Lecture Notes in Networks and Systems 178

Kai-Uwe Sattler - Duy Cuong Nguyen -
Ngoc Pi Vu - Banh Tien Long -
Horst Puta Editors

Advances in
Engineering

Research and
Application

Proceedings of the International
Conference on Engineering Research
and Applications, [CERA 2020

@ Springer




Lecture Notes in Networks and Systems

Volume 178

Series Editor

Janusz Kacprzyk, Systems Research Institute, Polish Academy of Sciences,
Warsaw, Poland

Advisory Editors

Fernando Gomide, Department of Computer Engineering and Automation—DCA,
School of Electrical and Computer Engineering—FEEC, University of Campinas—
UNICAMP, Sao Paulo, Brazil

Okyay Kaynak, Department of Electrical and Electronic Engineering,
Bogazici University, Istanbul, Turkey

Derong Liu, Department of Electrical and Computer Engineering, University
of Illinois at Chicago, Chicago, USA; Institute of Automation, Chinese Academy
of Sciences, Beijing, China

Witold Pedrycz, Department of Electrical and Computer Engineering,
University of Alberta, Alberta, Canada; Systems Research Institute,
Polish Academy of Sciences, Warsaw, Poland

Marios M. Polycarpou, Department of Electrical and Computer Engineering,
KIOS Research Center for Intelligent Systems and Networks, University of Cyprus,
Nicosia, Cyprus

Imre J. Rudas, Obuda University, Budapest, Hungary

Jun Wang, Department of Computer Science, City University of Hong Kong,
Kowloon, Hong Kong



The series “Lecture Notes in Networks and Systems” publishes the latest
developments in Networks and Systems—quickly, informally and with high quality.
Original research reported in proceedings and post-proceedings represents the core
of LNNS.

Volumes published in LNNS embrace all aspects and subfields of, as well as new
challenges in, Networks and Systems.

The series contains proceedings and edited volumes in systems and networks,
spanning the areas of Cyber-Physical Systems, Autonomous Systems, Sensor
Networks, Control Systems, Energy Systems, Automotive Systems, Biological
Systems, Vehicular Networking and Connected Vehicles, Aerospace Systems,
Automation, Manufacturing, Smart Grids, Nonlinear Systems, Power Systems,
Robotics, Social Systems, Economic Systems and other. Of particular value to both
the contributors and the readership are the short publication timeframe and the
world-wide distribution and exposure which enable both a wide and rapid
dissemination of research output.

The series covers the theory, applications, and perspectives on the state of the art
and future developments relevant to systems and networks, decision making, control,
complex processes and related areas, as embedded in the fields of interdisciplinary
and applied sciences, engineering, computer science, physics, economics, social, and
life sciences, as well as the paradigms and methodologies behind them.

Indexed by SCOPUS, INSPEC, WTI Frankfurt eG, zbMATH, SCImago.
All books published in the series are submitted for consideration in Web of
Science.

More information about this series at http://www.springer.com/series/15179



Kai-Uwe Sattler - Duy Cuong Nguyen -
Ngoc Pi Vu - Banh Tien Long -

Horst Puta

Editors

Advances 1in Engineering
Research and Application

Proceedings of the International Conference
on Engineering Research and Applications,
ICERA 2020

@ Springer



Editors

Kai-Uwe Sattler Duy Cuong Nguyen
Department of Computer Science Faculty of Electronic Engineering
and Automation Thai Nguyen University of Technology

Ilmenau University of Technology (IUT) Thai Nguyen, Vietnam
Ilmenau, Germany
Banh Tien Long
Ngoc Pi Vu Hanoi University of Science and Technology
Faculty of Mechanical Engineering Hanoi, Vietnam
Thai Nguyen University of Technology
Thai Nguyen, Vietnam

Horst Puta

Institute for Automation and Systems
Engineering

Ilmenau University of Technology (IUT)
Ilmenau, Germany

ISSN 2367-3370 ISSN 2367-3389 (electronic)
Lecture Notes in Networks and Systems
ISBN 978-3-030-64718-6 ISBN 978-3-030-64719-3 (eBook)

https://doi.org/10.1007/978-3-030-64719-3

© The Editor(s) (if applicable) and The Author(s), under exclusive license

to Springer Nature Switzerland AG 2021

This work is subject to copyright. All rights are solely and exclusively licensed by the Publisher, whether
the whole or part of the material is concerned, specifically the rights of translation, reprinting, reuse of
illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way, and
transmission or information storage and retrieval, electronic adaptation, computer software, or by similar
or dissimilar methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt from
the relevant protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the
authors or the editors give a warranty, expressed or implied, with respect to the material contained
herein or for any errors or omissions that may have been made. The publisher remains neutral with regard
to jurisdictional claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland



o

Check for
updates

Experimental and Numerical Investigations
into Evaporation Rates of Some Fuels Utilized
in Aviation Gas Turbine Engines

