
for the stress on the back surface is determined as 11 MPa (Figure 12).

Table 6. Result comparison

Cornering Fatigue — | Cornering Fatigue
Front surface — Back surface Frequency Mass
[MPa] [MPa] [Hz] [kal
Optimization results 79,8 115,44 372,4 13,66
Ansys results 79,1 104,1 372,4 13,97

Conclusions: In this study, dynamic cornering fatigue behaviour and natural frequency of the
wheel are explained and investigated. Practical solution approaches to the problems encountered in
the design phase of the wheel in terms of providing dynamic cornering fatigue analysis and modal
analysis criteria, were developed. In addition, optimum wheel model is obtained by screening
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design of experiment with the minimum stress, minimum mass and maximum natural frequency
goals.
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Abstract: As a responsible element to transfer road loads to the suspension system, passenger car
wheels are subjected to time-varying load history affected by road conditions, and even by the tire
used. Due to increase in use of aluminum alloy wheels in passenger cars, validation of performance
of wheels for this type of loading became very important. In addition to constant amplitude fatigue
requirements such as dynamic cornering or radial fatigue tests, flat track roll rig test or ZWARP
(Biaxial Fatigue Test) test can be used to identify the durability of wheels under time varying load
histories. Therefore, this study aimed to investigate the simulation and design optimization of Al
alloy wheels under biaxial fatigue loading. LBF.WheelStrength simulation software was used
coupled with ANSYS WB. Statistical design optimization using Design of Computational
Experiments was conducted to obtain the optimum spoke cavity geometry for wheels by using
Minitab 18.0 statistical software with objectives of stress and weight minimization.

Introduction

Aluminum alloy wheels are the most widely used car wheel type since decades. The most
commonly used manufacturing method for aluminum alloy wheels is die casting by using Low
Pressure Die Casting Method. Generally A356 (AISi7Mg) alloy was used and T6 heat treatment
was applied due to its ability to be artificially aged. In the validation of performance of passenger
car wheels various service or extreme conditions were taken into account and proofing tests were
standardized since decades. Generally impact performance of wheels were tested by 90° or 13°
impact tests, modal analysis is used to measure their dynamic behavior, various static or dynamic
methods were used to measure rigidity of wheels, and fatigue tests such as dynamic cornering
fatigue, radial fatigue, flat track roll rig, and ZWARP tests were conducted on wheels. In the
literature there are numerous studies on related proofing tests and some summarized below.

13° impact test on aluminum alloy wheels was investigated by comparing their experimental results
and numerical results and used their finite element total plastic work as an indicator to predict wheel
fracture [1]. In another study, researchers investigated the radial fatigue behavior of an alloy wheel
[2]. Their approach is based on the calibration of an S-N curve comparing the experimental and
numerical results obtained through the course of their study and reported a suitable safety factor by
conducting parametric studies. Dynamic cornering fatigue behavior of a passenger car wheel was
investigated and damage accumulation was taken into account by using Palmgren-Miner rule and
developed an analysis program called “Metal Fatigue Prediction and Analysis — MFPA” [3].
Dynamic cornering fatigue behavior of wheels was also investigated and its response was optimized
with a co-objective of mass minimization [4]. In their study, main objectives were to decrease mass
and stress applied as a result of cornering fatigue loading.
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Among the tests to validate the performance of wheels, ZWARP test is the only multiaxial, varying
amplitude fatigue test that is applied on wheels. As a standard requirement for some OEM
companies, this test consists of a tire mounted wheel specimen running inside an inner drum and
time-varying axial and lateral loads were applied during the course of the test. Some of the studies
about ZWARP testing mainly focused on commercial car wheels or hubs and suspension
components [5], [6], [7]. A multi-body dynamics approach was used in another study to model the
ZWARRP test and validated tire/wheel load data were used as input in ABAQUS software to be able
to calculate wheel strains [8]. The biaxial fatigue test of a steel wheel was investigated taking into
account the effects of tire and wheel camber during the test [9]. Their results yielded a good
correlation with experimental results. In another study [10], ZWARP testing was also used to
investigate the effect of usage of run-flat tire on the performance of wheels. Their results showed
that, usage of run-flat tires may result in fatigue failure at some segments of wheels that is not the
case for the wheels used with standard tires.

In this study, numerical simulation of ZWARP test was developed by using LBF.WheelStrength
fatigue software. Comparing experimental and numerical results, design limit values were
calibrated for aluminum alloy wheels. After calibration limit values, study continued with the
optimization of spoke cavity geometry for a wheel subjected to ZWARP type of loading by using
Design of Computational Experiments. Statistical analysis was conducted by Minitab 18.0
statistical software. As a result, for the wheel investigated, optimum design is 195 g lighter than the
heaviest design.

ZWARP TEST AND ITS SIMULATION
Biaxial fatigue loading of wheels considering service load conditions can be applied on passenger
car wheels according to SAE J2562 [11]. A type A ZWARRP test device can be seen in Figure 1.
Here vertical and lateral forces were applied to the wheel assembly via kinematic links. Different
types of loading systems are used to transmit these vertical and lateral forces to the wheel assembly
but the main sense of the test is the same. While pushing wheel assembly to the rotating drum, real
road conditions can be created on the wheel. Generally accelerated tests were conducted on wheels
simulating 300.000 km of real road conditions. A wheel is treated as failed if crack initiates and
propagates through an amount of length prior to its target cycle in the test.

Vertical Force/Motion Control

-

Kinematic Link
for Loading
the Wheel Assy

Lateral Force/
Motion Control

=

- L . Rotating Drum
(representing moving ground)

Figure 1. Type A ZWARP test machine [8]
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As can be understood from literature survey, numerical simulations can be used to predict
performance of wheels under biaxial fatigue loading conditions. LBF.WheelStrength simulation
software is a special software to be able to investigate behavior of wheels under this type of loading
conditions. Mainly, the finite element preprocess and finite element solution of the problem was
conducted by other software such as ANSYS Workbench or ABAQUS. By using the structural
simulation results of one of these softwares, LBF.WheelStrength calculates the required fatigue
strength of wheels considering the rated wheel load, and allowable damage limit by iteration. Then,
these results can be evaluated by test results in which cracks had occurred in individual areas and
limit value calibration can be done. According to wheel strength manual [12] required fatigue
strength (RFS) can be defined as stress that a component has to withstand at a certain point without
causing a crack within the desired service life. For the case of a passenger car wheel this service
life was selected as 300,000 km and target cumulative damage was selected as 0.5 for this service
life.

In figure 2, load application rings can be seen. LBF.WheelStrength uses rated wheel load and tire
spring properties to apply calculated loading spectrum to these four selected load application rings.
These rings are the locations that tire is in contact with the wheel. In terms of simulation conditions,
these four rings must have equal number of nodes.

I SISICIEEEBBIEIEIE=IERE

Message b

0 Number of Loadapplication nodes does not match
' ertical inside 560 nodes

- horizontal outside 600 nodes

Figure 2. Load application rings in LBF.WheelStrength

In figure 3 a typical load case can be seen for a biaxial simulation. For the service life of a car,
standard load cases are divided into two different design spectra as “Straight Driving” and
“Cornering”. Mesh sensitivity analysis was previously done and optimum mesh size was used for
this study also.
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Figure 3. A typical load case for a biaxial simulation [12]

In this study, statistical optimization was conducted by Design of Computational Experiments. A
77 x 16”7 CMS wheel was selected to find optimum spoke cavity geometry to be able to obtain
minimum stress and minimum mass for the wheel. Selected wheel and spoke cavity parameters are
given in Figure 4. As can be seen, main parameters for the investigation was length of spoke cavity,
position of spoke cavity and width of the spoke cavity.
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Keyo
Y

S

Figure 4. 7’ x 16” wheel selected for the investigation and spoke cavity

geometrical parameters.

By using computational design of experiments this study aims to solve the following problem:
Min (RFS(XPOS,YPOS,LENGTH,WIDTH))

Min (Mass(XPOS,YPOS,LENGTH,WIDTH))
50<XPOS<55
105<YPOS<110 1)
35<LENGTH<45

12<WIDTH=<20

With the experimental design given in Table 1 computational experiments were prepared in
LBF.WheelStrength and the optimum parameters were obtained by using Minitab 18.0 by solving
the abovementioned problem by obtaining a polynomial surrogate model from regression of proper

combinations of parameters. One center point was also added to the experimental design in order
to check the curvature of the regression.
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Table 1. Full Factorial Design of Experiment used in the study

XPOS | YPOS | LENGTH | WIDTH
50,0 105,0 35 20
55,0 110,0 35 20
55,0 105,0 45 20
55,0 105,0 35 12
55,0 105,0 45 12
55,0 110,0 45 12
55,0 110,0 45 20
55,0 105,0 35 20
50,0 110,0 45 20
50,0 110,0 45 12
50,0 105,0 45 20
50,0 110,0 35 20
52,5 107,5 40 16
50,0 110,0 35 12
50,0 105,0 45 12
55,0 110,0 35 12
50,0 105,0 35 12

ZWARP Test and Its Simulation
In order to be able to use a numerical simulation, validation studies must be conducted to guarantee
proper representation of real life test conditions. In Figure 5 comparison of one experimental and
numerical result for a previously determined limit value of RFS for CMS wheels can be seen. As
can be seen, numerical simulation showed high RFS value for spoke-hub transition region and at
that point a crack was observed in ZWARP test.

Figure 5. Validation of numerical results

After validating simulation tool by using experimental and numerical results, study continued with
conducting simulations. RFS values of different regions are selected for investigation and Figure 6
shows related regions.
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Figure 6. Solution investigation regions for RFS values.

These four investigation regions were selected based on the know-how that these points can be
critical for wheels subjected to this type of loading. Therefore optimization problem becomes a
problem with 4 objectives to minimize. For the sake of convenience, all stress values calculated
were normalized with their own maximum value. Results can be seen in Table 2 below.

Table 2. Results of computational experiments.

XPOS | YPOS | LENGTH | WIDTH | ™M8S | SPOKe | \yidow | style
(kg) | Cavity
500 | 1050 35 20 | 11.164 | 0.653 | 0.747 | 0.963
550 | 110,0 35 20 |11.066 | 0.695 | 0.769 | 0.944
550 | 1050 45 20 |10.988 | 0.737 | 0813 | 0.981
550 | 1050 35 12 [10.973 [ 1.000 | 1.000 | 1.000
550 | 1050 45 12 [10.868 | 1.000 | 0989 | 1.000
550 | 110,0 45 12 7[10:863 [ 0.947 | 0934 | 0.944
550 | 110,0 45 20 |10.977 [ 0705 | 0.780 | 0.944
550 | 1050 35 20 [11.068 | 0.737 | 0.824 | 0.963
50,0 | 110,0 45 2011120 [ 0.600 | 0.692 | 0.944
50,0 | 110,0 45 127711059 [ 0.726 | 0.747 | 0.944
50,0 | 105,0 45 20 11119 [ 0:653 | 0.758 | 0.961
50,0 | 110,0 35 2011170 [0.:600 | 0.692 | 0.926
525 | 1075 40 16 [11.048 [ 0.768 | 0.835 | 0.944
50,0 | 110,0 35 12711124 [ 0.726 | 0.747 | 0.907
50,0 | 105,0 45 12711054 [ 0811 | 0.846 | 0.963
550 | 110,0 35 127710977 [ 0.926 | 0912 | 0.907
50,0 | 105,0 35 12 (11112 [ 0789 | 0.857 | 0.963

Results given in Table 2 was then used to investigate the effects of input parameters on objectives.
In Figure 7 pareto charts for mass and normalized stresses are given.
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Figure 7. Pareto charts of standardized effects of

Figure 7 shows that effects of different parameters on objective functions differs with respect to
stress calculation regions. These data were then used to build polynomial regression equations. In
this step, backward elimination was used without hierarchy requirement. By using these regression
equations, optimum parameters were then determined. Results can be seen in response optimization
plot given in Figure 8. In Figure 8 optimum values for different objectives can be seen. By using
optimum combination of input parameters, a 192 g lighter wheel with up to 30% lower stress at
spoke cavity region can be achieved. In the style region combinations of selected parameters yielded
close result then only 6% lower stress was achieved.
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Figure 8. Response optimization plot.

In the statistical analysis of the study, also ANOVA was used and results showed that curvature of
the polynomial model is statistically insignificant for objectives mass and spoke cavity stress. Then
this means, global optimum point is out of the investigated design domain for these objectives. This
means that of course further mass decrease can be ensured by using deeper and wider spoke cavity
but this is in conflict with the objectives of decreasing stress values. The global optimum is out of
design domain for spoke cavity stress objective too. Then this may be because of another factor
affecting this stress or other factor levels may be investigated also. For instance for spoke cavity
stress objective higher parameter levels must be tested iteratively. Results also showed that, longer,
distant from hub region, deeper and narrower spoke cavities must be designed to achieve lower
stress and lower mass values.

Conclusions

In this study, numerical simulation of biaxial fatigue test was developed by using
LBF.WheelStrength fatigue software and a correlation with experimental results was achieved.
After correlation, study continued with the optimization of spoke cavity geometry for a wheel
subjected to ZWARP type of loading by using Design of Computational Experiments. Statistical
analysis was conducted by Minitab 18.0 statistical software. Effects of parameters and their
interactions on objective functions were shown. Optimum design was found to be 192 g lower than
the heaviest design. For the selected investigation points, up to 70% stress decrease was achieved.
For mass and spoke cavity stress optimum parameters are found to be out of selected design domain.
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Abstract: The effects of epoxy-based binder impregnated fabrics on both mechanical and
thermo-mechanical properties of E-glass/epoxy-amine system for preform wind turbine blade
part manufacturing applications were investigated. The resultant properties were compared
with binder-free fabrics containing panels. Two types of fabrics which have unidirectional (UD)
0° and biaxial +45°/-45° orientations were used during the trials. The consolidation of the binder
impregnated fabrics with each other was ensured by the application of heat and vacuum
pressure. Composite panels were produced by using epoxy resin and vacuum-bag infusion
process to investigate their mechanical properties.

Results of the table-top trials reveal that there is a general increasing trend for ILSS and tensile
properties of panels which were produced by binder impregnated fabrics when compared to
binder-free panels. However, such a trend could not be observed among the panels produced
with binder impregnated fabrics with increasing binder concentration. Complex modulus values
of the panels were also tested with DMA and have seen that they decrease with the use of
binder added fabrics whereas they increases with increasing binder concentration only for
biaxial fabrics. On the other hand, there were many noisy fluctuations for UD panels due to
excessive stiffness of panels. Moreover, it was detected the T4 values of panels with binder
increases which indicates that binders partially dissolve within epoxy resin matrix during

infusion.

Introduction: Wind energy has a gradually increasing demand due to environmental concerns
and economical development [1]. It is a sustainable source of renewable energy with large
reserves and wide distribution [2]. Wind turbine blades are huge composite parts which are
used for transformation of electrical energy from wind energy [3]. They are currently

manufactured by combination of resin and fabrics textured from fibers. Blades are generally
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produced with thermoset epoxy or polyester resins that composes the matrix phase and glass

and/or carbon fabrics which are the reinforcement materials. Matrix is the load transmitting
phase to the continuous fibers, also protects the fibers from environmental conditions and
abrasion. On the other hand, fabrics are the materials which contributes to the system by
strengthening and load carrying [4].

wind turbine blades compose of many parts as given in Figure 1, like suction side shell,
pressure side shell, spar cap, shear web, root ring etc. depending on the blade project. These
parts are conventionally manufactured by vacuum bag infusion technique. However, during
blade manufacturing each step of fabric ply lay-up, infusion and curing of the resin steps should
be waited separately. This results in increasing hours of cycle time which is tried to be avoided

in shop floor.
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Figure 1. Sketch of a wind turbine rotor blade along with main components.
Different production techniques are currently under investigation to prevent cycle time
increments. Preform part production is one of them. With this technique, various kinds of
binding agent added fabrics were formed in related blade part shape without impregnation with
resin. Then they are carried into the shell molds and exposed to the resin infusion with the rest
of the blade materials.

Preform part production has many advantages over conventional subcomponent production.
It prevents the quality problems such as fabric wrinkles and folds, and when they cured once
with resin, longer repair times are required. Therefore, this is especially important for
unidirectional fabrics due to difficulties of their handling. Also, simultaneous but separately lay-
up of the preform parts with other shell mold constituents and finally infusing entire blade at
once significantly reduces the cycle time and labor cost.

Present study was carried out to investigate the mechanical and thermo-mechanical properties
of the composite panels composed of binding agent containing fabrics also the applicability of
the system in wind turbine blade part manufacturing. Fabrics were consolidated with heat and
pressure using epoxy-based binders at varying concentrations. Tensile and ILSS strength tests
were performed to determine the structural properties as well as Dynamic Mechanical Analysis
(DMA) and glass transition temperature (T,) measurements to observe the binder effect on the

thermo-mechanical properties of composites.
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Discussion and Results: In this study, E-glass fabrics were used for preform panel production

which are commercially available products and purchased from Metyx Composites. Fabric
orientations were unidirectional (UD) 0° and biaxial (+45°/-45°) having 1200 and 1000 g/m?
areal weight, respectively. Only one side of the fabrics were impregnated with non-reactive
powder epoxy binders (CeTePox AM 4055 R) with three different intensities which are 7.5, 13
and 20 g/m? (gsm). Ironing was applied to the fabrics (Figure 2) in order to activate the epoxy-
based binding agents and provide a good adhesion. However, additional heat was also applied
by pre-heated molds. Then, binder added fabrics were vacuumed at 80°C, during 3h under a
sealed vacuum bag to consolidate the panel structure [5-6].

Figure 2. Iron application to the fabrics.

Composite panels were produced from preforms by vacuum bag infusion process using epoxy
resin as matrix in order to provide the binder-matrix compatibility. Fiber volume fraction of the
UD 1200 and biaxial 1000 g/m? were determined in between 52.37-54.93% with matrix burn-
out technique.

Tensile and Interlaminar Shear Strength (ILSS) tests were performed according to ASTM D-
3039 and ASTM D-2344 standards to detect the mechanical properties of the panels fabricated
from fabrics impregnated with binders. Tensile test specimens of the composites which were
prepared with 7.5, 13 and 20 gsm binders were obtained by cutting the panels with water jet.
Both tensile strength and and tensile modulus values in longitudinal (LD) and transverse
directions (TD) measured. According to the results given in Table 1; there is a huge difference
between tensile properties of biaxial fabrics when compared to UD fabrics as expected.
Obviously, the reason is that biaxial fabrics contain no fiber in tensile test direction (0°) whereas

unidirectional fabrics have all the fibers in test direction.
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Table 1. Tensile properties of composite panels produced with biaxial fabrics.

- Binder Tensile Tensile Tensile Tensile
Type Amount Strength - LD | Strength - TD | Modulus -LD | Modulus - TD
(gsm) (MPa) (MPa) (GPa) (GPa)
0 119.79 113.62 11.28 11.38
BIAX- 7.5 141.96 134.85 10.34 9.21
1000 13 139.36 131.28 12.58 11.7
20 150.81 144.51 12.07 11.52

Tensile properties of biaxial and UD fabrics were given in Table 2 and 3. It can be clearly seen
that addition of binders improved tensile strength of panels. Tensile strength of biaxial panels
in longitudinal direction increases 18.5% for 7.5 gsm, 16% for 13 gsm and it can even be up
to 26% higher than binder-free fabrics for 20 gsm with the value of 150.81 MPa. Consistently,
transverse tensile properties increased nearly the percentages like longitudinal tensile
properties. E- modulus values did not change much. This is a demanded result; because the
main purpose of the project is to produce preform parts without sacrificing mechanical
properties. On the other hand, tensile properties of UD fabrics did not show a significant

change.

Table 3. Tensile properties of composite panels produced with UD fabrics.

Fabric Binder Tensile Tensile Tensile Tensile
Type Amount Strength - LD | Strength - TD | Modulus -LD | Modulus - TD
(gsm) (MPa) (MPa) (GPa) (GPa)
0 668.97 57.46 21.37 5.01
UD- 7.5 699.96 55.54 21.53 3.38
1200 13 662.77 55.69 21.37 4.18
20 680.32 58.34 21.38 6.22

Interlaminar shear stress is the stress acting between the plies of a composite panel and
describes how good the plies make a uniform structure with each other and matrix phase. ILSS
values were measured according to ASTM D-2344 standard. Binder addition has a general
increasing effect on adhesion properties of fabrics when compared to binder added panel and

binder-free panel results.
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Table 4. ILSS properties of biaxial fabrics.

ILSS-LD ILSS-TD
(MPa) (MPa)
BIAX 45° -Non-powdered 33.75 32.97
BIAX 45° 1000 g/m2 (7.5 gsm) 37.13 36.45
BIAX 45° 1000 g/m2 (13 gsm) 36.24 35.2
BIAX 45° 1000 g/m2 (20 gsm) 38.35 36.3

ILSS values of biaxial fabrics were measured as in the range of 32.97-38.35 MPa which
corresponds to 13.5% increase for 20 gsm both transverse and longitudinal directions as a
result of fabric orientation. The increase was 10% for LD 7.5 gsm and 20% for TD 7.5 gsm of
UD fabrics. This improvement is promising, especially, for transverse direction. Also, beyond
the overall increase in ILSS results of UD fabrics, values decrease after 7.5 gsm with further
addition of the binder (Table 5). These results represents the good integrity between binder
added fabrics and epoxy resin.

Table 5. ILSS properties of UD fabrics.

ILSS-LD (MPa) ILSS-TD (MPa)
UD 0° 1200 Non-powdered 3212 30.19
Glass-UD-0°-7.5 gsm 38.35 36.30
Glass-UD-0°-13 gsm 34.41 34.26
Glass-UD-0°-20 gsm 33.14 32.50

Storage modulus values which indicate the elastic response and hence the shear modulus of
panels were measured with DMA for biaxial fabrics. Related graphics in Figure 3 and Table 6
show that shear modulus value of binder-free panels decreased from 9.46 to 6.96 x 10° Pa
with 7.5 gsm binding agent addition. Among the binder added panels there is an increase in
shear modulus with increasing epoxy binders. Unfortunately, we could not get reliable shear
modulus values for UD panels because many noisy data were taken during measurements.

This may caused by the high stiff nature of UD fabrics.
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Figure 3. Shear Modulus data of biaxial 1000-No powder) b) Biax 1000-7.5 gsm c¢) Biax
1000-13 gsm d) Biax 1000-20 gsm.

According to the results given in Table 6, Tg of all binding agent cotaining panels were

developed. This result can be attributed to the partial dissolution of the epoxy based binders

in epoxy resin which represents the compatibility with each other [7]. Tg value had increased

up to 26.5% for UD-20 gsm panel compared to neat panel.

Table 6. Tg and Shear Modulus values of composite panels.

Fabric Type Binder Content (gsm) Onset Tg (°C) Shear Modulus (GPa)

0 67.47 9.46
7.5 72.14 6.96

Biax 1000
13 80.05 8.38
20 75.02 9.33
0 71.20
7.5 87.87

UD 1200
13 85.96
20 90.12
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Conclusion: This study shows the epoxy binder has an undeniable effect on mechanical and

thermo-mechanical properties of epoxy based binding agent added E-glass/ Epoxy-amine
resin system. Addition of binders helps the development of more strength structures. Tensile
properties of biaxial fabrics containing panels increases with addition binders. Tensile strength
raised as high as 26% for 20 gsm fabrics. However, it also showed slight fluctuations when
binder amount per square meter increases. In this study, the reason is to produce preform
parts with same level of strength. So, insignificant change in E-modulus values is a demanded
result. On the other hand, development in ILSS properties much more effective to display the
structural homogenity in the composite panels. This means that epoxy binders compatible with
epoxy resin. This situation also resulted in increase of Tg values. Elastic properties of panels
were also measured. Shear modulus values of binder-free panels were decreased with binder
addition. However, it increased among the binder added panels. This may represent the
increase in stiffness with increasing binding agent amount.
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Abstract: In this study, two types of thermoplastic composites were produced by placing single
and double layers of woven E- glass fabric between high density polyethylene films. The
composites were prepared using the compression molding method. The mechanical properties
were evaluated by means of tensile test and drop weight impact test. Impact test results
showed that with increasing energy level, contact force increased, while the contact time
decreased. It has been found that woven glass fabric reinforcement significantly increases the

tensile strength of the high density polyethylene film.

Introduction/Background: Composites materials have been widely used in aircraft, marine
and automotive parts because of their excellent and a unique combination of physical and
mechanical properties [1-4]. Structural composite parts in the automotive industry often have
a thermoset matrix due to lower raw material costs, but the requirements for recyclability have
increased interest in polymers with thermoplastic structure. Thermoplastic matrix is generally
preferred over thermoset for improving impact resistance [5]. In a thermoplastic polymer,
molecules are not chemically joined together. They are linked each other with weak secondary
bonds or intermolecular forces, like van der Waals bonds and hydrogen bonds. This weak
molecular bond broke if the polymer is heated. Conversely, broken bonds are restored when
the liquid thermoplastic polymer is cooled. So, a thermoplastic polymer can be heat softened,
melted, and reshaped [6]. The researcher has presented many articles concerning the
thermoplastic composites. [1,3,5,7-10]. This study relates to the fabrication and testing of
woven E-glass fabric high density polyethylene composite material. The mechanical properties

were evaluated by means of tensile test and impact test.

Discussion and Results: Two types of thermoplastic composites, the schematic
representation shown in the Figure 1, were prepared by placing single and double layers of
woven E- glass fabric (areal weight of 100 g/m?) between high density polyethylene films. The

polyethylene film with a tensile strength of 28 MPa and a thickness of 1 mm. The composites
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were prepared using the compression molding method by curing the materials at a temperature

of 190 °C under a constant pressure of 8,163 bar for 30 min. Tensile properties of the
composites were investigated according to ASTM D 3039 standard. Three tests were
performed for each composite plate. The average tensile strength (at yield) is found 46 MPa
for the composite “type A” and 70 MPa for the composite “type B”. The tensile strength of both
composites is higher than the tensile strength (at yield) of pure high density polyethylene film.

polyethylene film

woven E-glass fabric

[ ] polyethylene film

] woven E-glass fabric

| | woven E-glass fabric [

| | polyethylene film | | polyethylene film
EAEAAFIRIFIFAFAFIIIFSFSFA woven E-glass fabric
ool o o o oo o o od s woven E-glass fabric |>c: 1

[ ] polyethylene film

woven E-glass fabric

| polyethylene film

Composite “type A” Composite “type B”

Figure 1. Schematic representation of the composite plates
Impact tests were conducted using CEAST-Fractovis Plus test machine at room temperature.
A hemispherical nose of the impactor has a diameter of 12.7 mm and a piezoelectric force
transducer capacity of 22.24 kN. Three samples were tested for 25 and 50 J energy level at
room temperature. Figure 2 shows contact force—deflection graphs of composite specimens
under impact load. The contact force-deflection curves in both rebounding cases are closed,
as seen in the Figure 2a. Impact load does not result in a serious damage to composite “type
B” apart from minor matrix cracks because both the load and deflection decrease. The fiber
fracture due to bending and fiber debonding start to take place for the composite “type A”.
Such a damage mechanism is reflected on the graph as a plateau around the peak force. The
peak contact force indicates the maximum load that the composite can bear before undergoing
to major damages. The peak contact force for the composite “type A” and “type B” was
measured as 4288.8 N and 3089.75 N respectively. When the impact energy increased from
25 J to 50 J, perforation occurred in both composites “type A” and “ type B”. The perforation
can be defined as the permanent damage that the impactor passes through the thickness of
the specimen. The graph has become open and it does not contain any rebounding part, Figure
2b.
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Figure 2.Contact force-deflection graphs at energy level of a)25Jb) 50J
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Figure 3 shows the energy-time graphs. In Figure 3a, each curve increases with time, reaches

a maximum value then decreases with increasing time and remains horizontal, i.e. reaches a
constant value. This constant value gives the total energy absorbed permanently by composite
specimens. The maximum value of each curve represents for the associated impact energies.
The difference between them is termed as excessive energy [11-14].
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20 +
10

Y
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0
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a b
Figure 3. Energy-time graphs energy level of a)25J b)50J

Summary/Conclusions: The woven E-glass fabric reinforced polyethylene composites has
been successfully fabricated using compression molding method. Tensile and mechanical
properties of composites have been characterized successfully. It has been found that woven
glass fabric reinforcement significantly increases the tensile strength of the high density
polyethylene film. Impact test results showed that composite “type A” absorbs 87% of impact

energy and composite “type B” absorbs 57% of impact energy.
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Abstract: Magnetic nanofluids are colloids that contain magnetic nanoparticles that are

dispersed in a base fluid. External magnetic field can cause changes in some of the properties
of these fluids and magnetic behaviour and magnetization may help to understand better the
nanostructure of the fluid. To understand the effect of the magnetization on the magnetic
nanofluids, magnetization measurements were carried out for magnetite (Fes;04) - water and
maghemite (y-Fe203) - water magnetic nanofluids by using a vibrating sample magnetometer
(VSM). Various samples with different volume concentrations for FesO, - water (1, 2, 3, 4 and
4.8%) and y-Fe»0s3 - water (1.1 and 2.2%) nanofluids were used in measurements. The results
show that y-Fe,O3; - water magnetic nanofluid have higher magnetization values than Fes;Os -
water magnetic nanofluid. The measurements also point out that as the volume concentration

increases, magnetization of the both magnetic nanofluids increases as well.
Introduction/Background:

Nanofluids are colloids that contain nanosized particles dispersed into a base fluid to improve
the thermophysical properties of the base fluid. If the nanosized particles have magnetic
properties, the fluid can be called as magnetic nanofluids. Thermophysical properties of
magnetic nanofluids can be altered and tuned by applying external magnetic field. This
situation provides many potential application areas for these fluids, such as biomedical
applications, solar systems [1] and heat transfer [2]. Magnetic properties and magnetization
behaviour can give an insight to the nanostructure of the nanofluid, such as particle interactions
and agglomerate formation which can strongly influence the thermophysical properties of the
fluid [3].

