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CZU 004.94

INDUSTRIALS SIMULATION MODELING TECHNOLOGY APPLICATION TO
IMPROVE THE EFFICIENCY IN AUTOMATIC PRODUCTION LINE EQUIPMENT
Tuan-Linh Nguyen*, ORCID ID: 0000-0002-1960-9794
Department of Mechanical Engineering, Hanoi University of Industry, Hanoi City,Vietnam
*Corresponding author: Tuan-Linh Nguyen, nguyentuanlinh@haui.edu.vn
Received: 06. 12. 2021
Accepted: 08. 06. 2021

Abstract. Currently, the application of technical advances to production plays an important
role in improving productivity and saving production costs. The techniques applying
information technology bring high efficiency, accuracy, reliability, pre-assessment of the
results. Modeling and simulation are method that are widely used from research, design,
manufacturing to operate the systems. With the help of computers, with high computational
speed and large memory, the modeling method was strongly developed, bringing great
efficiency in research and production practice. The assessment of effective use of equipment
in the production line has a decisive role in increasing the productivity and decreasing cost.
Therefore, the analysis and evaluation of the production line by the simulation model
method is highly practical, bringing many effects in the management and use of equipment.
In this study, a simulation of a specific problem was performed to estimate the simulated
workshop. Then, building a new plan and comparing the proposed plane with the original
plan to provide the reasonable solutions for the production process to effectively use the
equipment in the production line.
Keywords: modeling and simulation, effective use, equipment, automatic production line.
Rezumat. În prezent, aplicarea progreselor tehnice la producție joacă un rol important în
îmbunătățirea productivității și economisirea costurilor de producție. Tehnicile care aplică
tehnologia informației aduc eficiență ridicată, acuratețe, fiabilitate, preevaluare a
rezultatelor. Modelarea și simularea sunt metode utilizate pe scară largă în cercetare,
proiectare, fabricare pentru a opera sistemele. Cu ajutorul computerelor cu viteză de calcul
mare și memorie mare, metoda de modelare a fost puternic dezvoltată, aducând o mare
eficiență în practica de cercetare și producție. Evaluarea utilizării eficiente a echipamentelor
în linia de producție are un rol decisiv în creșterea productivității și scăderea costurilor. Prin
urmare, analiza și evaluarea liniei de producție prin metoda modelului de simulare este
extrem de practică, aducând multe efecte în gestionarea și utilizarea echipamentelor. În acest
studiu, a fost efectuată o simulare a unei probleme specifice pentru a estima atelierul simulat.
Apoi, construirea unui nou plan și compararea planului propus cu planul original pentru a
oferi soluții rezonabile pentru procesul de producție pentru a utiliza în mod eficient
echipamentele din linia de producție.
Cuvinte cheie: modelare și simulare, utilizare eficientă, echipament, linie de producție automată.
Journal of Engineering Science

September, 2021, Vol. XXVIII (3)

Journal of Engineering Science, Abstracts, Vol. XXVIII (3), 2021

9

https://doi.org/10.52326/jes.utm.2021.28(3).02
CZU 621.3.092.53:534.2

SETTING OF THE ANGLE OF INCIDENCE FOR GENERATING LAMB WAVES BY
NON-CONTACT METHOD
Alexandru Buga*, ORCID ID: 0000-0002-4342-0502
Technical University of Moldova, 168 Ștefan cel Mare Blvd., MD-2004, Chișinău, Republic of Moldova
*Corresponding author: Alexandru Buga, alexandru.buga@precesia.utm.md
Received: 06. 17. 2021
Accepted: 08. 10. 2021

Abstract. The article examined the problem of the experimental setting of incidence angles
for the generation of Lamb waves in plate-type parts by the non-contact ultrasonic control
method. This type of control is mainly done by the use of two types of waves: Rayleigh,
which detects invisible defects on the surface of parts, and Lamb waves mode A0 and S0.
Mostly used is the mode A0 due to the propagation over distances of interest in the tested
materials. One of the primary aim during the testing process is to position the ultrasonic
transducers (transmitter and receiver) at oblique angles of incidence on a surface. The
transducers should be positioned on an access face of the plate, as is common in industrial
practice, at a fixed distance from the measured plate, and leaving an air gap between
transducers and the tested plate. The ultrasonic transducers are moved simultaneously
linearly or in zigzag on the surface of the plate-type part to measure the hidden defects
(cracks, pores, inclusions) that appear in the composite materials during the manufacturing
process or during the operation. The presented work brings new insights into the setting of
the angle of incidence for generating lamb waves by non-contact method.
Keywords: non-contact ultrasonic control, invisible defects measurement, Lamb waves, ultrasonic
transducers, angle of incidence.
Rezumat. În articol este examinată problema setării experimentale a unghiurilor de incidență
pentru generarea undelor Lamb în piese de tip placă prin metoda de control non-contact cu
ultrasunete. Acest tip de control se face în principal prin utilizarea a două tipuri de unde:
Rayleigh, care detectează defecte invizibile pe suprafața pieselor, și modul de undă Lamb A0
și S0. Cel mai utilizat este modul A0 datorită propagării pe distanțe de interes în materialele
testate. Unul dintre obiectivele principale în timpul procesului de testare este poziționarea
traductoarelor cu ultrasunete (emițător și receptor) la unghiuri de incidență oblică pe o
suprafață. Traductoarele ar trebui să fie poziționate pe o față de acces a plăcii, așa cum este
obișnuit în practica industrială, la o distanță fixă de placa măsurată și lăsând un spațiu de aer
între traductoare și placa testată. Traductoarele cu ultrasunete sunt deplasate simultan liniar
sau în zig-zag pe suprafața piesei de tip placă pentru a detecta defectele ascunse (fisuri, pori,
incluziuni) care apar în materialele compozite în timpul procesului de fabricație sau în timpul
exploatarii. Lucrarea prezentată aduce noi perspective asupra setării unghiului de incidență
pentru generarea undelor Lamb prin metoda non-contact.
Cuvinte cheie: control cu ultrasunete fără contact, detectarea defectelor invizibile, unde Lamb,
traductoare cu ultrasunete, unghi de incidență.
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https://doi.org/10.52326/jes.utm.2021.28(3).03
CZU 621.887.002.5

DESIGN ASPECTS OF INSTALLATION DEVICES OF THE SUPPORT RINGS
Alexei Botez*, ORCID ID: 0000-0001-8357-076X
Elena Rusu, ORCID ID: 0000-0002-2473-0353
Technical University of Moldova, 168 Stefan cel Mare Blvd., MD-2004, Chisinau, Republic of Moldova
*Corresponding author: Alexei Botez, alexei.botez@gddti.utm.md
Received: 06. 23. 2021
Accepted: 08. 11. 2021

Abstract. The processes of manufacturing machines and appliances show a continuous
tendency to increase the degree of automation. An important role in the automation of
manufacturing processes is played by the constructive technologicality of the product. It is
important to use a minimum number of components, which have a construction as
technological as possible in terms of automation. In this context, the use of supporting rings
as fasteners is welcome. The design of the installation devices of these rings requires the
knowledge of their deformation forces, information that is missing in the profile
literature. The authors set their goal to develop the method for calculating the forces required
to deform the supporting rings with a rectangular transverse profile and their maximum
allowable deformations. The calculation relationships were obtained by formalizing the
supporting ring through a bar with a fixed end and studying its deformation using Mohr's
integral. The article lists some types of the supporting rings used in the construction of
machines and appliances, their advantages and disadvantages, aspects of their automatic
installation: deformation and installation methods, precision of joint orientation, optimal
design, calculation of forces required for deformation and the maximum permissible
deformation value. As a result of the research carried out, recommendations were developed
regarding the calculation of some constructive parameters of the devices for installing the
supporting rings.
Keywords: supporting ring, mounting process, deformation forces, accuracy of orientation.
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CZU 621.887.002.5

DESIGN ASPECTS OF INSTALLATION DEVICES OF THE SUPPORT RINGS
Alexei Botez*, ORCID ID: 0000-0001-8357-076X,
Elena Rusu, ORCID ID: 0000-0002-2473-0353
Technical University of Moldova, 168 Stefan cel Mare Blvd., MD-2004, Chisinau, Republic of Moldova
*Corresponding author: Alexei Botez, alexei.botez@gddti.utm.md
Received: 06. 23. 2021
Accepted: 08. 11. 2021

Rezumat. Procesele de fabricație a mașinilor și aparatelor arată o tendință continuă de
creștere a gradului de automatizare. Un rol important în automatizarea proceselor de
fabricație îl are tehnicitatea constructivă a produsului. Este important de utilizat un număr
minim de componente, care au o construcție cât mai tehnologică în ceea ce privește
automatizarea. În acest context, este binevenită utilizarea inelelor de susținere ca elemente
de fixare. Proiectarea dispozitivelor de instalare a acestor inele necesită cunoașterea forțelor
lor de deformare, informații care lipsesc în literatura de profil. Autorii și-au stabilit obiectivul
de a dezvolta metoda de calcul a forțelor necesare deformării inelelor de susținere cu un
profil transversal dreptunghiular și a deformărilor maxime admise. Relațiile de calcul au fost
obținute prin formalizarea inelului de susținere printr-o bară cu un capăt fix și studierea
deformării acestuia utilizând integralul lui Mohr. Articolul enumeră câteva tipuri de inele de
susținere utilizate în construcția de mașini și aparate, avantajele și dezavantajele acestora,
aspectele instalării lor automate: metode de deformare și instalare, precizia orientării
articulației, proiectarea optimă, calculul forțelor necesare pentru deformare și valoarea
maximă admisă a deformării. În urma cercetărilor efectuate, au fost elaborate recomandări
cu privire la calcularea unor parametri constructivi ai dispozitivelor pentru instalarea inelelor
de susținere.
Cuvinte cheie: inel de susținere, proces de montare, forțe de deformare, precizie de orientare.

Journal of Engineering Science

September, 2021, Vol. XXVIII (3)

12

Journal of Engineering Science, Abstracts, Vol. XXVIII (3), 2021

https://doi.org/10.52326/jes.utm.2021.28(3).04
CZU 544.45:546.27

IGNITION AND COMBUSTION OF SINGLE SOLID PARTICLES
AS NON-ISOTHERMAL METHODS OF CHEMICAL KINETICS
Grigore Ambrosi*, ORCID ID: 0000-0001-7232-2998
Technical University of Moldova, 168 Ștefan cel Mare și Sfânt Blvd., Chisinau, Republic of Moldova
*Corresponding author: Grigore Ambrosi, grigore.ambrosi@tran.utm.md
Received: 06. 17. 2021
Accepted: 08. 12. 2021

Abstract. The ignition and combustion of single particles of crystalline boron continue to
produce major scientific interest due to the particularities of the process and diversity of
potential applications of boron compounds. The full valorization of boron energetic
potential is a very current scientific challenge. The objective of the paper is to systematize
the methodology for evaluating the kinetic parameters of boron ignition and combustion
reactions in various oxidizing gaseous environments. Experimental dependencies between
the ignition temperature and the particle size, as well as the combustion time as a function
of oxidizing temperature are used for the calculation of the kinetic constants. As a main
result, the kinetic parameters of the ignition and combustion reactions of boron in oxygen
and water vapor are calculated.
Keywords: boron, thermodynamics, reaction, oxidation, heterogeneous, calculation,
parameter, experiment.
Rezumat. Aprinderea și arderea particulelor unice de bor cristalin continuă să producă un
interes științific major datorită particularităților procesului și diversității aplicațiilor
potențiale ale compușilor de bor. Valorificarea completă a potențialului energetic al borului
este o provocare științifică foarte actuală. Obiectivul lucrării este de a sistematiza
metodologia de evaluare a parametrilor cinetici ai reacțiilor de aprindere și ardere a borului
în diferite medii gazoase oxidante. Pentru calcularea constantelor cinetice sunt utilizate
dependențe experimentale între temperatura de aprindere și dimensiunea particulelor,
precum și timpul de ardere în funcție de temperatura de oxidare. Ca rezultat principal, se
calculează parametrii cinetici ai reacțiilor de aprindere și combustie ale borului în oxigen și
vapori de apă.
Cuvinte cheie: bor, termodinamică, reacție, oxidare, eterogenă, calcul, parametru, experiment.
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https://doi.org/10.52326/jes.utm.2021.28(3).05
CZU 621.314.25

ENERGY CHARACTERISTICS OF PHASE REGULATING DEVICE BASED ON "STAR"
CIRCUIT
Lev Kalinin, ORCID: 0000-0003-1894-5734,
Dmitrii Zaitsev, ORCID: 0000-0001-7207-1754,
Mihai Tirsu*, ORCID: 0000-0002-1193-6774,
Irina Golub, ORCID: 0000-0001-8053-9329,
Danila Kaloshin, ORCID: 0000-0001-7194-2175
Institute of Power Engineering, 5 Academiei str., Chisinau, Republic of Moldova
*Corresponding author: Mihai Tirsu, tirsu.mihai@gmail.com
Received: 05. 12. 2021
Accepted: 06. 28. 2021