Nam V. T. Pham. Kien T. Neuven, Thin V. Pham,
and|Phuong X. Pham ™9

Le Quy Don Technical University, Hanoi, Vietnam
phuongpham@lqgdtu. edu. vn

Abstract. Fuels utilized in aviation gas turbine engines are multi-component
and supplied into the two-phase flow environment (fuel and air) under high
temperature and pressure conditions of the combustion chamber. Examining
aviation fuel evaporation in these conditions is quite challenging. Currently,
there are different models available in the literature for examining evaporation
characteristics for both mono- and multi-component drops in the multi-phase
flow medium. However, a scientific approach to select suitable models for
practical fuels such as the ones utilized in aviation gas turbine engines is scarce.
In this paper, an experiment has been conducted under quiescent droplet con-
ditions, zero velocity gas flow, and at the atmospheric pressure. Combining the
experimental outcomes and evaporation rates obtained from different models,
suitable models for computing evaporation rates of aviation fuels is analysed
and suggested. The analysis shows significant gaps in evaporation rates when
using different models. It is suggested that using an equilibrium model like the
M2 model is one option to provide reasonable evaporation rates for small
droplets (e.g. <0.1 mm). However, further studies are required to provide a fair
conclusion for modelling aviation fuel drops when accounting for multi-
component issues as well as variable drop sizes.

Keywords: Aviation fuel - Drop evaporation - Droplet evaporation models -
Gas turbine engine

1 Introduction

Currently, there exist different numerical models available in the literature for exam-
ining mono-component droplet evaporation in the multi-phase flow medium, for
example, two versions of the transient classical model [1, 2], four heat-mass transfer
analogy models [3-5] and two non-equilibrium models based on the Langmuir-
Knudsen evaporation law [6]. These models overcome the disadvantages of the clas-
sical D-squared model as they are capable of describing phase interactions as well as
the first period (heat-up period) of the evaporation process. These models can be
adoptable for examining the evaporation rate of mono-dispersed droplets having a large
range of diameters. Regarding multi-component fuels, several models are also available
in the literature, for example, diffusion limit (DL) [7] and distillation curve
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(DC) models [8]. Although DC and DL models are more suitable for practical fuels
utilized in heat engines, they require high computational cost and as such non-
equilibrium and equilibrium models are commonly used in the literature.

Fuels utilized in aviation gas turbine engines are multi-component, and when
injected into the combustion chamber, the fuels pass through different complex pro-
cesses including evaporation. In the multi-phase flow conditions, there exist interac-
tions between the liquid fuels and the intake air in the two-phase stream. These
interactions along with the multi-component characteristic add complexities to the fuel
evaporation process. This leads to challenges in examining the evaporation mechanism.
Due to the fact of different numerical models found in the literature for evaporation rate
estimation, choosing the ones to suitably describe the evaporation phenomenon needs
to be considered. Approaches to choose good models for multi-component fuels uti-
lized in gas turbine engines are scarce in the literature.

As mentioned earlier, due to expensive computational cost when using multi-
component models (e.g. DC & DL), in this paper, our analysis is limited to using the
multi-phase flow models available in the literature to calculate the evaporation rate of
some aviation fuels. An experiment has been set up to measure the drop evaporation
rate of jet A-1 fuel. An in-depth analysis is provided to evaluate suitable evaporation
models.

2 Mathematical and Experimental Models

2.1 Mathematical Modelling

Mathematical modeling utilized for characterizing droplet evaporation in multiphase
flows is based on Lagrangian equations:

dX;/dt = v; (1)

dvi/dt = (fi/ta)(u; — vi) + gi (2)

dTy/d; = 1/3(fpNu/Prg)(01/7a)(Tc — Ta) + (Lo/C1)(tita/ ma) — Har ~ (3)
dmy/d, = —1/3 (Sh/Sc)(ma/ta)Hy (4)

In these equations, each method for f;, f>, Sh, Nu, H 47 Hy; selection leads to a
particular model. Eight models normally used for drop evaporation modelling in multi-
phase flows are shown in Table 1 and these models are distinguished through the cal-
culation of three heat and mass transfer terms f,, Ha, and Hy;. Steps used for calculating
these parameters are detailed in [9]. Values of other parameters (Sh, Nu, and f;) could be
found in [10, 11]. M1 to M6 are called equilibrium models while M7 & M8 are non-
equilibrium ones. This classification depends on the assumptions of the non-equilibrium
effects of the vapor layer near the evaporation surface (the Knudsen layer) [12].
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Table 1. Evaporation models available in literature

Model | Name o Hyr Hy

M1 Classical rapid mixing | 1 0 ln[l —|—BM’eq]

M2 | Abramzon-Sirignano r;de?T [335_3”] 0 In[1+ Bu.eq]

M3 | Mass analogy Ia 1 0 Bwmeq

M4 Mass analogy Ib (1+ BT)71 0 BMeq

M5 Mass analogy Ila 1 0 (Ys7eq - YG)

M6 | Mass analogy IIb (1+By)" |0 (Yoeq — Yo)

M7 Langmuir—Knudsen I |G 0 In [1 + BM,Heq]

M8 Langmuir—Knudsen II |G 28 (0_1> A ln[l +BM7neq]
3Pr \a )