This study aims to investigate the magnetization behaviour of magnetite (Fez04) - water and
maghemite (y-Fe;Os) - water magnetic nanofluids. The magnetic nanofluid samples with
different volume concentrations were measured by using a Vibrating Sonic Magnetometer
(VSM). The results pointed out that (y-Fe.Os) - water magnetic nanofluid has higher
magnetization value than FeszO, — water and both fluids’ magnetization values increases with

increasing volume concentration.
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Discussion and Results:
Fes0, — water and (y-Fe203) - water magnetic nanofluids were purchased from US Research
Nanomaterials company with 4.8% and 2.2% volume concentrations, respectively. The samples
were prepared by diluting the fluids with distilled water and ultrasonicated by probe type Misonix
Sonicator 3000 model ultrasonicator. Samples with 1, 2, 3, 4 and 4.8% volume concentrations for
FesO4- water, 1.1 and 2.2% volume concentrations for (y-Fe2O3) - water (fig.1) were used for

measurements.

Figure 1. (y-Fe203) - water and FezO4 - water magnetic nanofluids with 1.1% and 2%
volume concentrations, respectively

Vibrating Sample Magnetometer (VSM) was employed to study the magnetization behaviours of
the magnetic nanofluids. A magnetic sample is placed on the tip of a rod that is vibrated by an
oscillator which provides a sinusoidal signal. The sample moves vertically within a uniform
magnetic field generated by a pair of electromagnets (fig.2). The movement causes change in
magnetic flux which creates an electric current in pickup (sensing) coils that are placed parallel to
the uniform magnetic field. The resulting voltage induced in the pickup coils is proportional to the

magnetic moment of the sample [4].
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Figure 2. Schematic representation of a Vibrating Sample Magnetometer (VSM)
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Figure 3. Magnetization curves of the samples

The measurements results show that the highest magnetization values belong to y- Fe203 —
water nanofluid samples and magnetization values increase as the volume concentration
increases. Magnetic properties are affected by the nanostructure of the ferrofluids and they can
be helpful to indicate the presence of agglomerates. y- Fe203 nanopatrticles has higher aggregate
concentration which causes to increase in average particle size. As the particle increases the
magnetic particles align their magnetic moment to the magnetic field direction in the low field
region. This causes a sudden increase in saturation magnetization of the sample. As the particle
size decreases the alignment of the particles occurs in higher field regions [5]. This behavior

explains the higher magnetization of y- Fe203 magnetic fluid because of their lower stability

122



6™ Int. Conf.: Thermophysical and Mechanical Properties of Advanced Materials (THERMAM)
8"Rostocker Int. Conf.: Thermophysical Properties for Technical Thermodynamics
22-24 September 2019, Cesme, Izmir, Turkey
compared to Fe304 magnetic fluids. Fig 3 shows the magnetization curves of the samples.

Magnetization values increases as the volume concentration increases because of the increased

particle content in the sample.

Summary/Conclusions: The magnetization measurements for y- Fe,Os; — water and Fe3O04 —
water magnetic fluids were carried out for various volume concentrations. The measurements
pointed out that the magnetic behaviour of the magnetic nanofluids depends on the size of the
particles, aggregations, and volume concentration of the fluids. Aggregations align their magnetic
moments to the magnetic field direction at low magnetic field region causing a sudden increase
in saturation magnetization.
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1. Abstract: In humid air thermodynamic property calculations, it is usually ideal gas EOS is
used. The basic reason for this is simplicity of using ideal gas EOS. For most air condition
applications it might be sufficient, but when applications with higher pressure zones are
considered error level will increased. An equation of state with better accuracy of
thermodynamic properties will be required for extreme cases. In this study Peng-Robinson
equation of state will be used to establish computer programs in java language to calculate
properties of humid air. Cubic equation of states are basically defining the gas phase, with a
better accuracy compare to ideal gas EOS and can be defined accurate enough results for
high pressure applications as well. It is also possible to solve inverse equation v(T,P) by using
cubic form oft he equation. Avoiding of more complex iterative root finding process, makes
cubic equations a desirable EOS selection. For pure gases Peng-Robinson EOS defined as a
function of critical properties and accentric factor. In order to mix gases Harstad, Miller, and
Bellan EOSs for gas mixtures, particularly of PR-EOS. In this study the mixing rule proposed
by Miller et al. is used to extend the PR equation of state to mixtures. Definition of dry air
mixture is taken from standard air formula which is given as a mixture of gases such as
Nitrogen, Oxygen, Argon, carbondioxide, Neon, Helium, Methane, Kripton, Hydrogen and
Xenon . Mixing of air and water is carried out by using PR EOS mixing, but water properties
such as saturation vapor pressure, saturation liquid and vapor densities are taken by utilizing
IAPWS-97 water and steam industrial EOS. Basic thermodynamic and heat-mass transfer
equations are used to define properties such as dew point temperature, adyabatic saturation
temperature and wet bulb temperature. In order to calculate thermophysical properties such
as viscosity, thermal conductivity etc. combination of cubic surface splines and Wilke,
Reichenberg... methods are used. Results of developed equations are compared with Ideal
gas and IAPWS-95 EOS & IAPWS G8-10 Humid air EOS. A Graphical user interphase is also
developed. All the program codes are listed as free access in www.turhancoban.com adress.
As subprograms properties of properties of dry air can also be calculated by using this set of
PR EOS programs. All the codes are developed in java programming language.

2 Formulation of Equation of State

We will consider Peng-Robinson cubic equation of states for dry exhaust gas mixture in this
paper. Details of the Peng-Robinsob Equation of State is given below.

Cubic Equation of State has a general form of equation
RT a

P= v—b v2+ubv+wb? 2'1_ ) )
Peng-Robinson EOS coefficients: u=2,w=-1 so that equation took the form:
RT a
P=—x—— 2.2 where

v—b  v2+2bv—b?
_ 0.0780RTrir

b 2.3 and

Perit
0.45724R%T2,;
= Tt [1 + fa)(l - TTO'S)]Z 2.4
fw =0.37464 + 1.54226w — 0.269992w? 2.5
w In Peng-Robinson and Soawe equation of states coefficient is called accentric factor. This

factor is calculated as
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w = —10g10Psaturated vapor(at T, = 07)—1 26

To obtain values of w, the reduced vapor pressure (B. =P/P..;) at T, =T /T, = 0.7 is

required.

The equation can also be written in the following form:

73— (1 +B*—uB*)Z?+ (A* + wB*?> —uB* —uB*?>)Z — A*B* —B*2 —wB*? —wB*® =0 2.7

where 4*=-%_ 28 and B*=2 209 Z—P—” 2.10

R2T2 RT RT
We are trying to establish equation of state which is a gas mixture.

More recently, Harstad, Miller, and Bellan [1] have presented computationally efficient forms
of EOSs for gas mixtures, particularly of PR-EOS. They have also shown that it is possible to
extend the equations’ validity beyond the range of data using departure functions. In this study
the mixing rule proposed by Miller et al. is used to extend the PR equation of state to mixtures.
In particular, the parameters a and b can be obtained by

a=2;2;yiyja; 2.11and b = },;y;b; 2.12 wherey is the mole fraction in the vapor phase

0.0780RT 0.45724R2T2 2
Where b;; = ——4 213 q; =——— 1+ fo,;(1-T)]" 2.14
Pcriti ij Pcrit ij

rij

fwi; = 037464 + 1.54226w;; — 0.269992w}  2.15

Trij =T/Tericij 2.16

The diagonal elements of the “critical” matrices are equal to their corresponding pure

substance counterparts, i.e., Teritii = Teritir Peritii = Periti» @nd w;; = w; . The off-diagonal
elements are evaluated through additional rules:

Zcrit iiRT,
Perit ij = —C”;] iy 217

critij
1/3
Vcrit ij [(VCTlt u)l /3 + ( crit ]]) ]

Zeritij =5 [Zcrit i ¥ Zerie jj] 2.19
1
U——[wu+w”] 2.20

CT'ltl] \/ crit ii CTlt]](l ij) 221

Where interaction coefficient k;; can be calculated as:

1/2
kij=1- (Vcrit ichritjj) 299

Verit ij
Partial derivatives with respect to a
fwij JTrij
ar — Z 2 (y‘y’ N oy 0Ty )) 2.23

2

%= 0.457236R oy (yly,al,(l foy) r::ltl] \/,ITU) 224
In order to solve v(T,P) root solving is required, but due to structure of cubic equations root
solving can easily be established by using Tartaglia & Cardino formula(1530). The basic
formulas used to calculate cubic roots analytically are as follows:
y=ay+a;x +ax?+azx® 225
a=a,/as b=a/a; c=ay/az 2.26
y=c+bx+ax?+x3 227

a?-3b

Q= 5 z=2a%-9ab+27c 228 R=2z/54 2.29
if(R* < Q%)
0 =cos™?! (%)
Xo = —2\/6005[9/3] —a/3
X1 = 2\/6605[(9 —2n)/3]—a/3
Xy = 2\/6005[(9 —2m)/3]—a/3

else
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if(a==0)B=0
elseB=Q/A
X xo=(A+B—-a/3)

o=l

2

2

A=—(R+R7= Q3)1/3

48) - apa] [0
o= [(-42) - o3| - [ T2
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r 2.30

~.

i

Data is also needed to solve Cp(_T) value. In order to establish that, NIST tables given at the

adress https://janaf.nist.gov/ is used. The following partial continious formulation is taken.
Since C,(T) value is for the ideal gas, ideal gas mixing rule applied to establish C,(T) value

of the mixture from the given gases. For each individual gases the following partial difference

curve fitting formula is used

_ c;105
Cpi(T) = A; + Bi1073T + =

+ D;1076T?2

T,<T<Ty 231

Table 2.1  Composition and critical properties of dry exhaust gas

Name Formula | Mol % Mol % normalised | Molar mass | T¢ Pc Zc w
Nitrogen N2 78.084 78.07914146 28.013 126.2  |33.9 0.29 0.039
Oxygen 02 20.946 20.9446967 31.999 154.6  |50.4 0.288 0.025
Argon Ar 0.934 0.933941885 39.948 150.8 | 48.7 0.291 0.001
Carbondioxide | CO2 0.0397 0.03969753 44.01 304.1 [738 0.274 0.239
Neon Ne 0.001818 0.001817887 20.18 44.4 27.6 0.311 -0.029
Helium He 0.000524 0.000523967 4.003 5.19 2.27 0.302 -0.365
Methane CHa 0.000179 0.000178989 16.42 1904 |46 0.288 0.011
Kyripton Kr 0.000001 9.99938E-07 83.798 209.4 |55 0.288 0.005
Hydrogen H2 0.0000005 4.99969E-07 2.016 33 12.9 0.303 -0.216
Xenon Xe 0.00000009 | 8.99944E-08 131.293 289.7 |58.4 0.287 0.008
total 100.0062226 | 100 28.96538
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Figure 2.1 Cp of Nitrogen kJ/(kmolK)
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Table 2.2  Cp (kJ/kmol K) partial continious curve fitting equations for N, Nitrogen
i Ai Bi Ci Di Ti K Thi K
0 |29.4086307829 |-2.2514470327 |-0.0124732186 | 4.5208886188 | 100 350
27.6461690069 | 0.8823555268 0.7700742081 47644228675 | 350 700
5 |21.6017064500 | 14.8784143146 | 3.8128084889 41654669506 | 700 1200
3 |29.8307659455 | 5.4215607907 -15.0430960215 | | (000 aaseg | 1200 1700
4 | 354767415122 | 0.9735825946 -42.5476274875 | | 000 necrq01 | 1700 2200
5 | 34.9282028043 | 1.3194039653 -38.1841919451 | 11 o011 4050 | 2200 2700
6 |36.2625256395 | 0.5815001033 -50.8983620805 | | 045011313 | 2700 3200
, | 35.6573409828 | 0.7661686027 -34.6659363416 | | 00012055 | 3200 3700
36.4180454205 | 0.4325957723 -44.1847062013 | | 1501 51797 | 3700 4200
38.0776880528 | -0.1529603974  |-80.3118075101 |0.0367938172 | 4200 4700
10 |37.7602843891 |-0.0499492999  |-73.1011559910 |0.0277685442 | 4700 5200
11 |39.9738552178 |-0.8545553355 | -77.5759376892 |0.1012534665 | 5200 6000
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Figure 2.3 Cp of Oxygen kJ/(kmolK)
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Figure 2.4 Error of Cp in Oxygen kJ/(kmolK)

Table 2.3  Cp (kJ/kmol K) partial continious curve fitting equations for O, Oxygen
i Ai Bi Ci Di T K |[ThiK
0 |30.4360497777 |-11.2237599022 |-0.0470904822 | 26.32148881 100 |350
1 |21.0013128464 |23.6124140999 |2.0465414905 -10.13517575 350 |700
2 |29.7425986041 | 7.9789108946 -6.1233332754 | -2.24031495 700  |1200
3 |36.3127682664 |0.0508140217 -19.6552390868 | 0.457041973 1200 |1700
4 | 33.3454038017 | 2.3286053031 -4.5266442186 | -0.037148052 1700 |2200
5 |31.0363625955 | 3.8048102300 11.9512729667 | -0.301414132 2200 |2700
6 |29.7505550766 |4.5049829956 24.8330382203 | -0.408590258 2700 | 3200
7 | 32.1468550607 | 3.4665349136 -12.2598987205 | -0.282718412 3200 |3700
g8 |43.5270060418 |-0.6697614318 |-268.7947582132 |0.140806012 3700 | 4200
9 |54.7682266815 |-4.2184956697  |-604.9056827788 |0.456500264 4200 | 4700
10 |63.2608157288 |-6.7264001385 | -894.0814520230 | 0.664904416 4700 | 5200
11 | 713147995769  |-8.8936565340 | ,50 5917324495 | 0-828443569 5200 |6000
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Table 2.4  Cp (kJ/kmol K) partial continious curve fitting equations for Ar Argonne
i Ai Bi Ci Di Tli K |[ThiK
o |20.786 0.00E+00 0.00E+00 0.00E+00 100 | 6000
CH4 Methane Cp=a0+a1*1e-3"T+a2"'1e5/T"2+a3"1e5"T"2 Tl<=T<=Th
106.3
99.00
x 9170
g
; 8439
E 7709
!E:- 69.78
Lnf 6248
5517 o
4787
4056
3326 T T T T T T T T T
100.0 690.0 1280 1870 2460 3050 3640 4230 4820 5410 6000
T Temperature degree K
Figure 2.5 Cp of Methane kJ/(kmolK)
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Figure 2.6 Error of Cp in Methane kJ/(kmolK)

Table 2.5 Cp (kJ/kmol K) partial continious curve fitting equations for CH4 Methane
[ Ai Bi Ci Di Tli K |ThiK
0 |38.9123736504 |-55.3874872142 |-0.1624378115 |150.9053147152 |100 |350
1 |0.2017001921 103.1499706325 | 6.8244054323 -32.6647019325 |350 | 700
2 11.5469381874 |82.1956932915 |-3.4532853748  |-21.6049885321 |700 1200
3 |50.5726286784 |38.2867248339 |-96.5322057325 |-7.6255082941 |1200 |1700
4 | 79.6812573368 |14.8141853159 |-230.3204126171 |-2.2882055069 | 1700 |2200
5 |94.2035225106 | 5.8402863889 -343.8735028312 |-0.7248723495 | 2200 |2700
6 104.3572688164 | 0.9375681237 -473.8206804593 | -0.0573582565 | 2700 |3200
7 103.6301717202 | 1.3552795586 -469.7217838104 | -0.1207924453 | 3200 |3700
8 105.4581132228 | 0.6836699074 -509.3619167972 | -0.0516420434 | 3700 |4200
9 111.0178882010 |-1.0114481078 |-685.2166188470 |0.0932934104 4200 |4700
10 |111.6872244691 |-1.0507238460 |-747.2766372898 |0.0840648677 4700 | 5200
11 |104.2567574929 |0.8702029904 -413.4705005282 |-0.0562039032 | 5200 | 6000
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Figure 2.7 Cp of Carbonmonixide kJ/(kmolK)
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Figure 2.8 Error of Cp in Carbonmonoxide kJ/(kmolK)
Table 2.6 Cp coefficients of CO carbonmonoxide
i Ai Bi Ci Di T K Thi K
0 29.93325963 -5.92909 |-0.03503 |11.34129 | 100 500
1 20.96511337 17.1899 |3.939062 |-5.36552 |500 1000
2 27.6978216 8.143888 |-7.12349 |[-1.94678 |1000 1500
3 34.48371707 1.797055 |-30.749 |-0.26475 | 1500 2000
4 35.28747409 1.206568 |-34.6231 |-0.14622 | 2000 2500
5 33.65691027 1.888256 |-9.61422 |-0.22202 | 2500 3000
6 41.22278785 -1.41581 |-128.834 |0.185886 | 3000 3500
7 57.90045043 -7.12289 | -543.724 |0.731525 | 3500 4000
8 32.21562692 1.829045 | 82.09653 |-0.14561 | 4000 4500
9 70.47420068 -9.1211 | -1308.69 |[0.737613 | 4500 5000
10 8.864569253 7.343303 | 1262.075 |-0.50223 | 5000 5500
11 74.77026366 -8.58329 |-2091.41 |0.581296 |5500 6000
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Figure 2.9 Cp of Carbondioxide kJ/(kmolK)
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Figure 2.10 Error of Cp in Carbondioxide kJ/(kmolK)
Table 2.7 Cp coefficients of CO, carbondioxide

i Ai Bi Ci Di Tli K Thi K
0 17.3008737 80.30037 | 0.439594 |-52.0538 |100 500

1 32.82713013 33.27479 |-5.03948 |-11.2926 | 500 1000
2 47.39290533 12.63049 |-27.1382 |-3.00224 |1000 1500
3 58.83520998 1.982446 | -67.5235 [-0.19015 |1500 2000
4 60.89376216 0.909562 | -86.5155 |-0.04998 | 2000 2500
5 70.41645838 -3.8184 -201.416 | 0.611812 | 2500 3000
6 56.10341643 2.640738 | 16.60137 | -0.22012 | 3000 3500
7 54.2839019 3.114683 | 80.13276 |-0.24933 | 3500 4000
8 61.79621452 0.571644 |-116.852 |-0.00616 |4000 4500
9 139.3004807 -21.3796 | -2977.62 | 1.742156 | 4500 5000
10 -39.70675714 25.80975 | 4655.538 |-1.75674 | 5000 5500
11 54.71006516 1.988445 | 271.9708 |-0.06775 |5500 6000
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Table 2.8  Cp (kJ/kmol K) partial continious curve fitting equations for H, Hydrogen
i Ai Bi Ci Di T K |[ThiK
0 |14.7466359163 | 75.9881404127 |0.6855650913 -104.7842726 100 [350
1 [31.8773831527 |-7.0195707811 |-1.2522956170 |5.578010465 350 | 700
2 [27.0099099507 | 1.4614189875 3.6026361193 1.374481793 700 | 1200
3 |20.0497436420 | 9.8952098371 17.7745882168 | -1.504385502 1200 [1700
4 |24.0484325285 | 6.8102257923 -2.3005034859 | -0.832957652 1700 | 2200
5 [29.2156479907 | 3.6508950604 -43.3579756078 | -0.289222932 2200 |2700
6 |32.3142438373 | 2.0694485310 -78.1959957855 | -0.062964072 2700 | 3200
7  |35.6831488932 | 0.6762347250 -136.5501657830 | 0.099070362 3200 | 3700
8 [35.5630278333 | 0.8914164594 -156.4897865015 | 0.060326987 3700 | 4200
9  |21.7272706390 | 5.3732818954 234.0626600693 | -0.347950527 4200 | 4700
10 [13.0199056150 | 7.8723964969 547.1226571751 | -0.549658083 4700 | 5200
11 | 6.7479064642 9.5439111926 806.6543827683 | -0.674639418 5200 | 6000

Now we can establish other properties by using basic equations

ds = 28 ar + (Z02) ay 2.33
v
ds === C”(T) dr + (X80 ”)) dv 2.34
du = C,,(T)dT +(r(Z82) —p(rv))dv 235

),
du = (R — C,(T))dT + (T (‘”’(T =),
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oP _ L _9 a 9a) _ R _ L 9a
(E) ~ v-b aa( 24 2bv— bz) (aT) T v-b (v2+2bv—b2) (ar)v 2.37
ST V) =50+ fy — 22T + [ (a—P) dv 2.38

w(T,v) = uy + fTo(R — Cp(T)dT + [} (T (%)v ~P(T,v))dv 239

h(T,v) =u+vP(T,v) 2.40
g(TV)=h(T,v)-TP(T,v) 2.41
Cpi(T) = A; + B;10~ Ci10°

Cy(T) = X2 y; Cpi(T) _zn ; yl[A +Bi1073T + 52 4+ Dj1076T2| Ty ST < Tyo 243

Co(T) =R~ Cp(T) = X0 v Coi(T) = X155 v [R — m’(T)] 2.44

C,(T) = 2253 y; [R — (4; + Bi1073T + 4 19° 4 D10~ °72)| 2.45

T Bl 1 1
I, Cvi(T)dT =R - To) - 215 (4 (THl Ty + 21073(T3, — T2) — €;105 (E - E) +

B 4 1 Dy 1076
ST = T2) = (Am(T = Tym) +221073(1% - TLm) = Cn10° (7 — ) + 22— (1% -

TLm))] 2.46
Where Ty =T, =100K and T, < T < Tym

T
f C,(T)dT = ¥71- Oy]f Cp;(T)AT 2.47
TCm(T) Thi D106
Jp 25Dt = Rin (1 ) [2{"01,41 (H)+B (Tyi — Tyi) — 2€;10° (Tm Tu>+ (T2, —

T“)] [A l”( )+Bm(T Tim) — 2Cm 105(—— !

T) 4 Dm10% p2 _ Tfm)] 2.48

T 2

Where Ty =T, =100K and T, < T < Tym

frz c,,(;)dT _ Zn_l : J-T CV,(;)dT 249

In the second approach air is taken as a single gas with pseudocritical properties.