Abstract. The electric power industry development mean increases the electric grids
flexibility through the use of various devices type (FACTS) controlled by means of power
electronics and being an element of the Smart Grid. This type of device includes a phaseshifting transformer (PST), which redistributes power flows in the branches of electrical
networks. In connection with the relevance of this topic, new technical solutions appear that
implement similar functions, which entails the need for a comparative analysis of such
developments in order to optimize the energy characteristics of this kind of equipment. The
aim of the work is to develop schematic version of the PST made according to the "star"
scheme and analyze its operation in typical modes. During the study, the energy
characteristics of the device were determined. The possibility of reducing the typical power
of the phase-shifting device due to the use of capacitive compensation is analyzed.
Keywords: phase-shifting transformer, angle of phase shift, electronic power switches, control
strategy, rated capacity.
Rezumat. Dezvoltarea industriei energiei electrice înseamnă creșterea flexibilității rețelelor
electrice prin utilizarea diferitelor tipuri de dispozitive (FACT), controlate prin intermediul
electronicii de putere și fiind un element al rețelei inteligente. Acest tip de dispozitiv include
un transformator cu schimbare de fază (PST), care redistribuie fluxurile de energie în ramurile
rețelelor electrice. În legătură cu relevanța acestui subiect, apar noi soluții tehnice care
implementează funcții similare, ceea ce implică necesitatea unei analize comparative a
acestor evoluții pentru a optimiza caracteristicile energetice ale acestui tip de echipamente.
Scopul lucrării este de a dezvolta versiunea schematică a PST realizată conform schemei
„stea” și de a analiza funcționarea acesteia în moduri tipice. În timpul studiului, au fost
determinate caracteristicile energetice ale dispozitivului. Este analizată posibilitatea
reducerii puterii tipice a dispozitivului de schimbare de fază datorită utilizării compensării
capacitive.
Cuvinte cheie: transformator cu schimbare de fază, unghi de schimbare de fază, întrerupătoare
electronice de putere, strategie de control, capacitate nominală.
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Abstract. Suitability determination of any product designed for specific types of consumers is
possible through the effective use of anthropometric information. This study assessed
anthropometric data utilization in footwear designs and patterns as an indicator of fitness
and comfort in footwear production. The data collected for analysis were the length and the
breadth dimensions of footwear design pattern from eighteen footwear cottage shops and
the foot anthropometric parameter from a total of four hundred and thirty-three (433) (males
(226) and females (207)) subjects. The instrumentation design for the data collection was a
digital vernier caliper (model Mitutoyo 500-506-10). The analysis of the foot anthropometry
dimension and the design footwear pattern data obtained showed a lack of bilateral
symmetry for the male and female gender. The fitness and comfortable foot support function
of the footwear analyzed using a paired samples t-test between the footwear design pattern
dimensions, and the foot anthropometric parameters disclosed p > 0.05 in all cases – not
significant. This study concluded that tailoring a product design to the users’ population
reduces the mismatch challenges, grants fitness, and comfort to the users.
Keywords: foot anthropometry, footwear, fitness, production, cottage firm.
Rezumat. Determinarea adecvării oricărui produs conceput pentru anumite tipuri de
consumatori este posibilă prin utilizarea eficientă a informațiilor antropometrice. Acest studiu
a evaluat utilizarea datelor antropometrice în modele de încălțăminte ca indicator al
fitnessului și confortului în producția de încălțăminte. Datele colectate pentru analiză au fost
lungimea și lățimea dimensiunilor modelului de proiectare a încălțămintei de la optsprezece
magazine de încălțăminte și parametrul antropometric al piciorului dintr-un total de patru
sute treizeci și trei (433) bărbați (226) și femei (207). Proiectarea instrumentelor pentru
colectarea datelor a fost un etrier digital vernier (model Mitutoyo 500-506-10). Analiza
dimensiunii antropometriei piciorului și a datelor obținute din modelul de încălțăminte de
proiectare a arătat o lipsă de simetrie bilaterală pentru sexul masculin și feminin. Funcția de
fitness și suport confortabil pentru picioare a încălțămintei analizate folosind un test pereche
între dimensiunile modelului de proiectare a încălțămintei și parametrii antropometrici ai
picioarelor dezvăluite (p> 0,05 în toate cazurile) nu este semnificativ. Acest studiu a
concluzionat că adaptarea unui design de produs la populația utilizatorilor reduce provocările
de nepotrivire, acordă posibilitate de fitness și confort utilizatorilor.
Cuvinte cheie: antropometrie a piciorului, încălțăminte, fitness, producție, firmă cottage.
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Abstract. Target recognition is of great importance in military and civil applications – object
detection, security and surveillance, access and border control, etc. In the article the general
structure and main components of a target recognition system are presented. The
characteristics such as availability, distinctiveness, robustness, and accessibility are
described, which influence the reliability of a TRS. The graph presentations and mathematical
descriptions of a unimodal and multimodal TRS are given. The mathematical models for a
probability of correct target recognition in these systems are presented. To increase the
reliability of TRS, a new approach was proposed – to use a set of classification algorithms in
the systems. This approach permits the development of new kinds of systems - Multiple
Classification Algorithms Unimodal and Multimodal Systems (MAUMS and MAMMS). The
graph presentations, mathematical descriptions of the MAUMS and MAMMS are described.
The evaluation of the correct target recognition was made for different systems. The
conditions of systems' effectiveness were established. The modality of the algorithm's
recognition probability maximal value determination for an established threshold level of the
system's recognition probability was proposed, which will describe the requirements for the
quality and, respectively, the costs of the recognition algorithms. The proposed theory
permits the system's design depending on a predetermined recognition probability.
Keywords: target, recognition, system, unimodal, multimodal, algorithm, probability.
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Rezumat. Recunoașterea țintelor are o mare importanță în aplicațiile militare și civile detectarea obiectelor, securitatea și supravegherea, accesul și controlul frontierelor etc. În
articol sunt prezentate structura generală și principalele componente ale unui sistem de
recunoaștere a țintelor (SRȚ). Sunt descrise caracteristicile precum disponibilitatea, caracterul
distinctiv, robustețea și accesibilitatea, care influențează fiabilitatea unui SRȚ. Sunt date
prezentările grafice și descrierile matematice ale unui SRȚ unimodal și multimodal. Sunt
prezentate modele matematice pentru o probabilitate de recunoaștere corectă a țintei în
aceste sisteme. Pentru a crește fiabilitatea SRȚ, a fost propusă o nouă abordare - utilizarea
unui set de algoritmi de clasificare în sisteme. Această abordare permite dezvoltarea de noi
tipuri de sisteme - Sisteme cu algoritmi de clasificare multiple unimodale și multimodale
(SACMUM și SACMMM). Sunt date prezentările grafice, descrierile matematice ale SACMUM
și SACMMM. Evaluarea recunoașterii țintei corecte a fost dată pentru diferite sisteme. Au fost
stabilite condițiile de eficacitate a sistemelor. A fost propusă modalitatea de determinare a
valorii maxime a probabilității de recunoaștere a algoritmului pentru un nivel de prag stabilit
al probabilității de recunoaștere a sistemului, care va determina cerințele pentru calitate și,
respectiv, costurile algoritmilor de recunoaștere. Teoria propusă permite proiectarea
sistemului în funcție de o probabilitate de recunoaștere predeterminată.
Cuvinte cheie: țintă, recunoaștere, sistem, unimodal, multimodal, algoritm, probabilitate.
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Abstract. This study investigates the selection of stock from huge stock markets and by using
good selection tools so that it will give a good return value. It helps investor to find an easy
decision regarding their investment in stock market individually with effective collection of
trading activities. Many artificial intelligence (AI) techniques are untested in the financial
crisis scenario. This research really helpful to the investor in the stock selection and stock
purchase decision. AI is also a one of the hottest topic for most industries, researchers and
investors. The financial market is easy to analyze with multiple charts, due to the application
of artificial intelligence.
Keywords: stock market, artificial intelligence, trading, investment, financial.
Rezumat. Acest studiu investighează selecția acțiunilor de pe piețe imense de acțiuni și prin
utilizarea unor instrumente de selecție bune, astfel încât să ofere o valoare rentabilă bună.
Ajută investitorul să găsească o decizie ușoară în ceea ce privește investiția lor pe piața de
valori individual, cu o colectare eficientă a activităților de tranzacționare. Multe tehnici de
inteligență artificială (AI) nu sunt testate în scenariul de criză financiară. Această cercetare
este foarte utilă pentru investitor în selectarea acțiunilor și decizia de cumpărare a acțiunilor.
AI este, de asemenea, unul dintre cele mai fierbinte subiecte pentru majoritatea industriilor,
cercetătorilor și investitorilor. Piața financiară este ușor de analizat cu mai multe diagrame,
datorită aplicării inteligenței artificiale.
Cuvinte cheie: bursă, inteligență artificială, tranzacționare, investiții, financiar.
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Abstract. Currently, the district heating systems (DHSs) are intensively promoted both
nationally and globally. The advantages of using these systems in urban areas compared to
individual heating systems are practically indisputable. Still, it is essential that the calculation
underlying the assessment of the economic profitability of the projects to connect the new
heat consumers to DHS be made correctly by taking into account all the necessary
investments and the benefits obtained from the additional amount of energy sale. The article
presents the methodology for the optimal regression model selection that can be applied to
predict the additional electricity produced in cogeneration mode in case of the new heat
consumer connection to the DHS, based on the actual data of the thermal and electrical
energy supplied to network from a CHP in the Republic of Moldova. At the same time, it is
demonstrated that between the thermal energy supplied to a new consumer connected to
DHS and the additional electricity produced in the cogeneration mode, there is a direct and
linear correlation.
Keywords: cogeneration, equation of a straight line, heating season, new consumer’s connection
to the DHS, regression analysis.
Rezumat. La momentul actual, sistemele centralizate de alimentare cu energie termică
(SACET) sunt intens promovate atât la nivel național cât și la nivel mondial. Avantajele
utilizării acestor sisteme în localități urbane în comparație cu sisteme individuale de încălzire,
sunt practic incontestabile, dar este important ca calculul care stă la baza evaluării
rentabilității economice a proiectelor de racordare a noilor consumatori la SACET, să fie
realizat corect prin luarea în considerație a tuturor investițiilor necesare, cât și a beneficiilor
obținute în rezultatul vânzării unei cantități suplimentare de energie. În lucrare este
prezentată metodologia selectării modelului optim de regresie care poate fi aplicat în scopul
predicției volumului de energie electrică suplimentar produsă în cogenerare în cazul
racordării unui consumator nou de energie termică la SACET, în baza unor date reale ale
valorilor energiilor termice și electrice livrate în rețea de la un CET din Republica Moldova.
Totodată, este demonstrat faptul că între energia termică livrată unui consumator nou
racordat la SACET și energia electrică suplimentar produsă în regim de cogenerare, există o
corelație directă și liniară.
Cuvinte cheie: cogenerare, ecuația liniei drepte, model de regresie, sezon de încălzire, racordarea
unui nou consumator la SACET.
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Abstract. For sustainability purposes, supplementary cementitious materials (SCMs) are
considered essential components for gaining ultra-high strength properties of concrete and
mortar. This study experimentally investigates the influence of single, binary, and ternary
partial cement replacements of the SCMs on the performance of ultra-high-strength mortar.
The investigated SCMs were included ground granulated blast furnace slag (GGBS), densified
silica fume (DSF), un-densified silica fume (UDSF), and Fly ash (FA). Three replacements
ratios were implemented; 10%, 20%, and 30% in addition to mortar without SCMs to work
as a control mix for comparison reasons. 27 mixes were designed to quantify the
replacement ratio that explains the best performance, through examining the workability,
compressive and tensile strength of each mix. In addition, XRD test was carried out to
identify the various decomposition phases of the hardened mortar. The results indicated that
binary replacement of 15% GGBS and 15% UDSF exhibited the best performance among all
other replacements ratios.
Keywords: binary replacement, ssupplementary cementitious materials, single replacement,
ternary replacement, ultra-high strength, XRD patterns.
Rezumat. În scopuri de durabilitate, materialele cimentare suplimentare (SCM) sunt
considerate componente esențiale pentru obținerea proprietăților de rezistență ultra-înaltă a
betonului și mortarului. Acest studiu investighează experimental influența înlocuirilor
parțiale simple, binare și ternare de ciment ale SCM-urilor asupra performanței mortarului de
înaltă rezistență. SCM-urile investigate au inclus zgură de furnal granulat la sol (GGBS), fum
de silice densificat (DSF), fum de silice nedensificat (UDSF) și cenușă zburătoare (FA). Au fost
implementate trei rapoarte de înlocuire, cu respectiv 10%, 20% și 30% în plus față de mortarul
fără SCM, un amestec de control pentru comparație. 27 de amestecuri au fost proiectate
pentru a cuantifica raportul de înlocuire care explică cele mai bune performanțe, examinând
lucrabilitatea, rezistența la compresiune și la tracțiune a fiecărui amestec. În plus, s-a efectuat
testul XRD pentru a identifica diferitele faze de descompunere a mortarului întărit.
Rezultatele au indicat faptul că înlocuirea binară a 15% GGBS și 15% UDSF a prezentat cea
mai bună performanță dintre toate celelalte rapoarte de înlocuire.
Cuvinte cheie: înlocuire binară, materiale cimentare suplimentare, înlocuire unică, înlocuire
ternară, rezistență ultra-mare, modele XRD.
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Abstract. The main purpose of this study is to revitalize the concept of wise and controlled
supply of water for domestic, industrial and agricultural applications which facilitate
sustainable usage of fresh water resources. As Eritrea is striving to manage its water
resources, attention paid primarily to enable water flow control mechanisms in municipal
water distribution systems. A table top process control trainer (PCT) was tested through
proportional(P), integral (I) and derivative (D) control mechanisms using Ziegler-Nichols
second method to evaluate the tuning variables. Applying exclusively P control action,
critical period of oscillation (𝑃𝑃𝑐𝑐𝑐𝑐 ) was estimated as 1.4 sec at proportional band value of 9.
P, PI and PID controller performance studies were conducted with tuned variables on the
water flow control system at different step disturbances between 20 – 50 % and their
corresponding responses were characterized. P controller exhibited faster responses with
consistent increments in offset, PI controller recorded highest overshoot values with
negligible offset and prolonged settling times. PID controller showed less overshoot values
and faster response times than PI but it increased chatter on the control output signal. The
study revealed that the system can be safely controlled between 0-80 LPH. If the offset is
not a major concern, P controller would be reflected suitable with simple design and
minimum expenditure, else PI controller makes offset to zero though it possesses higher
settling times. In other words, PID controller is complex using more tuning parameters, need
expensive maintenance, and has resulted an intermittent noise in the output signal.
Keywords: Control System, Flow controllers, Step Disturbances, Sustainable Supply of Water,
Tuning of PID Controllers, Water Flow control, Ziegler and Nichols Method.
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Rezumat. Scopul principal al acestui studiu este de a revitaliza conceptul de furnizare
înțeleaptă și controlată de apă pentru aplicații menajere, industriale și agricole care
facilitează utilizarea durabilă a resurselor de apă dulce. Întrucât Eritreea se străduiește să își
gestioneze resursele de apă, atenția este acordată în primul rând pentru a permite
mecanismelor de control al fluxului de apă în sistemele municipale de distribuție a apei. Un
antrenor de control de proces de masă (PCT) a fost testat prin mecanisme de control
proporțional (P), integral (I) și derivat (D) folosind a doua metodă Ziegler-Nichols pentru a
evalua variabilele de reglare. Aplicând exclusiv acțiunea de control P, perioada critică de
oscilație (Pcr) a fost estimată la 1,4 sec cu o valoare proporțională a benzii de 9. Studiile de
performanță ale controlerelor P, PI și PID au fost efectuate cu variabile reglate pe sistemul
de control al debitului de apă la diferite perturbări de pas între 20 - 50% și răspunsurile lor
corespunzătoare au fost caracterizate. Controlerul P a prezentat răspunsuri mai rapide cu
creșteri consistente în offset, controlerul PI a înregistrat cele mai mari valori de depășire cu
offset neglijabil și timpi de decontare prelungite. Controlerul PID a prezentat valori mai mici
de depășire și timpi de răspuns mai rapide decât PI, dar a crescut conversația pe semnalul
de ieșire al controlului. Studiul a relevat că sistemul poate fi controlat în siguranță între 080 LPH. Dacă decalajul nu prezintă o preocupare majoră, controlerul P ar fi reflectat adecvat
cu un design simplu și cheltuieli minime. Altfel controlerul PI face decalajul la zero, deși are
timpi de decontare mai mari. Cu alte cuvinte, controlerul PID este complex, folosind mai
mulți parametri de reglare, necesită o întreținere costisitoare și a rezultat un zgomot
intermitent în semnalul de ieșire.
Cuvinte cheie: sistem de control, regulatoare de debit, perturbări în trepte, alimentare durabilă cu
apă, reglarea controlerelor PID, control al debitului de apă, metoda Ziegler și
Nichols.
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Abstract. This work deals with the use of microencapsulation of biologically active
compounds (BAC) as an alternative method of protection and prolongation of their functional
properties in the food products. The main methods for the formation of microcapsules (MC)
are considered. Biopolymer materials, suitable for MCs production, are outlined. Some
technological solutions, suitable for microencapsulation and successfully used in other
industries, present interest only for laboratory researches in the food science, but are not
suitable for industrial scale food production. It is discussed why the methods of simple and
complex coacervation, liposomal entrapment are thermodynamically advantageous for
obtaining microcapsules in comparison with others. To achieve further progresses of
microencapsulation in food technologies, the direct integration of the microencapsulation
into the food production technological cycle is necessary. Products should initially have a
texture and consistency that allow microcapsules to be resistant to premature aggregation.
MCs should not exfoliate or break down, while execute their functions of protection and
targeted delivery of biologically active compounds. Only high viscous colloidal systems, as
traditional fermented dairy products (kefir, yoghurts, ice cream, curd and cheese) and fruit
juices with pulp, are mostly suitable for supplementation of them by BACs using
microencapsulation.
Keywords: biopolymers, biologically active compounds (BAC), coacervation, complex
coacervation, fermented dairy products, microencapsulation’s thermodynamic.
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Rezumat. Această lucrare se referă la utilizarea microîncapsulării compușilor biologic activi
ca metodă alternativă de protecție și prelungire a proprietăților lor funcționale în produsele
alimentare. Sunt luate în considerare principalele metode de formare a microcapsulelor și
prezentate materiale biopolimerice, utilizate pentru producția MC comestibile. Unele soluții
tehnologice, potrivite pentru microîncapsulare și folosite cu succes în alte industrii, prezintă
interes numai pentru cercetările de laborator în cadrul științei alimentelor, dar nu sunt
potrivite pentru producția de alimente pe scară industrială. Se discută avantajele
termodinamice ale metodelor de coacervare simplă și complexă, „prinderii lipozomale”
pentru obținerea microcapsulelor în comparație cu alte metode. Pentru realizarea progreselor
ulterioare ale microîncapsulării în tehnologiile alimentare este necesară integrarea directă a
microîncapsulării în ciclul tehnologic al producției de alimente. Produsele ar trebui să aibă
inițial o textură și o consistență, care ar permite microcapsulelor să fie rezistente la agregarea
prematură. Microcapsulele nu trebuie să se exfolieze sau să se descompună în timp ce își
îndeplinesc funcțiile de protecție și livrare țintită a compușilor biologic activi. Doar sistemele
coloidale cu vâscozitate ridicată, ca exemplu, produse lactate fermentate tradiționale (chefir,
iaurturi, înghețată, caș și brânză) și sucurile de fructe cu pulpă sunt potrivite pentru
suplimentarea acestora cu compuși bioactivi incluși prin procedee de microincapsulare.
Cuvinte cheie: biopolimeri, compuși biologic activi, coacervare, coacervare complexă, produse
lactate fermentate, termodinamica microincapsulării.
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Abstract. The yogurt was obtained from a combination of 50% goat's milk and 50% cow's
milk with the inclusion of scald fruits of aronia (Aronia melanocarpa), raspberries (Rubus
idaeus), strawberry (Fragaria xanassa). Physico-chemical and microbiological indices were
determined, according to standard methods, after manufacture and storage, after 1, 5, 10, 15
days. Compared to other samples, yogurt with aronia showed the best values of the dynamics
specific to the development of microorganisms: 2.93.107 cfu/ml; the growth rate of lactic acid
bacteria at fermentation 0.95 μ; physico-chemical indices: titratable acidity 85 ± 0.078⁰T, pH
4.28 ± 0.002, water activity 0.875 ± 0.025; total dry matter 18.45 ± 0.31%, viscosity 2500 ±
0.023 mPa s, ash content 0.89 ± 0.10% and the optical density 2.531 ± 0.054 nm. Yeasts and
molds were not detected in any of the samples. From a physico-chemical point of view, in
storage, in all fruit yogurt samples the titratable acidity showed increasing values, pH
remaining in the range of permissible values. In storage fruits formed an association to
control the microbiological risk and stability of yogurt. Fruit yogurt shows a synergism with
Streptococcus thermophilus, Lactobacillus delbrueckii subsp. bulgaricus, Lactococcus lactis subsp
lactis biovar diacetilactis. The overall Pearson coefficient (Pc = f(pH and MC) for all fruit yogurt
samples is -0.95066.
Keywords: fermentation, growth curve, lactic acid, lactic acid bacteria, metabolic process, microbial
counts (MC), starter culture, synergism.
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Rezumat. Iaurtul a fost obținut dintr-o combinație de 50% lapte de capră și 50% lapte de vacă
cu includerea fructelor opărite de aronia (Aronia melanocarpa), zmeură (Rubus idaeus) și
căpșuni (Fragaria xanassa). Indicii fizico-chimici și microbiologici au fost determinați conform
metodelor standard, după fabricare și depozitare timp de 1, 5, 10, și 15 zile. Comparativ cu
alte probe, iaurtul cu aronia a arătat cele mai bune valori ale dinamicii specifice dezvoltării
microorganismelor: 2.93.107 cfu / ml; rata de creștere a bacteriilor lactice la fermentare 0,95
μ; indici fizico-chimici: aciditate titrabilă 85 ± 0,078⁰T, pH 4,28 ± 0,002, activitate a apei 0,875
± 0,025, substanță uscată totală 18,45 ± 0,31%, vâscozitate 2500 ± 0,023 mPa s, conținut de
cenușă 0,89 ± 0,10% și densitatea optică 2,531 ± 0,054 nm. Drojdiile și mucegaiurile nu au
fost detectate în niciuna dintre probe. Din punct de vedere fizico-chimic, în depozitare, în
toate probele de iaurt de fructe, aciditatea titrabilă a prezentat valori crescătoare, pH
rămânând în intervalul valorilor admise. Din punct de vedere microbiologic, în depozitare
fructele au format o asociere pentru a controla riscul microbiologic și stabilitatea iaurtului.
Iaurtul de fructe prezintă un sinergism cu Streptococcus thermophilus, Lactobacillus delbrueckii
subsp. bulgaricus, Lactococcus lactis subsp lactis biovar diacetilactis. Coeficientul general
Pearson (Pc = f (pH și MC) pentru toate probele de iaurt de fructe este -0,95066.
Keywords: acid lactic, bacterii lactice, cultură starter, curba de creștere, fermentare, număr de
microorganisme, proces metabolic, sinergism.
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Abstract. Three types of monofloral honey (rapeseed honey, buckwheat and lavender) from
the Republic of Moldova were analyzed. The results of the palynological analysis showed that
the samples had a dominant type of pollen (at least 45%). In the case of lavender honey, the
pollen of the plant Lavandula angustifolia is present in an average value of 74.83 ± 0.3; in
rapeseed honey - Brassica napus and for buckwheat honey -Fagopyrum esculentum in average
values as follows: 56.07 ± 0.3 and 68.08 ± 0.2% respectively. The study of the content of
biologically active substances showed that buckwheat honey is the richest in polyphenols
(9.00 ± 0.11 mg gallic acid / kg) and carotenoids (4.24 ± 0.57 mg βcarotE / kg), and maximum
content of flavonoids is in rapeseed honey (4.52 ± 0.28 mg catechin / kg). Thus, the obtained
results confirm that the honey from the Republic of Moldova falls within the limits
recommended by the international regulation assuming adequate working conditions,
handling, collection and storage of honey by beekeepers from the Republic of Moldova.
Keywords: honey, palynological analysis, physico-chemical properties, biologically active
substances.
Rezumat. Au fost analizate trei tipuri de miere monoflorală (miere de rapiță, hrișcă și lavandă)
din Republica Moldova. Rezultatele analizei palinologice au arătat că probele au avut un tip
de polen dominant (cel puțin 45%). În cazul mierii de lavandă este prezent polenul plantei
Lavandula angustifolia în valoare medie de 74,83±0,3; în mierea de rapiță - Brassica napus și
pentru mierea de hrișcă -Fagopyrum esculentum în valori medii după cum urmează: 56,07±0,3
și 68,08±0,2 % respectiv. Studiul conținutului substanțelor biologic active a arătat că mierea
de hrișcă este cea mai bogată în polifenoli (9,00±0,11 mg gallic acid/kg) și caratenoide (4,24
± 0,57 mg βcarotE/kg), iar conținut maximal de flavanoide este în mierea de rapiță (4,52 ±
0,28 mg catechin/kg). Astfel, rezultatele obținute confirmă că mierea din Republica Moldova
se încadrează în limitele recomandate de reglementarea internațională presupunând condiții
adecvate de lucru, de manipulare, colectare și depozitare a mierii de către apicultorii din
Republica Moldova.
Cuvinte cheie: miere, analiză palinologică, proprietăți fizico-chimice, substanțe biologic active.
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Abstract. Agro-industrial waste management is an important problem of modern society as
agriculture and food industry are important sources of waste. Wine production generates a
considerable amount of winemaking waste (grape marc). Grape marc can be a source of
natural dyes, antioxidants and could have various applications, if it is confirmed that it does
not contain technogenic contaminants or unwanted microorganisms, for example, producers
of mycotoxins. The paper developed the Real -Time Polymerase Chain Reaction (Real-Time
PCR) methodology for testing the presence of potentially mycotoxogenic fungal species
capable of producing ochratoxin A (OTA), which could be applied before grape marc
processing. Based on the non-ribosomal peptide sequence of OTA, involved in ochratoxin
biosynthesis, the primers have been developed for the detection of microorganisms
potentially capable of producing ochratoxin A.
Keywords: Mycotoxin, OTA, Real-Time PCR, grape marc, Aspergillus, Penicillium.
Rezumat. Gestionarea deșeurilor agroindustriale prezintă o problemă importantă a societății
moderne, deoarece agricultura și industria alimentară sunt surse importante de deșeuri.
Producția de vin generează o cantitate considerabilă de deșeuri de vinificație (tescovină de
struguri). Tescovina de struguri poate fi o sursă de coloranți naturali, antioxidanți și ar putea
avea diverse aplicații, dacă se confirmă că nu conține contaminanți tehnogeni sau
microorganisme nedorite, de exemplu, producători de micotoxine. Lucrarea a dezvoltat
metodologia de reacție în lanț a polimerazei în timp real (PCR în timp real) pentru testarea
prezenței speciilor fungice potențial micotoxogene capabile să producă ochratoxină A (OTA),
care ar putea fi aplicată înainte de prelucrarea tescovinei de struguri. Pe baza secvenței
peptidice non-ribozomale a OTA, implicată în biosinteza ochratoxinei, au fost dezvoltați
primerii necesari pentru detectarea microorganismelor potențial capabile să producă
ochratoxina A.
Cuvinte cheie: Micotoxină, OTA, PCR în timp real, tescovină de struguri, Aspergillus, Penicillium.
Journal of Engineering Science