2.2 Experimental Model

A simple experimental model is constructed as shown in Fig. 1, which aims to
determine the evaporation rate of the stationary fuel droplet in a hot environment.
A fuel droplet is suspended on a metal wire (diameter = 115 pm) installed on a height-
adjustable suspension bracket. The heated medium is created in a thermistor furnace,
whose temperature is well regulated by a PID controller along with a thermocouple.
When the required temperature in the furnace is stable, the fuel droplet is carefully and
quickly carried down to the thermocouple position so that the evaporation process
starts. The whole evaporation process is recorded using a full HD camera equipped
with a magnifying lens and a light source setup similarly to a backlit (shadowgraph)
technique as schematically shown in Fig. 1. The initial droplet size can be adjusted by
changing the needle size. Obtained experiment images are processed using the binary
method and image size measurement, which are built-in in Image] software [13].

Thermistor furnance

Fig. 1. Sketch of the fuel droplet evaporation experiment system.
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3 Results and Discussion

3.1 Model Prediction

According to the expressions in ref. [9], a code based on GUI Matlab is developed to
calculate the evaporation rate of a fuel droplet. This code includes eight models
mentioned above, and they are used in this current study for several typical aviation
fuels (e.g. RT, TS-1, Jet A-1, and JP4).

Figure 2 (2a for TS-land 2b for Jet A-1) compares evaporation rate of the fuel
quiescent droplet when using different models. For these fuels, the results shown in
Fig. 3 could be classified into three groups: (i) Group I including models M1, M3, M5,
M7, and M8 shows the shortest evaporation time; (ii) Group II ranks second and this is
only for M2 model; and (iii) Group III includes the M4 and M6 representing the longest
evaporation times. This difference, as mentioned above, is the reason for the difficulty
in choosing a suitable evaporation model for a certain fuel.
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Fig. 2. Variation of (D/Dy)? versus time during evaporation process for (a) TS-1; (b) Jet A-1.
Initial conditions: Too = 800 K, Ty = 300 K, Dy = 1000 um and P, = 101.33 kPa.

The non-equilibrium effect is evaluated through the ratio of the non-equilibrium
contribution 2LK /D (and the non-equilibrium surface mole fraction ..., Where L is
the Knudsen layer thickness, and B is the coefficient of evaporation. Figure 3 shows the
non-equilibrium effect versus time for some of the initial diameter values of TS-1
droplets. Essentially, the non-equilibrium effect increases with increasing the evapo-
ration time. Besides, the non-equilibrium effect becomes more significant as the droplet
initial diameter decreases. Under the conditions shown in Fig. 3, these effects grow
obviously when the initial droplet diameter is less than 100 um, and they are important
for small initial droplet sizes less than 50 pum. Therefore, for small fuel droplets, the
non-equilibrium models are superior to the remaining models.
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Fig. 3. Temporal evolution of the non-equilibrium contribution to the surface mole fraction for
Langmuir-Knudsen model M8 for the fuel TS-1.
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Fig. 4. (a) The experimental result of the evaporation rate for Jet-A1. (b) A comparison between
M1-M8 and DL models (a multi-component model) for Jet A-1 (DL model data in [8]).

3.2 Experimental Comparison

It can be seen in Fig. 4a, for a large Jet A-1 droplet (1123 pm) under low ambient
temperature (Tg = 500 K), the initial heating period cannot be distinguished, and the
evaporation rate decreases with time. The reason is due to the difference in evaporation
rate between the components of Jet A-1. The volatile components will quickly escape
from the droplet surface lead to a rapidly decreasing in the droplet size. The remaining
(poor evaporative) components will persist until the end of the process make the
evaporation rate decrease. Here, the M4 and M6 model approximately predicts the
droplet lifetime, but overall, models M1 to M8 are not suitable for this case. In Fig. 4b,
for a small Jet A-1 droplet (100 um) placed at high ambient temperature (800 K),
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although the non-equilibrium effects become significant, the non-equilibrium models
(e.g. M7 and MS) are getting high errors. Our first effort to include the DL model here,
and it is clearly shown in Fig. 4b that M2 and DL models are quite close. Although
further studies are required to provide a fair conclusion for modelling aviation fuel
drops when accounting for multi-component issues as well as variable drop sizes, using
the M2 model is one option to provide reasonable evaporation rates for small droplets
as shown in this study.

4 Conclusion

In this paper, an evaluation for choosing suitable models available in the literature to
compute evaporation rates for aviation fuels is presented. An initial effort to set up an
experimental system to study drop evaporation has also been provided. In this setup,
the evaporation rate of Jet A-1 drops has been measured. The numerical and experi-
mental results show big gaps in the predicted results when using different models.
Models M1 to M8 cannot accurately compute vaporization rates for a large drop (e.g.
1.123 mm Jet A-1 drop tested in this study). Whereas, the M2 model predicts quite
well evaporation rates for small droplets (e.g. <100 pm). M2 and DL models show
quite close results, and as such, the M2 model can be a cheap solution for estimating
the evaporation rate of aviation fuel droplets with small diameter.
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