Specific heat values are taken from NIST tables. The same partial continious specific heat
equation is also used in here to calculate specific heat

Cpi(T) = A; + B;10” 3T+“° +D;107°°T2 T, <T<Ty  klkgK 231

Enthalpy and entropy equatlons will be similar to each individual gas given in above equations.
By using equations given above classes called air_PR and air_PR1 is developed. The result
of this class is compared with IAPWS and perfect gas results which some sample calculations
are given in table 2.6. It should be note that enthalpies of the perfect gas case (air_PG) is the
same regardless of temperature.

oT2 T, <T<Ty 242
C10

D10
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Table 2.9 Dry properties at different states for 4 dry air models

dry air model | P kPa T deg. K | rokg/m”3 | h kd/kg s kJ/kgK
air_IAPWS 100 300 1.1616 27.01362 | 0.098109
air PR 100 300 1.16016 26.96343 | 0.097905
air PR1 100 300 1.161866 |27.03294 | 0.098201
air_ PG 100 300 1.161241 |27.01008 | 0.098098
air IAPWS 300 300 3.486892 | 26.56149 |-0.21858
air PR 300 300 3.47403 26.96343 |-0.21692
air PR1 300 300 3.489305 |27.07844 |-0.21746
air PG 300 300 3.483724 | 27.01008 |-0.21726
air IAPWS 500 300 5.814851 |26.1112 -0.36654
air PR 500 300 5.779339 |26.96343 |-0.36302
air PR1 500 300 5.82155 |27.12359 |-0.36439
air PG 500 300 5.806207 | 27.01008 |-0.36389
air_IAPWS 1000 300 11.64547 |24.99335 |-0.56882
air PR 1000 300 11.50547 |26.96343 | -0.56066
air PR1 1000 300 11.67209 |27.23498 | -0.56407
air PG 1000 300 11.61241 |27.01008 | -0.56286
air_IAPWS 100 350 0.995337 | 77.39375 |0.253426
air PR 100 350 0.994555 | 77.28153 |0.252992
air PR1 100 350 0.995496 | 77.44464 |0.25363
air PG 100 350 0.99535 | 77.39021 |0.253415
air_IAPWS 200 350 1.990642 |77.2332 |0.053996
air PR 200 350 1.987528 | 77.28153 | 0.054252
air PR1 200 350 1.99128 | 77.49885 | 0.054621
air PG 200 350 1.9907 77.39021 | 0.054448
air_IAPWS 300 350 2.985903 | 77.07313 |-0.06285
air PR 300 350 2.978923 | 77.28153 |-0.06191
air PR1 300 350 2.987341 | 77.55283 |-0.06181
air PG 300 350 2.986049 | 77.39021 |-0.06194
air_IAPWS 500 350 4.976245 |76.7544 -0.21041
air PR 500 350 4.956994 | 77.28153 |-0.20808
air PR1 500 350 4.980244 | 77.66013 |-0.20852
air_PG 500 350 4.976749 | 77.39021 |-0.20857
air_IAPWS 1000 350 9.950525 | 75.96566 |-0.41166
air PR 1000 350 9.874817 | 77.28154 |-0.40592
air PR1 1000 350 9.966496 |77.92432 |-0.40766
air_PG 1000 350 9.953498 | 77.39021 |-0.40754
air_IAPWS 100 450 0.773947 |178.8411 | 0.508316
air PR 100 450 0.77368 178.6447 |0.507616
air PR1 100 450 0.77402 | 178.9301 |0.508614
air_ PG 100 450 0.774161 |178.8375 |0.508305
air IAPWS 300 450 2.320546 |178.6841 |0.192452
air PR 300 450 2.318168 |178.6447 [0.192614
air_ PR1 300 450 2.321214 [179.1141 |0.193362
air PG 300 450 2.322483 |178.8375 [0.192949
air IAPWS 500 450 3.865387 | 178.5285 |0.045314
air PR 500 450 3.858841 |178.6447 |0.046337
air PR1 500 450 3.867254 |179.2964 |0.046836
air PG 500 450 3.870805 |178.8375 |0.046317
air IAPWS 1000 450 7.719584 |178.1459 |-0.15491
air PR 1000 450 7.693924 |178.6447 |-0.15175
air PR1 1000 450 7.727111 |179.7449 |-0.15186
air PG 1000 450 7.741609 |178.8375 |-0.15265
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Air Cp=al+a1"1e-3'T+a2"1e5/T"2+a3"1e-6"T"2 Ti=T<=Th

Figure 2.11
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Figure 2.9 Cp of Air as a single gas kJ/(kgK)

T
2713 3000

Cp=a0+a1"1e-3"T+a2"1e5/T*2+a3"1e-5"T"2 Tl<=T<=Th

1280

452 7024

9896

1277 1584 1851

Tdegree K

2138

2426

27113 3000

Figure 2.10 Error of Cp of air as a single gas kJ/(kmolK)

For the steam calculations class steamlAPWS_1F97 is used. Details of these equation of state
is as follows: International Association for the Properties of Water and Steam(IAPWS) is
developed a new set of equation of states for industrail use. This new set of equations are
developed in 1997. Steam properties are given by 5 sets of equation of states, as shown in the

Pressure p [MPa]

100

75

50

25

Temperature T [K]

@ {PBza(T)
Toas(P)
B v; (p.h)
@ T3 (p,h) @
vy (p.s) %(p.T)
B T (p.h) T (p.s) T, (p,h) 3
T, (p.5) Ps(hs)  T(p,s)
p, (h.s) vs(p,T) P, (h,8) @
— Cc
gs(p.T)
T.(hs) p.(T) :
T.(p)
— 1
1 | 1 1 )L 1 >
273.15 473.15 673.15 873.15 1073.15 « 2273.15

Figure 2.11 Zone definitions for different sub EOS for IAPWS-IF97
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Figure 2.11 Equation of state regions for steam
The first equation, which covers basically liquid region has the following gibbs free energy form:

BAPD) (7,1 ~ 30 (71-7)" (r-1222)° (2.50)

Where 7=p/p" =TT p~=16.62 MPa and T'=1386 K R=0461526 kJ/(kgK)
Table 2.10 coefficients of eqn. 2.50

i li Ji ni i li Ji N

1 0 -2 0.1463297121316 18 2 3 -

2 0 -1 - 19 2 17

3 0 0 - 20 3 -4

4 0 1 3.3855169168385 21 3 0

5 0 2 - 22 3 6

6 0 3 0.1577203851322 23 4 -5

7 0 4 - 24 4 -2

8 0 5 0.0008121462998 25 4 10

9 1 -9 0.0002831908012 26 5 -8

10 1 -7 - 27 8 -11

11 1 -1 - 28 8 -6

12 1 0 - 29 21 | -29 -

13 1 1 - 30 23 | -31 | 1.4478307829E-
14 1 3 - 31 29 | -38 | 2.6335781663E-
15 2 -3 - 32 30 | -39 -

16 2 0 - 33 31 | -40 | 1.8228094581E-
17 2 1 0.0000476613939 34 32 | -41 -

Thermodynamic relations can be calculated from these thermodynamic relations

Specific volume: v = (a—gj (2.51)
op );

Specific enthalpy: h=g —T(a—gj (2.52)
op ),
Specific internal energy: u=g —T(a—gj -p 8_g (2.53)
T Jp op ),

.. og
Specific entropy: S=| — | (2.54
p py ( e JP( )

oh
Specific isobaric heat capacity: Cp = (G_Tj (2.55)
P

ou
Specific isochoric heat capacity: C, = (a—_l_j (2.56)

The second equation equation, which covers vapor region has the following gibbs free energy
form:
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90D _ 2,0 = (. 0) 4" (7,7) (2.57)

RT

Where 7= p/p  7=T /T R=0461526 kJ/(kgK), 7°(z,7)is the ideal gas part of EOS, and
y"(,7)is the real gas part of the EOS. ideal gas part equation:

9
(r,7)=Inw+ z Nz’ (2.58)
i=1

Where p'=1MPa and T'=540 K

Table 2.11 coefficients of eqn. 2.58

i Ji n° i Ji n°

1 0 -9.692768650E+00 6 -2 1.4240819171E+00
2 1 1.008665597E+01 7 -1 -4.3839511319E+00
3 -5 -5.608791128E-03 8 2 -2.8408632461E-01
4 -4 7.145273808E-02 9 3 2.1268463753E-02
5 -3 -4.071049822E-01

dimensionless residual part of the basic equation g2( p,T ) is as follows:
43

y'(z,7) = Zniﬂ" (r-0.5)" (2.60)
i=1

Where p'=1MPa and T'=540 K
Table 2.12 coefficients of egn. 2.60

i li Ji n; i li Ji ni
1 1 0 7 0 -5.9059564324270E-18
2 1 1 -1.7834862292358E-02 24 7 11 -1.2621808899101E-06
3 1 2 -4.5996013696365E-02 25 7 25 -3.8946842435739E-02
4 1 3 -5.7581259083432E-02 26 8 8 1.1256211360459E-11
5 1 6 -5.0325278727930E-02 27 8 36 -
6 2 1 -3.3032641670203E-05 28 9 13 1.9809712802088E-08
7 2 2 -1.8948987516315E-04 29 10 4 1.0406965210174E-19
8 2 4 -3.9392777243355E-03 30 10 10 -1.0234747095929E-13
9 2 7 -4.3797295650573E-02 31 10 14 -1.0018179379511E-09
10 2 36 -2.6674547914087E-05 32 16 29 -8.0882908646985E-11
11 3 0 2.0481737692309E-08 33 16 50 1.0693031879409E-01
12 3 1 4.3870667284435E-07 34 18 57 -3.3662250574171E-01
13 3 3 -3.2277677238570E-05 35 20 20 8.9185845355421E-25
14 3 6 -1.5033924542148E-03 36 20 35 3.0629316876232E-13
15 3 35 -4.0668253562649E-02 37 20 48 -4.2002467698208E-06
16 4 1 -7.8847309559367E-10 38 21 21 -5.9056029685639E-26
17 4 2 1.2790717852285E-08 39 22 53 3.7826947613457E-06
18 4 3 4.8225372718507E-07 40 23 39 -1.2768608934681E-15
19 5 7 2.2922076337661E-06 41 24 26 7.3087610595061E-29
20 6 3 -1.6714766451061E-11 42 24 40 5.5414715350778E-17
21 6 16 -2.1171472321355E-03 43 24 58 -9.4369707241210E-07
22 6 35 -2.3895741934104E+01

Region 3 equation is given as Helmholts free energy form:

40
fg(F,aoT,T) =¢(8,7)=n,In5+> ns"r" (2.61)
i=2
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Where s =plp"~ =T [T , T'’=T.=647.096 and R=0461526 kJ/(kgK)
Table 2.13 coefficients of eqn. 2.61

I li Ji ni i li Ji ni
1 0 0 1.065807002851E+00 21 3 4 -2.0189915023570E+00
2 0 0 -1.573284529024E+01 22 3 16 -8.2147637173963E-03
3 0 1 2.094439697431E+01 23 3 26 -4.7596035734923E-01
4 0 2 -7.686770787872E+00 24 4 0 4.3984074473500E-02
5 0 7 2.618594778795E+00 25 4 2 -4.4476435428739E-01
6 0 10 | -2.808078114862E+00 26 4 4 9.0572070719733E-01
7 0 12 1.205336969652E+00 27 4 26 7.0522450087967E-01
8 0 23 -8.456681281250E-03 28 5 1 1.0770512626332E-01
9 1 2 -1.265431547771E+00 29 5 3 -3.2913623258954E-01
10 | 1 6 -1.152440780668E+00 30 5 26 -5.0871062041158E-01
11 |1 15 8.852104398432E-01 31 6 0 -2.2175400873096E-02
12 | 1 17 -6.420776518161E-01 32 6 2 9.4260751665092E-02
13 | 2 0 3.849346018667E-01 33 6 26 1.6436278447961E-01
14 | 2 2 -8.521470882421E-01 34 7 2 -1.3503372241348E-02
15 | 2 6 4.897228154188E+00 35 8 26 -1.4834345352472E-02
16 | 2 7 -3.050261725697E+00 36 9 2 5.7922953628084E-04
17 | 2 22 3.942053687915E-02 37 9 26 3.2308904703711E-03
18 | 2 26 1.255840842431E-01 38 10 0 8.0964802996215E-05
19 | 3 0 -2.799932969871E-01 39 10 1 -1.6557679795037E-04
20 | 3 2 1.389979956946E+00 40 11 26 -4.4923899061815E-05

It should be noted that this set of equation is function of density and temperature, and basic
equation is helmholts equation so, let us list definition of other thermodynamic properties

Pressure: p:pz(ij (2.62)
op );

Specific enthalpy: h= f —T(ij +p ﬁ (2.63)
oT J)e op );

of
Specific internal energy: U= f —T(a—_l_) (2.64)
P

of
Specific entropy: s=| — | (2.65
p py [ P ) (2.65)

P

oh
Specific isobaric heat capacity: Cp = (8_T] (2.66)
P

ou
Specific isochoric heat capacity: C, = (G_Tj (2.67)

Region 4 of the equation defines saturation region. The basic equation is given as a polynomial
B2 +n B2 +n, B +n, 8% +n,BI+NB+NF +n,3+n, =0 (2.68)

Where

B=(p,/p)* (269
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T n
9==+ 2 (2.70)
T (T,/T7)-n,

S

From this equation both saturation pressure and saturation temperature equation can be
derived.

R 2C 4(2.71)
P | ZB+(B?—4AC)"

Where p'=1 MPa

A= +nd+n,

B=n,9 +n,9+n,
2
C=n% +n,8+n,

Table 2.14 coefficients of eqgn. 2.71

[ Ni | Ni

1 1.1670521453E+03 6 1.4915108614E+01
2 -7.2421316703E+05 7 -4.8232657362E+03
3 -1.7073846940E+01 8 4.0511340542E+05
4 1.2020824702E+04 9 -2.3855557568E-01
5 -3.2325550322E+06 10 6.5017534845E+02

It is also possible to drive saturation temperature eqaution from the basic polynomial as:

T, n,+D- [(no + DY - 4(n, +n,,D[*®

—= 2.72
T 2 ( )
Where T'=1 K

D 2G

~F-(F?-4EGf*
E=p4"+np+n,
F=ng’+npB+n,
G=n,B*+n,B+n,
And the final region for steam is region 5, again given as gibbs free egaution type EOS

GBD () = 2z 0)+ " (7,0 273)

Where 7= p/p  z=T"/T R=0461526 kJ/(kgK), 7’(7,7)is the ideal gas part of EOS, and
7/r (7,7)is the real gas part of the EOS. Ideal gas part equation:

9
P, t)=Inx+ Z Nz’ (2.74)

i=1

Where p’=1MPa and T'=1000 K
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Table 2.15 coefficients of eqn. 2.74

i Jo n?° i JP° ni°

1 0 -13.1799836742 4 -2 0.3690153498
2 1 6.8540841634 5 -1 -3.1161318214
3 -3 -0.0248051489 6 2 -0.3296162654

The real gas part of the equation
43

7 (m,7) = Zniﬂ'liTJi (2.75)
i=1

Table 2.16 coefficients of eqn. 2.75

Ji ni i li Ji ni

1.5736404855E-03 4 2 3 2.2440037409E-06

9.0153761674E-04 5 2 9 -4.1163275453E-06
-5.0270077678E- 6 3 7 3.7919454823E-08

wWN|P |-
e
w (N[~

At reference [8] more detailed set of eqautions are given for this calculations, for example
reverse equation sets are given so that instead of additional curve fitting to get the variables
this additional sets can be utilized A program in java (steamlAPWS_IF97) is prepared to use
this set of EOS. A user interface is also prepared (steamTablelF97.java). The user interface
input frame is given in the following figure.

l=/ Properties of water and steam IAPWS Industrial formulation 1997 — O

properties of water and stearm

International Association for the Properties of Water and Steam (IAPWS)
Industrial formulation 1997

Dr. M. Turhan Goban,

Eye University, School of Engineering, Mechanical Eng. Dept., lzmir, Turkey
email : turhan.cobang@turhancoban.tr

web : www.turhancoban.com

Reference: International Steam Tables, Wolfgang Wagner, Hans-Joachim Kretzschamar
ISBN 978-3-540-21419.9, Springer 2008

27315 K <=T<=1073.15K && 0<P <= 100 MPa

107315 K <=T <=2273.15 K && 0<p <= 50 MPa

select known property pair : [t hd H]

Temperature 373.15 degree K

Quality 1.0 kg vaporkg mix.
refno Froperty Yalue Units

0 P, pressure 101.417977921309... | kPA

1 T, temperature 373.15 deg K

2 , Specific volume 1.67186060109403... | m*Kg

3 h, enthall 2675.572020220834 | K.kng

4 u, internal energy 2506.015307691571 | KJkg

5 s, entropy 7.354077 KJkg

6 %, quality 1.0 kg vapkg mix

7 phase saturated vapor

Figure 2.12 GUI for thermodynamic properties of steam

Equations for humid air:
h4(A,T,p) = (1 — ALY (T, p") + ARA(T, p*) 2.76
sWV(AT,p) = (1= A)s"(T,p") + As*(T,p*) 2.77

3. Additional Formulations

As a gas mixture, usually utilised in air conditioning industry, definitions used in standart air

conditioning industry should also be expressed. Some of these properties are:

Humidity ratio w = G) -1 31
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AMw /M4) 3
1-A[1-(My /M4)]
Mole fraction of water: 1 — x4 3.3

. . _ XA
Mass fraction of dry air: 4 = IR YR 3.4

Partial pressure of water: P = (1 —x,)P 3.5
Partial pressure of saturated water: PVt = (1 — x{*)P = P,(T) 3.6

Mole fraction of dry air x, =

. [T _ PW _ (I—XA)
Relative humidity: RH = 2 = e 3.7
w —
Degree of saturation DOS = —-— = —"2_ 338
mWsa 1—-ASa

Dew point temperature (saturation temperature at partial pressure of water) T,(P") =
T,((1—x4)P) 3.9

Another concept used for wet air is adyabatic saturation temperature. If air flow through an
infinite length channel filled with water at the bottom and all walls are insulated, it will absorb
water and will be reached to adyabatic saturation point. The temparature of adyabatic
saturation point is also called wet air temperature, it is an idealised thermodynamic concept
and can be calculated from the energy balance of the infinitely long channel. Basic energy
equation:

Energy of the air entering the channel = enegy of the air leaving the channel + energy of
evaporated water,

Perfectly insulated

m, my
h.tw h* t* w*
- -

' my; makeup water
at t*’ hwater

Figure 2.1 Adiabatic saturation temperature
So myh(A, T,P) + mphy,qier(T*, P) = mgh(A*,T*,P) 3.10
m; =mya(W* —w)=m, (Al — %) 3.11
(AT, P) + (5 = %) Bivacer (T, P) = h(A",T", P) 3.12
Since the exit is at saturation state relative humidity at exit is 1 so

w _
RH=-—-_ 0% _ 149 313

~ pWsat — (1-x53) -
Solution of these equations will require root finding methods.

In order to calculate thermopysical properties (thermal conductivity and viscosity) of humid
water Kadoya et al[1] equations are used. This equations has the following form:

No(Ty) = AqTy + Ay TS + A, + 2+ 22+ 224 22 314

M(py) = Xiy Bipr 3.15

(T pr) = H[no(Tr) + Aﬂ(l)r)] 3.16
ko(Ty) = CoTy + TS+ Cp + 2+ 5 +

Ak(py) = Xi1 Dipy 3.18

k(T pr) = Alko(T;) + Ak(p)] 3.19

Where p, = p/p* T,=T/T* 3.20

Coefficients of the equations are given in Table 3.1
Coefficients of equations 3.14-3.19

Cs
72

Cc
+T_;‘ 3.17
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T*=1325K p* = 3143 kg/m3 A H=6.1609 (10

=25.9778 (1073W Pas)

/(mK)
i Ai Bi Ci Di
0 0.128517 0.465601 0.239503 0.402287
1 2.60661 1.26469 0.00649768 0.356603
2 -1 -0.511425 1 -0.163159
3 -0.709661 0.2746 -1.92615 0.138059
4 0.662534 2.00383 -0.0201725
5 -0.197846 -1.07553
6 0.00770147 0.229414

In order to both check and error control purposes a surface cubic spline curve fitting equavalent
formulation is also created. The data for curve fitting based on NIST data for thermal
conductivity and viscosity for dry air. Viscosity and thermal conductivity values are taken from
IAPWS Industrial Formulation 1997[15]. This equations are as follows:
Viscosity equations:
n(p.T=y(8,60) = n*[y,(O)v,(6,6)] 321
Where n* = 107® Pas & = pﬂ 6=T/T*
with T* = T, = 647.096 K p* = p, = 322 kg/m3
v, (0) = 0°°[Xi n? 491“']_1 3.22 Coefficients of equation given below:

Table 3.2 Coefficients of equation 3.22

| n?

0.167752e-1
0.220462e-1
0.6366564e-
-0.241605e-2

Ti
v,(8,0) = exp [532,m 6 - ' (5-1)"| 323

DIWN

Table 3.3 Coefficients of equation 3.23

i li Ji Ni i li Ji Ni

1 0 0 5.200940E-01 |12 |2 2 -7.724790E-
2 0 1 8.508950E-02 |13 |2 3 -4.898370E-
3 0 2 - 14 |2 4 -2.570400E-
4 0 3 -2.895550E- 15 |3 0 1.619130E-01
5 1 0 2.225310E-01 |16 |3 1 2.573990E-01
6 1 1 9.991150E-01 |17 |4 0 -3.253720E-
7 1 2 1.887970E+00 |18 |4 3 6.984520E-02
8 1 3 1.266130E+00 |19 |5 4 8.721020E-03
9 1 5 1.205730E-01 |20 |6 3 -4.356730E-
10 |2 0 -2.813780E- 21 |6 5 -5.932640E-
11 |2 1 -9.068510E-

Thermal conductivity equations
KeD _ A(B, B8)=Aq(0)+A;(5)+A,(5,8) 3.24

D*
Ag(L\)=0253 nfgi-t 3.25

Table 3.4 Coefficients of equation 3.25
i n?

0.102811e-1

0.299621e-1

0.156146e-1

-0.422464e-2

BIWIN|(F

A1(8)=n, + nyd+nzexp[ny(§ + ns)?] 3.26
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Table 3.5 Coefficients of equation 3.26

| Ni

1 0.39707

2 0.400302

3 -0.171587e4
4 -0.239219el

A5(0,8)=(n;0710 + n,)6 8exp[n, (1 — 6%8)] + n,A68exp [(%) (1- 81+B)] + ngexp[ngd® +
n,675] 3.27
A(6) = 2 + ng(80)%¢ 3.27a
(46)7t for 6>1
B(0) =
©® {ng(AH)‘O'(’ for 6 <1
Table 3.6 Coefficients of equation 3.27

3.27b with A8 =10 — 1| + ny,

| nNi | Ni

1 7.013090E-02 |6 -4.117170E+00
2 1.185200E-02 |7 -6.179370E+00
3 6.428570E-01 |8 8.229940E-02
4 1.699370E-03 |9 1.009320E+01
5 -1.020000E+00 | 10 3.089760E-03

For mixing of dry air and water Wilke equation[6] will be used. This equation has the following
form:

Xans (ol 3 g
= .28 where
Nmix x4+ 404y + (1-xa)+nydy 4

1 1/2 My, /M )14
v :[ +(a/my) My /Mp) ] 3.98a
{8[1+(Ma/My)]}Y/2
Opa = Oy /M, (Ma/My)  3.28b
For thermal conductivity, similar equations will be used.

_ xakg (1—x)ky
Kmix = TAtkalny + T tky v 3.29 where

_ [ Ckask) 2 My /M a) 4
v = el 349
Oy = Ouvkv/Ka(Ma/My)  3.290

4. Computer development and error check

Several programs (classes) in java language to carry out this analysis. The list of
program(class) names are given in Table 4.1
Table 4.1 Program lists

Class/interface name | Source

Interface if_x Base interface general definition for function f(x)

Interface if_x Base interface general definition for function f0(x0,x1,x2..)
f1(x0,x1,x2,..) ...

steam Water-steam EOS Keenan, Keys,Hill, Moore 1969

steamlAPWS_IF97 Water-steam EOS International Steam Tables, Wolfgang Wagner,
Hans-Joachim Kretzschamar ISBN 978-3-540-21419-9

steam_|APWS95 The IAPWS Formulation 1995 for the Thermodynamic Properties of
Ordinary Water Substance for General and Scientific Use W. Wagner
and A. PruB J. Phys. Chem. Ref. Data, Vol. 31, No. 2, 2002

air_IAPWS Dry air EOS. Guideline on an Equation of State for Humid Air in
Contact with Seawater and Ice, Consistent with the [IAPWS
Formulation 2008 for the Thermodynamic Properties of Seawater

air_PR Dry air EOS. using Peng Robinson EOS for mixtures The properties
of Gases & Liquids Robert C. Reid et al., Janaf Tables (NIST data
https://janaf.nist.gov/)
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air-PR1 Dry air EOS. using Peng Robinson EOS as a single gas.
Pseudocritical properties are assumed for air. The properties of
Gases & Liquids Robert C. Reid et al., Janaf Tables (NIST data
https://janaf.nist.gov/)

Air PG Dry air EOS. using Perfect gas EOS as a single gas.

humid_air_IAPWS

Humid air EOS, Guideline on an Equation of State for Humid Air in
Contact with Seawater and Ice, Consistent with the IAPWS
Formulation 2008 for the Thermodynamic Properties of Seawater

humid_air PR Humid air EOS using peng Robinson EOS as mixtures fro dry air, The
properties of Gases & Liquids Robert C. Reid et al., Janaf Tables
(NIST data https://janaf.nist.gov/), www.turhancoban.com

humid_air_ PR1 Humid air EOS using peng Robinson EOS as a single gas for dry air,
The properties of Gases & Liquids Robert C. Reid et al., Janaf Tables
(NIST data https://janaf.nist.gov/), www.turhancoban.com

humid_air_PG Humid air EOS using Perfect gas EOS for air, The properties of
Gases & Liquids Robert C. Reid et al., Janaf Tables (NIST data
https://janaf.nist.gov/), www.turhancoban.com

Gas Pure ideal gas EOS including air and other gases
www.turhancoban.com  SCOl.jar

Plot 2D Plot program www.turhancoban.com SCOl.jar

GasTable Graphic User Interface for class Gas

Wetair Ideal Gas Humid air EOS utilises Gas class and steam class

psT Graphic User Interface for class wetair

steamTable Graphic User Interface for class steam

steamTablelF97 Graphic User Interface for class steamlAPWS 1F97

steamTablelAPWS95 | Graphic User Interface for class steam |IAPWS95

In Table 4.2 different EOS results compared for 3 thermodynamic states. A Graphic user
interface programs are also given for non-researchers to utilise these programs. For utilisation
of researchers a small sample code is given to show calling of thermodynamic and
thermophysical properties for a given state.

Table 4.2 Comparisons of 3 different EOS for water & Steam thermodynamic

properties.

Class P kPa T degree|v m¥kg |hkJkg u kJ/kg s X
steam 3.535746 | 300 19.55028 | 1331.584 |1262.459 |4.455994 | 0.5
steamlAPWS _1F97 | 3.536589 | 300 19.54153 | 1331.234 | 1262.124 | 4.45533 0.5
steam_IAPWS95 |3.536718 | 300 19.54013 | 1331.21 1262.102 | 4.455244 | 0.5
steam 101.325 | 300 0.001003 |112.7105 |112.6089 |0.393245 |-1.1E-09
steamlAPWS _1F97|101.325 300 0.001003 |112.665 112.5634 | 0.393097 |-1
steam_IAPWS95 |101.325 300 0.001003 |112.6549 |[112.5532 |0.393062 |-2
steam 101.325 400 1.801666 | 2730.178 | 2547.624 | 7.495023 |2.467381
steamlAPWS _1F97 | 101.325 400 1.802056 | 2730.272 | 2547.679 | 7.496078 |2
steam_IAPWS95 |101.325 400 1.801984 | 2730.301 | 2547.715 | 7.496202 |2
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| [£] Properties of water and steam 1APWS 95 — O X
Properties of water and steam
International Association for the Properties of Water and Steam (IAPWS) 95
Dr. M. Turhan Coban, Ege Uni ity, School of E i Eng. Dept.lzmir, Turkey
email : turhan_ com web :www. com
Reference: The IAPWS Formulation 1995 for the Thermodynamic Properties of Ordinary Water
Substance for General and Scientific Use W. Wagner and A. PruB J.
|' Phys. Chem. Ref, Data, Vol. 31, No. 2, 2002
g select known property pair : tx |v |tx
Temperature 26.85 degree C
Quality 0.5 kg vapor/kg mix.
refno Property Value Units
0 P, pressure 3.53658941301301 kPA
1 T, temperature 300.0 deg K
2 v, specific volume 19.54153091085491 mikg
3 h, enthalpy 1331.2339995598668 KJikg
4 u, internal energy 1262.1236282264708 KJikg
5 s, entropy 4.455330143251472 KJikgK
6 X, quality 0.5 kg vap/kg mix
T Cp, specific heal at constant pressure 3.047652881010811 KJikgK
8 Cv, specific heat at constant volume 2.7865537214788523 KJikgK
9 a isobaric thermal expansion coefficient 0.0018038799072103277 | 1K
10 K isothermal com ibili 0.14164256627990343 1/Pa
11 n Dynamic viscosity 4.3175534114548716E4 | Pa.s
12 k Thermal conductivity 0.31437659230765896 WimK
13 © Surface tension 0.07168596252716256 Nim
14 Prandtl number 4.185554654928399
15 p density 0.05117306338801332 kg/m*
i 16 speed of sound 965.4367343179528 mis

show in T-s diagram
Figure 4.1 steam_IAPWS95 Graphic user interface
By using equations given above a class called air_IAPWS95 is developed. The result of this
class is compared with Peng-Robinson EOS results as a mixing of the gases inside air and as
a single gas with pseudocritical properties plus ideal gas equation of state. Results are given
in table 4.3. It should be note that enthalpies of the perfect gas case (air_PG) is the same
regardless of temperature.
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Table 4.3 Air properties at different states for 4 dry air models

dry air model | P kPa T deg. K | rokg/m”3 | h kJ/kg s kJ/kgK
air_IAPWS 100 300 1.1616 27.01362 | 0.098109
air PR 100 300 1.16016 26.96343 | 0.097905
air PR1 100 300 1.161866 |27.03294 | 0.098201
air_PG 100 300 1.161241 |27.01008 | 0.098098
air IAPWS 300 300 3.486892 | 26.56149 |-0.21858
air PR 300 300 3.47403 26.96343 |-0.21692
air PR1 300 300 3.489305 |27.07844 |-0.21746
air PG 300 300 3.483724 | 27.01008 |-0.21726
air IAPWS 500 300 5.814851 |26.1112 -0.36654
air PR 500 300 5.779339 |26.96343 |-0.36302
air_ PR1 500 300 5.82155 |27.12359 |-0.36439
air PG 500 300 5.806207 | 27.01008 |-0.36389
air_IAPWS 1000 300 11.64547 |24.99335 |-0.56882
air_PR 1000 300 11.50547 |26.96343 | -0.56066
air PR1 1000 300 11.67209 |27.23498 | -0.56407
air_ PG 1000 300 11.61241 |27.01008 |-0.56286
air_IAPWS 100 350 0.995337 | 77.39375 |0.253426
air PR 100 350 0.994555 | 77.28153 |0.252992
air PR1 100 350 0.995496 | 77.44464 |0.25363
air_ PG 100 350 0.99535 | 77.39021 |0.253415
air_IAPWS 200 350 1.990642 |77.2332 | 0.053996
air PR 200 350 1.987528 | 77.28153 | 0.054252
air PR1 200 350 1.99128 | 77.49885 | 0.054621
air_ PG 200 350 1.9907 77.39021 | 0.054448
air_IAPWS 300 350 2.985903 | 77.07313 |-0.06285
air PR 300 350 2.978923 | 77.28153 |-0.06191
air PR1 300 350 2.987341 | 77.55283 |-0.06181
air_ PG 300 350 2.986049 | 77.39021 |-0.06194
air_IAPWS 500 350 4.976245 |76.7544 -0.21041
air PR 500 350 4.956994 | 77.28153 |-0.20808
air PR1 500 350 4.980244 | 77.66013 |-0.20852
air_PG 500 350 4.976749 | 77.39021 |-0.20857
air_IAPWS 1000 350 9.950525 | 75.96566 |-0.41166
air PR 1000 350 9.874817 | 77.28154 |-0.40592
air PR1 1000 350 9.966496 |77.92432 |-0.40766
air_PG 1000 350 9.953498 | 77.39021 |-0.40754
air_IAPWS 100 450 0.773947 |178.8411 | 0.508316
air PR 100 450 0.77368 178.6447 |0.507616
air PR1 100 450 0.77402 | 178.9301 |0.508614
air_ PG 100 450 0.774161 |178.8375 |0.508305
air IAPWS 300 450 2.320546 |178.6841 |0.192452
air PR 300 450 2.318168 |178.6447 |0.192614
air PR1 300 450 2.321214 [179.1141 |0.193362
air PG 300 450 2.322483 |178.8375 [0.192949
air IAPWS 500 450 3.865387 | 178.5285 |0.045314
air PR 500 450 3.858841 |178.6447 |0.046337
air PR1 500 450 3.867254 |179.2964 |0.046836
air PG 500 450 3.870805 |178.8375 |0.046317
air IAPWS 1000 450 7.719584 |178.1459 |-0.15491
air PR 1000 450 7.693924 |178.6447 |-0.15175
air PR1 1000 450 7.727111 |179.7449 |-0.15186
air PG 1000 450 7.741609 |178.8375 |-0.15265