September, 2021, Vol. XXVIII (3)

Journal of Engineering Science
Fascicle
Industrial Engineering
Topic
Applied Engineering Sciences and Management

Vol. XXVIII, no. 3 (2021), pp. 28 - 40
ISSN 2587-3474
eISSN 2587-3482

https://doi.org/10.52326/jes.utm.2021.28(3).01
CZU 004.94

INDUSTRIALS SIMULATION MODELING TECHNOLOGY APPLICATION TO
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Abstract. Currently, the application of technical advances to production plays an important
role in improving productivity and saving production costs. The techniques applying
information technology bring high efficiency, accuracy, reliability, pre-assessment of the
results. Modeling and simulation are method that are widely used from research, design,
manufacturing to operate the systems. With the help of computers, with high computational
speed and large memory, the modeling method was strongly developed, bringing great
efficiency in research and production practice. The assessment of effective use of equipment
in the production line has a decisive role in increasing the productivity and decreasing cost.
Therefore, the analysis and evaluation of the production line by the simulation model
method is highly practical, bringing many effects in the management and use of equipment.
In this study, a simulation of a specific problem was performed to estimate the simulated
workshop. Then, building a new plan and comparing the proposed plane with the original
plan to provide the reasonable solutions for the production process to effectively use the
equipment in the production line.
Keywords: modeling and simulation, effective use, equipment, automatic production line.
Introduction
Today it is possible to see that all areas of human activity use the method of modeling
and simulation at different levels. This is especially important in the realm of controlling
technical and social systems because control is the process of acquiring information from the
system, identifying the system according to a certain pattern and delivering decide
appropriate to control the system [1]. This process is continued continuously to bring the
movement system to a predetermined goal. Through modeling and simulation, we can
analyze, study complex systems, determine the operating characteristics and behaviors of the
systems. The simulation results are used to design, manufacture as well as determine the
operating mode of the system. From there, thanks to the method of modeling and simulation,
it is possible to give many scenarios to choose the optimal plan. The simulation model can
be used in the following 4 categories:
- Device explanation to identify the system or problem.
- Analysis to identify elements, components and events related to the system.
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- Inspect the general design and evaluate proposed solutions.
- Predict and assist in future development planning.
Nowadays, besides the aforementioned method, the simulation method is strongly
developed and widely applied. Models that are built on a simulation method are called
simulation models or numerical models. Simulation method allows to bring into the model
many factors close to reality. Simultaneously, the model is solved on computers with fast
calculation speed and large capacity, so the results obtained are highly accurate [2].
Therefore, the simulation method has created conditions to solve complex problems such as
modeling problems with large, random, and nonlinear systems with time-varying parameters
[3]. The simulation method is especially effective when it is necessary to model large systems
whose basic feature is a hierarchical structure, a subsystem structure, between subsystems
and the control center exchange information with each other. Simulation method is also
effective when modeling systems with random elements, inadequate information,
information will be added during simulation, during the information exchange between
people controls with objects [4, 5]. Simulation method is applied to model in many fields
such as engineering, economics, society, biology, especially large, complex systems, etc. with
many random affecting factors [6]. In addition, the application of artificial intelligence and
neural networks is a development direction for technology solutions [7].
In the system design stage, modeling helps the designer to select the structure and
parameters of the system to synthesize the system. At the fabrication stage, modeling helps
to choose materials and fabrication technology. At the system operation stage, modeling
helps the operator solve the optimization problems, predict system states.
Especially in the case of combining the expert system with modeling method, it can
solve many control problems, save time as well as material and financial costs.
Material and Methods
The production system includes many functional subsystems such as supplying
materials, energy, processing, and processing; assembling and completing products;
consumption distribution. The production process control is the control center. The input of
the system is the customer's order, the output of the system is the final product.
From the figure 1, we see that in a control system, there are many elements commonly called
entities, each with its properties. A process that causes a change in the system is called an
activity. An action that changes the system's state is called an event. The set of variables that
reflect the state of the system at a time is called state variables.
The order
Control center

Resources

Supplies

Outsourcing

Assembling
products

Product
distribution

Product

Enery

Figure 1. Production process control system.
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There are two methods of studying the system: research on the real system and research on
its substitution model. It is clear that research on the real systems gives honest and objective
results. However, in many cases conducting research on real systems faces many difficulties,
so the best and most convenient method is to study on its model. That is why the modeling
method is focused on research and development and this method plays an important role in
the development of science and technology [8].
The modeling process is carried out as follows. Call the simulated system S. The first
step is to model the system S with its internal relationships. For convenience in modeling,
we often divide the S system into several subsystems according to certain criteria S = S1, S2,
…Si…, Sn. Next, mathematically describe the subsystems and their relationships. Usually there
is a relationship of energy exchange and information exchange between subsystems. The
second step is to model the surrounding environment E, where the system S works, with the
interactive relationships between S and E. Once the model of S and E is available, conducting
the above experiments model, i.e., for S and E to work in a certain condition. The result is a
set of system parameters, often referred to as the determination of a system work point. These
experiments were repeated many times and the simulation results were evaluated by
statistical probability. The simulation results are more accurate if the number of experiments,
also known as simulation steps, is larger. In theory the simulation step are finite but must be
large enough and depends on the requirement of accuracy.
Modeling
Model

Correction

Experiment

Real system

Conclusion
about real system

Simulation
Handling the
result

Experiment
results

Figure 2. The process of research by simulation method.
When conducting simulation studies, it is often performed the following steps:
Step 1: Develop simulation goals and research plans
The first is to clearly define the simulation research objective. That goal is represented
by evaluation criteria, by a system of questions that need to be answered.
Step 2: Collect data and define the principal model M
Depending on the simulation goal, we collect the information and corresponding data
of S system and E environment. On that basis, we build the principal model M. The principal
model that is the anti-mathematical model reflect the nature of the S-system.
Step 3: Validate the principal model
Validation of the model principal is to check the model's validity. A principal model
must reflect the true nature of system S and E environment but at the same time must not be
too complicated and cumbersome. If the principal model M fails to meet the requirements, it
is necessary to collect more information and data to rebuild the model.
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Step 4: Build an M simulation on the computer
Mmp simulation models are programs that run on computers also known as numerical
modeling or simulation models. These programs are written in common languages such as
FORTRAN, PASCAL, C ++ or specialized languages for simulation such as GPSS, SIMSSCRIPT,
SLAM II, SIMPLE ++, and so on.
Step 5: Test run.
After installing the program, run the test to see if the simulation model correctly
reflects the system S and E environment characteristics. At this stage also fixes programming
errors.
Step 6: Verify the simulation model.
After the test run, it is possible to verify and evaluate whether the simulation model
is satisfactory or not, if not, go back from step 2.
Model validation and validation are two important procedures for verifying that the
built model should be usable or not. Verification is to check whether the programming is
correct, the computer program can run, the input and output data is convenient and accurate
or not. Validation of the model is to evaluate whether the model reflects the nature of the
real system or not, whether the simulation results meet the research requirements.
Step 7: Planning the simulation experiment
In this step some simulation conditions must be defined. The first is to determine the
first condition, the final condition, or the simulation length. Next to determine the number of
tests, also known as the number of independent simulation runs. For the simulation data to
be completely independent of each other, each run the simulation uses a different random
seed. Finally determine the simulation time of each part or whole model. Based on the
simulation results (in step 9)
calibrate the experimental plan to get results with the precision required.
Step 8: Simulation experiment
Run the test program according to the built plan in step 7. This is the step to perform
the simulation. The results from this step are simulation output.
Step 9: Processing simulation results
Simulation experiments often give lots of data with statistical probability. Therefore,
to get the final result with high accuracy, it is required to use statistical probability method
to process the output data. These results should be presented in an explicit format conducive
to storage and use.
Step 10: Use and store results
Use the simulation results for the intended purpose and archive them as documents that
can be used over and over again.
Application of modeling and simulation for automatic production line
Requirements of the problem
When building an automatic production line, the problem is from the requirement of
productivity, labor, and equipment to be used effectively to avoid expensive investment or
not using up the equipment, machinery and labor. The following is a simulation model that
simulates an automatic painting workshop, for example a simulation model of a mobile
phone cover coating workshop.
The steps in the model are as follows:
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1. Embryos of the foundry of the foundry have been treated with burr and check for errors
and defects and are sent to the paint shop for painting and plating as required.
2. The product will be put into the coating machine under the hanging conveyor. After going
through the paint machine, it will be transferred to the drier to dry the product and continue
to the aluminum plating machine. Finally, the product will be checked by the worker to
remove the defects, if the product has any error, it will be transferred to the drier position for
re-implementation. Products are made in the workshop through the steps below.

Figure 3. Painting and plating workshop diagrams.
Start

Workpiece

Paint
machine

Drier
No
Plating
machine

Product

Test

Yes

Figure 4. Painting and plating workshop block diagrams.
Computer animation is used for the purpose of judging true or false or to depict the
system developed and shown below.

Figure 5. Model of painting and plating workshop scene.
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The operation mode of the workshop is as follows:
1. The plastic billet is taken to the paint machine area to paint the product.
2. They are then transported to the drier for drying.
3. They are then shipped to the chrome plating machine.
4. Finally, they go to the site of the inspector to check the quality of the product
surface. If guaranteed, they would be shipped to the next factory. Otherwise, they will be
transported back to the drier site for drying or to an aluminum plating machine for rework.
The operation of the system will be simulated under the following assumptions:
1. The arrival times between the two products for the paint machine is exponentially
functional with a value of 0.14 minutes.
2. The paint machines operate side by side and the delivery time is a uniform
probability between 0.15 and 0.25 minutes.
3. The driers also operate side by side and the delivery time is a uniform probability
between 0.25 and 0.35 minutes.
4. The plating machines also operate side by side with uniform distribution time
between 0.4 and 1 minute.
5. The inspection workers also work side by side at the test stations. The distribution
time as uniform probability is between 0.2 and 0.3 minutes. On average about 90% meet the
requirements and move on to the next workshop. The remaining 10% of defective products
will be sent back to the drier for rework and returned every 10 minutes.
6. Defective products after painting and plating operations are automatically
classified. The classification time is 1 minute.
Production line modeling

Figure 6. Modeling of the steps of the painting and plating process.
In which:
1. Input (ENTRANCE):
Functions: Simulates incoming objects.
Properties:
T0: Time between next visits; T1: Time of the first arrival
of the object.
N0: Maximum number of objects possible through the
node.
A: Properties of the object.

Journal of Engineering Science

September, 2021, Vol. XXVIII (3)

34

Industrials simulation modeling technology application to improve the efficiency in automatic…

2. Queue (QUERY):
Function: Simulate the queue.
Properties:
QL: The current length of the queue; Q0: Recommended
queue length.
CQ: The capacity of the queue.
OQ: Service principle: FIFO (first in first out), LIFO (first in,
first out), priority.
3. Activities (ACTIVITY):
Function: Simulate serving.
Properties:
TA: Time during the service; NR: Number of sources
performing service.
4. Source (RESOURSES):
Functions: Simulating a source is available.
Properties:
NR: Number of sources; QR: The ability of the source.
5. Ending (EXIT):
Functions: Simulates leaving objects.
Properties:
No: Number of objects leaving the system.

Figure 7. Network model of painting and plating workshop.
Data collection:
The data collected at the present time is as below:
To=EXPON(0.144); T1=0;
TA1=UNFRM(0.15,0.25);TA2=UNFORM(0.25,0.35);TA3=UNFORM(0.4,1);
TA4=UNFORM(0.2,0.3);
CQ1=10,CQ2=15,CQ3=10,CQ4=5
OQ-FIFO
NR1 is a coating machine; NR2 is the drier; NR3 is an aluminum plating machine;
NR4 is the inspection worker.
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QR1 is the paint machine number; QR2 is the number of dryers; QR3 is the aluminum
number; QR4 is the number of workers checked.
The value of QR1; QR2; QR3; QR4 will depend on the scenarios.
Calculate the number of runs required
In the production workshop, there are the following conditions:
- Working time for one shift: 60 × 8 = 480 minutes.
- The output per shift: 3000 details
- With confidence level: 99%.
The required parameters wil be calculated by running the sample a finite number of
times then based on those parameters to calculate the number of runs needed.
With 99% confidence we follow the Student standard distribution.
We use the formula:
𝑥𝑥̄ − 𝑡𝑡𝜈𝜈−1,1−𝛼𝛼 .

𝑠𝑠

√5

≤ 𝜇𝜇 ≤ 𝑥𝑥̄ + 𝑡𝑡𝜈𝜈−1,1−𝛼𝛼 .

𝑠𝑠

√5

(1)

x: Average value
S: Standard deviation
µ: Average density
tv−1,1- α: Coefficient of the Student standard distribution
Number of runs: 5; Degree of freedom: 4
The value variation: 30 products are equivalent to 1% of output per shift. We use the
following formula to calculate the number of runs needed
So

𝜇𝜇 ≤ 𝑥𝑥̄ + 𝑡𝑡𝜈𝜈−1,1−𝛼𝛼 .
𝑛𝑛 ≤ �𝑡𝑡𝜈𝜈−1,1−𝛼𝛼 .

S =54.848
tv-1,1-α = 3.365
So N =152 times.

𝑠𝑠

√𝑛𝑛

𝜇𝜇−𝑥𝑥̄

𝑥𝑥̄ = 3274.4

𝑠𝑠

�

2

(2)

(3)

Results and discussion
The results obtained after using the above parameters.

Figure 8. Average queue length.
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Figure 9. Average waiting time in line.

Figure 10. Average resource usage.
Analyze the results obtained about the system with the information in Table 1:
Table 1
Paint shop system status
System
information
Bottlenecks
Waiting time in
line

Power usage
level

Journal of Engineering Science

Status
The maximum mean queue length was recorded in
action 3, in the plating machine area
Small average waiting time in a queue
- Maximum power usage is recorded in action 4 at the
galvanizing machine site.
- In the 2nd largest source usage check area recorded in
the 3rd column of activity in the dryer area.
- In the test area for the third largest level of resource
usage, which is recorded in the column 5 activity in the
area of the inspected worker.
- Finally, the power usage level is recorded in activity 2
in the paint machine area.
- In the paint machine area the average value is 1.402
with the standard distribution value of 1.17.
- In the drying area, the mean value was 2.327 with a
standard distribution value of 1.421
- In the plating machine area, the average value is 5.344
with a standard distribution value of 1.222
- At the position of the inspecting worker, the mean is
1.911 with the standard distribution value of 1.781
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A scenario designs for the production process:
From the analysis of the current state of the workshop, the scenario is studied on the
use of the source as follows:
- At the coating machine, there are 6 machines, but the actual number of machines
used is
𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑥𝑥̄ + 3𝑠𝑠 = 1.402 + 3 ∗ 1.17 = 4.912
(4)
In 99% of the cases given as the normal distribution, only 5 out of 6 machines were
used to make the product. From the above results it is concluded that reducing the number
of paint machines in the paint area does not decrease productivity. Scenarios for the cases
are shown in Table 2.

Table 2
Scenario with different number of paint machines
Number of paint
Scenario
machines
WS2_Paint1
1
WS2_Paint2
2
WS2_Paint3
3
WS2_Paint4
4
WS2_Paint5
5
The system will simulate more than 152 runs to achieve ρ1% of the time interval of the yield
prediction with an average 99% confidence level.
- In the inspection area, there are 8 workers, but in reality the number of workers needed is
(5)

𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑥𝑥̄ + 3𝑠𝑠 = 1.911 + 3 ∗ 1.781 = 7.254

In 99% of the cases given the normal distribution, only 7 out of 8 workers used it to
make the product. From the above results it is concluded that reducing the number of
workers in the test area does not decrease productivity.
Table 3
Scenario with different number of workers
Scenario
Number of workers
WS2_CHK1
1
WS2_CHK2
2
WS2_CHK3
3
WS2_CHK4
4
WS2_CHK5
5
WS2_CHK6
6
WS2_CHK7
7
Improved resource use is the plating machines. All six plating machines are used as
follows:

𝑧𝑧 =
Journal of Engineering Science

𝑛𝑛𝐴𝐴𝐴𝐴𝐴𝐴−𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑥𝑥̄ + 𝑧𝑧. 𝑠𝑠

𝑛𝑛𝐴𝐴𝐴𝐴𝐴𝐴−𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 −𝑥𝑥̄
𝑠𝑠

=

6−5.344
1.22

= 0.54

(6)
(7)
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Given z = 0.54 regions below the mean curve of 0.2257 leads to the conclusion that
most 23% of cases are using the same 99% confidence interval. So, in the case productivity
can be improved in two ways:
+ Reduce processing time: this problem cannot be done because machines and
technology are limited. For these reasons this approach was not considered.
+ Replace plating machines with more productive ones: this option would require a
short-term investment to purchase new machines but in the long run will contribute to the
company's profits by increasing productivity.
Product processing time here is limited in productivity of test workers with product
speed [0.2 ÷ 0.3] minutes per product. Therefore, this yield has practical value as the number
of machines required to keep the yield with the time of [UNFORM, (0.15,0.35]).
Table 4
Scenario with number of new plating machines
Number of plating
Scenario
machines
WS2_Al1
1
WS2_Al2
2
WS2_Al3
3
WS2_Al4
4
WS2_Al5
5
The source usage in the scenarios given in the diagram is as follows:

Figure 11. Productivity chart with scenarios with different number of painting machines.
From the above chart, it can be seen that: A steady state of productivity is used with 3
machines. The increase in the number of machines does not increase the productivity, the
small change in productivity is obtained due to the mean to shift from the random nature of
the mean yield. Therefore, the production line does not reduce productivity if only 3 out of 6
machines are used in the paint machine area.
The productivity charted with different scenarios of the number of workers tested his
as.
Through the above chart, it can be seen that: The steady state of productivity is
received when the line has 3 inspection workers and the increase in the number of inspection
workers does not increase productivity. Small variation in yield is obtained by the mean to
shift from the randomness of the mean yield. Thus, the line does not reduce productivity if
only 3 out of 8 workers are employed in the test area.
The chart comparing the current scenario and the new scenario has reduced the
number of machines and the number of test workers.
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Figure 12. Productivity chart with different scenarios of the number of workers tested.

Figure 13. The chart comparing the current scenario and the new scenario has reduced
the number of machines and the number of test workers.
Productivity chart with new number of plating machines for improved equipment
management.

Figure 14. Productivity chart with new number of plating machines for improved
equipment management.
The above chart shows that: The steady state of productivity is obtained when the line
has 3 plating machines. Increasing the number of machines does not increase productivity,
productivity is limited by the number of input part ratios of the workshop. Small variation in
yield is obtained by the mean to shift from the randomness of the mean yield.
From the above results it can be seen that the productivity will be suitable when using
3 machines with product speed within the UNFORM limit [0.15,0.35]. If you want to increase
productivity, the percentage of input details of the workshop must also increase.
Conclusion
Through this research, the process of modeling simulation and production analysis
was carried out in a manufacturing workshop. On that basis, we have analyzed the
requirements and designed an experimental model to simulate the operation of the
automatic coating and plating line. The model addresses a number of requirements:
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- Visual and general description of the distribution of equipment in the workshop.
- Simulate the activities of the equipment in the chain.
- Simulation helps the manager to come up with the plan to use the equipment
effectively, contributing to improving productivity and reducing product costs.
Through this research will be the basis to help production lines to build new or adjust
equipment and labor to bring productivity and reduce costs for production.
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Abstract. The article examined the problem of the experimental setting of incidence angles
for the generation of Lamb waves in plate-type parts by the non-contact ultrasonic control
method. This type of control is mainly done by the use of two types of waves: Rayleigh,
which detects invisible defects on the surface of parts, and Lamb waves mode A0 and S0.
Mostly used is the mode A0 due to the propagation over distances of interest in the tested
materials. One of the primary aim during the testing process is to position the ultrasonic
transducers (transmitter and receiver) at oblique angles of incidence on a surface. The
transducers should be positioned on an access face of the plate, as is common in industrial
practice, at a fixed distance from the measured plate, and leaving an air gap between
transducers and the tested plate. The ultrasonic transducers are moved simultaneously
linearly or in zigzag on the surface of the plate-type part to measure the hidden defects
(cracks, pores, inclusions) that appear in the composite materials during the manufacturing
process or during the operation. The presented work brings new insights into the setting of
the angle of incidence for generating lamb waves by non-contact method.
Keywords: non-contact ultrasonic control, invisible defects measurement, Lamb waves, ultrasonic
transducers, angle of incidence.
Introduction
First applications of composite materials in the automotive industry were those in the
field of car bodies manufacturing: in 1953 the body of the Corvette Chevrolet (USA) was
entirely made of glass-epoxy; in 1968 the rims of the Citroen SM were made of epoxy glass;
in 1970 - the bumper of the Renault R5 was made of epoxy glass; in 1980 John Barnard, an
engineer in the McLaren Formula 1 team, built the first carbon Kevlar chassis and from other
composite materials; in 2002 the body of the McLaren Mercedes SLR series car was made
entirely of carbon fiber. As regarding to the use of composite materials in the aircraft
manufacturing industry, it is worth mentioning the Boeing 787 Dreamliner passenger plane,
which was made of the following materials: 50% - composite materials based on carbon fiber,
20% - aluminum, 15% - titanium, 10% - steel, and 5% other materials [1]. Composite materials
are also widely used in the aerospace industry, such as the thermal shield of the HERMES
spacecraft (Heliophysics Environmental and Radiation Measurement Experiment Suite) which
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"tiles" are composed of composites, based on reinforcements of carbon fibers and matrices of
silicon carbide (called C/SiC or C/C-SiC composites). This heat shield resists to at least thirty
landings [2].
Main advantages of composite materials are economic and qualitative aspects because
the use of these materials allow saving significant amounts of expensive and traditional
materials, the latter once becoming deficient. Herein, composite materials demonstrate
continuously improving quality and increased duration of operation in conditions of high
performance [3]. Therefore, for industrialized countries composite materials represent a
priority area, occupying the forefront of the continuous process of technological innovation
in the construction of cars, planes, ships due to mechanical strength and rigidity (increased
tensile strength Rm, Kevlar composite has Rm twice larger than glass), resistance to corrosion,
chemical agents and high temperatures (ex. Kevlar, Teflon up to 5000C, and ceramic fibers
such as SiC, Si3N4, and Al2O3 between 14000C and 20000C). Low density (composites with
epoxy resins reinforced with Si, B, C fibers, have a density less than 2 g/cm3), dimensional
stability (low coefficient of thermal expansion), resistance to variable stress and wear and
high durability in operation (under the same operating conditions 1 kg of Kevlar replaces 5
kg of steel, at an equal service life) represent other important advantages of composite
materials [4].
Previously published researches showed different methods to test composite and noncomposite materials. For instances, there has been widely described non-contact ultrasonic
control but without mentioning about angle of incidence for generating Lamb waves [5, 6].
The study conducted by Gheorghe I. Gheorghe et al (2011) showed the practical application
of the Intelligent Mechatronic Equipment for dimensional control of non-composite materials
[7, 8]. Others published the results of another type of mechatronic equipment use for the
tightness checking of non-composite materials [9]. However, these methods are not reliable
due to easy damage of the tested material because the process of control applies the
immersion when the contact with water may cause the damage of the material, or
compressed air.
Gholizadeh S. reviewed non-destructive testing (NDT) methods of composite materials
which use contact and non-contact control technologies [10]. These methods have been
successfully used for a long period of time due to the fact that composite materials are mostly
used in critical-safety applications for example in aircraft primary constructions. Assuming
that factors such as efficiency and safety should be used in analyzing the best method to be
used, the method chosen should minimize the costs incurred in the operation. Therefore, it is
important to bring to the light inexpensive but highly efficient method to test composite and
non-composite materials by the non-contact ultrasound method [11]. This engineering
innovation is based on an equipment that doesn’t need special qualification of the operator,
as compared to other non-destructive testing methods. In particularly, an advantage of this
method is the possibility to determine the damage of the material structure that may occur
under the load, the effect of the damage on the load-bearing capacity of structures, as well
as the analysis of the behavior of composites in difficult working conditions (temperature and
humidity variations, vibrations, the effect of chemical agents, mechanical impact, etc.).
Nowadays are described various techniques of the non-contact ultrasound control
method. For example, Petroni P. et al. (2006) proposes to place the transmitter transducer in
transmission configuration, but the receiver to be placed obliquely on the same side of the
emitter, in order to let it acquire the scattered waves generated by the defect [12]. Authors
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investigated Delta configuration using non-contact probes in an attempt to evaluate
potentials and performance of the studied techniques, and defect identification capabilities.
The research team concluded that an important issue for defect detection capability is the
determination of the optimal probes position.
Experimental part
Lamb waves represent elastic waves which were first described in 1917 by the English
mathematician Horace Lamb. They propagate in solid plates in two wave modes, and their
velocities depend on the relationship between wave length and plate thickness. The
symmetrical mode S0 of the Lamb waves is easier to be transmitted and received as compared
to asymmetric mode A0 through the non-contact technique [13]. The mechanism of detecting
the defect in solid plates consists of "scattering" the Lamb waves in the defect area. This
process forms an increased attenuation of the ultrasound with respect to a defect-free plate,
similarly, the phase speed reaches a lower level in the defect plate than in the defect-free
one [14].
The defect index represents the change of amplitude on the axis of movement of the
transducers. However, for the excitation of Lamb waves in a plate, it is necessary to know the
oblique angle of the incidence [15]. The relationship between the excitation angle and the
phase velocity of Lamb waves can be written according to Snell's law by the Eq.(1) [16]:
𝜙𝜙1 = �

𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎
𝑐𝑐𝑓𝑓

𝑠𝑠𝑠𝑠𝑠𝑠 𝜙𝜙2 � = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 �

𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎
𝑐𝑐𝑓𝑓

�;

(1)

Where: 𝜙𝜙1 =𝜙𝜙2 - is the excitation angle of the n Lamb waves; Cf - is the phase velocity of the n
Lamb wave; Cair – is the propagation speed of ultrasound in the air.
According to Snell's law, if excitation angle 𝜙𝜙1 is known, the phase velocity of Lamb
waves mode A0 can be found out. For this reason, was designed and manufactured a device
to help find experimentally the excitation angle of Lamb mod A0 waves in the plates
(Figure 1):

Figure 1. Schematic presentation of the device for finding the optimal excitation angle of
Lamb waves asymmetrically mode A0 in plates.
1 - wheel; 2- the main rapporteur; 3 - needle; 4 - needle support; 5 - wheel support;
6 - bush; 7 - axle; 8 - axle snap ring; 9 - support for emission transducers; 10 - support for
reception transdu-cers; 11 - secondary rapporteur 1; 12- secondary rapporteur 2;
13 - plate holder; 14 - guides; 15 - base plate; 16 - non-contact ultrasonic emission
transducer; 17 - non-contact ultrasonic reception transducer; 18 - plate to testing.
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To find the optimal excitation angle of the Lamb waves mode A0 in the plate, proceed as
follows:
a) insert a sample (Figure 1, p. 18) with maximum dimensions of 180 mm x 200 mm
(plates with relatively small thicknesses compatible with non-contact control such as
aluminum, reinforced composite plates, or sandwich plates in the plate holder (Figure
1, p. 13).
b) Non-contact ultrasonic transducers (Figure 1, p. 16 - 17) are fixed in transducer
supports (Figure 1, p. 9-10) at the beginning at a maximum distance from the plate,
and it’s connected by wires (Figure 2, p. 19) to the ultrasonic equipment SITAU
32:128:2 LF (Figure 2, p. 20) which in turn is connected to the computer (Figure 2, p.
22) by wires (Figure 2, p. 21) for viewing, recording and processing signals with the
maximum amplitudes obtained (Figure 2).
c) By rotating the wheel (Figure 2, p.1) together with the non-contact transducers (Figure
2, p. 16 - 17) with minimum possible rotation step 0,50 stops when the maximum
amplitude is observed on the monitor. Record the angle obtained (the value on the
main rapporteur (Figure 1, p.2) opposite the indicator (Figure 1, p. 3) is φi.

Utrasound Equipment
SITAU 32:128:2 LF

Figure 2. Ultra-acoustic system for finding the optimal excitation
angle of Lamb A0 mode waves in the plate.
d) The next step consists of rotating the
transducer supports (Figure 3, p. 9 - 10)
around their axis to find the φ1 and φ2
angles, also the transducers approach or
their removal from the plate to obtain
the maximum amplitude, the values A
and B (Figure 3).
e) The obtained values (A, B, C, φi, φ1, and
φ2 ) will be used later for the positioning
and fixing of the non-contact ultrasonic
transducers (Figure 3, p. 16 - 17) in the
manual non-contact investigation device
with ultrasound of the plates (Figure 10)
with larger dimensions but with the
same structure and thickness, with and
without defects.
Journal of Engineering Science

Figure 3. Device for experimental
determination of the values A, B, C, φi,
φ1 and φ2.
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In the first experiment, was used an aluminum plate with dimensions of 180 x 200 x
2.5 (mm) and a pair of non-contact ultrasonic transducers with the optimal frequency of 450
kHz positioned in the transmission respectively reception mode (Figure 2). The transmitter
was energized with rectangular pulses and a current voltage of 750 V using the ultrasonic
system SITAU 32: 128: 2 LF. The received signal was amplified to 34 dB using the built-in
noise reduction amplifier in the SITAU 32: 128: 2 LF ultrasonic system. To obtain a better
signal/noise ratio (SNR), 54 signals were emitted at each measurement step. The
experimentally obtained signals were stored in the PC for further processing in MATLAB and
the formation of ultrasound images.
An aluminum plate (Figure 1, p. 18) was inserted into the plate holder
(Figure 1, p. 13) between the transducers (Figure 2, p. 16 - 17), the wheel (Figure 1, p. 1) was
rotated in an angular field from +300 till-300, step by step with 0.50.
Experimentally, a type B image was obtained, which shows a dependence between
the received signal and the rotation angle φi of the non-contact transducers for 450 kHz
(Figure 4).
reece
receiver

transmitter

Figure 4. Type B image of A0 asymmetric mode
Lamb waves obtained by rotating the wheel
from -300 till +300 using non-contact
transducers at f=450 kHz
(aluminum plate 2.5 mm thickness).

Figure 5. Obtaining the shortest
time of wave propagation in the
plate by rotating the wheel at the
φi max angle.

It was observed that the shortest time of the propagation of the ultrasonic waves
corresponds to the maximum angle φi max (Figure 5):
This is explained by the fact that the speed of ultrasound propagation in the
aluminum plate is much higher than the speed of ultrasound in the air [17].
The optimal angle of excitation of the Lamb waves mode A0 in the aluminum plate
with 2.5 mm thickness obtained experimentally at the frequency of 450 kHz corresponds to
the maximum amplitudes (Figure 6).
A type B image was also obtained to shows a dependence between the received
signal and the rotation angle φi of the non-contact transducers for 250 kHz (Figure 7).
The phase velocity of the Lamb waves asymmetric mode A0 can be measured with an
uncertainty of 2.5% in the case of non-contact investigation techniques.
From the diagram, figure 8, it can be seen that in the aluminum plate there are only
Lamb waves asymmetric mode A0, the optimal excitation angle respectively reception is ±
10,70.
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Figure 6. The maximum amplitudes
obtained by rotating the main wheel from
+300 till -300 at the frequency of 450 kHz,
φi =± 90 are the optimal angles for
excitation and reception.

Figure 7. Type B image of the signals
received by rotating the main wheel from
-300 till +300 by using non-contact
transmission and reception transducers
with f = 250 kHz.