Properties of steam and dry air combined according to equations given above sections. The
program is called humid_air_PG for mixed dry air and humid_air_PG1 for dry air as a single
gas.
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@ Properties of humid air Cubic Peng-Robinson EQS based. Air as a gas mixture of component gases - O X
array no propery name value humid air mass fr base unit value dry air mass fr base unit
P, pressure 100.0 kPA
1 T, temperature 126.850000000000023 des C
12 [v. specific volume 0.879209904366791 m*/kg humid air 0.8880020034104591 m/kg dry air
13 [h, enthalpy 51.95147960295802 Klkg 52.47099439898761 kT/(kg drv air)
14 s, entropy 0.18496881679331825 KI/kgK 0.18681850406125146 kT/(kg drv air K)
5 w, specific humidity, humidity ratio [0.010000000000000122 kg vap/kg drv air
16 4. mass fraction of drv air 10.99009900990099 kg drv airkg humid air
7 xA, mole fraction of drv air 0.9841761363142828 kmol dry air/kmol humi. ..
3 irelative humiditv 0.4474166506105414
2 \Advabatic saturation temperature 18.51341603367795 idegree C
10 dew point temperature 13.840444902461059 degree C
11 Dyvnamic viscosity 4.4811104903645E-4 Pas
12 [k Thermal conductivity 0.02767903995508192 WimK
13 degree of saturation 0.44409115606801813
14 (Pa dry air partial pressure 198.41761363142828 [KPA
15 [Pv water moisture partial pressure  |1.5823863685717199 [kPa
16 p density 1.1373848213416138 lleg humid air/m® 1.1261235854867462 kg dry air/m*
17 [Cp isochoric specific heat 1.0362836981699992 [T/ (kg humid air K) 1.0466465351516994 kT/(kg dry air K)
18 [Cv isovolumetric specific heat 0.7246574099112448 [T/ (kg humid air K) 0.7319039840103574 kT/(kg dry air K)
19 (ha enthatpv of drv air KT/ke drv air |26 9633520821748 [T/ (kg humid air ) 127.23298651199655 kT/(kg dry air K)
20 lhv enthalpy of vapor KT/kg water  |2550.7641416812485 T/ (kg water )

Figure 4.1 humid_air_PR (Air as a gas mixture) Graphic output for P=100 kPa and
T=300 K

@J Properties of humid air Cubic Peng-Robinson EOS based. Air as a gas mixture of component gases — O *
array no property name value humid air mass fr ba... unit value dry air mass fr base unit
0 P, pressure 200.0 kPA
1 T, temperature 26.830000000000023 des C
2 v, specific volume 0.4400089996131872 m*/kg humid air 0.44440908960931913 mékg dry air
3 h, enthalpy 51.944300181523914 Klks 52.46374318333916 kT/(kg dry air)
4 5. entropy -0.0149566640248611 EJlksK -0.015106230665109714  |kT/(ke drv air K)
5 w, specific humiditv, hu... |0.010000000000000122 ke vap/ke drv air
6 A mass fraction of dry air |0.99009200920099 kg dry air/kg humid air
7 %A, mole fraction of dry air|0.9841761363142828 kmol dry air/kmol humid
8 relative humidity 0.8948333192390828
9 Advabatic safuration tem... |26.83999999000018 degree C
10 dew point temperature 24.973249865022353 degree C
11 M Dynamic viscosity 4.482400947149630E-4 Pas
12 k Thermal conductivity 0.027719608086709372 W/mK
13 degree of saturation 0.8042004153001419
14 Pa drvy air partial pressure |196.83522726285656 kPA
15 Pv water moisture partial. .. |3.1647727371434398 kPa
16 p density 2.2726807880727486 ke humid air/m?® 2.25017899809183 ke dry air'm?
17 Cp isochoric specific heat |1.036280900379695 kT/ (kg humid air K) 1.046643709383492 kJ/(kg drv air K)
18 Cv isovolumetric specific...|0.7247672872815254 kJ/(kg humid air K} 0.7320149601543408 kJ/(kg drv air K)
19 ha enthalpy of dry air KT/...|26.963353387901307 kT/(kg humid air ) 27.232086921780324 kJ/(kg dry air K)
20 hv enthalpy of vapor KJ/...[2550.038070543754 1T/ (kg water )
Figure 4.2 humid_air_PR(Air as a gas mixture) Graphic output for P=200 kPa and
T=300 K
|£| Properties of humid air Cubic Peng-Robinson EQS based. Air as a single gas — O X
array no property name value humid air mass fr ... unit value dry air mass fr base unit
0 P_ pressure 100.0 kPA
1 T, temperature 26.850000000000023 deg C
2 v, specific volume 0.8779341043871022 m*/kg humid air 0.88671344543008733 m*/kg dry air
3 h, enthalpy 52.02002462463205 Kike 52.540224870878376 kT/(kg dry air)
4 s, entropy 0.1852597688313493 KTkesK 0.18711236651966281  [kJ/(kg drv air K)
5 w, specific humidity, h... |0.010000000000000122 | kg vap/kg dry air
6 A, mass fraction of dry...|0.99009900990099 kg dry air/kg humid air
7 %A, mole fraction of dr... |0.984176179326808 kmol dry air/kmol hu...
8 relative humidity 0.4474154434487708
9 Advabatic saturation te... |18.510809220567613  |degree C
10 dew point temperature  |13.840403083643821 degree C
11 m Dvnamic viscosity 4.481108595837139E-4 |Pas
12 k Thermal conductivity  |0.027679038306385732 | W/mK
13 degree of saturation 0.44408995687375683
14 Pa drv air partial pressure|98.4176179326808 kPA
15 Pv water moisture parti...|1.582382067319100 kPa
16 p density 1.1390376510069782 kg humid air'm?* 1.1277600305019585 kg dry air'm?
17 Cp isochoric specific h... |1.0377745014519034 kJ/(kg humid air K) 1.0481523373664225 kT/(kg drv air K)
18 Cv isovolumetric speci... |0.7261476481858238 kJ/(kg humid air K) 0.7334091246676822 kT/(kg drv air K)
19 ha enthalpy of drv air ... |27.032583435393083 kJ/(kg humid air ) 27.302909268747026 kT/ (kg drv air K)
20 hv enthalpv of vapor ___ [2550.7641435484975 kJ/(kg water )
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|£| Properties of humid air Cubic Peng-Robinson EQS based. Air as a single gas — O x
array no property name value humid air mass fr ... unit value dry air mass fr base unit
0 P_ pressure 100.0 kPA
1 T, temperature 26.850000000000023 deg C
2 v, specific volume 0.8779341043871022 m*/kg humid air 0.8867134454300733 m*/kg dry air
3 h, enthalpy 52.02002462463205 Klkg 52.540224870878376 kT/(kg drv air)
4 s, entropy 0.1852597688313493 KI'kgK 0.18711236651966281  |kT/(ke dry air K)
5 w, specific humidity, h... |0.010000000000000122 | ke vap'kg dry air
] A, mass fraction of dry...|0.99009900990009 kg dry air/kg humid air
7 x4, mole fraction of dr... |0.984176179326808 kmol dry air/kmol hu. ..
8 relative humidity 0.44741544344877098
9 Advabatic saturation te... |18.510800220567613  |degree C
10 dew point temperature |13 840403083643821 degree C
11 m Dvnamic viscosity 4.481108595837139E-4 |Pas
12 k Thermal conductivity  |0.027679038306385732 | WimK
13 degree of saturation 0.44408995687375685
14 Pa drv air partial pressure|98.4176179326808 KPA
13 Pv water moisture parti...|1.582382067319100 kPa
16 p density 1.1390376510069782 kg humid air'm?* 1.1277600505019585 kg dry air'm?
17 Cp 1sochoric specific h... |1.0377745014519034 kJ/(kg humid air K) 1.0481523373664225 kT/(kg drv air K)
18 Cv isovolumetric speci... |0.7261476481858238 kJ/(kg humid air K) 0.7334091246676822 kT/ (kg drv air K)
19 ha enthalpy of drv air ... |27.032583435393083 kJ/(kg humid air ) 27.302909268747026 kT/(kg drv air K)
20 hv enthalpv of vapor ___ [2550.7641435484075 kJ/(kg water )

Figure 4.3 humid_air_PR1 (Air as a single gas with pseudocritical properties) Graphic
output for P=200 kPa and T=300 K

|£:| Properties of humid air Cubic Peng-Robinson EOS based. Air as a single gas — O >
array no property name value humid air mass frb._| unit value dry air mass fr base unit
0 P pressure 200.0 kPA
1 T, temperature 26.850000000000023 deg C
2 v, specific volume 0.43873354976100454 m*/kg humid air 0.44312088525861465 m*’kg dry air
3 h, enthalpy 52.035049806749115 KElkg 52.555400304816615 kJ/(kg dry air)
4 s, entropy -0.015074846813934305 | KI/kgK -0.015225595282073649 |kT/(kg dry air K)
3 w. specific humidity, h... [0.010000000000000122 | ke vap/kg drv air
6 A, mass fraction of dry ...|0.99009900990099 ke drv air'kg humid air
7 %A, mole fraction of dr... [0.9841761363142828 kmol drv airkmol hum
18 relative humidity 0.8948333192300828
0 Advabatic saturation te... |26.83000000000018 degree C
10 dew point temperature  |24.973240865022353 degree C
11 in Dvnatmic viscosity 4.482400047140630E-4 | Pas
12 k Thermal conductivity  |0.027719608086709372 | W/mK
13 degree of saturation 0.8942004153001419
14 Pa drv air partial pressure [196.83522726285656 kPA
15 Pv water moisture parfi_.. |3.1647727371434308 kPa
16 p density 2.2792877374907635 kg humid air/m® 2.2567205321779835 kg dry air/m®
17 Cp isochoric specific heat|1.037771793661599 LT/ (kg humid air K) 1.0481405115982151 kT/(kg dry air K)
18 Cv isovolumetric specifi...[0.7262589710018084 kJ/(kg humid air K) 0.7335215607118265 kT/(kg dry air K)
19 ha enthalpy of dry air K__. [27.0550105093787354 kJ/(kg humid air ) 27.325560614472543 kT/(kg dry air K)
20 hv enthalpy of vapor E_._|2550.038979543754 kT (kg water )

Figure 4.4 humid_air_PR1 (Air as a single gas with pseudocritical properties) Graphic
output for P=200 kPa and T=300 K

| £ Properties of humid air Perfect Gas EOS based - O X
array no property name value humid air mass frb.. unit value dry air mass fr base unit
0 P. pressure 100.0 kPA
1 T, temperature -73.14000000000008 deg C
2 v, specific volume 0.5856376284719803 m*/kg humid air 0.5914040047567002 m*/kg dry air
3 h, enthalpy NaN Klkg NaN 1J/(kg dry air)
4 |5, entropy Infinity EJ/kgK Infinity kJ/(kg drv air K)
5 w, specific humidity, h... [0.010000000000000122 | kg vap/kg drv air
6 A, mass fraction of drv...|0.99009900220099 kg dry air'kg humid air
7 xA, mole fraction of dr... |0.9841761363142828 kmol drv airkmol hu...
g relative humidity 4745.217371539789
9 Advabatic saturation te... |-29.65477754876946 degree C
10 dew point temperature  |13.840444002461059 degree C
11 1 Dynamic viscosity 2.0952363641611088E-5 [Pa.s
12 k Thermal conductivity  |0.026820438769601054 | W/mE
13 degree of saturation 4773.772218751962
14 Pa drv air partial pressure [98.41761363142828 kPA
15 Pv water moisture parti... |1.5823863685717199 kPa
16 p density 1.7075405530364404 kg humid air/m® 1.6906342100271775 kg dry aiv'm®
17 Cp isochoric specific heat[NaN kJ/(ke humid air K) Nai kJ/(kg drv air K)
18 Cv isovolumetric specif...|0.7263390357793207 kT/(kg humid air K) 0.733602426137114 kT/(kg dry air K)
19 ha enthalpy of drv air K...|-73.57492363560247 kT/(kg humid air ) -74.3106728719585 kJ/(kg dry air K)
20 hv enthalpy of vapor K...|[NalN kJ/(ke water )

Figure 4.5 humid_air_PG (Perfect Gas) Graphic output for P=100 kPa and T=300 K
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| £| Properties of humid air IAPWS formulation based - m} x
array no property name value humid air mass fr .| unit value dry air mass fr base unit

0 [P, pressure 200.0 kPA

1 T, temperature 26.850000000000023 deg C

2 v, specific volume 0.43286549679599523 | m*/kg humid air 0.43719415176439236 | m*/kg drv air

3 [h, enthalpy 51.75220077659324 Klkg 52.269813684411446  |kT/(kg drv air)

4 s, entropy -0.011182786684057885| KT/kgK -0.011294614550000758 |kT/(kg drv air K)

5 w_ specific humidity, b [0.010000000001010007 | ke vap/ke dry air

6 |A_mass fraction of dr___ |0.9900990099 kg drv airkg humid air

7 xA_ mole fraction of dr.. |0.9841761363127101 kemol dry airdemol hu.

8 relative humidity 0.8948333193280208

9 |Advabatic saturation te.__|25.743134749487012  |degree C

10 dew point temperature |24 973247708116673  |degree C

11 Dvnamic viscosity 4.480802598140723E-4 |Pas

12 [k Thermal conductivity |0.02769973078997641 | WmK

13 degree of saturation 0.8942004153885697

14 [Pa dry air partial press__. [196.83522726234202  |kPA

15 [Pv water moisture part |3 164772737457988 kPa

16 p density 2.310186437592851 kg humid air'm* 2.28731330454509 kg dry air/m®

17 (Cp isochoric specific b [1.0169360736338184  |kJ/(kg humid air K) 1.0271054343711838  [kT/(kg drv air K)

18 (Cv isovolumetric speci._.|0.7253418356987908  |kT/(kg humid air K) 0.7325052540565114  |kT/(kg drv air K)

19 ha enthalpy of drv air .. |26.794473254711864  |kJ/(kg humid air ) 27.062417987286047  |kT/(kg drv air K)

20 hv enthalpy of vapor ... |2550.0389795436004  [kT/(kg water )

Figure 4.3 humid_air_IAPWS Graphic output for P=100 kPa and T=300 K

Seperately classes humid_air_IAPWS, and humid_air_PG is developed. The details of this
classes will not be given here, but the results will be given for the same state, to compare the

results.
| £ Properties of humid air Cubic Peng-Robinson EQS based. Air as a single gas - O
array no property name value humid air mass fr ba... unit value dry air mass fr base unit
0 P, pressure 100.0 kPA
1 T, temperature 26.850000000000023 deg C
2 v, specific volume 0.8779341043871022 m?kg humid air 0.8867134454309733 m¥kg dry air
3 h, enthalpy 52.02002462463205 Elks 52.540224870878376 |kJ/(kg dry air)
4 s, entropy 0.1852597688313493 ETkgk 0.18711236651966281 T/ (kg drv air K)
3 w, specific humidity, hu... |0.010000000000000122 kg vap/kg dry air
6 A, mass fraction of drv air (0.99009900990099 kg drv airkg humid air
7 %A mole fraction of dry air|0.984176179326808 kmol dry airkmol humi. ..
8 relative humidity 0.4474154434487798
9 Advabatic saturation tem... [18.519809220567613 degrea C
10 dew point temperature 13.840403083643821 degree C
11 m Dvnamic viscosity 4.481108595837139E-4 Pas
12 k Thermal conductivity 0.027679038306385732 WimE
13 degree of saturation 0.44408995687375685
14 Pa dry air partial pressure  |98.4176179326808 kPA
15 Pv water moisture partial. .. |1.582382067319199 [kPa
16 p density 1.1390376510069782 ko humid air'm?® 1.1277600505019585 kg drv air'm®
17 Cp isochoric specific heat |1.0377745914519034 kT/(kg humid air K) 1.0481523373664225 kT/(kg dry air K)
18 Cv isovolumetric specific...|0.7261476481858238 kT/(ke humid air K) 0.7334091246676822 |15J'.f'(kg dry air K)
19 ha enthalpy of dry air KT/...|27.032583435393093 kT/(kg humid air ) 27.302000269747026 kT/(kg drv air K)
20 hv enthalpy of vapor KJ/...|2550.7641435484975 [kT/(ke water ) [

Figure 4.5 humid_air_PR1 Graphic output for P=100 kPa and T=300 K
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| £/ Properties of humid air Perfect Gas EQS based - O *
array no property name value humid air mass fr base unit value dry air mass fr base unit

0 P pressure 100.0 kPA

1 T, temperature 26.850000000000023 deg C

2 v, specific volume 0.8784017828286436 m*/kg humid air 0.8871858006569301 m*/kg dry air

3 h, enthalpy 51.00774272512549 Klke 52.517720152376754 kJ/(kg drv air)

4 s, entropy 0.1851599720076865 ElksK 0.1870115717277634 kT/(ke dry air K)

3 w, specific humidity, humidity ratio  |0.010000000000000122 kg vap/kg drv air

6 A mass fraction of drv air 0.99009900990099 ke dry airks humid air

7 %A, mole fraction of drv air 0.9841761363142828 kmol dry air/kmol humid air

g relative humidity 0.4474166296195414

9 Advabatic saturation temperature 18.517703764710518 degree C

10 dew point temperature 13.840444002461059 degrea C

11 1 Dvnamic viscosity 4. 4811104903645E-4 Pas

12 k Thermal conductivity 0.02767903995508192 W/mE

13 degree of saturation 0.44409115606801813

14 Pa drv air partial pressure 08.41761363142828 kPA

15 Pv water moisture partial pressure 1.58238630685717199 kPa

16 p density 1.138431204886429 ke humid air/m® 1.1271596087984443 ke dry air'm®

17 Cp isochoric specific heat 1.0377745014519034 kJ/(kz humid air K) 1.0481523373664225 kJ/(kg drv air K)

18 Cv isovolumetric specific heat 0.7261483854545466 kT/(kg humid air K) 0.7334098693090921 kT/(ke dry air K)

19 ha enthalpy of dry air KT/kg drv air  |27.01007873556395 kJ/(keg humid air ) 27.280179522919592 kJ/(kg drv air K)

20 hv enthalpy of vapor KJ/kg water 2550.7641416812485 kJ/(kg water )

Figure 4.6 humid_air_PG Graphic output for P=100 kPa and T=300 K
5. Conclusions

In air conditioning processes in order to predict thermodynamic and thermopysical properties
of humid air (a mixture of dry air and water vapor) usually perfect gas equation of state is
utilised, But some processes such as drying of humid air in a compressed air tank, adding
water to the compressor of gas turbine power plant to improve overall efficiency will require
better approaches. In thermophysical property predictions, most used approach ist o assume
such properties as only function of temperature. In reality properties such as viscosity and
thermal coductivity heavily depends on pressure as well as temperature. Furthermore such
properties are quite a nonlinear function of pressure so that a linear interpolation type of
correction of properties will not be correct. In this study, a computer model of thermodynamic
and thermopysical properties of humid by using Peng-Robinson cubic equation of states used.
Two different approaches are utilised for dry air thermodynamic properties. In the first method,
air is considered as a gas mixture and calculated from the gases in the mixture. In the second
method air is considered as a single gas with pseudocritical properties and calculated by using
these properties. Steam and for dry air viscosity and thermal conductivitys equations based on
experimental studies by Kadoya et al[1l] and Lemmon et al[2] is used. Water viscositiy
equations are taken from IAPWS Industrial Formulation 1997[4] and then these data combined
by using Wilke equation[6]. Computer models for different set of real gas equation of State
by IAPWS EOS and perfect gas formulations are also derived and results are compared. All
computer codes developed in java programming language and program codes are given as
free acess to researchers at internet adress www.turhancoban.com. All equations for property
of water-steam, dry air and humid air is given with details and coefficients fort he researchers
wish to develop their own version of computer codes in their desired programming language.
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1. Abstract In humid exhaust gas thermodynamic property calculations, it is usually ideal gas EOS is
used. The basic reason for this is simplicity of using ideal gas EOS. For some applications with
athmospheric pressures it might be sufficient, but when applications with higher pressure zones are
considered error level will increased. An equation of state with better accuracy of thermodynamic
properties will be required for extreme cases. In this study Peng-Robinson equation of state will be used
to establish computer programs in java language to calculate properties of humid exhaust gas. Cubic
equation of states are basically defining the gas phase, with a better accuracy compare to ideal gas EOS
and can be defined accurate enough results for high pressure applications as well. It is also possible to
solve inverse equation v(T,P) by using cubic form oft he equation. Avoiding of more complex iterative root
finding process, makes cubic equations a desirable EOS selection. For pure gases Peng-Robinson EOS
defined as a function of critical properties and accentric factor. In order to mix gases Harstad, Miller, and
Bellan EQOSs for gas mixtures, particularly of PR-EOS. In this study the mixing rule proposed by Miller et
al. is used to extend the PR equation of state to mixtures. Definition of humid exhaust mixture should be
given by the user. All common exhaust gas components such as carbondioxide, carbonmonoxide,
nitrogen, oxygene etc. is defined in the program and their properties can be calculated by using user
defined name and mixture ratios. Mixing of dry exhaust gas and water is carried out by using PR EOS
mixing, but water properties such as saturation vapor pressure, saturation liquid and vapor densities are
taken by utilizing IAPWS-97 water and steam industrial EOS. Basic thermodynamic and heat-mass
transfer equations are used to define properties such as dew point temperature, adyabatic saturation
temperature and wet bulb temperature. In order to calculate thermophysical properties such as viscosity,
thermal conductivity etc. combination of cubic surface splines and Wilke, Reichenberg... methods are
used. Results of developed equations are compared with ideal gas humid exhaust gas equations. A
Graphical user interphase is also developed. All the program codes are listed as free access in
www.turhancoban.com adress. As subprograms properties of properties of dry air can also be calculated
by using this set of PR EOS programs. All the codes are developed in java programming language.

2. Formulation of the equation of state

We will consider two different form Peng-Robinson cubic equation of states in this paper. In the first one
air will be treated as a gas mixture. In the second approach air will be considers as a pure gas. In this
case pseudocritical properties will be used to calculate air as a single gas Peng-Robinson cubic equation
of state.

Cubic Equation of State has a general form of equation
RT a

v—b  vZ+ubv+wb?

Peng-Robinson EOS coefficients: u=2,w=-1 so that equation took the form:
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RT a

— 2.2 where
v—b  v24+2bv—b?
_ 0.0780RTerit 23

and

PCTLf
_ 0.45724R%TZ., [

" 1+ fw(l—T>)]?
fw = 0.37464 + 1.54226w — 0.269992w? 25
w in Peng-Robinson and Soawe equation of states coefficient is called accentric factor. This factor is
calculated as
w = —l0g10Psaturatea vapor(at T,=07)—-1 26
To obtain values of w, the reduced vapor pressure (B. = P/P..i;) at T, = T /T.;y = 0.7 is required.
The equation can also be written in the following form:
73— (1+B*—uB*)Z?+ (A*+wB*?> —uB* —uB*?)Z — A*B* — B*> —wB*> —wB*3 =0

27
where A* = 2 =2 99 Z7=2"210
RT RT

We are trying to establish equation of state which is a gas mixture.