0

Figure 8. Maximum amplitudes of Lamb waves mode A0 obtained at f = 250 kHz.
φ1,2=±10.70 are the optimal oblique angles of incidence for excitation and reception.
Given the optimal angle, according to Snell's law showed in Eq.(1), can be calculated
the phase velocity of propagation Lamb waves mod A0 through the aluminum plate at the
frequency of 250 kHz, the result is 1850 m/s. The speed of propagation of ultrasound in the
air during the measurements was 345.4 m/s at 22.30 C and relative air humidity of 35%. In the
Table 1 is shown the data of the experimental measurements and the calculated data:
Table 1
Incidence
angle (φi)
f, kHz

Degree

250 kHz
450 kHz

10,70
90

Experimental
measurement
c mode S0,
c, mode A0,
m/s
m/s
5470
1850
5190
2250

Calculated
c, mode S0,
m/s
5481
5222

c, mode A0,
m/s
1893
2253

Dispersion curves of the phase velocities and of the group velocities of the Lamb
waves in the 2.5 mm aluminum plate thickness are presented in the Figure 9. They were
calculated according to the analytical solution, considering that the propagation speed of the
longitudinal ultrasonic waves in aluminum is 6320 m/s and of the transverse
ones 3130 m/s [18].
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field of interest

Figure 9. Dispersion curves of the measured velocities phase (continuous lines) and of the
group (dashed lines) propagation velocities of Lamb mode A0 and S0 waves.
It was observed that the asymmetric group speeds increase and the symmetric ones
decrease with the frequency. The influence of frequency can also be mentioned on the angle
of generation of Lamb waves in plates. After recording the obtained constants (A, B, C, φi, φ1,
and φ2 ) the transducers can be removed and fixed in the manual device (Figure 10) with the
same values for the investigation of 2.5 mm thick aluminum plates.
The same procedure will be done for each material, for example: must to find the
optimal excitation angle of the Lamb A0 waves for the carbon fiber reinforced plate, record
the values A, B, C, φi, φ1, and φ2, remove the transducers and fix them manually with the
same values for the investigation of carbon fiber reinforced plates with or without defects,
with the same structural composition and thickness.

transmitter

receiver

transmitter

receiver

Figure 10. Manual device of investigation (left),
fixing non-contact acoustic transducers (right).
In the next experiment, the transmitting transducer was inserted into the hole no.2
and the receiving one into the hole no.3, so the distance between the axes of the non-contact
transducers reached 25 mm. The one-way carbon fiber reinforced plate 1.1 mm thick was
inserted into the composite plate support (Figure 11):
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receiver

transmitter

Figure 11. Non-coaxial placement of the non-contact ultrasonic transducers.
The transmitter was energized with rectangular pulses at a current voltage of 650 V
using the ultrasonic system SITAU 32: 128: 2 LF at the frequency of 250 kHz and the receiver
signal was amplified by 45 dB. The wheel (Figure 1, p. 1) was rotated step by step with 0.50.
The maximal amplitudes were obtained in an angular field from +250 till -250 with the
adjustment of the values A, B, C, φi, φ1, and φ2. As a result, was obtained the angle of 15.50,
which is optimal angle of excitation of Lamb waves asymmetric mode A0 (Figure 12):
area with maximum interference

0

Figure 12. The optimal incidence angles
for generating Lamb waves mode A0, the
distance between the axes of the
transducers 25mm, f = 250 kHz.

Figure13. Type C image of received Lamb
mode A0 waves, f = 250 kHz.

Respectively, the phase velocity of the Lamb waves asymmetric mode is 1290 m/s.
Subsequently, with the obtained signals was formed a type C image of the received waves
(Figure 13) which shows the area with the maximal interference of Lamb waves when the
distance between the axes of the transducers is 25 mm and respectively the angles of
incidence φi is equal to 15,50.
Another objective of the experiment was an attempt to move the axis of the
transmitter transducer by 50 mm from the receiver axis, but no consistent results were
obtained.
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Conclusions
The paper addresses the issue of choosing the angles of incidence for the transmission
and reception of Lamb ultrasonic waves during the control of plate-type parts by the noncontact ultrasound method. The experiment resulted with the design and manufacture of two
devices: the first one was aimed to set the values of A, B, C, φi, φ1, and φ2, depending on the
maximum amplitudes of the obtained signal; the second device was used to position the
transducers with the obtained values and to control the plates of the same material and
thickness with or without defects.
An observation of the experiment was that the asymmetric group speed increases with
the frequency and the symmetric ones decreases with the frequency. The frequency of the
non-contact ultrasonic transmitting transductor directly influences the angle of the incidence
of Lamb waves in the plates. A better signal/noise ratio was obtained by moving the axis of
the transmitting transducer with f equal to 250 kHz in relation to the axis of the receiver by
25 mm. Also, velocity phase of the Lamb waves decreased from 1353 m/s to 1290 m/s.
Consecutively, the angle of incidence φ1,2 of the Lamb waves generation increased from 14.70
to 15.50.
Concerning materials with complex geometry, such as wings and propellers of the
aircraft, the non-coaxiality of the non-contact transducers is not suitable for the control,
because it may increase the rate of errors in data interpretation regarding the defect position
and size.
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Abstract. The processes of manufacturing machines and appliances show a continuous
tendency to increase the degree of automation. An important role in the automation of
manufacturing processes is played by the constructive technologicality of the product. It is
important to use a minimum number of components, which have a construction as
technological as possible in terms of automation. In this context, the use of supporting rings
as fasteners is welcome. The design of the installation devices of these rings requires the
knowledge of their deformation forces, information that is missing in the profile
literature. The authors set their goal to develop the method for calculating the forces required
to deform the supporting rings with a rectangular transverse profile and their maximum
allowable deformations. The calculation relationships were obtained by formalizing the
supporting ring through a bar with a fixed end and studying its deformation using Mohr's
integral. The article lists some types of the supporting rings used in the construction of
machines and appliances, their advantages and disadvantages, aspects of their automatic
installation: deformation and installation methods, precision of joint orientation, optimal
design, calculation of forces required for deformation and the maximum permissible
deformation value. As a result of the research carried out, recommendations were developed
regarding the calculation of some constructive parameters of the devices for installing the
supporting rings.
Keywords: supporting ring, mounting process, deformation forces, accuracy of orientation.
Introduction
Assembly is the final stage, but no less important of the manufacturing process, which
integrates in itself the results of the previous stages and outlines the quality of the final
product. The share of assembly constitutes about 40% of the total volume of works performed
in the manufacture of the product, 80% of the assembly operations remaining manual [1].
Some of the causes of the delayed development of the automation of the assembly processes
being studied in [2] are:
- Lack of systematic research on assembly processes, leading to intuitive methods
of automatic tool design [3];
- Constructive inconvenience of the product for automatic assembly [4];
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Problems, related to ensuring the accuracy of the mutual orientation of the
assembled parts [5];
- The low degree of unification of the component parts of the product [6].
An important role in increasing the degree of automation of assembly is played by the
quantity of component parts [7] and the technologicality of the assembled object [8].
It should be noted that about 20% of the total number of components of the machine
is occupied by the fasteners. According to the number of components, the fasteners are
divided into four groups [9]:
- Assemblies without fixing parts (gluing, welding, etc.);
- Assemblies with a fixing piece (fixing with support ring, pin, etc.);
- Assemblies with two fixing parts (screw and washer);
- Assemblies with three fixing parts (screw, washer, nut).
Practice dictates the use of fasteners as simple and technological as possible [10].
Thus, designers rightly use widely support rings as fasteners in their constructions.
They are part of the second group of fasteners - with one piece.
The advantages of using supporting rings are [11]:
- - Constructive improvement;
- - The possibility of using the assembly equipment relatively cheaply;
- - Optimization of technological manufacturing processes;
- - Optimal operating characteristics.
-

1. Formulation of the Problem within the Study
The supporting rings are usually made of wires or sheets of spring steels as the
material.
The supporting rings can be of the following types:
- with round transverse profile (Figure 1a);
- with a rectangular cross-section (eccentric (Figure 1b, c) or concentric (Figure 1d));
- exterior (installed only on shafts, Figure 1c);
- interiors (installed only in holes, Figure 1b);
- universal (Figure 1d).

a)

b)

c)
Figure 1. Supporting rings.

d)

Rings with round cross section are simple to manufacture, but their load capacity and
positioning accuracy of fixed parts is low, therefore these are used only in places where they
can meet its possibilities.
Rings with a rectangular transverse profile have better load-bearing and precision
characteristics. In order to increase their deformability, they are made with eccentricity, but
no information has been found in the literature to justify the value of eccentricity.
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The deformation methods are the following:
- by applying a concentrated force, deposited at the ends of the ring (Figure 2a);
- by applying a distributed force, deposited on the entire perimeter of the ring
(Figure 2b).

a)
b)
Figure 2. Deformation methods for rings.
With concentrated forces, the rings with special holes at the ends are usually
deformed; with distributed forces, by propelling on conical surfaces, the rings that do not
have such holes are deformed. No information was found in the literature on the calculation
of the forces required to deform the supporting rings. The joining of the supporting rings
takes place after deformation, so the joining process and the permissible positioning errors
are similar to those when joining the bushing with a shaft (Figure 3).

Figure 3. Permissible deviation when joining bushing to shaft.
It follows that a greater deformation of the supporting ring facilitates the joining, but
its value should not exceed a certain allowable value, which would lead to damage to the
supporting ring.
2. Determination of the deformation forces of the supporting rings with rectangular
transverse profile
So, when joining the bearing rings are tightened or loosened, the difference being only
in the direction of application of deformation forces.
Theoretically, eccentric rings in terms of deformation have more advantages than
concentric ones. Due to their shape, the deformations in these rings are more evenly
distributed, and, as will be shown below, such rings become more durable, especially at
certain sizes. When mounting, the rings are deformed by the distributed force q or by two
concentrated forces F, deposited tangentially. When installed in the hole, the rings are
tightened and on the shaft are loosed. Depending on this, the deformation forces are
deposited in one direction or another, so the formulas that are applied to the rings installed
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on the shaft are equivalent to those that are applied to the rings installed in the hole, being
different only the direction of forces and deformations.
The law of changing the cross section of the ring can be obtained in the following way:
It follows from figure 4a that

AB = r min ⋅ cos β 1

(1)

AB = r max − h − e ⋅ cos ϕ

(2)

and from the other part we have

At small eccentricities the angle β1 is small and it can be supposed that 𝑐𝑐𝑐𝑐𝑐𝑐 𝛽𝛽1 ≈ 1.
Connecting right-hand sides of equalities (1) and (2) we obtain:

h = r max − r min − e ⋅ cos ϕ

(3)

Let us denote the average hight of the ring as folows:

r max − r min = δ

(4)

and denote also the relative eccentricity by:
e

δ

=χ

(5)

Let it be the height of the cross section

h = δ ⋅ (1 − χ ⋅ cos ϕ )

(6)

The variation Δj can be established as the difference of the lengths of the middle
circumference before and after deformation of the ring:

∆ j = 2 ⋅ π ⋅ r 2 − 2 ⋅ π ⋅ r ′2

(7)

Within the limit of elastic deformations, the value Δj is directly proportional to the
intensity of the distributed force q or concentrated force F. In both cases the proportionality
coefficient between the given values can be found by means of the Mohr integral [12].
In order to do this we examine the half of the ring (Figures 4b, 4c), considering one end
of it as fixed and the other one as free.

a)
b)
c)
Figure 4. The constructive scheme and formalization of deformation of supporting ring.
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The deformations of the second half of the ring will be simmetric to the deformations
of the examined half of the ring.
Then in accordance to Mohr integral the move of the free end of the ring under the
displacement of the free end from the force deposited tangent to the middle circumference
of the ring will be:

π M ⋅M
π
π
1 ⋅ dϕ + k tr ⋅ Q ⋅ Q1 ⋅ dϕ + N ⋅ N 1 dϕ
= ∫
r
r2
r2
∫
∫
2
⋅
2
G
E
⋅
⋅
E
I
F
F
tr
tr
0
0
0

∆j

(8)

where r2 is the radius of the middle circumference of the ring;
M, Q, N are functions of bending moment, transverse and normal forces, occurring,
occurring in the cross section of the ring from the given force;
M1, Q1, N1 are the same functions from the unit force deposited instead of the cut,
tangent to the middle circumference;
E, G is the modulus of elasticity of degree I and II of the material of the support ring;

F tr = b ⋅ h is the cross-sectional area of the ring;

b ⋅ h3
12 is the moment of inertia of the ring at its deformation in the plane of
curvature;
ktr=1.2 is the coefficient, which depends on the transverse shape of the ring with a
rectangular profile;
𝛥𝛥𝑗𝑗 = 𝛥𝛥 − 𝛥𝛥0 is the change of play in the cut of the supporting ring, as a result of the
actuation of the deformation force.
I=

The functions of the internal factors are found using the section method. From the
balance of the highlighted sector of the ring (Figure 4b, 4c) we find:
- when the ring is deformed with distributed force q:
2ϕ
M = −2 ⋅ q ⋅ r 2
2 ⋅ sin 2

Q = −q ⋅ r 2 ⋅ sin ϕ

N = 2 ⋅ q ⋅ r 2 ⋅ sin

2ϕ

(9)

2
- at the deformation of the ring with concentrated forces F:

M = − F ⋅ r 2 ⋅ (1 − cos ϕ )
Q = − F ⋅ sin ϕ

(10)

N = − F ⋅ cos ϕ
At the deformation of the bar with unit force (Figure 5) in the given direction, from the
equilibrium condition we have:

M 1 = − r ⋅ (1 − cos ϕ )

Q1 = − sin ϕ

(11)

N 1 = − cos ϕ
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Figure 5. Deformation with unit force.
Substituting (9), (10), (11) in (8) and takinginto account the already known Ftr, I, h we
get:
a) when actuating the distributed force q:

ϕ

2 ⋅ (1 − cos ϕ )dϕ
24 ⋅ q ⋅ r 42 π sin
1.2 ⋅ q ⋅ r 2 π sin 2 ϕdϕ
2
2⋅
=
⋅∫
+
−
∫
3
3
2
G
b
1
cos
δ
χ
ϕ
⋅
⋅
−
⋅
E ⋅ b⋅δ
0 (1 − χ cos ϕ )
0

∆j

ϕ

2
2 ⋅ q ⋅ r 22 π sin 2 ⋅ cos ϕdϕ
−
⋅∫
e ⋅ b ⋅ δ 0 1 − χ ⋅ cos ϕ

(12)

b) when actuating the concentrated force F:
∆j
2

=

12 ⋅ F ⋅ r 32 π (1 − cos ϕ )2
1.2 ⋅ F ⋅ r 2 π sin 2 ϕ
dϕ +
dϕ +
⋅∫
⋅∫
G ⋅ b ⋅ δ 01 − χ ⋅ cos ϕ
E ⋅ b ⋅ δ 3 0 (1 − χ ⋅ cos ϕ ) 3
+

F ⋅r2
E ⋅ b ⋅δ

π cos 2 ϕdϕ
⋅∫
01 − χ ⋅ cos ϕ

(13)

After integration the change of variation Δ is determined accordingly:
a)
36 ⋅ π ⋅ r 4
2.4 ⋅ π ⋅ q ⋅ r 2
2⋅q
2 ⋅ 1 − 1 − χ 2  +
∆j =
+


2

E ⋅ b ⋅δ 3⋅ 1+ χ 2 ⋅ 1− χ 2 G ⋅ b ⋅δ ⋅ χ 

2 ⋅π ⋅ q ⋅ r2  1 − χ
+ (χ − 1)
⋅ 
+
E ⋅ b ⋅δ ⋅ χ 2  1+ χ


(

)

(14)

b)
18 ⋅ π ⋅ F ⋅ r 3
1.2 ⋅ π ⋅ F ⋅ r 1 − 1 − χ 2
2
2⋅
∆j =
+
+
χ
G ⋅δ ⋅ b
2
2
3
E ⋅ b ⋅δ ⋅ 1+ χ ⋅ 1− χ

(

)



1


2
+
⋅
− 1
2

E ⋅ b ⋅δ ⋅ χ  1− χ 2



π ⋅F ⋅r

(15)
In the rings used, the height of the cross section h is much smaller than the radius of the
middle circumference r2. In this case the last two factors can be ignored without any major
error for the accuracy of the calculation (the error does not exceed 0.3%).
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q=

F=
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)

E ⋅ b ⋅δ 3⋅ 1+ χ 2 ⋅ 1− χ 2
⋅∆ j
36 ⋅ π ⋅ r 4
2

(16)

E ⋅ b ⋅δ 3⋅ 1+ χ 2 ⋅ 1− χ 2
⋅∆ j
18 ⋅ π ⋅ r 3

(17)

(

)

Thus knowing the change of the variation Δ, from expressions (14) and (15) we can
calculate the forces q and F, which will not exceed the permissible ones, which in turn
depend on the durability of the ring:
6 ⋅ q ⋅ r 2 ⋅ (1 − cos ϕ )
M max
2
≤ [σ ]
=
σ max =
W
b ⋅ δ 2 ⋅ (1 − χ ⋅ cos ϕ )2

(18)

6 ⋅ F ⋅ r 2 ⋅ (1 − cos ϕ )
M max
=
≤ [σ ]
W
b ⋅ δ 2 ⋅ (1 − χ ⋅ cos ϕ )2

(19)

or

σ max =

where Mmax is the moment of bending in the dangerous section of the ring;
W is the moment to oppose bending in this section;
[σ] are allowable stresses of the ring material.
The optimization of the dimensions of the support rings consists in determining the
eccentricity χ at which the change of value 𝛥𝛥 would be maximum. At the same time, changing
the value of χ changes the place of the dangerous section in the ring. At low values of χ it is
located opposite to the cut. With increasing χ the place of the dangerous section approaches
the cut.
For this reason, when optimizing the dimensions of the support rings, first of all the
angle φ at which the dangerous section in the ring is located must be determined and only
then the dependence of this angle on the eccentricity χ.
In the dangerous section the stresses are maximum, therefore to find the place of this
section it is necessary to study the extremes of the function σmax:
d σ max 6 ⋅ q ⋅ r2 2
(1 − χ ⋅ cos ϕ ) − 2 ⋅ χ ⋅ (1 − cos ϕ ) = 0
=
⋅ sin ϕ ⋅
dϕ
(1 − χ ⋅ cos ϕ )3
b ⋅δ 2
(20)
or
d σ max 6 ⋅ F ⋅ r2
(1 − χ ⋅ cos ϕ ) − 2 ⋅ χ ⋅ (1 − cos ϕ ) = 0
=
⋅ sin ϕ ⋅
dϕ
(1 − χ ⋅ cos ϕ )3
b ⋅δ 2

Equality to zero of the derivative of the function 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚 is possible if 𝑠𝑠𝑠𝑠𝑠𝑠 𝜙𝜙 = 0 or:
(1−𝜒𝜒⋅𝑐𝑐𝑐𝑐𝑐𝑐 𝜙𝜙)−2⋅𝜋𝜋⋅(1−𝑐𝑐𝑐𝑐𝑐𝑐 𝜙𝜙)
(1−𝜒𝜒⋅𝑐𝑐𝑐𝑐𝑐𝑐 𝜙𝜙)3

=0

(21)

(22)

In the first case, the dangerous section is located opposite the cut and does not depend
on the eccentricity χ, corresponding to rings with a constant profile (χ=0).
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For rings with variable profile, formula (22) enters into force, which represents a
transcendent equation with respect to the variable φ. The solution ofthis equation in the
interval χ =0…1 with step 0.01 is represented in Figure 6, from which follows that the
dangerous section is located in the plane of symmetry of the ring (φ=1800) at χ=0…0.33.