More recently, Harstad, Miller, and Bellan [1] have presented computationally efficient forms of EOSs for
gas mixtures, particularly of PR-EOS. They have also shown that it is possible to extend the equations’
validity beyond the range of data using departure functions. In this study the mixing rule proposed by
Miller et al. is used to extend the PR equation of state to mixtures. In particular, the parameters a and b
can be obtained by

a=Y;Y;jyiyja; 211and b = Y,;y;b; 2.12 where y is the mole fraction in the vapor phase

0.0780RT ¢rjt i j 0.45724R2T?
Where bU = —4

et 243 ay =~ 1 4 (1 - TOH]T 244
critij critij

fw;; = 0.37464 + 1.54226w;; — 0.269992wU 2.15

Trij =T/Terieij 2.16

The diagonal elements of the “critical” matrices are equal to their corresponding pure substance

counterparts, i.e., Tepitii = Terit i Perit it = Peritir @nd wy; = w; . The off-diagonal elements are

evaluated through additional rules:

Zerit ijRTerit i
PCT'it ij e — 217
critij

Verieij = [( crie i)/ + (V rit jj)
ZC‘r'lt l] 2 [ZCTlt ii + ZC‘r'lt ]]] 21 9
W= [w it 220

C‘r‘ltlj \/ crltu CTlt]](]' kl]) 2.21

Where interaction coefficient k;; can be calculated as:

1/3

] 218

1/2
k — 1 ( crltchrlt]]) 222

critij

Partial derivatives with respect to a

6_(1___ fwijTrij )
P (s ey Trp) “8
62

0.457236R? Torici
T2 _—Z Z] (yly]alj(l f(l)l]) tij Trij) 2.24

Pcrit ij

In order to solve v(T,P) root solving is required, but due to structure of cubic equations root solving can
easily be established by using Tartaglia & Cardino formula(1530). The basic formulas used to calculate
cubic roots analytically are as follows:

y=ag+ a;x + ax? +azx® 225
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a=ay/az b=a;/az c=ay/az 2.26
y=c+bx+ax?+x3 227

Q=" z=2d*-9ab+27c 228 R=2z/54 229
if (R* < Q%)

~~

! %= —2\/5605[9/3] —a/3
X, = 2\/5cos[(9 —2m)/3] —a/3
\Xx, = 2\/6005[(9 —2m)/3] —a/3)

else
( A=—(R+ RZ—Q3)1/3 \
if(a==0)B=0
elseB=Q/A
3 xXo=(A+B—-a/3) > 2.30

= [(-22)-or] 22

2

e = [(-452) - ] - [257):

2 17/
Data is also needed to solve C,(T) value. In order to establish that, NIST tables given at the adress

https://janaf.nist.gov/ is used. As exhaust gas mixture, the following formulation is taken. Since C,(T’)
value is for the ideal gas, ideal gas mixing rule applied to establish C,(T") value of the mixture from the
given gases. For each individual gases the following partial difference curve fitting formula is used

. 5
Coi(T) = Ay + B1073T + 202 + Di107T? Ty ST < Ty 231

Table 2.1  a selective composition of exhaust gases

Name Formula | Malar Tc Pc Zc w
Nitroaen N> 28013 1126.2 339 0.29 0.039
Oxvaen 0 31999 1546 h04 0.288 0.025
Araon Ar 39948 1508 48.7 0.291 0.001
Carbondioxide CQO» 4401 304.1 73.8 0.274 0.239
carbonmanoxide | CO 28.01 13286 13494 0.291515 1 0.0497
Hvdroaen Ho 2.0159 |33 12.9 0.303 -0.216
Methane CH4 16.043 11904 46 0.288 0.011
Sulphuredioxide | SQ» 64.064 14308 78.8 0.269 0.256
Nitroaenoxide NO 30.006 1180 64.8 0.25 0.588
Nitroaendioxide [ NO» 46.0055 12619 101 0473 0.834
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Nitrogen N2 Cp=a0+a1*1e-3"T+a2"1e5/T*2+a3"1e-5'T*2 Tlk=T<=Th
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Figure 2.1 Cp of Nitrogen kJ/(kmolK)

Nitrogen N2 error Cp=al+a1*1e-3*T+a2*1e5/T*2+a3*1e5T*2 Tlk=T<=Th
0.006285

0.005008 —|

0.003731 |

0.002455 —|

0.001178 —|

9.871e-05+

Error Cp KJlkmolK

0.001375—

40.002652—

40.003929—

40.005205—

0.006482: T T T T T T T T T
100.0 690.0 1280 1870 2460 3050 3640 4230 4820 5410 6000

T degree K

Figure 2.2 Error of Cp in Nitrogen kJ/(kmolK)
Table 2.2 Cp (kJ/kmol K) partial continious curve fitting equations for N2 Nitrogen

] A B Ci D Ti K Tui K
0 29.4086307829 |-2.2514470327 [-0.0124732186 |4.5208886188 | 100 350

1 27.6461690069 | 0.8823555268 [0.7700742081 |4.7644228675 | 350 700

2 21.6017064500 |14.8784143146 |3.8128084889 |- 700 1200
3 298307659455 | 54215607907 [-15.0430960215 |- 1200 1700
4 354767415122 |0.9735825946 | -42 5476274875 |- 1700 2200
) 349282028043 |1.3194039653 [-38.1841919451 |- 2200 2700
6 36.2625256395 |0.5815001033 | -50.8983620805 | - 2700 3200
7 35.6573409828 | 0.7661686027 | -34.6659363416 |- 3200 3700
8 36.4180454205 |0.4325957723 |-44 1847062013 |- 3700 4200
9 138.0776880528 |-0.1529603974 |-80.3118075101 10.0367938172 (4200 4700
10 [37.7602843891 [-0.0499492999 |[-73.1011559910 [0.0277685442 (4700 5200
11 1399738552178 |[-0.8545553355 |[-77.5759376892 [0.1012534665 | 5200 6000
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Oxygene 02 Cp=al+al1™1e-3"T+a2"1ebT"2+a3"*1e5"T"2 Tk=T<=Th
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Figure 2.3 Cp of Oxygen kJ/(kmolK)
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Figure 2.4 Error of Cp in Oxygen kJ/(kmolK)

Table 2.3 Cp (kJ/kmol K) partial continious curve fitting equations for O, Oxygen
i Ai Bi Ci Di Ti K |[ThiK
0 30.4360497777 | -11.2237599022 | -0.0470904822 26.32148881 100 1350
1 21.0013128464 | 236124140999 |2.0465414905 -10.13517575 [ 350 [700
2 1297425986041 |7.9789108946 |-6.1233332754  |-2.24031495 700 11200
3 136.3127682664 |0.0508140217 |-19.6552390868 |(0.457041973 1200 11700
4 33.3454038017 | 2.3286053031 | -4 5266442186 -0.037148052 1700 12200
5 131.0363625955 |3.8048102300 [11.9512729667 [-0.301414132 12200 |2700
6 297505550766 |4.5049829956 |24.8330382203 |-0.408590258 |2700 |3200
7 1321468550607 |3.4665349136 | -12.2598987205 |[-0.282718412 3200 {3700
8 1435270060418 |-0.6697614318 |-268 7947582132 [(0.140806012 3700 14200
9 |547682266815 |-4.2184956697 |-604.9056827788 |0.456500264 4200 14700
10 163.2608157288 |-6.7264001385 |-894 0814520230 | 0.664904416 4700 5200
11 171.3147995769 |-8 8936565340 |- 0.828443569 5200 16000

Table 24  Cp (kJ/kmol K) partial continious curve fitting equations for Ar Argonne
i Aj Bi Ci Di Ti K IThiK
0 120.786 0.00E+00 0.00E+00 0.00E+00 10016000
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Figure 2.5 Cp of Carbondioxide kJ/(kmolK)
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Figure 2.6 Error of Cp in Carbondioxide kJ/(kmolK)
Table 2.5 Cp (kJ/kmol K) partial continious curve fitting equations for CO, Carbondioxide

| Ai Bi Ci Di Ti K ThiK
0 2417695 | 48.80953 | 0.030667 | -14.4509 | 100 450

1 29.07969 | 41.34326 | -2.57452 |-16.1272 450 700

2 35.88058 | 28.30551 [-8.16751 | -9.05087 | 700 950

3 4461914159518 |-21.2354 |-4.12499 | 950 1200
4 50.5033 [9.333369 | -35.0403 |-2.0301 {1200 1450
2 05.22614 14951577 |-51.3388 |-0.8857 | 1430 1700
6 D6.71256 | 3.770828 | -58.2705 |-0.62243 | 1700 1950
{ 55.75435(4.235689 | -48.4648 | -0.67653 [ 1950 2200
8 62.93864 [ -0.1052 |-107.238 |0.063145 [ 2200 2450
9 61.26995 | 0.878185 |-93.4171 |-0.09865 | 2450 2700
10 53.09232 | 4711524 | 16.55348 | -0.60354 | 2700 2950
11 64.65656 1 -0.63693 [-166.171 10.120353 [ 2950 6000
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Figure 2.7 Cp of Carbonmonoxide kJ/(kmolK)
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Figure 2.8 Error of Cp in Carbonmonoxide kJ/(kmolK)
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Table 2.6 Cp (kJ/kmol K) partial continious curve fitting equations for CO Carbonmonoxide

| Ai Bi Ci Di Tli K ThiK
0 49.95184 | -200.386 | -0.54167 |528.0128 |81.523 | 180
1 29.30118 | -1.94455 [0.058473 |4.509735 | 180 280
2 31.01407 [ -10.3848 |-0.15289 | 16.24637 | 280 380
3 29.31205 | -4.66255 [0.291596 | 10.84405 | 380 480
4 23.87158 [ 10.41445 [ 2.409896 | -0.94346 |480 580
2 21.7421515.46368 | 3.516688 | -4.29724 | 580 680
6 -33.6369 | 108.1091 [ 59.20693 | -46.8512 | 680 1000
7 31.48346 [4.517807 |-15.717 | -0.87637 | 1000 2000
8 36.6557510.631705 | -43.2665 | -0.05316 {2000 3000
9 37.26197 1 0.323662 | -49.7589 | -0.00975 | 3000 4000
10 38.51265 [ -0.07218 |-87.7726 | 0.025931 | 4000 5000
11 37.30144 10.2445 1-34.4648 10.002482 | 5000 6000
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CH4 Methane Cp=al+a1*1e-3"T+a2"1e5/T"2+a3"1e5"T"2 Ti<=T<=Th
106.3

99.00

9170

8439

7709 o

69.78 —

Cp specific heat KJ/kmolK

6248

5517 o

4787 —

4056

33.26

100.0 69‘0.0 12‘80 1é70 2&‘!60 3650 3é40 Aéao 4&20 5“1.10 6000

T Temperature degree K

Figure 2.9 Cp of Methane kJ/(kmolK)

CH4 Methane Error Cp=al+a1’1e-3"T+a2'1e5/T"2+a3"1e-5"T*2 Tik=T<=Th
0.01088

0.007674 —

0004468 —
0.001261 — {\A/\/
0.001945— /

0.005151 —

Error Cp KJikmolK

0.008358 —

001156 —

001477 —

001798 —

£0.02118 T T T T T T T T T
100.0 690.0 1280 1870 2460 3050 3640 4230 4820 5410 6000

T Temperature degree K

Figure 2.10 Error of Cp in Methane kJ/(kmolK)

Table 2.7 Cp (kJ/kmol K) partial continious curve fitting equations for CH4 Methane

| Ai Bi Ci Di Tli K |[ThiK
0 389123736504 |-55.3874872142 |-0.1624378115 [150.9053147152|100 | 350

1 10.2017001921 [ 103.1499706325 | 6.8244054323 | -32.6647019325 [ 350 700

2 111.5469381874 [82.1956932915 |[-3.4532853748 |-21.6049885321 | 700 [ 1200
3 [50.5726286784 |38.2867248339 |-96.5322057325 |-7.6255082941 | 1200 [1700
4 179.6812573368 [14.8141853159 |- -2.2882055069 1700 |2200
5 1942035225106 |5.8402863889 |- -0.7248723495 2200 |2700
6 [104.3572688164 [0.9375681237 |- -0.0573582565 2700 {3200
7 1103.6301717202 [ 1.3552795586 |- -0.1207924453 3200 {3700
8 1105.4581132228 | 0.6836699074 |- -0.0516420434 | 3700 [4200
9 1111.0178882010[-1.0114481078 |- 0.0932934104 {4200 (4700
10 | 111.6872244691 | -1.0507238460 | - 0.0840648677 {4700 |5200
11_1104.2567574929 10.8702029904 |- -0.0562039032 15200 16000
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Figure 2.11 Cp of Sulphuredioxide kJ/(kmolK)
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Figure 2.12 Error of Cp in Sulphuredioxide kJ/(kmolK)

Table 2.8 Cp (kJ/kmol K) partial continious curve fitting equations for SO, Sulphuredioxide

| Ai Bi Ci Di Ti K ThiK
Q 27.04565 | 47.58204 10.189722 | -17.2701 [ 100 200

1 39.52263 | 25.59534 | -8.23243 |-9.8155 |500 1000
2 03.76983 | 4.437451 | -27.6248 | -0.96106 | 1000 1500
3 58.95975 [ -0.15624 | -47.8644 |0.19461 [1500 2000
4 24.80818 | 2.568125 | -18.0685 | -0.31583 | 2000 2500
o} 28.88664 | 0.256359 | -55.9377 | 0.053221 | 2500 3000
6 66.03351-2.58008 |-187.621 [0.3671 |3000 3500
7 65.37328 | -1.93967 |-215.805 [ 0.25682 | 3500 4000
8 27.85293 | 0.75634 |-44.6259 |-0.01406 | 4000 4500
9 32.2836 |7.900894 | 922.2949 | -0.57483 {4500 5000
10 60.70438 | 0.064268 | -194.933 | 0.034438 | 5000 5500
11 26.68717 1 7.749428 1 1767.32 1-0.45276 15500 6000
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Figure 2.13 Cp of Hydrogen kJ/(kmolK)

Hydrogen H2 error Cp=a0+al’1e-3"T+a2"1e5/T*2+a3"1e 5'T"2 Tl=T<=Th
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Figure 2.14 Error of Cp in Hydrogen kJ/(kmolK)
Table 2.9  Cp (kJ/kmol K) partial continious curve fitting equations for H, Hydrogen

| Ai Bi Ci Di Tli K |ThiK
0 [14.7466359163 |75.9881404127 |0.6855650913 |-104.7842726 [100 | 350

1 131.8773831527 |-7.0195707811 |-1.2522956170 |5.578010465 350 1700

2 127.0099099507 [1.4614189875 |3.6026361193 | 1.374481793 700 11200
3 120.0497436420 |9.8952098371 | 17.7745882168 |-1.504385502 1200 | 1700
4 1240484325285 |6.8102257923 |-2.3005034859 |-0.832957652 | 1700 [2200
5 129.2156479907 |3.6508950604 | -43.3579756078 |-0.289222932 | 2200 |2700
6 323142438373 |2.0694485310 |-78.1959957855 |-0.062964072 2700 | 3200
7 1356831488932 |0.6762347250 |- 0.099070362 3200 13700
8 355630278333 |0.8914164594 |- 0.060326987 3700 14200
9 121.7272706390 |5.3732818954 | 234.0626600693 | -0.347950527  |4200 [4700
10 _113.0199056150 |7.8723964969 | 5471226571751 | -0.549658083 | 4700 | 5200
11_16.7479064642 19.5439111926 |1 806.6543827683 | -0.674639418 15200 | 6000
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Figure 2.15 Cp of nitrogenoxide kJ/(kmolK)
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Figure 2.16 Error of Cp in nitrogenoxide kJ/(kmolK)

Table 2.10  Cp (kJ/kmol K) partial continious curve fitting equations for NO nitrogenoxide

| Ai Bi Ci Di Ti K |[ThiK
0 32.8126 |-19.5019 |0.113397 | 30.56871| 100 350

1 23.47444 1 13.61935|2.389668 | -2.99208 | 350 700

2 25.32888 | 12.49957 | -1.08532 | -3.73402 | 700 1200
3 33.36601 | 3.055302 | -18.7149 |-0.59429 | 1200 1700
4 35.32721]1.389977 | -26.6282 |-0.19854 | 1700 2200
5 36.22985 | 0.766685 | -31.9175 |-0.07916 | 2200 2700
6 40.62087|-1.29015 |-91.592 |0.192583 | 2700 3200
7 36.54486 | 0.520787 | -30.0357 |-0.034 | 3200 3700
8 31.3549 | 2.240096 | 108.3155|-0.19338 | 3700 4200
9 41.85404 |-1.1246 |-197.343 | 0.110769 | 4200 4700
10 35.77776 | 0.663614 | 9.870697 | -0.0371 4700 5200
11 41.11029-0.68262 | -242.222 | 0.059063 | 5200 6000
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Figure 2.17 Cp of nitrogendioxide kJ/(kmolK)
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Figure 2.18 Error of Cp in nitrogendioxide kJ/(kmolK)
Table 2.11  Cp (kJ/kmol K) partial continious curve fitting equations for NO nitrogenoxide

i Ai Bi Ci Di Ti K Thi K
0 2954144 117.38303 10.176647 | 22.99876 | 100 350

1 19.75366 | 59.76481 | 1.713585 | -28 4767 | 350 700

2 42 18877 117.05306 | -17.2367 |-5.35348 | 700 1200
3 53.74609 | 3.236678 | -41.5942 | -0.69008 | 1200 1700
4 56.18697 | 1.166511 | -51.5655 | -0.19752 | 1700 2200
5 57 6207 10.249053 |-62.1579 |-0.03148 | 2200 2700
6 57.9747910.058365 | -65.5267 |-0.0031 | 2700 3200
7 57.4765910.248112 | -54.7568 | -0.02401 | 3200 3700
8 56.14902 | 0.694708 | -19.9465 | -0.06631 | 3700 4200
9 57.2372310.296467 | -43.1584 | -0.02572 4200 4700
10 64 57755|-1.70541 |-337.091 10.12815 4700 5200
11 60.09228 | -0.44818 |-172.687 10.029764 | 5200 6000

Now we can establish other properties by using basic equations
ds = 2247 + (F22) dv 233

4

dT + ("’Pg”))v dv 2.34

R- cp (T)

ds =
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du = C,(T)dT + (T (%)v —P(T,v))dv 235

du = (R — C,(T))dT + (T (%)v —P(T,v))dv 236

G0, =+~ s Grmamn) 7). = o5~ Gaamee) (7). 237
S(T,V) = 5o + fy —22dT + [} ("—P) dv 2.38
OP(T,v)

W(T,v) = uy + fTO(R — Cy(M)dT + [} (T (T)v —P(T,v))dv 239
h(T,v) =u+vP(T,v) 240
g(TV)=h(TV)-TP(T,v)  2.41

Ci1

Cpi(T) = A; + B;10~ 3T+

Cp(T) = 2153 v Ci(T) = X155y [A; + B1073T + 2=
243
Co(T) =R = Cp(T) = X155 yi Coi(T) = X155 v [R = Cui(T)] 244

© L D106T2 T, <T <Ty 242

€19 4 p,10° 2| Ty ST < Ty

C,(T) = 2255 v [R — (A + B107T + %22 4+ D10- GTZ)] 245

T

fTo C,i(T)dT = [R(T Ty) — (A (Tyi — Tui) _|_ £10-3(TZ, — T3) — C;10° (:_
1 D;10™ L
T_Li)+ (THL_TLL)) ( m(T — TLm)+ =10~ 3(T2 T2 ) — C,, 105 (__m)-l_
Dy 1076

Pl (13- Tgy)| 246
Where Ty =T, =100 K and Ty, < T < Tym
f C,(T)dT = Y2 Oyjf C,;(T)AT 247

fT 2D g7 = Rin () - [2{”01,4 In (T’“) + B; (Ty; — Ty) — 2C;10° (— - i) +
0

o THL TLl

Dm10 1 D, 10-6
(TI-%I. l)] [A ln ) + B (T TLm) ZC 105 (F - m) + T (TZ -

TLm)] 248

Where Ty =T, =100 Kand Ty, < T < Tym

T Cy(T)dT 1 T Cyj (T)dT
o = 0y Iy~ 2.49

For the steam calculations class steamlAPWS_IF97 is used. Details of these equation of state is as
follows: International Association for the Properties of Water and Steam(IAPWS) is developed a new set
of equation of states for industrail use. This new set of equations are developed in 1997. Steam properties
are given by 5 sets of equation of states, as shown in the Figure 2.11
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Figure 2.11 Zone definitions for different sub EOS for IAPWS-IF97

Figure 2.11 Equation of state regions for steam
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The first equation, which covers basically liquid region has the following gibbs free energy form:

M = 7/(7[, ‘[) = ini (71—72')|i (T —1222)Ji (250)

RT

i=1

Where 7=p/p" © =TIT p=16.62 MPa and T'=1386 K R=0461526 kJ/(kgK)

Table 2.12 coefficients of eqn. 2.50

i l; Ji Ni i l; Ji Ni

1 0 -2 0.146329712131 [ 18 2 3 |-

2 1] -1 - 19 2 17 | -

3 0 0 - 20 3 4 |-

4 0 1 3.385516916838 | 21 3 0 |-

5 1] 2 - 22 3 6 |-

6 0 3 0.157720385132 | 23 4 Ao |-

7 0 4 - 24 4 2 |-

8 0 5 0.000812146299 | 25 4 10 | -

9 1 -9 0.000283190801 | 26 5 -8 |-

10 [1 7 |- 27 8 - -

11 11 -1 - 28 8 6 |-

12 11 0 - 29 21 |- -

13 11 1 - 30 23 |- 1.4478307829
14 |1 3 - 31 29 |- 2.6335781663
15 12 -3 - 32 30 |- -

16 |2 0 - 33 31 | - 1.8228094581
17 12 1 0.000047661393 | 34 32 |- -

Thermodynamic relations can be calculated from these thermodynamic relations

Specific volume: v = (

a9

P

- l (2.51)
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Specific enthalpy: h=g —T(a—gj (2.52)
p ),

. g a9
Specific int | u=g-T|—| - 2.53
pecific internal energy: U = g ( = jp p( o 1 (2.53)

- g
Specific entropy: s=| —= | (2.54
p py ( p= jp (2.54)

Specific isobaric heat capacity: C :(%j (2.55)
P

Specific isochoric heat capacity: C, = (S—_l;j (2.56)

The second equation equation, which covers vapor region has the following gibbs free energy form:

gZ(Rr;T_) = y(z,7)=y°(7,7) + 7" (7,7) (2.57)

Where 7=p/p" z=T"/T R=0461526 kJ/(kgK), 7°(x,7)is the ideal gas part of EOS, and ¥ (7, )
is the real gas part of the EOS. ideal gas part equation:

9
Y(mr)=Inz+ z Nz’ (2.58)

i=1

Where p’=1MPa and T'=540 K

Table 2.13 coefficients of eqn. 2.58

i Ji no i Ji nio

1 0 - 6 -2 1.4240819171E+00
2 1 1.008665597E+01 | 7 -1 -4 3839511319E+00
3 -5 -5.608791128E-03 | 8 2 -2.8408632461E-01
4 -4 7.145273808E-02 |9 3 2.1268463753E-02
5 -3 -4 071049822E-01

dimensionless residual part of the basic equation g2( p,T ) is as follows:
43

y'(m,7) = Z nz'(z-05)" (2.60)
i=1

Where p’=1MPa and T'=540 K
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Table 2.14 coefficients of eqn. 2.60

i li Ji Ni L; Ji Ni

1 1 0 7 0 -5.9059564324270E-18
2 1 1 -1.7834862292358E- | 2 | 7 11 -1.2621808899101E-06
3 1 2 -4 5996013696365E- | 2 | 7 25 -3.8946842435739E-02
4 1 3 -5.7581259083432E- | 2| 8 8 1.1256211360459E-11

5 1 6 -5.0325278727930E- | 2 | 8 36 -8.2311340897998E+00
6 2 1 -3.3032641670203E- 1 2 19 13 1.9809712802088E-08

7 2 2 -1.8948987516315E- | 2 | 10 4 1.0406965210174E-19

8 2 4 -3.9392777243355E- | 3| 10 10 -1.0234747095929E-13
9 2 7 -4 3797295650573E- | 31 10 14 -1.0018179379511E-09
10 2 36 -2 6674547914087E- | 3| 16 29 -8.0882908646985E-11
11 3 0 2.0481737692309E- | 3| 16 50 1.0693031879409E-01

12 3 1 4 3870667284435E- | 3| 18 57 -3.3662250574171E-01
13 3 3 -3.2277677238570E- | 3| 20 20 8.9185845355421E-25

14 3 6 -1.5033924542148E- | 3| 20 35 3.0629316876232E-13

15 3 35 -4 0668253562649E- | 3 | 20 48 -4 2002467698208E-06
16 4 1 -7.8847309559367E- | 3 | 21 21 -5.9056029685639E-26
17 4 2 1.2790717852285E- | 3| 22 R3 3.7826947613457E-06

18 4 3 4 8225372718507E- | 4| 23 39 -1.2768608934681E-15
19 5 7 2.2922076337661E- [ 4|24 26 7.3087610595061E-29

20 6 3 -1.6714766451061E- | 4| 24 40 5.5414715350778E-17

21 6 16 -2.1171472321355E- | 4| 24 h8 -9.4369707241210E-07
22 6 35 -

Region 3 equation is given as Helmholts free energy form:

fs(0,T)

S L =g(5,7)=n/In 5+§:ni5"rj' (2.61)

RT

Where 5= p/p" r=T"/T , T'=T;=647.096 and R=0461526 kJ/(kgK)

i=2

Table 2.15 coefficients of eqn. 2.61

i [; Ji Ni i [; Ji Ni

1 10 0 1.065807002851E+00 21 3 4 -2.0189915023570E+00
2 10 1] -1.573284529024E+01 22 3 16 -8.2147637173963E-03
3 10 1 2.094439697431E+01 23 3 26 -4 7596035734923E-01
4 10 2 -7.686770787872E+00 | 24 4 0 4.3984074473500E-02
5 10 7 2.618594778795E+00 25 4 2 -4 4476435428739E-01
6 10 10 | -2.808078114862E+00 | 26 4 4 9.0572070719733E-01
7 10 121 1.205336969652E+00 27 4 26 7.0522450087967E-01
8 10 23 | -8.456681281250E-03 28 5 1 1.0770512626332E-01
9 1 2 -1.265431547771E+00 | 29 5 3 -3.2913623258954E-01
10 1 1 6 -1.152440780668E+00 | 30 5 26 -5.0871062041158E-01
11 [1 15 | 8.852104398432E-01 31 6 0 -2.2175400873096E-02
12 11 17 | -6.420776518161E-01 32 6 2 9.4260751665092E-02
13 |2 0 3.849346018667E-01 33 6 26 1.6436278447961E-01
14 [ 2 2 -8.521470882421E-01 34 7 2 -1.3503372241348E-02
15 [ 2 6 4. 897228154188E+00 35 8 26 -1.4834345352472E-02
16 | 2 7 -3.050261725697E+00 | 36 9 2 5.7922953628084E-04
17 12 22 | 3.942053687915E-02 37 9 26 3.2308904703711E-03
18 [ 2 26 | 1.255840842431E-01 38 10 0 8.0964802996215E-05
19 13 0 -2.799932969871E-01 39 10 1 -1.6557679795037E-04
20 13 2 1.389979956946E+00 40 11 26 -4.4923899061815E-05
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It should be noted that this set of equation is function of density and temperature, and basic equation is
helmholts equation so, let us list definition of other thermodynamic properties

Pressure: pzpz[ﬂ] (2.62)
op );

Specific enthalpy: h= f —T(ij +p a (2.63)
aT ), op )

Specific internal energy: u = f —T(ij (2.64)
T ),

o of
Specific entropy: s=| — | (2.65
p py: s ( aTj (2.65)

el

Specific isobaric heat capacity: C =(2—$j (2.66)
P

Specific isochoric heat capacity: C, = (%) (2.67)

Region 4 of the equation defines saturation region. The basic equation is given as a polynomial
L2+ 29 +n, B+, B +n, LI +nB+nS +n,.F+n, =0 (2.68)
Where

p=(p,1p"f" (269

n
9=+ 2 2.70
T iTS/T i—nlO (2.70)

From this equation both saturation pressure and saturation temperature eqaution can be derived.