Figure 6. Location angle of the dangerous section φ˚ depending on the eccentricity χ.
Increasing the eccentricity moves the dangerous section to the cut of the ring. At χ=1 φ
tends to zero.
The change of the eccentricity also leads to the change of the values of the forces
necessary for the deformation and the maximum value of the variation Δj, respecting the
condition of avoiding the plastic deformations of the deformed ring. These changes can be
calculated by the formulas (16, 17, 18, 19). Figures 7, 8 show the graphs obtained as a result
of the calculation of the change F and Δj depending on the change of eccentricity χ for rings
with the dimensions:
r2=24.3;
b=1.5;
𝛿𝛿 =4.1;
[σ] =240Mpa;
And stepχ =0.01 in the interval from 0 to 1.

Figure 7. Dependence of the allowable force applied to the support ring F(N) as a
function of eccentricity χ.
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Figure 8. Dependence of the permissible deformation of the support ring Δ(mm) as a
function of eccentricity χ.
The initial parameters of the supporting rings (sizes and material) do not influence the
change of their deformation parameters; optimal eccentricity χ=0.49, at which the
permissible deformation acquires maximum values remains unchanged.
3. Optimizing the eccentricity of the rings and the angle of application of the
deformation forces
The rings are deformed by the forces F , directed at a certain angle ɑ to the tangents
to the outer circumference of the ring (Figure 9). The change in the surface of the circle with
radius r2 can be taken as a parameter of the deformation of the rings.
When deforming, the ring deviates from the round shape, but this deviation can be
neglected, being a variable value and difficult to appreciate.

Figure 9. The scheme of application of deformation forces.
Mohr's integral for changing the surface of the circle with radius r2:
𝜋𝜋 𝑀𝑀𝐹𝐹 ⋅𝑀𝑀1

𝛿𝛿𝛿𝛿 = 2 ⋅ ∫0

𝐸𝐸⋅𝐼𝐼

𝜋𝜋 𝑁𝑁𝐹𝐹 ⋅𝑁𝑁1

𝑑𝑑𝑑𝑑 + 2 ⋅ ∫0

𝐸𝐸⋅𝐹𝐹𝑡𝑡𝑡𝑡

𝜋𝜋 𝑘𝑘𝑡𝑡𝑡𝑡 ⋅𝑄𝑄𝐹𝐹 ⋅𝑄𝑄1

𝑑𝑑𝑑𝑑 + 2 ⋅ ∫0

𝐺𝐺⋅𝐹𝐹𝑡𝑡𝑡𝑡

𝑑𝑑𝑑𝑑

(3.423)

where Ftr=bh is the cross-sectional area of the considered ring;
I=bh3/2 – is the moment of inertia of the cross section;
Rtr – is the coefficient of the transverse shape of the ring.
Functions of internal factors occurring when actioning the force F: MF, NF and QF or by
actioning the force q: M1, N1 and Q1 are determined by the method of sections (Figure 10):
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Figure 10. Formalization of the support ring deformation.
𝑀𝑀𝐹𝐹 = −𝐹𝐹 ⋅ 𝑟𝑟2 ⋅ 𝑐𝑐𝑐𝑐𝑐𝑐 𝛼𝛼 ⋅ (1 − 𝑐𝑐𝑐𝑐𝑐𝑐 𝜙𝜙) − 𝐹𝐹 ⋅ 𝑟𝑟2 ⋅ 𝑠𝑠𝑠𝑠𝑠𝑠 𝜙𝜙 ⋅ 𝑠𝑠𝑠𝑠𝑠𝑠 𝜙𝜙;
𝑁𝑁𝐹𝐹 = −𝐹𝐹 ⋅ 𝑐𝑐𝑐𝑐𝑐𝑐 𝛼𝛼 𝑐𝑐𝑐𝑐𝑐𝑐 𝜙𝜙 + 𝐹𝐹 ⋅ 𝑠𝑠𝑠𝑠𝑠𝑠 𝛼𝛼 ⋅ 𝑠𝑠𝑠𝑠𝑠𝑠 𝜙𝜙;

(24)

𝑄𝑄𝐹𝐹 = −𝐹𝐹 ⋅ 𝑐𝑐𝑐𝑐𝑐𝑐 𝛼𝛼 ⋅ 𝑠𝑠𝑠𝑠𝑠𝑠 𝜙𝜙 − 𝐹𝐹 ⋅ 𝑠𝑠𝑠𝑠𝑠𝑠 𝛼𝛼 ⋅ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜙𝜙;
𝑀𝑀1 = −𝑟𝑟22 ⋅ (1 − 𝑐𝑐𝑐𝑐𝑐𝑐 𝜙𝜙);
𝑁𝑁1 = 𝑟𝑟2 ⋅ (1 − с𝑜𝑜𝑜𝑜𝜙𝜙);
𝑄𝑄1 = −𝑟𝑟2 ⋅ 𝑠𝑠𝑠𝑠𝑠𝑠 𝜙𝜙.

Substituting the above values in (23) we get:

π F ⋅ cos α ⋅ r 4 ⋅ (1 − cos ϕ 2)

2
dϕ −
3
3
0 E ⋅ b ⋅ δ (1 − χ ⋅ cos ϕ )

δA = 24 ∫
𝜋𝜋

𝐹𝐹 ⋅ 𝑐𝑐𝑐𝑐𝑐𝑐 𝛼𝛼 ⋅ 𝑟𝑟22 ⋅ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜙𝜙 ⋅ (1 − 𝑐𝑐𝑐𝑐𝑐𝑐 𝜙𝜙)
2⋅�
𝑑𝑑𝑑𝑑 +
𝐸𝐸 ⋅ 𝑏𝑏 ⋅ 𝛿𝛿 3 ⋅ (1 − 𝜒𝜒 ⋅ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜙𝜙)
0

π F ⋅ cos α ⋅ r 2 ⋅ sin 2 ϕ

π F ⋅ sin α ⋅ r 4 ⋅ sin ϕ ⋅ (1 − cos ϕ )

2
dϕ + 24 ∫
+ 2.4 ∫
0 G ⋅ b ⋅ δ ⋅ (1 − χ ⋅ cos ϕ )
0
𝜋𝜋 𝐹𝐹⋅𝑠𝑠𝑠𝑠𝑠𝑠 𝛼𝛼⋅𝑟𝑟22 ⋅𝑠𝑠𝑠𝑠𝑠𝑠 𝜙𝜙⋅(1−𝑐𝑐𝑐𝑐𝑐𝑐 𝜙𝜙)

+2 ⋅ ∫0

𝐸𝐸⋅𝑏𝑏⋅𝛿𝛿⋅(1−𝜒𝜒⋅𝑐𝑐𝑐𝑐𝑐𝑐 𝜙𝜙)

and after integration we come to:

2 ⋅ F ⋅ cos α ⋅ π ⋅ r 2 18 ⋅ r 2
2
2
δA =
b ⋅δ
E ⋅δ 2

2
E ⋅ b ⋅ δ 3 ⋅ (1 − χ ⋅ cos ϕ ) 3
𝜋𝜋 𝐹𝐹⋅𝑠𝑠𝑠𝑠𝑠𝑠 𝛼𝛼⋅𝑟𝑟22 𝑠𝑠𝑠𝑠𝑠𝑠 𝜙𝜙⋅𝑐𝑐𝑐𝑐𝑐𝑐 𝜙𝜙

𝑑𝑑 + 2.4 ⋅ ∫0

𝐺𝐺⋅𝑏𝑏⋅𝛿𝛿⋅(1−𝜒𝜒⋅𝑐𝑐𝑐𝑐𝑐𝑐 𝜙𝜙)

18 ⋅ r 2
1
1
2 ⋅
+
⋅

2
2
1 − χ 2 ⋅ (1 + χ )2 E ⋅ χ
 E ⋅ δ

2

  4 ⋅ F ⋅ sin α ⋅ r2
2
+
⋅ 1 − 1 − χ   +
b ⋅δ
 
G⋅χ2 
1,2

−

dϕ +

𝑑𝑑𝑑𝑑

(25)

 1− χ

⋅ 
− (1 + χ ) +
 1+ χ


 12 ⋅ r 2 ⋅ (1 − χ )

1
1− χ
1− χ 
2
−
⋅
+
⋅  χ +
⋅ ln
2
1 + χ 
 E ⋅δ 2 ⋅ 1− χ 2 E ⋅ χ 2 


(

)


1 1− χ  
 
⋅  χ + ln
2
+
2
1
χ
 
G⋅χ 
1.2

(26)

This formula allows us to establish the influence of angle 𝛼𝛼 and eccentricity𝜒𝜒 on the
deformation of the ring. The first factors in the square bracket play a key role in the formula.
The rest of the factors can be neglected without losing the accuracy of the calculations.
Maximum elastic deformations of the ring, beware:

σ max =

Journal of Engineering Science

F ⋅ r ⋅ (cos α ⋅ cos ϕ ) h 2 − е
2
1
⋅
b⋅h⋅e
r −h 2
1
2

(27)
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where e1 is the eccentricity of the neutral line:
e1 = h 2 12 ⋅ r 2
Then:

σ max =

2⋅ F ⋅r
6 ⋅ r ⋅ (1 − χ ⋅ cos ϕ )
2 ⋅ cos α − cos ϕ
2
⋅
2
b
δ 2 ⋅ (1 − χ ⋅ cos ϕ ) 2 ⋅ r − δ ⋅ (1 − χ ⋅ cos ϕ )

(28)

The given formula suppose the knowledge of the angle φ , which depends on the angle
α and the eccentricity 𝜒𝜒.
If α and χ are known, the place of the dangerous section is calculated by studying the
extremes of the function:
 (1 − χ ⋅ cos ϕ ) − 2 ⋅ χ ⋅ (cos α − cos ϕ )
d σ max 2 ⋅ F ⋅ r2
⋅ sin ϕ ⋅ 
⋅
=
dϕ

b ⋅δ 2
(1 − χ ⋅ cos ϕ )3

⋅

6 ⋅ r − δ ⋅ (1 − χ ⋅ сosϕ ) cos α − cos ϕ
4 ⋅ r ⋅δ ⋅ χ
2
2
+
⋅
2 ⋅ r − δ ⋅ (1 − χ ⋅ сosϕ ) (1 − χ ⋅ cos ϕ )2 (2 ⋅ r − δ ⋅ (1 − χ ⋅ cos ϕ

(29)

=0
))2 

This equality can take place for sinφ=0 or when the value of thesquare paranthesis is
equal to zero. n the first case, the dangerous section is located opposite the ring cut
(φ=1800) and correponds to equality to zero of ɑ and χ.
In the second case, the place of the dangerous section is found by solving the
transcendental equation (in square brackets), equaling it with zero.
Thus the algorithm for studying the dependence of the ring deformation on the angle
ɑ and the eccentricity χ contains three stages:
1. Determining the angle φ having ɑ and χ known;
2. Calculation of the maximum allowable force required for the deformation of the
〈[σ ] ;
ring, based on the condition σ max
3. Determination of the parameter δA by changing ɑ and χ.
In order to automate the process of optimizing the dimensions of the rings and
determining the optimal angle ɑ of actuation of the deformation forces, formulas 26, 28 and
29 were algorithmized, formula 29 being calculated by Ribacov's iteration method [13],
because it is unsolvable mathematically.
The results of the calculations for the supporting rings with the parameters:
r2=24.3;
b=1.5;
δ=4.1;
[σ]=240Mpa;
are presented in the Figures 11 and 12.
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Figure 11. Dependence of the allowable deformation of the
supporting ring δA(mm2) as a function of eccentricity χ with forces
applied at an angle α=0˚.

Figure 12. Dependence of the allowable deformation of the supporting ring δA(mm2)
depending on the angle of application α of the deformation forces for eccentricit χ=0
(graph with symbol ), χ=0,33 (graph with symbol Δ), χ=0,4 (graph with symbol ◊).
Conclusions
1) Eccentric rings create more pleasant conditions for deformation, due to the uneven
location of the material in them;
2) The rings with the relative eccentricity 0.5, which was determined as optimal, possess an
increased deformability by 20 ... 25% compared to those stipulated in the standards GOST
13942-83 and GOST 13943-86, which are executed with the relative eccentricity 0.2. ..0.3;
3) The tightening and unwinding processes of the rings are equivalent, the calculation
formulas in both cases are the same, only the deformation forces changing their sign;
4) When applying the deformation forces at an angle of 50 degrees, determined as optimal,
the deformability of the eccentric rings increases by 25 ... 30% and of the concentric ones by
about 20%;
5) The value of the optimal relative eccentricity is not influenced by the dimensions and the
material of the rings, always remaining constant.
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Abstract. The ignition and combustion of single particles of crystalline boron continue to
produce major scientific interest due to the particularities of the process and diversity of
potential applications of boron compounds. The full valorization of boron energetic
potential is a very current scientific challenge. The objective of the paper is to systematize
the methodology for evaluating the kinetic parameters of boron ignition and combustion
reactions in various oxidizing gaseous environments. Experimental dependencies between
the ignition temperature and the particle size, as well as the combustion time as a function
of oxidizing temperature are used for the calculation of the kinetic constants. As a main
result, the kinetic parameters of the ignition and combustion reactions of boron in oxygen
and water vapor are calculated.
Keywords: boron, thermodynamics, reaction, oxidation, heterogeneous, calculation, parameter,
experiment.
Introduction
Initially approached by Wilhelm Nusselt, the issue of ignition and combustion of the
solid particle still requires major attention. Despite an impressive amount of relevant
information on this topic and the formulation of remarkable theoretical generalizations,
currently there is no irrevocable analytical theory, which considers the complexity of physicochemical phenomena specific to heterogeneous ignition and combustion processes. Usually,
simplified models of chemical processes are applied or the similarity theory is used.
Chemical kinetics, developed from practical needs to clarify the picture of chemical
transformations, especially for the determination of the speed and mechanism of reactions,
contributes decisively to the study of ignition and combustion phenomena. Currently, the
studies of chemical kinetics are combining two complementary directions, both of them
having different paradigms and tasks [1].
The objective of the first direction is to identify the mechanism of the reaction. This
objective is achieved by applying the modern methods of stoichiometry, chemical
thermodynamics, theory of solid mechanics and theory of activated complex. Thus, the kinetic
parameters of the sequence of elementary reactions are calculated theoretically and
measured experimentally. The results are mainly of a qualitative nature. Consequently, the
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intermediates and the sequence of transformation of the reactants into products are
established [1].
The second direction of research is formal kinetics, which is methodologically
analyzed in this paper. It consists in the phenomenological quantitative investigation of
complex reactions, with sufficiently precise determination of kinetic parameters. The
importance of these studies is growing due to the lack of accurate kinetic information needed
in practice for model simulation and process optimization [2, 3].
The processes of ignition and combustion of the boron particle are characterized by a
higher level of complexity than in the case of classical solid fuel particles. The main
particularity is determined by the existence of the surface oxide layer, formed in the latent
phase of the preliminary reaction, which substantially changes the picture of the interaction
[2], [4], [8], [9].
The high calorific value and the distinctive physical-mechanical properties of some
boron compounds are of increased interest, because these substances are less studied for
energetic and technological applications [3, 4, 9, 10].
Until the development of non-isothermal theories in chemical kinetics, the selfheating of the reactant was qualified as an experimental error that deforms the kinetic curves.
The theory of thermal explosion cardinally changed the approach to the problem, confirming
the opportunity of kinetic study in non-isothermal conditions [2, 4].
The essence of this theoretical realization consists in the fact that the models of nonisothermal phenomena quantitatively relate the measurable characteristics of the processes
with the kinetic parameters. If the conditions of chemical transformations are known, the
physical parameters of the system being measured, then by solving the inverse problem the
kinetic parameters of the chemical reaction can be determined: activation energy E, J·mol1
and the pre-exponential coefficient k0, m·s-1 [2, 4, 7].
The defining characteristics are: the value of the oxidant temperature at ignition place
of the sample (Tga,°K), the duration of particle ignition under the respective conditions (tap, s)
and the burning rate of the solid substance (tar, s). A wide variety of methods for calculating
kinetic parameters from experimental ignition and combustion data are currently being
developed and applied.
1. Evaluation of kinetic parameters for the ignition of solid particles
If the solid substance and the high temperature gaseous oxidant (700 - 2000°K) are
separated by an oxide film, usually the speed of the chemical interaction is limited by the
diffusion of the oxidant through the oxide layer to the reaction surface and depends not only
on the temperature and the concentration of the oxidant, but also on the thickness of the
increasing layer [2, 4, 5, 6].
Experimentally, different oxidation laws have been established [83]. The main laws
states that the speed of the reaction Rox (the rate of increase of the oxide layer) decreases
with the increase of the thickness h of the film, inversely proportional to the thickness of the
diffusion barrier raised to the power of n [2, 4]:

Rox = ρ ох ⋅

ν
−
dh Cox
= n ⋅ k 0 ⋅ e RT , mol·m-2·s-1
dt
h
E

(1)

where: ρox is the density of the oxide surface layer (B2O3), mol·m-3;
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Cox - oxidant concentration in the gaseous environment, mol·m-3;
ν - reaction order for the given oxidant;
E - activation energy of the oxidation reaction in the ignition phase, J·mol-1;
k0 - the pre-exponential coefficient of the oxidation reaction, m·s-1.
The exponent n defines the relationship between the reaction rate and the thickness
of the oxide layer, having linear (n = 0), parabolic (n = 1) or cubic (n = 2) dependencies
[2, 4].
Usually n = 0 for porous films or with very low protective properties. The oxidation
process under these conditions coincides with the kinetics of the heterogeneous reaction on
a clean surface. If n = 1, then the reaction rate is determined by the diffusion of the oxidant
in the oxide layer, the dependence between the diffusion coefficient and the temperature
being exponential.
For some substances, including boron, the combination of different oxidation
mechanisms is noticed. In such situations the reaction takes place according to several
mechanisms, each of one being predominant in distinct stages of the process. For example,
if initially, at normal temperatures the oxidation is parabolic (n = 1), later, with the increase
of the temperature due to various causes (polymorphic modification, melting, vaporization of
the film) the reaction speed becomes linear (n = 0), the whole process being defined. as a
paralinear.
For metals that interact with the oxidant according to formula (1), the system of
equations that describes the process of ignition of the particle (neglecting the radiant energy
exchange) has the following general form [4]:
dT p
1
dh λ ⋅ Nu
⋅с m ⋅ρ m ⋅ d p ⋅
= Q ⋅ ρm ⋅
−
⋅ (T p − Tg ) ,
6
dt
dt
dp
E