4
R 2C (2.71)
P* | —B+(B%-4AC)*®

Where p’=1 MPa

A=F +n9g+n,

B=n,%+n,9+n,
2
C=n9 +n,3+n,

Table 2.16 coefficients of eqn. 2.71

Ni Ni
1.1670521453E+03 1.4915108614E+0

| |

1 6

2 | -7.2421316703E+05 | 7 -

3 | -1.7073846940E+01 | 8 | 4.0511340542E+Q
4 1.2020824702E+04 | 9 | -2 3855557568E-
5 | -3.2325550322E+06 | 10 | 6.5017534845E+0
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It is also possible to drive saturation temperature eqaution from the basic polynomial as:

S

*

T 2
Where T'=1 K
2G
~F-(F?-4€EGf*

E=f +np+n,

) .5
T, _n+D—|(n, +D) —4(n, + n,D| 27

D=

F=np*+nf+n

G=np’+np+n,
And the final region for steam is region 5, again given as gibbs free eqaution type EOS

95PT) _ (2,2) = (1) + 7 (,7) (279

RT

* 0
Where 7=P/ P ,_1+ /1 R=0461526 kJi(kgK), 7 (77, 7)is the ideal gas part of EOS, and 7' (77,7)
is the real gas part of the EOS. ideal gas part equation:

9
(r,r)=Inw+ z Nz’ (2.74)
i=1
Where p’=1MPa and T'=1000 K
Table 2.17 coefficients of eqn. 2.74

i Jo no i Jo nio

1 0 - 4 -2 0.3690153498
2 1 6.8540841634 5 -1 -3.1161318214
3 -3 -0.0248051489 | 6 2 -0.3296162654

The real gas part of the equation
43

y'(7,7)= Z nzth (2.75)
i=1

Table 2.18 coefficients of eqn. 2.75

i li Ji Ni i [; Ji Ni

1 1 1 1.5736404855E- | 4 2 3 | 2.2440037409E-06
2 1 1 2 9.0153761674E- | 5 2 9 | -41163275453E-06
3 1 1 3 | -h.0270077678E- | 6 3 7 3.7919454823E-08

At reference [8] more detailed set of eqautions are given for this calculations, for example reverse equation
sets are given so that instead of additional curve fitting to get the variables this additional sets can be
utilized A program in java (steamlAPWS_IF97) is prepared to use this set of EOS. A user interface is also
prepared (steamTablelF97.java). The user interface input frame is given in the following figure.
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l=/ Properties of water and steam IAPWS Industrial formulation 1997 — O RS

properties of water and stearm

International Association for the Properties of Water and Steam (IAPWS)
Industrial formulation 1997

Dr. M. Turhan Goban,

Eye University, School of Engineering, Mechanical Eng. Dept., lzmir, Turkey
email : turhan.cobang@turhancoban.tr

web : www.turhancoban.com

Reference: International Steam Tables, Wolfgang Wagner, Hans-Joachim Kretzschamar
ISBN 978-3-540-21419.9, Springer 2008

27315 K <=T<=1073.15K && 0<P <= 100 MPa

107315 K <= T <= 227315 K && 0<p <= 50 MPa

select known property pair : [t hd ]

Temperature 373.15 degree K

Quality 1.0 kg vaporkg mix.
refno Froperty Walue Units

0 P, pressure 101.417977921309... | kPA

1 T, temperature 373.15 deg K

2 , specific volume 1.67186060109403... | mkg

3 h, enthal 2675.572029220834 | KJKkg

4 u, internal energy 2506.015307691571 | KJkg

5 s, entropy 7.354077 KJkg

6 x, quality 1.0 kg vapkg mix

7 phase saturated vapor

Figure 2.12 GUI for thermodynamic properties of steam

Equations for humid air:

h4 (A, T,p) = (1 — AWV (T, p¥) + ARA(T, p4) 2.76

sW(AT,p) =1 —A)sY(T,p") + AsA(T, p?) 277
3. Additional formulations

In some processes such as natural gas fired exhaust water condensing water heaters, water in exhaust
gas is condensing and energy of phase change is utilised in the process. In such a case detailed
thermodynamic state of humid exhaust gases is required. Thermophysical properties of definitions used

in standart air conditioning industry should also be expressed. Some of these properties are:
1

Humidiy ratio w = () =1 3.1

Mole fraction of dry exhaust gas x, = AlMy /M4) 3.2

1-A[1-(My /M 4)]

Mole fraction of water: 1 — x4 3.3
XA

Mass fraction of dry exhaust gas: A = — R 3.4

Partial pressure of water: P = (1 — x,)P 3.5
Partial pressure of saturated water: PWS% = (1 — x5*)P = P,(T) 3.6
: . _ PW (1-xp)
Relative humidity: RH = —= = =) 3.7
mW  1-4
mWsat — {_gsat

3.8

Dew point temperature (saturation temperature at partial pressure of water) T,(PV) = Ta((l — xA)P)
3.9

Another concept used for wet exhaust gas is adyabatic saturation temperature. If exhaust gas flow
through an infinite length channel filled with water at the bottom and all walls are insulated, it will absorb
water and will be reached to adyabatic saturation point. The temparature of adyabatic saturation point is
also called wet exhaust gas temperature, it is an idealised thermodynamic concept and can be calculated
from the energy balance of the infinitely long channel. Basic energy equation:

Energy of the exhaust gas entering the channel = energy of the exhaust gas leaving the channel + energy
of evaporated water,

Degree of saturation DOS =
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Perfectly insulated

m, m,
h.tw h* t* w*
L -

' m; makeup water
at t*. hyater

Figure 3.1 Adiabatic saturation temperature

Somyh(A,T,P) + mih,,ueer (T", P) = myh(A%, T, P) 3.10

m; =maw* —w) =m, (i - l) 3.11

h(A, T, P) + (= = %) Rivacer (T", P) = h(A",T", P) 3.12

Since the exit is at saturation state relative humidity at exit is 1 so
_ PV (1-xp)

RH = e = o) = 1.0 313

Solution of these equations will require root finding methods.

In order to calculate viscosity of dry exhaust gases Wilke equation[6] and

Reichenberg[18,19] equations are used. This equations has the following form:

For low pressure viscosity term Wilke equation is used, which has the following form:

0 =Y", ——3.14 where
Z] 1 JlJ

1 (12/9) " (o1 ma)
’ :[ G 1,2 ] 3.15
{8[1+(m;/M;)]}
Where 0 indicates that viscosities are only for low pressures. And y is male fractions, M is molecular

weight. Reichenberg method hast he following equations:
! Ap3/?

U BP,+(1+CP/)~1
The constants, A,B,C and D are the function oft he reduced temperature T;.

A =2282278 oyp (5.2683T,705767) 317
B = A(1.6552T, — 1.276) 3.18

C = 013196x p(3.7035T79-8678) 3.19
D= exp(2.9190T16:6169) 320

For thermal conductivity of dry exhaust gases low pressure thermal conductivity k° is again calculated
from Wilke equation

2. 9496

0
K® = {llznyly 3.21 where
1 ]l]
0/k9) " (mym)
uij:[ () (’1/2) ]3.22
{8[1+(mi/M;)]}

And then Vargaftik[] equation is used to calculate thermal conductivity.
Mixture propertieS'

M = Zl 1ViM, 3.23

T. = l=1 YiTei 3.24

P. =Y P 3.25

V Zl lyl ci 326
Z = l=1yl ci 327
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( 1.22e—2[ex§72(g-535pr)_1] pr < 0.5

k- 10 = f(p) = 1.14e—2[expu((;.;7pr)—1-069] 0.5<p, <2 3.28
2.60e—3[exp(ul;:55510r)+2-016] 2<p, <28

1=210 (T;“;3)1/6 3.29

For water vapor viscosity and thermal conductivity values are taken from IAPWS Industrial Formulation
1997[15]. This equations are as follows:

Viscosity equations:

WpIIN(S, 8) = I*[I,(6)1,(5,0)] 3.30

Where[* = 1076 Pas & = pﬂ 0=T/T*
with T* = T, = 647.096 K p* = p, = 322 kg/m?
1o (8) = 6%5[Xi n? 91‘1']_1 3.31 Coefficients of equation given below:

Table 3.2 Coefficients of equation 3.31

n?

0.167752e-1
0.220462e-1
0.6366564e-2
-0.241605e-2

Ji
1,(8,8) = exp [6 2 on (68— 1) (% — 1) ] 3.32
Table 3.3 Coefficients of equation 3.32

S LON =~

1 I; Ji N: 1 l; Ji N:

1 10 0 5.200940E-01 {12 [2 |2 |-7.724790F-
2 10 1 8.508950E-02 [13 |2 |3 |-4898370F-
3 10 2 - 14 12 14 |-2570400E-
4 |0 3 -2.895550E- (15 13 |0 [1.619130E-
5 11 0 2.225310E-01 (16 |3 [1 |2.573990E-
6 1 1 9.991150E-01 [17 |4 1Q |-3.253720F-
7 11 2 1.887970E+00118 (4 [3 |6.984520F-
8 1 3 1266130E+00119 |5 [4 [8721020E-
9 1 5 1.205730E-01 120 |16 [3 |-4.356730E-
10 12 0 -2.813780E- (21 |6 |5 [-5932640F-
1112 1 -9.068510E-

Thermal conductivity equations
k(ﬁi’” = (188,061, 1501,08080  3.33
lo(8)=6° Xi,n) 67" 3.34

Table 3.4 Coefficients of equation 3.34

n?

1 0.102811e-1
2 0.299621e-1
3 0.156146e-1
4 -0.422464e-2
1,(d)=n; + nyd0+nzexp[n, (8 + ng)?] 3.35
Table 3.5 Coefficients of equation 3.35

| Ni

1 0.39707

2 0.400302

3 -0.171587¢e4
4 -0.239219e1
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1,(3,8)=(n, 671 + n,) 5 Bexp[n, (1 — §%8)] + ny,A6Bexp [(%) (1- 61+B)] +
nsexp[ngd> + n,67°] 3.36
A(0) = 2+ ng(AB)%° 3.36a
(A0)71 for 6>1 .

B(6 ={ 3.37b with A0 =16—-1

© ne(A0)7%C for 6 <1 W | |+ g
Table 3.6 Coefficients of equation 3.36

i Ni i Ni

1 7.013090E-02 |6 -

2 1.185200E-02 |7 -

3 6.428570E-01 | 8 8 229940E-02

4 1.699370E-03 |9 1.009320E+01

o) - 10 3.089760E-03

For mixing of dry air and water vapor Wilke equation[6] will be used again. This equation has the following

form for binary mixtures:

Xala o _(A=xv 398 \here

Umix :[ xA+UAUAV/ (1—XA)+U‘//U1]/A

_ [+ 0a/m) 2 My /M )V
lav = {8[1+(M 4/My)]}1/2 3.282
lya = lavly /la(Ma/My) 3280

For thermal conductivity, similar equations will be used.

_ Xxaka (1—x)ky
Kmix = Tl /+ (1_xA)+k/VUVA 3.29 where
1+ ka/k) 2 (My /M 0) Y4
W= e o2

lya = DAVkV/kA (MA/MV) 3.29b

4. Computer development and error check

Several programs (classes) in java language to carry out this analysis. The list of program(class) names

are given in Table 4.1

Table 4.1 Program lists

Class/interface name | Source

Interface if_x Base interface general definition for function f(x)

Interface if_x Base interface general definition for function f0(x0,x1,x2..) f1(x0,x1,x2,..) ...
steam Water-steam EOS Keenan, Keys,Hill, Moore 1969

steamlAPWS_IF97

Water-steam EOS International Steam Tables, Wolfgang Wagner, Hans-
Joachim Kretzschamar ISBN 978-3-540-21419-9

steam_|APWS95

The IAPWS Formulation 1995 for the Thermodynamic Properties of Ordinary
Water Substance for General and Scientific Use W. Wagner and A. PruB J.
Phys. Chem. Ref. Data, Vol. 31, No. 2, 2002

exhaust_ PR

Dry exhaust EOS. using Peng Robinson EOS for mixtures The properties of
Gases & Liquids Robert C. Reid et al., Janaf Tables (NIST data
https://janaf.nist.gov/)

humid_exhaust_PR

Humid exhaust EOS using peng Robinson EOS as mixtures for dry exhaust
gas and water vapor, The properties of Gases & Liquids Robert C. Reid et al.,
Janaf Tables (NIST data https://janaf.nist.gov/), www.turhancoban.com

exhaust_visk

Low pressure viscosities of exhaust gas componenet and combined low
prossere value for dry exhaust gas

exhaust_visk

Low pressure viscosities and thermal conductivities of exhaust gas
componenet and combined low prossere value for dry exhaust gas
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In Table 4.2 different EOS results compared for 3 thermodynamic states for water vapor properties. A
Graphic user interface programs are also given for non-researchers to utilise these programs. For

utilisation of

thermophysical properties for a given state.

Table 4.2 Comparisons of 3 different EOS for water & Steam thermodynamic properties.

researchers a small sample code is given to show calling of thermodynamic and

Figure 4.1 steam_IAPWS95 Graphic user interface
By using equations given above a class called exhaust_PR is developed. The result of this class is
compared with Peng-Robinson EQOS results as a mixing of the gases for air. For comparison an air mixture

percentages  supply

into

N2+0.2095350,+0.009343Ar)

the exhaust

gas mixtures to check the

X
T degree S kg
Class PkPa |K v mékg |hkdkg |ukdkg |kJ/(kgK) |vaplkg
steam 3.535746 | 300 19.55028 | 1331.584 | 1262.459 | 4.455994 | 0.5
steamlAPWS |F97 | 3.536589 | 300 19.541531331.234 | 1262.124 | 445533 0.5
steam [APWS95 [3.536718 |300 19.54013[1331.21 [1262.102 |4.455244 0.5
steam 101.325 {300 0.001003 [112.7105 [ 112.6089 | 0.393245 | -1.1E-09
steamlAPWS 1F97 [101.325 | 300 0.001003 [ 112.665 | 112.5634 |0.393097 | -1
steam [APWS95 [101.325 |300 0.001003 [ 112.6549 | 112.5532 | 0.393062 | -2
steam 101.325 1400 1.801666 | 2730.178 | 2547.624 | 7.495023 | 2.467381
steamlAPWS |F97 [101.325 [400 1.802056 | 2730.272 | 2547.679 | 7.496078 | 2
steam [APWS95 [101.325 1400 1.801984 12730.30112547.71517.496202 | 2
ﬁrt:?r?:t‘izi;f;as‘;;::gns:z:::le Properties of Water and Steam (IAPWS) 95
Dr. M. Turhan Coban, Ege University, School of Engineering, Mechanical Eng. Dept.,lzmir, Turkey
:I:fae‘rlt;l:l::r::’:ﬁ;’;ﬂ?ﬁ?&ﬁlﬁ;‘n‘:i‘;S:f:vxhwé"?;';arnmn:dl)yan';:nl?rcnpmpenies of Ordinary Water
| e b Be
QI.IE:;Y O‘E‘J kgiaponkg mix.
ﬂrefnn [ S gl 5365894\;’2‘:19301 kPA =
== = =
5, plncaemyopmn cotoert oIy D a1
11 n Dynamic viscosity 4.3175534114548716E4 | Pa.s
15 Sarface iasion o7ioussasarioass Nim -
=
show in T-s diagram

results.

(0.781121

public static void mai
{ double T3=300;
double P3=100;

n(String arg(])

double molpercent[]={0.781121,0.209535,0.009343,0.0,0.0,0,0,0,0,0};
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double vis=a.vis(T3,P3);

double k=a.k(T3,P3);
System.out.printin("vis="+vis+"Pas");
System.out.printin("k="+k+"W/mK");
double v=a.v(T3,P3);
System.out.printin("v="+v);

double h=a.h(T3,P3);

double s=a.s(T3,P3);
System.out.printin("h="+h+"kJ/kg");
System.out.printin("s="+s+"kJ/kgK");
System.out.printin("Air");

air_PR b=new air_PR();
vis=b.vis(T3,P3);

k=b.k(T3,P3);
System.out.printin("vis="+vis+"Pas");
System.out.printin("k="+k+"W/mK");
v=b.v(T3,P3);
System.out.printin("v="+v);
h=b.h(T3,P3);

s=b.s(T3,P3);
System.out.printin("h="+h+"kJ/kg");
System.out.printin("s="+s+"kJ/kgK");

System.out.printin("Exhaust gas(with approximate air formula)");
exhaust_PR a=new exhaust_PR(molpercent);

---------- Capture Output ----------

> "E:\co\java\bin\java.exe" exhaust_PR
Exhaust gas(with approximate air formula)
vis=1.8523286707986483E-5Pas
k=0.02597309325582753W/mK
v=0.8608625350706027
h=25.453664651119055kJ/kg
$=0.09809062795981216kJ/kgK

Air

vis=1.8568737028075326E-5Pas
k=0.026231762600234885W/mK
v=0.8606869848516113
h=25.463490663390694kJ/kg
$=0.09807984757875676kJ/kgK

> Terminated with exit code 0.

Properties of steam and dry exhaust combined according to equations given above sections. The program
is called humid_exhaust_PG . In ordert o check the program dry exhaust gas with the values of

approximate air ia given
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| £/ humid air Cubic Peng-Robinson EQS based. Air as a single gas - O x
array no property name walue humid air mass fr base unit value dry air mass fr base unit
0 [P, pressure 100.0 KPA
1 T, temperature 270 deg C
2 [v. specific volume 0.8783771704705853 m*/kg humid air 0.8871609421752912 m'kg drv air
3 [h, enthalpy 50.60960913407488 Klks 51.11570522541563 [KJ/(kg dry air)
4 s, entropy 0.19018800817155854 El/kegK 0.19209079725327413 [T/ (kg drv air K)
5 w, specific humidity, humidity ... |0.010000000000000009 kg vap/kg dry air
6 A, mass fraction of drv air 0.9900900000000001 kg drv air’kg humid air
7 xA. mole fraction of dry air 0.9841761363142831 kmol drv air/kmol humid air
8 irelative humidity 0.44349087645280927
2 \Advahatic saturation temperature |18 40723907909205 degree C
10 dew point temperature 13 84044490246066 degree C
11 m Dynamic viscosity 4.4814422474117964E-4 Pas
12 [k Thermal conductivity 0.027690108068502336 W/mE
13 degree of saturation 0.44014174713411836
14 (Pa dry air partial pressure 08.41761363142831 kPA
15 [Pv water moisture partial press... |1.5823863685716866 kPa
16 p density 1.1384631040265404 kg humid airm® 1.1271911021054045 kg drv air/m*
17 Cp isochoric specific heat 1.036290817835245 kJ/(kg humid air K) 1.0466537260135975 kJ/(kg drv air K)
18 Cv isovolumetric specific heat  |0.7246650051131601 kJ/(kg humid air K) 0.7319116551642917 [KJ/(kg drv air K)
19 tha enthalpy of dry air KJ/kg dr.__ [25.605243114956572 kJ/(kg tumid air ) 25.86120554610614 [kcT/(keg dry air K)
20 v enthalpy of vaj KT/kz wa__|2551 0462110459034 kT/(kg water )
Figure 4.2 humid_air_PR (Air as a gas mixture) Graphic output for P=100 kPa and T=300 K
2] Properties of humid exhaust gases Cubic Peng-Robinson EOS based. Exhaust gas as a gas mixture of component gases - o X
aray no property name value humid axhaust gas mass fr base unit value dry exhaust gas mass fr base unit
0 [P, pressure 00.0 kPA
T. 6.850000000000023 deg C
v, specific volume .8781158237800498 kg humid exhaust gas 0.8868060820187593 m’/kg dry exhaust gas
ih, enthalpy 0.45608366202421 KJikg 50.96064449955345 kJ/(kg drv exhaust gas)
s, entropy .180693238479506 KJ/kgK 0.19150017086439195 kJ/(kg drv exhaust gas K)
iw,_specific humiditv, humidity ratio .010000000000000009 vap'kg drv exhaust gas
|A, mass fraction of dry exhaust gas .0000990099009901 dry exhaust gas’kg humid exhaust
xA, mole fraction of dry exhaust gas .0841792245361956 kmol dry exhaust gas/kmol humid exh...
irelative humidity . 4473203407472477
Adyabafic saturation 1 8.355087528505847 degree C
0 dew point tes 3 3.837442132698925 degree C
m Dynamic viscosity 4.475502201435498E-4 Pas
[k Thermal v 0.02740914063916312 W/mK
degree of saturation 0.43844510600782135
[Pa drv exhaust gas partial pressure 108.41792245361 KPA
Pv water moisture partial pressure .5820775463804448 kPa
p density. .1388019358246468 umid exhaust gas/nr 1.1275266691333137 Iry exhaust gas/m®
Cp isochoric specific heat 0363775560789532 kJ/ umid exhaust gas K) 1.0467413316307427 kJ Irv exhaust gas K)
8 Cv isovolumetric specific heat .724695009917861 kJ/ umid exhaust gas K) 0.7319419600170396 kJ irv exhaust gas K)
) Iha enthalpy of dry exhaust gas KT'kg d_..[25.453001742100255 kJ/ umid exhaust gas ) 25.70753175952126 k] irv exhaust gas K)
20 Ihv enthalpy of vapor KI/kg water 2550.7642757453173 kJ/(kg water )

Figure 4.3 humid_exhaust_PR (an approximate air formula) Graphic output for P=100 kPa and T=300 K
5. Conclusions

In order to predict thermodynamic and thermopysical properties of humid exhaust gases (a mixture of dry
exhaust gases and water vapor) usually perfect gas equation of state is utilised, For better accuracy a
peng robinson equation of state for the moist exhaust gases are developed here. This model can also be
utilised any dry gas mixture and water vapor mixtures such as nitrogen and water mixtures. If another
gases that is not included in the properties, they should be added up into the program which is openly
available to the users at www.turhancoban.com internet adress. Compare to case of air-water vapor
mixtures more approximate formulations is used for viscosities and thermal conductivities, but results
showing approximation is very close when an approximate air formula is applied as an exhaust gas
mixture.
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Abstract: A hybrid analytical-numerical method known as the Generalized Integral Transform
Technique (GITT), first proposed in the mid 80’s, has been gradually advanced to handle
various classes of nonlinear problems in transport phenomena, including fluid flow, heat and
mass transfer. The aim of this hybrid approach is to offer robust, precise, and cost-effective
simulations in convection-diffusion problems, combining analytical eigenfunction expansions
with numerical solutions of the linear or nonlinear transformed ordinary differential systems.
The present lecture provides a general overview of the methodology, which is based on the
classical integral transform approach, generalized to handle a priori non-transformable
problems, such as in the case of nonlinear formulations. Particular attention is given to recent
extensions on the GITT, including the avoidance of implicit nonlinear transformed systems and
the adoption of nonlinear eigenvalue problems in the proposed expansions, with the resulting
gains in computational performance and convergence enhancement effect. Finally, recent
applications involving desalination with direct contact membrane distillation and metal

extraction with supported liquid membrane are more closely considered.

Introduction/Background: Nonlinear transport phenomena are present in most natural or
man-made processes that involve heat and mass transfer, either characterized by
nonlinearities in the physical properties, or in the convection, diffusion, and dissipation
constitutive relations, or additionally in the boundary and equation source terms. While such

nonlinearities are responsible for some of the most relevant and eventually intriguing physical
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behaviours, the analysis of the corresponding mathematical formulations generally involve a

much higher degree of complexity in comparison to the associated linear versions which might
result from simplifying assumptions. The so-called numerical methods for the solution of partial
differential equations (PDESs), such as the best known finite difference, finite element and finite
volume methods [1-3], are very closely associated with the need of handling more involved
nonlinear formulations that could not be tackled by the classical analytical approaches, after
the development of the digital computer and along the following decades. Such approximate
solution methods involve some sort of discretization process and the reduction of the
differential problem into an algebraic formulation, usually involving some linearization and/or
iteration scheme to computationally solve the discretized system. On the other hand, despite
the efforts in developing analytical methodologies for the exact solution of nonlinear PDEs [4-
6], these are still very restricted in applicability and lack generality to be considered systematic
approaches. In this context, numerical methods have been by far the preferred solution path
for nonlinear problems, under various different and competitive schemes and algorithms.
Nevertheless, further advancements are still required towards making computationally
intensive tasks more feasible, such as in optimization, inverse problem analysis, and
simulation under uncertainty.

Alongside the development of the well-established numerical methods, in light of the
limitations of the classical analytical approaches, a number of ideas have flourished mixing the
two concepts, that led to a few now mature hybrid numerical-analytical methodologies. One
such successful development is known as the Generalized Integral Transform Technique
(GITT) [7-17], which is based on the extension of the classical integral transform method for
linear diffusion problems [5,18]. The GITT application in nonlinear problems was originally
based on the interpretation that the PDEs can be rewritten such that the nonlinear terms can
all be moved into nonlinear source terms at both the equation and boundary conditions, while
keeping linear characteristic coefficients in the redefined formulation, that shall provide the
information to be carried along to the chosen eigenvalue problem. Then, after proposing the
eigenfunction expansion and performing the integral transformation itself, the rewritten
nonlinear PDE leads to a coupled nonlinear infinite transformed ordinary differential system to
be numerically solved. Along the last three decades after the GITT proposition to nonlinear
problems [8], this approach has been progressively extended to handle various classes of
problems, with emphasis on nonlinear formulations with variable physical properties, nonlinear
source terms, moving boundaries, and nonlinear convective or reaction/dissipation terms.

In parallel to the successful application in different classes of problems, the hybrid
approach has been progressively enhanced on both the methodological and algorithmic points

of view. The two main tracks for improving convergence rates in eigenfunction expansions
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have been continuously explored, related to the consideration of more informative eigenvalue

problems and to the filtering of the original formulation to extract information from the source
terms. For instance, we may point out some fairly recent contributions such as the proposition
of a single domain reformulation strategy for complex configurations or heterogeneous media
[19-22], the adoption of convective eigenvalue problems for convergence acceleration [23,24],
and the development of vector eigenfunction expansions for the Navier-Stokes equations [25-
28]. More recently, an alternative solution path based on the proposition of nonlinear
eigenvalue problems has been advanced [29], accounting for all or part of the nonlinear
information in the eigenfunction expansion base. The GITT with nonlinear eigenfunctions was
then applied to the specific case of nonlinear boundary conditions [29,30], which led to a
remarkable improvement on convergence rates, as compared to the more traditional path with
a linear eigenvalue problem.

The present lecture reviews the GITT approach in handling nonlinear diffusion and
convection-diffusion problems, first by considering the traditional formal solution path with a
linear eigenvalue problem, including an algorithm variant that avoids an implicit nonlinear
transformed ODE system, followed by the more recent analysis based on a nonlinear
eigenvalue problem choice. Recently tackled applications in nonlinear heat and mass transfer
are then selected to briefly illustrate the methodologies, related to desalination through direct
contact membrane distillation and metals extraction by liquid supported membranes. In the
first case, the single domain formulation strategy is employed in the nonlinear heat and mass
transfer problem for the distillation process, accounting for the permeate, the membrane and
the distillate regions as one single set of equations with space variable coefficients. In the
second case, the nonlinear coupled mass transfer equations for metal extraction are handled
adopting a nonlinear eigenvalue problem that carries the information on the nonlinear reactive
terms in the boundary conditions at the supported liquid membrane. In both cases, the
convergence of the eigenfunction expansions is illustrated and solution verification is provided
by comparisons against independent numerical simulations, either from available literature

results or obtained from commercial simulation software.

Formal Solutions: Consider a fairly general convection-diffusion problem for M coupled

potentials, T, (X,t),k=1,2,..M , with a convective term defined through a nonlinear velocity

vector u(x,t,T) and the nonlinear source terms, B, (X,t,T):

T, (x,t)

w, (x,t,T,) +u(x,t, T).VT, =V.K (X, T)IVT, —d (Xt T)T, + R (Xt,T),

in xeV, t>0,k=1,2,..M (1a)

with initial and boundary conditions given by
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T(x0=f(X), xeV (1b)
a, (%t T) T (1) + 8.5t T,) K (x,1,T,) %:@(x,t,T) , xeS,t>0 (1o

where w, K, and d are the nonlinear equation coefficients for the transient, diffusion, and dissipation
terms, while ¢ and g are the nonlinear boundary condition coefficients, that yield the boundary conditions
of first to third type, n is the outward drawn normal vector to surface S, and @ (X,t,T) are the coupling
nonlinear boundary source terms. The nonlinear equation and boundary condition coefficients were here
taken as functions of only the potential T, (X,t), while the velocity vector and equation and boundary

source terms are written in terms of the whole vector of potentials, T, thus coupling the various equations
and potentials. This is in fact a quite general formulation, since any missing term within those here
represented can be incorporated into the equation and boundary source terms.

The most usual formal integral transform solution of the nonlinear problem (1) involves
the selection of a linear eigenvalue problem, which offers the basis for the eigenfunction
expansion that represents the potential, as first proposed in [8]. This is in fact equivalent to
rewriting problem (1) with characteristic linear coefficients that have only x dependence, i.e.,
w(x), K'(x), d'(x), a’(x) and B'(x), while the new nonlinear source terms then incorporate the
remaining nonlinear portions of the equation and boundary conditions operators, including the
nonlinear convection term, in the form:

T, (x,t)
ot

w, (X) =V.K, (X)VT, —d,(X)T, +P'(x,t,T), in xeV, t>0,k=12,..M (2a)

with initial and boundary conditions given by
T.x0=1f(), xeV (2b)
a, (X) T (X,t) + B (X) K, (X) zlnk:@*(x,t,T) , XeS,t>0 (2¢)
where the nonlinear source terms are now given by
“ . oT, (x,t
P (x,t,T)=R (Xt,T) —[w, (X,t,T,)—w, (x)]%—u(x,t,T).VTk + (2d)
+ V.[K (6,8, T) = K OOIVT, = [d, (., T, ) — d ()T,

¢ (X, T) = (6, T) = [ (X1, T) = o5 (0] T (6, 1) = [B (X LTI K (X, 6T ) = B (%) K (%) ] aalr: (2e)

This more traditional approach is thoroughly documented in previous works [8-17], and
therefore is just briefly described here. The chosen characteristic x-dependent coefficients that

appear in egs. (2) then naturally lead to the preferred linear eigenvalue problem, written as:
VKL 00V () + [ 1w () = d () [y ;(x) =0, xeV (3a)

with boundary conditions
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* * oy O (X)
o ()W (X) + By () K, (X) (;'n =0, xesS (3b)
Then, the following integral transform pair is defined from problem (3):
T ()= J.VW;(x)wkyi(x)Tk(x,t) dv , transform (4a)
= 1 - .
T =Y = T, () inverse (4b)

i=1 N
with the normalization integrals given by
Ni = [, Wi COw, (%) av (4¢)

Application of the integral transformation procedure over eq. (3a) through the operator
J'V (—)wy,.(x) dv, leads to the ordinary differential system for the transformed potentials, 'Iii(t)

, Written as:
dT, . (t _ _
g't( ) +pp T 0)=0,@¢T), t>0 k=12,.M,i=12... (5a)
with initial conditions
T.:(0) =1, (5b)
where,
a\l’k,i

V(X)) - K;(X)
o (X) + By (%)

an_ | gs (5¢)

G (LT = [, v COR (ET) dv - [ gy (xt,T)

fia = [ W00 w09 £, 0) av (5d)

The nonlinear initial value problem (5) is then numerically solved with automatic
accuracy control through available routines in either public domain or scientific subroutines
libraries, or even in symbolic-numerical computation packages, such as the Mathematica
platform [31]. After numerically computing the transformed potentials along the t-variable, the
inverse formula is recalled so as to recover the original potentials.

The formal solution above derived provides the basic working expressions for the
integral transform approach. For an improved computational performance, it is always
recommended to reduce the importance of the equation and boundary source terms so as to
enhance the eigenfunction expansions convergence behavior, for instance through the
proposition of analytical filtering solutions, which essentially remove information from the

source terms into a desirably simple analytical expression. The filter is in general proposed as:

Ty (X't)=Tk*(X’t)+Tk,f (X;t) (6)
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where the variable t is a parameter in the filter solution proposition, T, ; (x;t). Eventually, a
nonlinear implicit filter formulation can be proposed, for instance, to make the boundary

conditions (1c) homogeneous, even in the presence of nonlinear boundary source terms.

The traditional approach above described, for a nonlinear functional form of the
transient term coefficient in the original problem, eqg. (1a), results in a coupling nonlinear
coefficients matrix in the t-derivatives of the transformed system, in light of the potential t-
derivatives present in the redefined nonlinear source term, eq. (2d). From the computational
point of view, such implicit nonlinear formulation would require that the derived nonlinear
coefficients matrix be inverted along the numerical integration process for the transformed
system, as possible in most of the initial value problem solvers, resulting in increased
computational cost. Therefore, it is advantageous to rewrite the problem formulation so as to
offer an explicit linear integral transformation of the transient term, as proposed in [32] and
implemented in the GITT automatic solver coined UNIT (Unified Integral Transforms) [33,34].
Following this idea, the transient term coefficient can be rewritten as:

w, (X,t,T,)
w, (X)

which leads to the following reformulated equation

W, (X,t,T,) = W (X) =W, ()C (6t T,) (7a)

Wi (x )aT (x t) =C, (%t T)[V.K (Xt TOVT, —d, (X, T)T, + P (x,t, T) —u(x,t, T).VT, ], 7b)
in xeV, t>0,k=1,2,..M
or simply,
W, (X )aT (X Y, 0t T VK, (L TYVT, 4G, (68, T) . in xeV, t>0,k=1,2,.M  (7¢)
where
G, (64, T,) =C (6t T)[R 06t T) —u(x,t, T).VT, —d, (x,t, T, )T, ] (7d)

Then, the same eigenvalue problem of egs. (3) and the integral transform pair of egs.
(4) can be employed in the integral transformation process, which yields the transformed

system below:

at. () -  _
k"():hk]i(t,T), t>0, k=1,2,..M, i=12... (8a)
with initial conditions B B
IO (8b)
where, S B
h, . T)=h; (& T)+g,(tT) (8¢)

ﬁk*,i(t,T)=fvwk,i(X)Ck(x,t,Tk)v.Kk(x,t,Tk)VTk dv; g;,i(t,'T')=J-V\yk,i(x)Gk(x,t,T) dv (8d,e)
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fii = W 09 w09 00 dv (86)
and the first volume integral in the transformed term, eq. (8c), can be written as [32]

h(t,T) = | T 0GOIV K VC I+ VK, VC Ty v+ [ T (6021, VC, +C,Vy,).(KiVy, Jdv +

K oWy
j T, (%,t)y,C.V.(K,Vy .)dv+j v Cooi[ “ " on ]ds—j KT, (X,)y ST
Vk’ k ™~k k k,i Skkk ;"‘BE Skk’ k,|an
(89)
with
T (Xt,T,)

ltlT =k*—k 8h
i (X W) K: (%) ( )

More recently [29], a new formalism was proposed based on a nonlinear eigenvalue
problem choice, by carrying along to the eigenfunction expansion base the nonlinear behaviour
of the original problem coefficients and operators. Thus, considering the original formulation

here under analysis, egs. (1), the following nonlinear eigenvalue problem is adopted:
VK OETIVY (6t + | f OW, () ET) = d (GET) Jwy (6D =0, XV (9a)
with boundary conditions

o (.1, T )\Vk,i (1) +B (X1, T K, (XataTk)aw%rix;t)

=0, xeS (9b)
The formal solution for the associated time-dependent eigenfunctions and eigenvalues
has been presented in [29] employing the GITT itself, and will not be repeated here. Here, the

following integral transform pair is defined from problem (9):

T = W OET) v (6O T, (%) dv,  transform (10a)
T (X)) = Zw: L wk,(XtTk,(t) inverse (10b)
i=1 Nkl( )

with the normalization integral given as
N (0 = [, W OCET)wE, (61) dv (10c)

After application of the integral transformation procedure through the operator
J'V (-, (xt) dv, the resulting ODE system for the transformed potentials, ﬂ(t) , IS written as:

¥+i%j(t,f)fk,j(t):gk,i(t,T), t> 0, k=12..M, i=12... (i1a)
i1

with initial conditions
Tk,i(o) =i

(11b)

where,

A<| j(t T) 8|Jl’|'k i (t [ (X t T, )\llk|(x t)]\vk j(X t) dV (110)

(t)
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oYy
Vi (1) =K (XET,) P k-

G, T) =] v, OGOR (Xt T) dv+ [ o (x,t,T) a(xtT)+B(xtT)” ds  (11d)

i = [ W (60T, 06,0) wy ;(6,0) , () dv (11e)

This more general solution path provides a formal solution that encompasses the usual
formalism with a linear eigenvalue problem and has been shown to result in improved
convergence rates [29,30]. On the other hand, it has the drawback of requiring that the
eigenvalue problem be solved simultaneously with the transformed ODE system, yielding time-
dependent transformed potentials, eigenvalues, and eigenfunctions. The GITT solution of the
nonlinear eigenvalue problem (3) has been presented in [29], by considering an auxiliary linear
eigenvalue problem of known solution to offer an eigenfunction expansion for the nonlinear
eigenfunctions, leading, upon integral transformation, to a nonlinear algebraic eigenvalue
problem that needs to be solved simultaneously with the ODE system (5). Alternatively, the
algebraic eigenvalue problem can be differentiated with respect to the t variable and solved

as a larger coupled ODE system jointly with the transformed potentials, egs. (11).

Applications:
Direct Contact Membrane Distillation (DCMD)

Water scarcity is an increasingly common problem in several communities around the
globe [35]. At the same time, the consensus of the impact of human activities on climate
change has urged the development of more sustainable energy usage, emphasizing the
importance of the recovery of low-grade waste heat from industrial processes [36]. Membrane
Distillation (MD) has emerged as a viable alternative to tackle both problems, especially for
small communities in remote areas with limited availability of potable water and electrical power
[37]. This process is driven by a vapor pressure difference along a hydrophobic membrane
promoted by flowing hot brackish water or brine on one of its sides. Amongst the different MD
configurations, the Direct Contact Membrane Distillation (DCMD) is the simplest to operate
and to build. DCMD is characterized by the use of a cold distilled water permeate flow and the
condensation of water at the permeate-membrane interface [38].

Experimental investigation on the influence of different parameters in DCMD, especially
regarding the membrane morphology and dimensions, are often cumbersome and expensive.
Therefore, reliable modelling and computer simulations are powerful tools for the optimization
of the desalination modules and the operating conditions [39,40].

In this work, a simplified single-fibre model of a hollow-fibore membrane-based

desalination module is reformulated with the single domain approach and solved through the

187



6™ Int. Conf.: Thermophysical and Mechanical Properties of Advanced Materials (THERMAM)
8"Rostocker Int. Conf.: Thermophysical Properties for Technical Thermodynamics
22-24 September 2019, Cesme, Izmir, Turkey
GITT. Fig. 1 illustrates the representative fibre analysed. Hot brackish water flows in the shell
side, while the cold permeate flows in the lumen side.

HF membrane

-‘l
>

Figure 1. Geometry of the hollow-fibre representation of a DCMD desalination module.
A cylindrical coordinate system and the main dimensions are included. Fully developed flow
profiles are indicated in both the shell and lumen sides.

The modelling details can be found elsewhere [41] and only the resulting formulation,

in dimensionless form, is reproduced below:

ol Pe 0 . 10 oT
4 =2 == |rk(r)=— 12a
w(r)az M ryjsh] rar[r (r)@r} (12a)
el
T(r,¢(r)zf)=¢(r);T(O,z):flnlte;a— =0 (12b-d)
r=1
with,
u(r),o<r<r 1,0<r<r,
w(r)=4 0o,r<r<r, ;k(r)=<k,..,G<r<r, (12e,f)
-u.(r),r,<r<1 Lr<r<i
()= Lr<r<r, 4(r) = Lr<r<1 120.h
U0 rs 1 orr < | or<r (12g.h)

where, T is the dimensionless temperature, j, is the dimensionless distilled water flux, h, is

the dimensionless water vapor enthalpy, z, is the dimensionless length of the hollow-fibre, and

k... is the dimensionless thermal conductivity of the membrane.

mem
The second term on the |.h.s. of eq. (12a) needs closure for the distilled water flux. The

mass transport modelling yields:

& Deff (Tavg )U;ZMW

W=7 RIT +(T, =T )T, JIn(r. /1)

with partial pressures given by,

(R-P) (13a)
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3816.44 J

EXp(23'1964_T (T, =TT (r,2)+227.02
+(T, - r,z)+227.
R :(1_XNaCI,I )al : piu*zl - (13b)

exp| 23.1964 — — . 3*816.44

T+ (T, =T7)T (r,,2) - 227.02
P Z(l—X )a s (13C)
s NaCl,s ) %s . :

where D, is the dimensionless effective diffusivity through the membrane, P, is the

dimensionless partial pressure of water vapor at the lumen-membrane interface, P, is the

dimensionless partial pressure of water vapor at the shell-membrane interface, x is the

NacCl,|

mole fraction of NaCl at the lumen-membrane interface, x is the mole fraction of NaCl at

NaCl,s

the shell-membrane interface, a, is the activity coefficient of water at the lumen-membrane

interface, and a, is the activity coefficient of water at the shell-membrane interface.

A conventional Sturm-Liouville eigenvalue problem, such as the one shown in egs.
(3a,b), is proposed to solve egs. (12a-h) through the GITT, given by:

li[ k(r)%}+ﬂﬁzw(r)l//i(r)=0 (14a)
rdr dr

with boundary conditions given by,

v, (0) = finite; dw,

-0 14b,c
o ( )

r=1

The GITT formalism proceeds with the proposition of the transform-inverse pair shown
below:

1@ = [y, (DT (r2)dr - T(r,2)= 3T @y (1) (15a,0)

v

where,
N, =j:rw(r)¢//i (r)*dr (15¢)

1 1
Operating eq. (12a) and eq. (12b) with N—jorl//i(r)(')dr and J'Orw(r)l//i(r)(-)dr,

vl

respectively, we then have,

%mﬁﬁ(z): Pe(rjw){hoﬁi +cpiEijT"j (z)} (16a)
j=1
icijfj (O)+iDijfj (z0)=F (16D)

where,

189



6™ Int. Conf.: Thermophysical and Mechanical Properties of Advanced Materials (THERMAM)
8"Rostocker Int. Conf.: Thermophysical Properties for Technical Thermodynamics
22-24 September 2019, Cesme, Izmir, Turkey

C; =J‘Or rw(r)y, (N, (r)dr (16c)
D, =f rw(y, (N, (rdr (16d)
_Ledw 1
E, = N J.r. o w, (r)dr (16e)
b ——["Wigr; F = w(ny, (Ddr (16f,0)
i Ni vodr ' i . i

The system of ordinary differential equations of egs. (16a-g) was then truncated to a
finite order N and solved with a dedicated Fortran code using IMSL function DBVPFD [42]. The
temperature field is then recovered after recalling the inverse formula, eq. (15b).

Supported liquid membrane (SLM) extraction

Supported liquid membrane (SLM) is a thin layer formed by an organic extractant phase
immobilized on hydrophobic microporous polymer membranes which operate between two
aqueous phase promoting the separation of solutes from highly diluted solutions. Its main
usage is in industrial and analytical applications involving separation, concentration or
treatment of waste water (usually in extraction of heavy metals) [43]. The organic phase
contains species whose high affinity to the solute lead to a complexation reaction and its
product diffuses through the membrane being separated from the lumen flow. As the pore
structure is hydrophobic, water remains inside the membrane. Thus, important factors in the
separation efficiency are the composition of the organic phase and the kinetic effects.

The theoretical example here addressed is based on a hollow fibre supported liquid

membrane whose mechanism of reaction can be represented by:

A+B+CT—ABC (17)

where A and B represent the solutes fed into the lumen and C is the species in the organic
phase. In this process, only the species A is separated, while B remains in the membrane due
to capillary forces [44]. Figure 2 illustrates a scheme of the membrane and the separation
process.

The dimensionless mathematical model for the concentration of the species A and B

within the mass separator is given by [44]:

C C
U(r)w=52 Calt2)] 1250, n=AorB (18a)
oz ror or
C,(r.0)=1 0<r<1, n=AorB (18Db)
w =0, z>0, n=AorB (18c)
r
r=0
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w +f,(C.(12),C (L2))C,(L,2)=g,,2>0, n=AorB (18d)
Cs (1,
t.(Ca(1.2).C, (1,2))=Sth[1+1+ﬂCi(l,(z)2 (LZ)J (18e)

fB<cA<1,z>,cB<Lz>)=sm£(1+hD,( alC, (12 ] (e

&, 1+ AC,(L2)Cq (L2))

where Shya is the Sherwood number, a is the maximum co-transport factor, § is related to the

equilibrium kinetic constant and h is related to the distribution coefficient for the membrane.

Stripping solution

A+B+C= ABC

r [Transport of solute through the membrane 1
s ceancearcnee e 2R

Impermeable
membrane

Figure 2. Geometry of the hollow fibre supported liquid membrane.

A cylindrical coordinates system and the main parameters are included.

The dimensionless velocity field for this cylindrical channel geometry and the term g,

are defined as:
Sh ,C,.,ifn = A
U(r)=2(1-r? =T wATAr 19a,b
where Cagq is the concentration of solute A in the stripping solution or dialysate flow. Details
about the mathematical model can be found in [44].
To solve this nonlinear PDE system by the GITT, the following nonlinear eigenvalue
problem in cartesian coordinates was adopted:

O°Y,

—+H(2) ¥, (riz) = 0, n = AorB (202)

Vo N

al o Mal 1t (6,006, (1), 02)0 (20nc)
r=0 r=1

Even though the original problem is written in cylindrical coordinates, the eigenvalue

problem in Cartesian coordinates leads to eigenfunctions whose analytical integration is readily
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obtainable, avoiding the numerical computation of integrals. For this chosen formulation, the

solution for the eigenfunction is given by:

¥, (r.z)=cos(uy(z)r), n = Aor B (21a)
Equation (20c) is the transcendental equation whose differentiation with respect to the

longitudinal coordinate leads to the ODEs for the axial evolution of the eigenvalues:

df, (C.(12).C5(L2))
du, (2) _ COS(“"i (Z)) dz (21b)

dz sin (i, (2)) + 1y (2)c08 (kg (2)) + ,(Ca(1.2),Cq (L.2))sin 1y (2))

Inlet conditions for the eigenvalues pni(0) can be obtained from the transcendental

equation, eq. (20c), associated with the inlet conditions, eq. (18b), and the inverse formula for
the species concentrations, which are shown below. The transform-inverse pair for the
concentrations of species A and B are defined as:

Inverse C,( Z i ( ) ,n =AorB (22a)

Transform  C, ( ¥ (r,z)dr, n = AorB (22b)

o'—.b—-

where Nni(z) is the norm.

1
The original PDE system is then operated with j‘l’ki (r;O)_dr, and the transformed
0

ODE system is obtained as:

S, (1) =i(:n 1 (2)-Gyy (2))C, (2)- 12 (2)E.C, (2) + £,¥, (L2)g, (232)

=1 j=1

C,: (0) =f\Pni(r;O)dr, n = AorB (23b)

where E,ij(z), Fni(z) and Gnij(z) are coefficients that arise from the integral transformation
procedure, given by:

E.i ( '1[ ¥, (r;z)dr, n = AorB (23c)
n,, 'lflP (r Z)dr, n = AorB (23d)
Gy ( J'U( YW.i(r;z) Z[\I;\’I‘L(rz;)}dr n = AorB (23e)

The transformed ODE system was numerically solved through the symbolic-numerical
computational platform Mathematica 10.0 [31] using the NDSolve subroutine. Afterwards, the
inverse formula is recalled to recover the species concentrations anywhere within the
separator.

Results are presented in terms of the average concentration defined as:
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.l[rU(r)Cn(r,z)dr
Cnav(z) =2

T , h=AorB (24)
frU(r)dr

Results and Discussion:
Direct Contact Membrane Distillation (DCMD)

Table 1 presents the convergence behaviour of the distilled water flux with varying
truncation order N for a module with 350 hollow-fibres of 0.9 mm and 1.3 mm of internal and
external radii, respectively. The feed temperature is set to 80°C and a permeate temperature
of 30°C is used. Five converged significant digits are obtained for N < 25, which shows the

adequacy of the solution methodology to handle the nonlinearity introduced by egs. (13a-c).

Table 1. Convergence of the distilled water flux with the truncation order N.

N Distilled water flux (L/m?h)
5 17.370
10 17.372
15 17.365
20 17.375
23 17.372
25 17.372

Fig. 3a compares the results obtained with the developed hybrid solution against both
numerical [40] and experimental [45] results from the literature. The results from the integral
transform analysis are able to reproduce more closely the experimental results, especially for
higher feed temperatures. Considering the possible drawbacks of a simple single-fibre model
in reproducing the physical behaviour of a closely packed hollow-fibre membranes module, the
agreement is considered to be quite satisfactory.

The temperature profiles for a typical desalination module with 350 fibres of internal
diameter of 0.9 mm and thickness of 0.4 mm are shown in Fig. 3b. Thermal boundary layers
develop along the membrane walls, which are closely associated with the temperature
polarization phenomenon and undermines the driving principle of DCMD by lowering the vapor
pressure difference. Within the membrane, a linear temperature profile develops, indicating a

conduction-dominated regime for these operating conditions.
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Figure 3. Comparison with numerical and experimental results for the distilled water
fluxes and temperature profiles. (a) Comparison of the distilled water flux with numerical
[40] (red symbols) and experimental [45] (green symbols) from the literature; (b) Temperature
profiles for feed temperature of 80°C and permeate temperature of 30°C and four longitudinal
positions along the module. Purple vertical lines indicate the shell- and lumen-membrane

interfaces.

Liquid supported membrane extraction (LSME)

Table 2 presents the convergence behaviour of the average concentrations of species

A as obtained by GITT with both choices of a linear and a nonlinear eigenvalue problem. The
parameters were assumed as Sh,, =0.01, a =100, p=1,C,, =2, (=01, h=1,&, =1

and D = 1. Itis noticed a convergence of 5 significant digits with truncation orders as low as
N = 120 in the nonlinear eigenvalue approach, while the classic linear eigenvalue problem
formulation demanded an impressive higher order of N around 2800 terms to converge to only
3 significant digits at higher values for z.

Table 2. Convergence of the average concentration of the solute A.

N GITT with nonlinear eigenvalue problem

z=10* z=107? z=10" z=1 z=2
10 0.99994 0.99072 0.91371 0.38847 0.14344
50 0.99990 0.99068 0.91374 0.38888 0.14393
90 0.99990 0.99068 0.91375 0.38893 0.14398
100 0.99990 0.99068 0.91375 0.38893 0.14399
110 0.99990 0.99068 0.91375 0.38894 0.14400
120 0.99990 0.99068 0.91375 0.38894 0.14400
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GITT with linear eigenvalue problem

z=10" z=107? z=101 z=1 z=2
100 0.99990 0.99064 0.91333 0.38639 0.14178
1000 0.99990 0.99068 0.91366 0.38844 0.14357
1600 0.99990 0.99068 0.91369 0.38859 0.14370
2200 0.99990 0.99068 0.91370 0.38866 0.14377
2500 0.99990 0.99068 0.91371 0.38869 0.14379
2800 0.99990 0.99068 0.91371 0.38871 0.14381

N

Figures 4a,b compare the results obtained by GITT with both a linear eigenvalue

problem (LEP) and a nonlinear eigenvalue problem (NEP) against numerical results from [44].

Figure 4a also shows the effect of parameter 3 which is related to the equilibrium kinetic

constant K. Large values of 3, such as 1000 and 100, mean high values to the equilibrium

constant which lead to a saturation of the complex species ABC within the membrane, resulting

in a slow process of co-transport with characteristic times larger than for diffusion of the single
species A from the dialysate to the lumen. For lower values of B such as 1, 0.1 and 0.01, the

chemical reaction occurs with moderate velocity and the co-transport rate increases and

enhances the separation of species A.
The effect of the dimensionless concentration of species A in the dialysate, C, , on the
dimensionless average concentration of species A, is illustrated in Fig. 4b. When C,j is 50,

the diffusion rate from the dialysate to the lumen overcomes the co-transport and then the

concentration of species A increases inside the membrane. Better values for C,; in this set

of results are 10, 2 and 1, since the co-transport rate becomes important again and promotes
the separation of species A. All cases are in excellent agreement with the available literature
data [44].
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Figure 4. Effect of the parameters (a) B and (b) C .4 onthe average concentration
profile of the solute A. Values for parameters are Sh,,, =0.01, a =100, f=1, C,, =2,

(=01 h=1,¢=1and D =1.

Conclusions: The Generalized Integral Transform Technique (GITT) is reviewed as a hybrid
numerical-analytical tool in the analysis of nonlinear diffusion and convection-diffusion
problems. Special emphasis is placed on illustrating the methodological variants in dealing
with the nonlinearities in implementing the integral transformation process. Thus, three
possibilities are briefly described, starting with the formal solution that rewrites the original
nonlinear PDEs transposing all the nonlinearities to the equation and boundary condition
source terms, including the convection term, while retaining characteristic linear coefficients in
the transient, diffusion, and reaction/dissipation operators. The choices of characteristic
coefficients already imply the eigenvalue problem with linear coefficients to be adopted. A
second variant is described in which an implicit transformed system in the transient terms is
avoided, by rewriting the transient term of the original nonlinear PDEs system so as have a
decoupling transformation of this term. The third and most recently proposed alternative is then
presented which is based on the proposition of a nonlinear eigenvalue problem in the
construction of the eigenfunction expansion, which results in significant gains in convergence
rates, but requires that the eigenvalue problem and the transformed system be solved
simultaneously. The approaches are then illustrated for two applications involving desalination
through direct contact membrane distillation and metals extraction through supported liquid

membranes.
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Abstract: In this study; thermal and rheological properties of collagen protein from the lamb
feet were investigated. Pepsin-soluble collagen (PSC) was extracted from lamb feet by using
pepsin enzyme in lactic acid solution at 4°C for 6h and subsequently ultrasonic treatment (35
kHz, 140 W) was performed for 40 minutes at 20°C. The thermal stability of collagen revealed
denaturation temperature of 41.76°C. Fourier transform infrared (FTIR) spectra of PSC had
regions of amides A, B, I, Il and Ill were 3305, 2923, 1631,1548 and 1237 cm™ respectively.
Scanning electron microscopy (SEM) studies confirmed the presence of collagen in the
isolated, as fine fibrillar structure. Power Law model was found the best model representing

flow behaviour.

Introduction/Background: Collagen is the most abundant structural protein that contains
about 30% of the total protein in mammals [1]. Recently, at least 29 different collagen types
have been identified [2-4]. Among all these different types, type | collagen is the most abundant
type of collagen in mammals and fish. Owing to its perfect biocompatibility and controlled
biodegradability, collagen is a primary biomaterial used in the pharmaceutical, cosmetic, tissue
engineering and food industry [5]. Collagen is distinguished from other proteins by having a
specific amino acid composition. It contains nineteen amino acids, including hydroxyproline
which does not occur in other proteins. Hydroxyproline, the amino acid characteristic of
collagen, determines the thermal stability of collagen. Hydroxyproline has many functions such
as glycine synthesis in multiple tissues of animals, maintenance of connective tissue structure,

regulation of cellular redox reactions [6, 7].

Traditionally, collagen mainly came from by-products of mammals, especially bovine tendon
and skins of cows and pigs. However, these sources carry potential risks of disease
transmission, such as bovine spongiform encephalopathy (BSE), foot-mouth disease (FMD)
[8-10]. In addition, due to some religious restrictions have led researchers to focus on
searching for new sources of collagen. In recent years, fish by-products are thought to be

alternate and safer for collagen extraction [11]. However, fish collagen have lower thermal
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stability compared to mammalian collagens because fish collagens contain lower contents of

hydroxyproline than mammalian collagens [11, 12]. The objective of this study was to isolate

and characterize pepsin-soluble collagen from lamb feet.

Material and Method:

Lamb feet purchased from a local market in the province of Izmir. The frozen lamb feet were
first thawed at 4 °C and then cut into small pieces. All chemicals and reagents used were of
analytical grade.

1. Collagen Isolation

The pieces were homogenised with 0.05 M Tris-HCI (pH 7.5) at a ratio of 1:20 (w/v). The
mixture was centrifuged at 9000 rpm for 25 min by a centrifuge (Universal 320R, Hettich
Zentrifugen, Germany) and the precipitate was defatted under stirring with 10 volumes of 50%
ethanol for 3 h. The defatted samples were decalcified under stirring with 0.5 M
ethylenediaminetetraacetic acid disodium (EDTA-2Na) at 4°C for 6 h. Then, the treated
samples were soaked over night in 0.1 M NaOH at a ratio of 1:10 (w/v) to remove the non-

collagenous proteins.