ν
−
dh Cox
RT
= n ⋅k 0 ⋅e p
dt
h

(2)

t = 0; h = h0; TP = Tpo .
where: cm is the specific calorific value of the metal, J·K-1·kg –1;
ρm - metal density, kg·m–3; dp - particle size, m; Q - thermal effect of the reaction,
J·kg –1;
λ - thermal conductivity of the oxidant, W·m-1·°K-1;
Tp ,Tg – temperature of the particle and oxidizing environment, °K; t - time, s,
Nu - Nusselt number.
The Nusselt number, the ratio between the temperature gradient of the gas oxide at
the surface of single particles and the reference temperature gradient, is determined by the
Ranz-Marshall criterion:
Nu = 2 + Re 0,5 ⋅ Pr 0,33

(3)

where: Re, Pr are the Reynolds and Prandtl numbers under the given experimental conditions.
The Reynolds number characterizes the flow regime of the oxidant around the particle
and represents the ratio between the inertial forces and the viscosity forces. The Prandtl
number characterizes the physical properties of the oxidant and represents the ratio between
the molecular diffusivity of the impulse and the molecular diffusivity of the heat.
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In the case of paralinear ignition reactions for n = 0, ν = 1 and Bi << 1, the ratio between
the system parameters in critical ignition conditions is determined according to the theory of
heterogeneous ignition [48] with the following formula:
E

−
dp
1
E
RT
⋅
⋅ k 0 ⋅ e ga = ,
Q ⋅ ρ m ⋅ сох ⋅
2
λ ⋅ R Nu ⋅ Tga
e

(4)

where: Tga is the temperature of the oxidant in the place of ignition of the solid particle, in
°K;
Bi - Biot number.
When calculating the logarithm for relation (4), we obtain the following formula:
ln(

dp
Nu ⋅ T

2
ga

)=

E
+ ln C1 ,
R ⋅ Tga

(5)

If the experimental dependence Tga= f (dp) is known, the graphical dependence
lg (dp /Nu·Tga2) = F (Tga-1) will result in a line from the slope of which the activation energy can
be determined according to the relation:
E = 2,303·R · |tg α |· r, J·mol-1

(6)

where: R is the universal gas constant, J·mol-1·°K; β - slope angle, degrees; r - the ratio of the
axle scale.
The value of the pre-exponential coefficient k0 will be determined by substituting in
formula (3) the value E.
If radiation heat losses (relatively larger particles) are included in the analysis, then
the thermal balance of the system of equations (2) can be represented as follows:
dT p
1
dh λ ⋅ Nu
⋅с m ⋅ρ m ⋅ d p ⋅
= Q ⋅ ρm ⋅
−
⋅ (T p − Tg ) − ε p ⋅ σ ⋅ (T p4 − T11 ) ,
6
dt
dp
dt

(7)

where: εp is the emission coefficient of the particle surface;
σ - Stefan–Boltzmann constant, W·m-2·°K-4;
T1 - temperature of the inner surface of the combustion chamber,°K.
When taking into account the effect of thermal radiation for paralinear ignition
reactions, the ratio between the parameters in the critical ignition conditions is given by the
following expression:
E

−
dp
E
1
RTga
Q ⋅ ρ m ⋅ сох ⋅
k
e
⋅
⋅
⋅
⋅ e K R ⋅(1−b ) = ,
0
2
e
λ ⋅ R Nu ⋅ Tga

(8)

where: KR is the ratio of heat loss through radiation; b - ratio T14 /Tga4.
When calculating the logarithm for relation (8), we obtain:

dp

E
ln(
)=
2
Nu ⋅ Tga
R ⋅ Tga



ε p ⋅ σ ⋅ Tga3
⋅ 1 + (1 − b) ⋅
⋅d p  + ln C2 ,
λ ⋅ Nu



(9)

If the experimental dependence Tga= f(dp) is known, then as a result of the graph:
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lg(

dp
Nu ⋅ Tga2

) = F (T −1 ⋅ (1 + (1 − b) ⋅

ε p ⋅ σ ⋅ Tga3
⋅ d p )) ,
λ ⋅ Nu

10)

a line will be obtained from the slope of which the activation energy E will be evaluated.
Consequently, from the relation (8) the value of the pre-exponential coefficient ko can be
evaluated.
In particular, the described methodology was used to determine the kinetic constants
of the ignition of single particles of crystalline boron in air and water vapor, respectively, for
the following two complex heterogeneous reactions:
4B + 3O2 = 2B2O3 (E = 133400 J·mol-1; k0 = 1,89·103 m·s-1)

(11)

2B + 3H2O = B2O3 + 3H2 (E = 81900 J·mol-1; k0 = 2,16 ·103 m·s-1)

(12)

2. Evaluation of kinetic parameters for the kinetic regime of combustion for solid
particles.
For the kinetic combustion regime of single particles of crystalline boron the reaction
rate is determined by the following formula:
RB = k ⋅ Cox =

k ⋅ Pох
, mol·m-2·s-1
R ⋅T

(13)

where: Pox is the partial pressure of the oxidant in the gaseous medium, Pa.
If for the stationary combustion process, it is assumed that the density and
temperature of the particle are constant as well as the combustion rate and the partial
pressure of the oxidant, then for the combustion time of the particle can be calculated by the
formula:

ρ
ρm ⋅ R ⋅ T
1
⋅ ∫ m ⋅ d (d p ) =
⋅dp = k ⋅dp, s
tar = −
2 ⋅ M B d p RB
2 ⋅ M B ⋅ k ⋅ Pox
0

(14)

For the kinetic regime the combustion time of the boron particle, measured
experimentally, is proportional to the diameter of the sample.
From relation (14) the following expression is obtained:
k0 ⋅ e

−

E
R⋅T

=

ρm ⋅ R ⋅ T ⋅ dP
2 ⋅ M B ⋅ t ar ⋅ Pox

, m·s-1

(15)

By calculating the logarithm from equation (14), the following formula is obtained:

ln(

d p⋅Tox
t ar ⋅ Pox

)=−

R ⋅ ρm
E
− ln
R ⋅T
2⋅ MB

(16)

If the experimental dependence tar= f (Tox) is known, then following the dependence:

lg(

d p⋅Tox
t ar ⋅ Pox

) = F (Tox−1 )

(17)

a straight line will result, from which the value of the activation energy of the complex
combustion reaction in kinetic regime will be evaluated. Substituting the value E in formula
(15), the value of the pre-exponential coefficient k0 can be calculated.
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For the kinetic combustion domain of the particle, the following constants of
heterogeneous reactions were evaluated:
B + B2O3 = BO + B2O2 (E = 89900 J·mol-1; k0 = 2,38·104 m·s-1)

(18)

B + H2O = BHO + H (E = 62500 J·mol-1; k0 = 2,48·104 m·s-1)

(19)

3. Conclusions
The ignition and combustion of single solid particles as non-isothermal methods of
formal chemical kinetics contributes to obtaining unique information on the kinetics and
thermodynamics of heterogeneous reactions at high temperatures, data that cannot be
obtained otherwise, especially for dispersed systems.
Heterogeneous formal kinetics research is based on relatively simple experiments,
with vast possibilities for varying experimental conditions.
Based on the principles of formal kinetics, which are a component of general methods
of evaluating the kinetic parameters of chemical reactions, particular methods have been
deducted for calculating the kinetic constants of complex reactions of ignition and
combustion of single solid particles for different regimes of chemical reaction of oxidation.
The methodology for evaluating the kinetic parameters of heterogeneous oxidation
reactions involves the use of some experimental data as initial data. The required
experimental data is the following: the ignition temperature depending on the sample size
and the combustion time of the sample depending on the oxidant temperature.
According to the theoretical formulas that describe the burning of single particles of
crystalline boron, the kinetic regime of the interaction corresponds to the experimental
domain in which the burning time of the sample is proportional to its size.
The procedures for evaluating the kinetic parameters of boron combustion,
systematized in the paper, can be used to determine the kinetic vaporization rates of boron
and boric anhydride in an inert atmosphere and the rate of gasification of anhydride in watercontaining combustion products. The experimental parameter which is measured is the
durations of those processes as a dependence of the temperature of the gaseous
environment.
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Abstract. The electric power industry development mean increases the electric grids
flexibility through the use of various devices type (FACTS) controlled by means of power
electronics and being an element of the Smart Grid. This type of device includes a phaseshifting transformer (PST), which redistributes power flows in the branches of electrical
networks. In connection with the relevance of this topic, new technical solutions appear that
implement similar functions, which entails the need for a comparative analysis of such
developments in order to optimize the energy characteristics of this kind of equipment. The
aim of the work is to develop schematic version of the PST made according to the "star"
scheme and analyze its operation in typical modes. During the study, the energy
characteristics of the device were determined. The possibility of reducing the typical power
of the phase-shifting device due to the use of capacitive compensation is analyzed.
Keywords: phase-shifting transformer, angle of phase shift, electronic power switches, control
strategy, rated capacity.
Introduction
In the process of SMART GRID concept development and implementation in the
electric power industry, the role of FACTS devices, which makes it possible to control the
parameters of the power system mode in accordance with the chosen strategy significantly
increases. The tasks of ensuring effective control of steady-state and transient modes of
electric power systems can be solved by various means, one of which is phase-shifting
transformer (PST).
Currently, there is a significant global experience in the use of PST [1 - 12]. Also,
considerable attention is paid to the development of various technical solutions and the study
of the operation modes of phase-shifting devices [13 - 19].
This work is devoted to the development and study of a two-transformer circuit version of
a phase-shifting transformer made according to the "star" scheme.
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General characteristics of the research object
The work purpose is to study the energy characteristics of new technical solution of
the PST made according to the "star" scheme when adjusting the phase shift angle using
power electronics, as well as the use of capacitive compensation to reduce the installed
power of the transformer device. During research, methods of mathematical, structural and
simulation modeling were used based on the SPS-models of the object built in the Simulink
(Matlab) environment.
The main elements of the investigated device are two power transformers, one of
which performs the functions of parallel (or magnetizing) element, the other - the functions
of series (or phase-shifting) element. The subscript "p" denotes the windings and the
corresponding electrical values characterizing the magnetizing transformer mode, the
subscript "q" denotes the windings and the electrical values of the phase-shifting transformer.
The schematic diagram of the PST technical solution considered in the work is shown
in Figure 1.
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Figure 1. Technical solution of new proposed PST.
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On Figure 1 next designations are accepted:
W1p ,W2p ,W3p - magnetizing transformer windings;

W4p - regulating winding of magnetizing transformer;
W1q ,W2q ,W3q - phase-shifting transformer windings;
C - capacitor bank used to reduce the installed power of PST:
S - Power key switching capacitor bank;

S1,S 2 - switch mechanism contacts.
The primary windings W1p of the magnetizing transformer are “star-to-zero”
connected. Secondary W2p and tertiary W3p windings of the corresponding phases are
connected to the ends of the primary windings, providing a 120° shift relative to each other.
The primary windings W1q of the phase-shifting transformer are connected according to the
“triangle” scheme, to the vertices of which the control windings W4p of the magnetizing
transformer assembled into a “star – to- zero” are connected. The windings W2q ,W3q of the
phase-shifting transformer are connected in series with the corresponding windings W2p ,W3p
of the magnetizing transformer.
Input electrical values are labeled "s-sending" and output electrical values are labeled
"r-receiving", where:
U s ,I s - input voltage and current of PST;

U r,I r - output voltage and current of PST;
ψ - the phase shift angle between the input and output currents (or between the
input and output voltages) provided by the voltage U sr .

To adjust the phase shift angle between the input and output voltage of the device, it
is proposed to section the control winding W4 p as shown in Figure 2.
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Figure 2. Control winding scheme.
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Partitioning in given proportions made it possible to reduce the number of electronic
keys and, when using the developed control law (Figure 3) and reversing the control winding,
provide control angle ψ in the range of 0° ÷ 60°.
10
9
8
7
6
5
4
3
2
1

Position

+10

+9

+8

+7

+6

+5

+4

+3

+2

+1

0

1

2

3

4

5

6

7

8

9

10

Figure 3. Working diagram of power keys.
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Device simulation
For technical solution presented on Figure 1 in the Simulink (Matlab) software a
structural-simulation model of the device was created, which was used for research and
analysis of various modes of device operation.
Each PST element was modeled as a group of single-phase transformers. The
parameters of the each transformer phase elements are determined for conditions
U=
U=
230V and nominal load power of the device 10kVA in order to have possibility of
s
r
comparative analysis and manufacture of laboratory sample. Table 1 shows the calculated
currents and voltages of the magnetizing and phase-shifting transformers windings.
Table 1
Currents and voltages of windings of transformer elements

Magnetizing transformer windings p

Phase-shifting transformer
windings q
W1q
W2q
W3q

W1p

W2p

W3p

W4p

U(V)

190.67

78.66

78.66

78.66

136.6

68.02

68.02

I(A)

10

12

12

12

12

11.87

11.87

Based on the data in Table 1, the parameters of SPS - models of the phase-shifting and
magnetizing elements are calculated and presented in Table 2.
Table 2
Parameters of transformers SPS – models

Magnetizing transformer
Normal power and frequency[Pn(VA) fn(Hz)]:
[1633.92 50]
Winding nominal voltages [U1 U2...Un]
(Vrms):
[136.16 68.02 68.02]
Winding resistences [R1 R2…Rn] (Ohm):
[0.07392 0.04004]
Winding leakage inductances [L1 L2...Ln] (H):
[0.48062e-3 0.12015e-3 0.12015e-3]
Magnetization resistance Rm (Ohm)
1134.67
Magnetization inductance Lm (H)
1.8068
Saturation characteristic [i1(A), phi1(Vs);
i2(A), phi2;..]
[0,0;0.5931,0.6747;14.8286,0.7564;29.6573,
0.7769;59.3146,0.7973;177.9437.0.8178]

Journal of Engineering Science

Phase-shifting transformer
Normal power and frequency[Pn(VA) fn(Hz)]:
[1906.7 50]
Winding nominal voltages [U1 U2...Un]
(Vrms):
[190.67 78.66 78.66 78.66 78.6678.66
55.062]
Winding resistences [R1 R2…Rn] (Ohm):
[0.1195 0.0445 0.0445 0.0025 0.0025 0.0025
0.0192]
Winding leakage inductances [L1 L2...Ln] (H):
[0.8724e-3 0.14849e-3 0.14849e-3
0.14849e-3 0.14849e-3 0.14849e-3
0.07276e-3]
Magnetization resistance Rm (Ohm)
1906.7
Magnetization inductance Lm (H)
3.0361
Saturation characteristic [i1(A), phi1(Vs);
i2(A), phi2;…]
[0 0;0.4577 0.9448;11.4392 1.0593;22.8783
1.0879;45.7567 1.1165;137.27 1.1452]
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The rated power of the phase-shifting device can be decreased by a capacitor bank in
parallel with the magnetizing transformer. To select the required value of the capacitor bank,
the power keys are set to the position corresponding to the maximum value of the phase shift
angle in the load mode. The value of the capacitor bank is selected so that the current flowing
through it is equal to the current flowing through the PST. The resulting value of the capacitor
bank of C = 97,39 mkF allows you to obtain the maximum effect of reducing the installed
transformer device power by transferring part of the power through the capacitor.
Results of modelling
To determine the operating characteristics of the PST, made according to the "star"
scheme, in accordance with the developed program of design experiments, the device was
studied in no-load and short-circuit modes. Based on the calculated experiments results, the
parameters dependences of the PST equivalent circuit on the value of the phase shift angle
ψ and the adjustment position were obtained, shown in Figures 4, 6 and 5, 7, respectively,
for options without and with the use of a capacitor bank.
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Figure 4. The characteristics of PST active
(rnl) and reactive (xnl) components of
resistance (Znl) in no-load mode.
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Figure 5. The characteristics of PST active
(rnl) and reactive (xnl) components of
resistance (Znl) in no-load mode with
capacitor bank.

The analysis of the dependencies presented in Figure 4 shows that the no-load
resistances change smoothly and have maximum values during phase shift ψ = 30 (zero
position) and symmetrically decrease in the process of both decreasing and increasing the
angle for the option without capacitance. The range of active resistance variation is 1500 ÷
3000 Ohm, and the reactance is 500 ÷ 1000 Ohm. When using a capacitor bank (Figure 5), the
nature of the change in active resistance remains the same, with the only difference that the
maximum value becomes slightly less (2500 Ohm). Inductive resistance, when using a
capacitor bank, has a pronounced maximum (3000 Ohm) at a control angle of about 12°.
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Figure 6. The characteristics of PST active
(rsc) and reactive (xsc) components of
resistance (Zsc) in short-circuit mode.
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Figures 6 and 7 show the characteristics of the active rsc and reactive xsc components
of the short-circuit resistance of the device Zsc, without and with the use of a capacitor bank,
respectively.
Evaluating the obtained curves (Figure 6), it can be concluded that the reactive
component of the short-circuit resistance grows exponentially with increasing angle ψ . The
minimum value of the active component falls on the angle ψ = 30 . The maximum values are
observed at the limits of the regulation range. When using a capacitor bank (Figure 7), the
dependences have a complex shape with pronounced minima in the range 20° ÷ 40°. In
addition, the graphs are located slightly higher compared to the characteristics of Figure 6.
Figures 8, 9 show the characteristics of changes in active power losses obtained as a
result of open-circuit and short-circuit tests. The maximum values of active losses occur at
the boundaries of the regulation range. When using a capacitor bank (Figure 9), the ΔРsc
graph has a complex shape with minima in the range of 20° ÷ 40°.
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Figure 9. Dependences of PST active losses
for no-load and short circuit tests with
capacitor bank.

Figure 8. Dependences of PST active losses
for no-load and short circuit tests.

The characteristics of voltage change of the magnetizing and phase-shifting
transformer windings during regulation under load are presented in Figure 10 and completely
coincide with the voltage curves when using a capacitor bank.
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Figure 10. Voltage curves in PST windings for load mode.
As it can be seen from Figure 10, the voltages on the windings W2 p and W3 p during
the angle adjustment are practically unchanged. The voltage across the winding W1 p
decreases slightly as the angle changes ψ= 0 ÷ 60 .
The voltage on the remaining windings of the device varied symmetrically, taking the
minimum values at ψ = 30 (zero regulation step), and the maximum values at ψ = 0 and

ψ = 60 , respectively.
The graphs of the device windings currents change are shown in Figures 11, 12,
respectively, for modes without and with the use of a capacitor bank.
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Figure 12. Currents curves of PST windings
in load mode with capacitor bank.