After the pre-treatment process, the sample was transferred to beaker and mixed in 5% lactic
acid containing 0.1 % (w/v) pepsin (extracted from porcine gastric mucosa, EC 3.4.23.1; 4500
units/mg protein, Sigma-Aldrich, USA) at 4°C for 6 hours. Then ultrasound-assisted extraction
(35 kHz, 140 W) was performed for 40 minutes at 20°C in ultrasonic bath (Bandelin Sonorex
Digitec, Germany). Afterward, the suspensions were salted out by adding 2.5 M NaCl and
subsequently dialyzed in 0.1 M lactic acid for 24 h and in distilled water for 48 h. Finally, the
pepsin soluble collagen (PSC) was lyophilized with freeze dryer.

2. Analyses

2.1. Attenuate Total Reflection-Fourier transform infrared (ATR-FTIR) spectroscopy: Infrared
spectra of the lyophilized collagens were measured in absorbance mode 4000-400 cm™ on
FTIR spectrophotometer (Thermo Scientific NICOLET iS10, ABD).

2.2. Scanning electron microscopy (SEM): The morphological characteristics of the collagen

was observed with a scanning electron microscope (ThermoFisher, QUANTA FEG 250, ABD).

2.3. Differential scanning calorimetry (DSC): The maximum transition temperature (Tmax) and
total denaturation enthalpy (AH) of collagen were measured according to the method of

Kittiphattanabawon et al. (2005) with some modifications. Collagen sample was rehydrated in
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0.05 M acetic acid at a solid/solution ratio of 1:100 (w/v). Samples were heated from 20 to

80°C at a scanning rate of 1°C min using the Q-2000 Series DSC (TA Instruments, Inc., New
Castle, DE, USA).

2.4. Rheological properties: Flow behavior for 1% (in 0.1 M acetic acid, w/v) collagen solutions
were tested by flow test at at different temperatures (5, 20, 35, 50 °C) using DHR-3 rheometer
(TA Instruments, ABD) with concentric cylinder probe.

Results and Discussion

The SEM image (magnification of 5000x) of PSC are depicted in Fig. 1. SEM observation

revealed that the extracted collagen was in the form of fibrils with regular linkages.

v spot | usecase | magd) | wp det 20—
00KV | 7.0 | Standard | 5000x 9Amm  ETD EGE-MATAL

Figure 1. Scanning electron micrographs of lyophilized collagen (x 5000

magnification)

FTIR spectra of PSC from lamb feet had the characteristic peaks of Amide I, II, lll, A and B as
shown in Figure 2. This result was in accordance with those of collagen from other collagen

sources [13-15].
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Figure 2. Fourier transforms infrared spectra of pepsin soluble collagen (PSC)

The DSC pattern of collagen showed a single endothermic peak, the maximum transition
temperature (Tmax) and enthalpy (AH) are determined as 41.76+0.13°C and 8.2+0.03 J/g,
respectively. Higher levels of cross-linkage of collagens are more likely to contribute to the
higher Tmax. The present study detected that Tmax Of PSC from lamb feet bones were in
agreement with a previous report on the collagens extracted from calf skin (40.8 °C) [16], ovine
bones (38.91°C) [13] and seabass scale (39.32°C) [17].

Rheology
In Figure 3 and Figure 4 show that the shear stres- shear rate graph and viscosity- shear rate

graph of collagen solutions at 1% concentartion at different temperatures, respectively.
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Figure 3. Shear stress (Pa)- Shear rate (1/s) graph of collagen solutions at different
temperatures
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Figure 4. Viscosity (Pa.s)- Shear rate (1/s) graph of collagen solutions at different
temperatures
For all measurements; at the same shear rate value the shear stress value decreases when

the temperature increases. It's seen that all samples at different temperatures display shear
thinning behaviour. Herschel Bulkley, Casson, Power Law and Bingham models were tested
to determine the flow characteristics of collagen samples and it was determined that for all
samples at different temperatures the best model representing the was the Power Law model
(R?>0.99).

Summary/Conclusions: In this study collagen extraction from lamb feet was carried out. Some
chemical, thermal and rheological properties of collagen have been investigated. PSC from lamb
feet had the high thermal stability and showed similar FTIR spectra compared to the other
collagen sources. Collagen solution at the lowest temperature had the maximum shear stress
value at the same shear rate. Also, it had been observed that solution at the lowest temperature
had the highest viscosity value at the same shear rate. SEM image of collagen show that regular
and fibril structure. Lamb feet collagen could be used as an alternative source of mammalian
collagen.
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Abstract: Drying is an energy intensive industrial process where heat and mass transfer
takes place simultaneously and has been practised for a long time as a preservation method
for agricultural food products. Type of product, energy consumption, dried product quality, food
security and sustainability are critical parameters need to be taken into consideration during
selecting of drying system. About 10-15% of the total world industrial energy is consumed for
drying and the percentage consumption by food sector is 12%. Due to uncertain price rise and
rapid depletion of fossil fuels, development of food drying systems integrated with renewable,
sustainable energy sources became more and more important. As solar energy is abundant,
eco-friendly, cheap and easily applicable, especially studies on solar energy based drying
technologies and improvement of their energy efficiencies have been accelerated in recent
years. Since solar energy is dependent on weather conditions, it is only possible to provide
continuity of the drying process with additional heat sources. In order to prevent disruption of
the drying process and improve to the drying efficiency, many researches show that heat pump

is one of the most suitable thermal technologies.

Solar energy can be converted into thermal and electrical energy by solar thermal collectors
and photovoltaic (PV) modules, respectively. The performance of PV modules decreases when
the ambient temperature rises above a certain level. For overcoming of this problem, a novel
system calls a photovoltaic/thermal (PV/T) hybrid technology was developed. In this system,
excess heat is transferred to the working medium by integration of absorber plate with PV
modules. Although there are lots of studies on food drying, still a need for efficient, economical

and sustainable novel food drying systems.

Therefore, in this study, conceptual design of PV/T and unglazed solar collector integrated
hybrid heat pump drying system was carried out. A thermodynamic analysis of a new PV/T
hybrid food drying system was performed by applying mass, energy and exergy balances for

the each system components.

Introduction/Background:

Type of product, food safety, sustainability and energy consumption are important parameters

for drying process and food safety may be the most essential one cause qualitative and
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guantitative value losses in food occur different stages in food supply chain, especially at a

post harvest stage [1]. Energy demand is likely to increase in the entire world. In order to meet
the needs of the present energy demand without compromising the need of the future, it needs
to be pay attention to energy sustainability, and food is the most important part of this.

Drying is one of the post harvest technology and it needs relatively high amount of energy [2].
Most of the industrialized countries supply power to operate large-scale processes from fossil
fuels and some of developing countries do not have grid connection. People leads to search
alternative, reliable and sustainable energy sources by the reason of increament of food
demand and fossil fuels usage in all food chain [3]. In addition to this, energy sustainability
could drive environmental friendly innovations and solar energy based drying technologies is
promising one [4,5]. Energy and exergy analysis are important tools to identify energy losses,
irreversibilities and possible configurations of the drying system, so as to design economic and
efficient system [6].

So, aims of this paper is to develop self-operating, eco-friendly, economical, efficient and
sustainable hybrid food drying system by integrating two heat technology hybrid PV/T module

and unglazed solar collector as one of the evaporators of the heat pump (HP) drying system.

Modeling of hybrid PV/T-SAHP drying system:

In this study, conceptual design of hybrid SAHP drying system was performed as shown in Fig.
1. The system comprises of hybrid PV/T collector and unglazed flat plate solar collector (USC)
used as one of the evaporators of the HP, drying chamber and HP unit. Both heat and electricity
is produced simultaneously by hybrid PV/T system and so, heat energy of drying air as well as
power consumption of the drying system instruments was aimed to supply [7]. In addition,
electrical conversion efficiency of module is enhanced by working fluid absorbs excess heat
generating by PV cells [8]. In the case of insufficient solar energy, HP operates the drying
process.

The overall performance of the hybrid drying system was evaluated based on thermodynamic
approach, first and second law analysis were conducted. All of the mass, energy, exergy and
exergy destruction balances in the rate form of each hybrid system component derived by
using general conservation equations as can be expressed for steady flow system by the

following equations, respectively [9].

> My = % Mout (1)
. v? : ; . v2 : ;

X My (hin + > + gZ) + Qin + Wi = X1hgyt (hout + Py + gZ) + Qout + Wout (2)

> Exin -2 Exout =2 Exdestroyed 3

=T, Sgen (4)
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Steady flow process carried out and only physical exergy was calculated. The changes in

kinetic energy of the fan were taken into consideration while the potential and kinetic energy
in other parts of the process were neglected. The general forms of energy, coefficient of

performance (COP) and exergy efficiencies are given as, respectively.

QOU.
Ne = th (5)
COPyp = —% (6)
comp
E ou
Nex = E);mt (7)
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Figure 2. Schematic illustration of the Hybrid PV/T-SAHP drying system

Discussion and Results: Mass, energy and exergy balance equations applied to each

component of hybrid PV/T-SAHP dryer are given in Table 1.

Table 3. Thermodynamic assessment of hybrid PV/T-SAHP drying system

System
Equipment Mass Balance Energy Balance Exergy Balance
S
Compress Wl_z-
o P My =m, = m, iy (hy — hy) , , o
- Neomp Exgestq—2 = Exy —Ex; + Wy,
mz = m:g = m
Condense ) " . . ; .
r mg EX gest;2-3 = Exz — Ex3 + Ex;
= m.lo + m'] + Ex10 - Exg
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The main performance parameters of instantaneous electrical and thermal efficiency of the hybrid
PVIT collector, instantaneous thermal efficiency of the unglazed solar collector, COP of HP and
hybrid PV/IT-SAHP drying system, overall hybrid drying system energy and exergy efficiencies
can be defined as, respectively [10]:

Nep =~ mex 5)
ety = 3.5 ©)
Nehose = as 7)
COPyp = o - ®)
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Summary/Conclusions:

By using solar energy based food drying systems, quality and shelf life of goods may be improved
while food waste, energy consumption and greenhouse gas emission reducing. Therefore, the
development and applied of food drying systems integrated with renewable, sustainable energy
sources especially in rural areas where the food losses are high are most needed. Presented
hybrid drying system was designed to be able to reach relatively high temperature by integrating
unglazed solar collector to the HP unit even in the inadequate solar radiation and absence of sun.

Heat and electricity may be generated simultaneously by one collector (PV/T module) and some

part of electrical energy requirement of equipments may be covered by PV module. By applying

thermodynamic analysis to the presented hybrid drying system, irreversibilities and inefficient
equipments can be identified to adjust possible improvements.
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Symbols:
m Mass flow rate (kg/s)

K]
h  Entropy (k—g)
v Velocity of air (m/s)
g Gravitational acceleration, (ms~?2)

z Altitude coordinate (m)

¢p Specific heat (%

Q Total heat transfer (kJ)

Q  Total heat transfer rate (kW)

W  Power (kW)

Ex Exergy (kW)

Ex; Solar exergy input (kW)

Ex. Exergy outputin the condenser (kW)
I Irreversibility (kW)

5gen Entrophy generetion (kJ/K)

A Total area (m~2)

Vinax Max. Voltage (V)

Lnax Max. Current (A)

I Incident solar irradiance (kW/m™?2)
T,  Ambient temperature (K)

Expy The electrical exergy efficiency from PV evaporator (kW)
Subscripts

in input

out outlet

¢ condencer

a ambient
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th thermal

r  refrigerant

[ lost

u useful

el electrical

p,0 product, outlet

p,i product,inlet

comp compresor

dest destroyed

B Packing factor

USC Unglazed solar collector

fan Fan

PV PV module

PV /T — SAHP photovoltaic — thermal solar assisted heat pump
Greek Letters

P stream exergy

Npower average electrical efficiency of a coal — fired power plant
Nex exergy efficiency

T transmissivity

a absorptivity

214



6™ Int. Conf.: Thermophysical and Mechanical Properties of Advanced Materials (THERMAM)
8"Rostocker Int. Conf.: Thermophysical Properties for Technical Thermodynamics
22-24 September 2019, Cesme, Izmir, Turkey

Measurement of Viscosity and Specific Heat of Nanofluids of Practical Interest
Maycon C. F. Magalhdes®", Helcio R. B. Orlande?

!Federal University of Rio de Janeiro
"Corresponding author: mayconcesar@poli.ufrj.br

Keywords: Nanofluids, Viscosity, Specific Heat, SiO» nanoparticle.

Abstract
This work presents the results obtained at Heat Transfer and Transmission Laboratory — LTTC
of PEM/COPPE/UFRJ for the measurement of the physical properties of selected water-based
nanofluids. The physical properties of interest here are specific heat and dynamic viscosity.
The experimental measurements of the specific heat and viscosity were carried out in a
Differential Scanning Calorimeter and a rotational rheometer, respectively. Commercial Water-
based nanofluids containing SiO2 nanoparticles with different volume concentrations were
analysed in a range of temperatures. Particular focus is given for those nanofluids with SiO2
nanoparticles, due to their high stability, without any apparent deposition of nanopatrticles. A
new correlation is proposed for the viscosity of the SiO2-water based nanofluids as a function

of volume concentration and temperature.

INTRODUCTION

Nanofluid is envisioned to describe a fluid in which nanometer-sized particles are
suspended in conventional heat transfer basic fluid [1]. This term nanofluids were first
proposed by Choi [2]. Conventional fluids such as ethylene glycol, water and oil have poor
heat transfer properties, but their vast applications in power generation, chemical processes,
heating and cooling processes, transportation, electronics, automotive and other micro-sized
applications make the re-processing of those thermos fluids to have better heat transfer
properties quite essential [3]. The industrial applicability of using nanofluids in heat transfer
systems is limited by the increase of the viscosity of the fluid (which increases the pumping
power). For particles in the nanometer range, the surface forces become predominant, and the

interactions are controlled by short-range forces like Van der Waals attraction force [4].

Currently, studies to models of the effective viscosity of nanofluids based on
experimental data can be found in the literature. Khanafer and Vafai [5] presented a critical
review of the thermophysical properties of nanofluids as effective thermal conductivity and
viscosity reported by several authors. They proposed a new correlation to the viscosity based

on the reported experimental data. Mahbubul and Saidur [3] present a review of the latest
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developments on the viscosity of nanofluids where different characteristics as preparation

methods, temperature, particle, shape and volume concentration are analysed.

Mondragén et Al. [6] characterised nanofluids of SiO2 and Al,Os; water-based in terms
of conductivity, specific heat, viscosity and stability for different nanoparticle volume
concentration and a range of temperature. Namburu et Al. [7] investigated the viscosity and
specific heat of silicon dioxide nanoparticle with various diameters suspended in ethylene

glycol and water mixture.

In this work, the specific heat and viscosity of SiO, water-based nanofluids with
differents volumetric concentrations are measured in a range of temperature. The nanofluids
were acquired from two different manufacturers: US Research Materials [8] and
Nanostructured & Amorphous Materials [9]. The SiO. nanoparticle presented spherical
diameter of 30 nm and particle density of 2.20 g/cm?®. These nanoparticles were dispersed in
water, very well established and chemically pure according to manufactures. The physical
properties of these nanofluids were applied in an experimental study of laminar forced
convection of nanofluids in a straight, circular tube [10]. Determining the viscosity of the
nanofluid is essential to establishing accurate pumping power, Prandtl and Reynolds numbers
and the convective heat transfer coefficient as well. Specific heat is another essential

thermophysical property since the Prandtl number is also a function of specific heat [7].

Experimental apparatus

Specific Heat

The analyses of the specific heat of nanofluids were carried out in a Differential Scanning
Calorimeter (DSC) model 204 F1 Phoenix. The method to calculate the specific heat is based
on the standards DIN 51007 and ASTM E 1269. The uncertainty of this equipment is in order
of 5% of the measured value [11]. The range of analysing vary from -195 up to 700 °C.

Figure 1 shows the DSC operating principle. The sample is sealed into a crucible to avoid
the loss of material due to evaporation. Based on a homogeneous temperature field in the
furnace of the DSC, equal heat flux flows along the disk-shaped sensor are directed to the
sample and reference sides. If the heat capacities on the sample and reference sides differ, or
if the sample shows a changed heat absorption or loss due to transitions or reactions, the
subsequent different heat flow cause temperature gradients at thermal resistances of the
sensor, which is otherwise a good conductor. Sensitive temperature sensors as can seem in
figure 1 record these gradients and measure, thereby every difference in the heat flow very

quickly and accurately[11].
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Figure 1. Operating principle of DSC [11].

The measurements are taken in three steps:
1. Analyse with empty crucible;
2. Analyse with reference material,

3. Analyse with the sample.

The specific heat is obtained according to equation (1) [11]:

c= (mreference> « DSCsample-DSCpaseine (1)
DS Creference -DS Cbaseline

msample
Where ¢, is the specific heat calculated, My eference is the mass of material of reference; Mgampe
is the mass of the sample, and DSCgamples DSCreferences DSChaseiine are the signal of DSC for

sample, reference and empty crucible respectively. The signal of the empty crucible is taken
into account to minimise the effect of it into analyses.

Viscosity

The viscosity of nanofluids was measured with a Brookfield LV DV-III Ultra Rheometer. The
operating principle is to drive a cone through the calibrated spiral spring connected to a motor
drive shaft. The cone is immersed in the test material into the cup. The resistance of the
material to movement is measured by observing increasing torque values as the DV-III Ultra
motor rotates. The amount of shaft rotation is measured by the deflection of the calibrated

spiral spring inside the instrument. Spring deflection is measured with a rotary transducer [12].
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The setup of the rheometer is shown in figure 2. It consists of a controlled thermal bath

connected to the viscometer through the sample cup, with this adjusting the working
temperature. The gap between the cone spindle and the plate must be mechanically adjusted
before measurements. This adjustment is made by moving the plate (built into the sample cup)
up towards the spindle until two small pins (one in the spindle, the second mounted on the
plate) contact slightly, and then by separating (lowering) the plate 0.0005inch (0.013mm). After
this, the cup is filled with 0.5 ml of sample. The cone spindle CPE-40 is used in these tests.
Finally, the thermal bath is set up at the desired working temperature. Enough time is given for
the thermal-bath reaches the setup working temperature.

The rheometer has a viscosity measurement range of 0.15 — 3.065 cP and can be handled
within a temperature range from —10 to 150 °C, and have * 1.0% of full-scale range for a
specific spindle running at a particular speed.

The spindle type and combination will produce satisfactory results when the applied torque
between 10 and 100% of the maximum permissible torque. The range of spindle speeds

available in this viscometer is from 0.01 to 250 rpm [12].

Figure 2. Rheometer setup [12].
Theoretical investigation

Specific Heat

The specific heat can be determined based on the mixture rule to volumetric specific heat
by assuming thermal equilibrium between the nanoparticles and the based fluid as following

equation [5]:

(1+¢,)cio+¢,Cop
Cof= p/~f Tp=PTp 2)
pef
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where ¢p is the concentration of nanopatrticle, P, is the density of nanoparticle, p, is the density

of the base fluid p; is the density of nanofluid, ¢, is the heat capacity of nanoparticle, ¢; is the

specific heat of based fluid, and c.f is the nanofluid specific heat.
However, some works found in the literature have used the mixture rule applied directly in

the specific heat equation (2) as shown below, instead of volumetric specific heat.

The equation (3) has not presented a good agreement with experimental data. On the other
hand, equation (2) fitted very well with experimental data.

Viscosity

Viscosity is defined as the resistance between two layers of the fluids. Once the
nanoparticles are dispersed in the liquids, there is a possibility of enhancement in resistance
between the two layers of the fluid, if the fluid subjected to shear resulting in an increased
viscosity of the nanofluids. This increase can be estimated through solid-fluid homogenous
equations [13].

From the theoretical point of view, a nanofluid represents a fascinating new challenge to
researchers in fluid dynamics and heat transfer because it appears very difficult, if not
practically impossible, to formulate any theory that can reasonably predict behaviours of
nanofluids by considering it as a multi-component fluid [14].

Different theoretical models have been developed by researchers to estimate the
effective viscosity nanofluids derivate from Einstein equation [15] which is based on a dilute
suspension of rigid spheres in a viscous liquid as a function of volume fraction (lower than 5%)

as seen in equation (4):

b= (142.50,) (4)

where . is the nanofluid, y; is the based fluid and ¢p is the particle volume concentration.

Brinkman [16] extend Einstein’s formula to moderate particle volume concentration up to

4%. The expression is as follow:

1
Her= W H¢ )
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Batchelor [17] presents a formula based on the Brownian motion on the effectivity viscosity

in a suspension of rigid spherical particles. The equation is expressed by:

e (1 +2.5¢ +6.2 ¢ g) m (6)

Lundgren [18] has offered a formula under the form of a Taylor Series in ¢p:

b= (142.56,+6.2592+0 ¢ ) ; 7)

Eilers [19] based on experimental data of suspensions of bitumen spheres developed the

expression:

b= (142.56, +4.75 ¢ 2) ; (8)

Saito [20] presented the equation based on the Brownian motion of tiny spherical rigid
particle:

b= (14250, +2.5 ¢ 2) i, 9)

It is evident that if the term O(¢ ;) and higher are neglected all the expressions above

reduces to the Einstein formula.

Results

Specific Heat

The specific heat of SiO2-water nanofluids was measured from 25°C to 60°C and particle
volume concentration from 4.6% to 14.53%. The calibration of DSC was carried out with
distilled water for the same range of temperature of nanofluids measurements. The results
presented an excellent agreement with the reference values given in the standard textbook
[21].

In figure 3, measured values of SiO2-water nanofluids are compared with the equation (2)
at 25°C for a range of SiO2 nanoparticle volume concentrations. As expected, the measured

values present a good agreement with theoretical values with uncertainty within + 5%. Besides,
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the results show that the specific heat decreases as the nanoparticle loadings increase. The

uses of nanopatrticles dispersed in water provide lower specific heat than the fluid base.

On the other hand, as seen in figure 4 the specific heat increase as the temperature
augments for the volume concentration of 4.6, 4.8 and 5.73% whereas for the volume
concentration of 12.79% present no significant variation. However, the specific heat for the
volume concentration of 13.49 and 14.53% presents no significant difference with the
temperature enhancement, which may imply that is maybe limitation for the volume

concentration of silicon dioxide nanoparticle.

B e e a s
- @ - 25°C
¢ ¢ - 35°C
4 e ~ -8 —45°C
- 55°C
P e Eq.(2)
38 @ ———— water

34

Specific Heat (J/gK)
w
D

32T

3 1 1 1 ] 1 ]
0.04 0.06 0.08 0.1 0.12 0.14 0.16

Volume Concentration

Figure 3. Experimental values of specific heat for a range of volume concentration of

SiOz-water nanofluids
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Figure 4. Experimental values of specific heat of SiO>-water nanofluids for a variety of

temperature

Viscosity

Similar procedure to the specific heat measurements was applied to the viscosity
measurements. The distilled water was first measured to validate the experimental apparatus
for the same range of temperature of nanofluids measurements. The results again presented
an excellent agreement with the reference values given in the standard textbook [21]. For all
results shown to the viscosity of nanofluids, the uncertainty bars were not displayed as they
are slightly smaller than plot symbols. A new correlation eq. (10) is proposed for the viscosity
of SiO2-water nanofluids as a function of nanoparticle volume concentration and the
temperature. This equation fits the data with an R-square factor R2> 0.98 and a Root Mean
Squared Error of 0.0853. This correlation was estimated in a Matlab code based on the model
for viscosity of Al203-water nanofluid proposed by Khanafer and Vafai [5].

Figure 5 shows a comparison of viscosity measured values with equations (4-9). As can be
seen in figure 5, the measured viscosity of nanofluids is much higher than predicted values of
all models, especially for high nanoparticles volume fraction which was expected once the
theoretical equation proposed to viscosity is for a maximum of 5 % of nanofluid in mass
fraction.

Figure 6 shows the measured viscosity of nanofluids as a function of temperature for a

range of nanoparticle volume concentration. The evolution of the viscosity of nanofluids
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increases as the nanoparticle volume concentration increases and decrease as the

temperature increases. However, as can be seen in figure 7, between the volume
concentration around 6 to 11%, correlation proposed in this work, predict an unexpected

behaviour of SiO2-water nanofluids with the nanoparticle loading increase.

_ 31.461 52 ¢° 3 ¢ 2
M= -4.3464+ +183.81 ¢-1.6919x10™T +43055? +4352.4 ¢ -86416;-2311 ¢
+4759.2 ¢° (10)
d=30mm, 0.0 4 < ¢ <0.14, 25°C < T < 55°C
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Figure 5. Comparison of the measured viscosities with theoretical correlation.

223



6™ Int. Conf.: Thermophysical and Mechanical Properties of Advanced Materials (THERMAM)
8"Rostocker Int. Conf.: Thermophysical Properties for Technical Thermodynamics
22-24 September 2019, Cesme, Tzmir, T urkey

35
@  13.49% vol
====Eq)
3 ® 12.79% vol
= Eqi)
® 5.73% vol
25¢F @ -———Eq.(1)
o ® 4.80% vol
o e _ ° ==EEN)
L 2F g . 4.60% vol
= o P ~®- Eq.(1)
= e ®.
= ° g Sy - ® Water
1.5 S Ry ~® |-~ — —— Water Ref.
G e e Py
3 \\\\\\\ \_._‘_‘&§ . SR )
1+ . s R . RN Y
B SRS :‘““-H-N,
o5- T .
1 1 1 1 1 1 1 J
20 25 30 35 40 45 50 55 60

Temperature (°C)
Figure 6. Comparison of the measured viscosities as a function of temperature with the

proposed correlation and fluid base.

35F
® 25C
————Eq.(1) 25°C
3r *  30°C
————Eq.(1) 30°C
25+ ° ¢ 35C
/e | Eamasc
—_ / 0
& o 40°C
g 2 s ¢ Eq.(1) 40°C
= Lo ® 45°C
- % S
= L o ________ el /g% |-———Eq(1)45°C
15 et S e |
o aegr— o Sy 50°C
AT a— ~~ L T Eq.(1) 50°C
A e e ot A 55C
oy SRR ORIt e ————Eq.(1) 55°C
051
0 1 1 1 1 1 J
0.04 0.06 0.08 0.1 0.12 0.14 0.16

Volume Concentration
Figure 7. Comparison of the measured viscosity as a function of nanoparticle volume

fraction with the proposed.

224



6™ Int. Conf.: Thermophysical and Mechanical Properties of Advanced Materials (THERMAM)
8"Rostocker Int. Conf.: Thermophysical Properties for Technical Thermodynamics
22-24 September 2019, Cesme, Izmir, Turkey
Conclusion

In the present study, the specific heat and viscosity of SiO2-water nanofluids with the
nanoparticle volume concentration of 4.6, 4.8, 5.73, 12.79, 13.49 and 14.53vol.% were
investigated experimentally at temperatures ranging between 25°C and 55°C. The specific
heat of nanofluids presented decrease around 5% to lower volume fraction and 21% to the
higher volume fraction at 25°C when compared with the fluid base. The nanofluids with the
volume fraction of 12.79, 13.49 and 14.53vol.% did not present a significant variation in the
specific heat as the increase of temperature.

The viscosity of nanofluids presented a lower enhancement of around 36% for the volume
concentration of 4.6% and a higher increase of 49% for the volume concentration of 12.79%.
Moreover, for example, the viscosity of 13.49vol% is three times higher than the fluid base,
showing that viscosity is hugely dependent on the nanoparticle volume concentration. Nguyen
et al. [14] explain this behaviour is because increasing concentration would have a direct effect
on the fluid internal shear stress while the temperature effect is obviously due to a weakening
of inter-particle and inter-molecular adhesion forces.

However, a new correlation as a function of temperature and nanoparticle volume
concentration has been developed equation (10) with a correlation factor higher than 0.98 and
a Root Mean Squared Error of 0.0853.
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