The analysis of the presented graphs (Figure 11) shows that the currents in the
windings W2 p , W2q , and W3 p , W3q , practically do not change during the regulation process
and are equal to each other. The currents in the windings W1q and W4 p tend to decrease
exponentially with increasing angle ψ , while the current in the winding W1 p increases.
When using a capacitor bank (Figure 12), the current load of the windings is lower.
The nature of the currents change in the windings W2 p , W2q , and W3 p , W3q is changes (are
exponential). The rest of the characteristics have similar shapes to Figure 11.
Based on the study, the energy characteristics of the research object were determined,
the analysis of which made it possible to conclude about the effectiveness of the use of a
capacitor bank, which made it possible to reduce the installed power of the device in relation
to the throughput power from 1.64 - the original PST circuit, to 1.45 - the PST circuit with
capacitor.
Comparison of the research results with the previously proposed circuit variants of the
device
To determine the technical efficiency of the considered device, a comparative analysis
was carried out with the previously proposed technical solution of the PST when using a
capacitor bank to reduce rated power. For this, the following characteristics were used:
S pst
– coefficient characterizing the device rated power in relation to the throughput
Sr
power;
Sre
– coefficient characterizing the power keys capacity of the control system.
Sr
The comparative analysis results are presented in the histogram form on Figure 13 for
the following PST circuit options:
• 1 – “ triangle ” [13,14];
•
2 – “delta connection” [15];
•
3 – “two-transformers PST” [16];
•
4 – “double-core polygon” [17];
•
5 – “multi-polygon” [18];
•
6 – “single-transformer PST with neutral regulation” [19];
•
7 – “star” – researched device.
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Figure 13. Histogram of the comparative analysis results of different PST solutions.
The presented histogram shows that the investigated PST solution can significantly
reduce the transformer installed power, which in turn will reduce the cost of constructing
devices of this type and their operating costs. Consequently, the proposed circuit variant has
a competitive advantage over other PST schemes.
Conclusions
Based on the study results, the following conclusions can be drawn:
1. On the basis of the proposed PST technical solution, an analysis of the equivalent
circuit parameters is carried out. The energy characteristics of the device have been
determined.
2. The proposed method for reducing the installed power of investigated PST, based
on the capacitor bank use connected between the input and output terminals. The optimal
parameters of the capacitor bank have been determined.
3. The results analysis was carried out, which made it possible to draw a conclusion
about the effectiveness of the proposed method (capacitive transmission of a part of the
power), using the example of the research object.
4. The energy characteristics comparative analysis of investigated and previously
developed PST technical solution showed its advantages, allowing it to be considered as an
active element of modern Smart Grid systems.
5. The study results can be used for a comparative analysis of the technical solution
of transformer PST developed in the future.
Acknowledgment: The results were obtained in the frame of State Program project no.
20.80009.7007.18: Eco-friendly technical solutions for efficient energy consumption in
buildings and development of smart grid options with advanced renewable energy
integration in Moldova.
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Abstract. Suitability determination of any product designed for specific types of consumers is
possible through the effective use of anthropometric information. This study assessed
anthropometric data utilization in footwear designs and patterns as an indicator of fitness
and comfort in footwear production. The data collected for analysis were the length and the
breadth dimensions of footwear design pattern from eighteen footwear cottage shops and
the foot anthropometric parameter from a total of four hundred and thirty-three (433) (males
(226) and females (207)) subjects. The instrumentation design for the data collection was a
digital vernier caliper (model Mitutoyo 500-506-10). The analysis of the foot anthropometry
dimension and the design footwear pattern data obtained showed a lack of bilateral
symmetry for the male and female gender. The fitness and comfortable foot support function
of the footwear analyzed using a paired samples t-test between the footwear design pattern
dimensions, and the foot anthropometric parameters disclosed p > 0.05 in all cases – not
significant. This study concluded that tailoring a product design to the users’ population
reduces the mismatch challenges, grants fitness, and comfort to the users.
Keywords: foot anthropometry, footwear, fitness, production, cottage firm.
Introduction
Footwear production, either hand-crafted or produced through the use of high-end
machines, follows a sequential and progressive process route, starting with the dimension.
The measurement of the size and proportion of the foot parameters for footwear productions
is called foot anthropometry. The physical feature of the human foot, in most cases, is the
linear dimensions of the foot length and foot breadth [1]. In the developing nation, the
footwear fabrication in the cottage sector is with the use of simple tools. The local production
in this sector serves the footwear need of a specific population, either on-demand or
produced for sales. The basic fundamental in the design and construction of footwear
involves quantitative analysis of the physical differences that exist in linear measurements
of the foot for comfortable and functional foot support [1]. While walking, running, or
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working, footwear prevents the foot from injuries, offers fitness and comfortable foot support,
and protects it against variations of ground surfaces texture and temperature adversities of
the environment. It also facilitates the proper functioning of the foot for daily activities [1].
However, this is only guaranteed when the footwear fit with the shape of the foot as it is an
essential determinant factor [1]. Beyond the aesthetically pleasing, stylish, and great-looks
of footwear, the best choice lies either in the proper foot function or the overall health.
Wearing poorly fitting footwear is painful in the ankles, hips, knees, and lower back, and it is
debilitating. The aching effect of the feet can zap the energy of a person. Other poorly fitting
footwear effects are blisters, bunions, calluses, hammertoes, and blood circulation problems.
The foot support offered by the footwear in standing position, walking and accommodation
to variations of surfaces can cause change to the skeletal system and the muscular structure
that it supports. It can also change a person’s posture and the way the person walks if poorly
fitted. It then means that for a desired fit and comfort of footwear, foot anthropometry is
necessary.
Anthropometric data accommodates a wide range of biological variation of the human body
characteristics that uniquely distinguishes individuals [2, 3]. The diversity in anthropometric
of the human body characteristics cut across age, gender, tribe, geographical location,
occupation, and nationality [4]. The defining factors that make for the classification and
identification of the physical geometry of the human body of a group are cover in the body
anthropometry. It guides in the development and establishment of the standards that are
specific for effective product design, and enhance product usability and suitability for the
user population [5, 6, 7]. Studies revealed that the development of standard anthropometric
data helps to solve the significant variations of the human body dimensions through the
provision of vital database information applicable to the design of products [8]. Ismaila [3]
emphasized that for product design to suit specific types of consumers, anthropometry data
is needed as it varies from person to person and between nations. In practice, garment
makers, clothes, and footwear measure their customers to design the wears that fit the
individuals. Garment production for easy and short time accessibility, as well as the relatively
inexpensive products, requires consultation of anthropometry database. This phenomenon
has a significant effect on the development of garment industries. Anthropometry positively
affects the desired economies of scale conditions in the development of product design
sector. Also, it reduces setup-time and stoppages in the mass production of readymade
products [8].
The understanding of the importance of anthropometry values, according to Musa et al. [9],
lies in its application. This is because an individual’s body anthropometry for fitness and
comfortable garment needs to capture the variations as the human foot shows a range of
variation in length, breadth, and height due to genetic, natural, and environmental factors
[10]. The challenge with the user population and the anthropometric data for Nigerians is in
the sparse nature, mostly found from individual researchers and skewed to a particular state,
region, gender, age, or ethnicity [3, 11]. Tackling these ranges of variations in the human
body anthropometry by accommodating to the extreme deviation to the 5th and 95th
percentiles of a population across age, gender, tribe, and nationality gives a significant
suitability determination of a product targeted for a particular people [5, 12, 13]. Most foot
anthropometry research studies found in the works of literature covered foot shape under
different weight-bearing conditions [1, 14], and foot dimensions evaluation [3, 15]. Similar
studies such as [16, 17, 18], considered gender and tribe. In other studies, anthropometry of
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the foot was used in the estimation of the body standing height [19, 20, 21]. Monye and
Omotehinse [22] developed a model of foot anthropometric descriptors for the design of
prosthesis and footwear in Nigeria. Likewise, Nacher et al. [23] developed a model for
predicting footwear fit based on user data. However, the application of anthropometry data
for the design for a target user’s population as guidelines for designers of commercial
products, necessary for product usability and suitability for the user population, is still scarce.
Therefore, this study assessed the anthropometry of footwear designs and patterns as an
indicator of fitness and comfort for sandals and chappals production.
Materials and method
This study was conducted in the Ukum local government area of Benue state Nigeria
with study site locations at Jootar and Zarki-ibaim areas. The data sampling of this study
covered the physical measurement of the footwear design patterns used in eighteen (18)
footwear making shops. The sampled footwear making shops were those that locally design
the straps and the soles of the footwear for sale. The foot anthropometric data measurements
were from a total of four hundred and thirty-three (433) participants, males (226) and females
(207) contacted at the footwear making shops. The footwear design pattern dimensions
(Figure 1) and the foot anthropometric parameter (Figure 2) measurements were the foot
length and the foot breadth dimensions using a digital vernier caliper (model Mitutoyo 500506-10, Mitutoyo Corporation, Japan).

Figure 1. Footwear design pattern dimensions.

Figure 2. Foot anthropometric parameter.

As this study is a forensic study, the measurement precision and reliability were
ensured as only one of the researchers did the data collection. The foot lengths and foot
breadths measurements were carried out when the participant is in a seated position
barefooted with the foot flat on the ground making an angle ninety degrees at the talocrural
(ankle) joint. Foot breadth measurement is the distance across the metatarsal region of the
foot from the lateral to the medial side. Foot length measured the maximum distance
between the most anterior part of the heel and the posterior projecting end of the foot. The
measurements on the footwear design pattern were the corresponding positions and
dimensions for the foot lengths and foot breadths for each of the participants’ foot
anthropometry. The subjects agreed to participate in this study verbally. The recruitment was
after an explanation of the purpose of the study was communicated to the participants. Data
analyzed was only from those who gave their permission and with no physical deformities on
their feet. The data obtained were descriptive and inferential statistical analyses. The
comparison of the foot anthropometric data of the subjects and design footwear pattern for
the significant difference was with the use a 2-tailed paired samples t-test on the SPSS 20.0
Statistical package. The value considered for the significant difference between the foot
anthropometric data and footwear design pattern is less than 0.05.
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Results and Discussions
Table 1 shows the descriptive statistics of the foot anthropometry variables for the
males and the female genders. From the table, the average mean value for the right foot
length (27.45 cm) and the right foot breadth (10.17 cm) were longer than the left foot length
(27.44 cm) and the left foot breadth (10.16 cm) (Table 1). For the female participants, the
average mean value for the right foot length (25.29 cm) was higher than the left foot length
(25.28 cm). The average mean value of right foot breadth (8.83 cm) is lower than the right
foot breadth (8.85 cm) (Table 1). This study observed a lack of bilateral symmetry in both the
foot anthropometry dimension of the participants for both the male and female gender. The
lack of bilateral symmetry in the foot anthropometry dimension for both gender found in this
study in line with observation in previous similar studies [24-29].
Table 1
Descriptive statistics of foot anthropometry dimension for gender
Descriptive
Male = 226
Female = 207
statistics
Right
Right
Right
Right
FT
Left FT FB
Left FB FT
Left FT FB
Min (cm)
24.04
24.11
9.00
9.01
22.23
22.00
8.04
Max (cm)
30.00
29.98
11.78
11.43
28.44
28.96
9.98
Mean (cm) 27.45
27.44
10.17
10.16
25.29
25.28
8.83
SD (cm)
1.68
1.69
0.55
0.56
1.08
1.15
0.52

Left FB
8.04
10.02
8.85
0.54

The design footwear pattern used in the cottage firm for the sandals and chappals
footwear production followed a different order (Table 2). The measured dimension of the
design footwear pattern used in the cottage firm for the female subjects’ footwear production
showed that average the right foot length and left foot length are of the same dimension
(25.15 cm). The foot breadths have variation as the left foot breadth (8.88 cm) was found
higher than the right foot breadth (8.86 cm) (Table 2). The design footwear pattern also
observed a lack of bilateral symmetry in the male and female design footwear pattern. The
variation in the footwear design dimension implies that both sides of the pairs are not equal.
Table 2
Descriptive statistics of footwear pattern dimension for gender
Descriptive
statistics

Min (cm)
Max (cm)
Mean (cm)
SD (cm)

Male = 226
Right
FT
24.7
29.4
27.3
1.58

Left FT
24.9
29.6
27.28
1.53

Right
FB
9.43
11
10.22
0.38

Female = 207
Left FB
9.45
10.9
10.16
0.38

Right
FT
22.7
27.9
25.15
1.05

Left FT
22.5
28.1
25.15
1.14

Right
FB
8.18
9.64
8.86
0.38

Left FB
8.52
9.54
8.88
0.32

Table 3 compares the average mean of the foot anthropometry variables with the
corresponding variable on the design footwear pattern dimension for both genders. The result
obtained showed that for the males, the average mean value of the right foot length
anthropometry parameter had a higher mean value (27.45 (SD = 1.68) compared to the right
foot length of the design footwear pattern parameter that had 27.30 (SD = 1.58), t(225) = Journal of Engineering Science
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1.07, p = 0.28 (Table 3). The result obtained means that the right foot length anthropometry
variables and the corresponding right foot length of the design footwear pattern dimension
were not significantly different as the p-value was higher than 0.05. The high p-value
obtained from the paired t-test indicated that the design footwear pattern parameters used
for the right foot length anthropometry parameter for the male subjects gave the desired fits.
Similarly, the paired samples t-test for the left foot length (p = 0.27), right foot breadth (p =
0.25), and left foot breadth (p = 0.89) between the foot anthropometry and design footwear
pattern were not significantly different as the values were higher than 0.05 (Table 3). The
result obtained implies that the basis adopted for designing footwear at the cottage firm
assessed gave the desired fit need for comfort. This study established that guided
anthropometry developed and used at the cottage firms for the footwear design and
production in this study matched the studied population fitness and comfort. This finding is
in agreement with the postulations in several other similar studies [5 - 7].
Table 3
Paired sample t-test for the foot anthropometry variables and design footwear pattern
dimension for the male subjects
Anthropometry variables
Descriptive statistics t-test for equality of means
Mean
Right FT Foot anthropometry variables 27.45
Design footwear pattern
Left FT

SEM

1.58 0.11

Foot anthropometry variables 27.44

1.69 0.11

Design footwear pattern

1.53 0.1

27.28

Design footwear pattern

Df

p-value

1.07

225

0.28

1.1

225

0.27

-1.16

225

0.25

-0.14

225

0.89

0.55 0.04

10.22

0.38 0.03

Foot anthropometry variables 10.16

0.56 0.04

Design footwear pattern

0.38 0.03

10.16

t

1.68 0.11

27.30

Right FB Foot anthropometry variables 10.17
Left FB

SD

Table 4 shows the comparison of the average mean of the foot anthropometry
parameters and the foot design pattern for the female participants. The paired samples t-test
comparison made between the foot anthropometry parameters and the foot design pattern
for the foot length and foot breadth on both legs showed that there was a significant
difference in all cases.
The p-value obtained for each was higher than 0.05.
The result obtained demonstrated that the foot anthropometry data used in the
cottage shops is suitable for the study population.
This study also showed that the product design specific to a group of people helped
in the achievement of footwear fitness and comfort. Therefore, the finding in this study
buttressed Cooper et al. [30] statement that the anthropometry data must be appropriate to
the design of a product and must be descriptive to the target users’ population for the product
design to be effective. As such, it forms the guidelines for footwear designers for the
commercial production of footwear.
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Table 4
Paired sample t-test for the foot anthropometry variables and design footwear pattern
dimension for the female subjects
Anthropometry variables
Descriptive statistics t-test for equality of means
Mean
Right FT Foot anthropometry variables 25.29
Design footwear pattern
Left FT

SD

SEM

1.05 0.07

Foot anthropometry variables 25.28

1.15 0.08

Design footwear pattern

1.14 0.08

Right FB Foot anthropometry variables 8.83

0.52 0.04

Design footwear pattern

8.86

0.38 0.03

Foot anthropometry variables 8.85

0.54 0.04

Design footwear pattern

0.32 0.02

Left FB

8.88

Df

p-value

1.64

206

0.10

1.40

206

0.16

-0.84

206

0.40

-0.83

206

0.41

1.08 0.07

25.15
25.15

T

Conclusion
The anthropometry assessment of the human body or any part of the human body
through physical measurements is a means of identification of the body characteristics. This
physical measurement exposes any deformities or impaired integrity and provides useful
information on the measured part. The fitness of the footwear design pattern used in the
production of footwear in the cottage firms in Nigeria assessed in this study showed that
there no significant difference between the foot anthropometry variables and footwear
design pattern dimension for the male and the female gender. This study has demonstrated
that tailoring a product design to the users’ population reduces the mismatch challenges,
grant fitness, and comfort to the users. However, this study only covered two-foot
anthropometry variables, foot length and foot breadth, applicable in sandals and chappals
production. Further studies are recommended that will consider other parameters of the foot
anthropometry. As well data collection should be extended to more population and classified
according to ages.
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Abstract. Target recognition is of great importance in military and civil applications – object
detection, security and surveillance, access and border control, etc. In the article the general
structure and main components of a target recognition system are presented. The
characteristics such as availability, distinctiveness, robustness, and accessibility are
described, which influence the reliability of a TRS. The graph presentations and mathematical
descriptions of a unimodal and multimodal TRS are given. The mathematical models for a
probability of correct target recognition in these systems are presented. To increase the
reliability of TRS, a new approach was proposed – to use a set of classification algorithms in
the systems. This approach permits the development of new kinds of systems - Multiple
Classification Algorithms Unimodal and Multimodal Systems (MAUMS and MAMMS). The
graph presentations, mathematical descriptions of the MAUMS and MAMMS are described.
The evaluation of the correct target recognition was made for different systems. The
conditions of systems' effectiveness were established. The modality of the algorithm's
recognition probability maximal value determination for an established threshold level of the
system's recognition probability was proposed, which will describe the requirements for the
quality and, respectively, the costs of the recognition algorithms. The proposed theory
permits the system's design depending on a predetermined recognition probability.
Keywords: target, recognition, system, unimodal, multimodal, algorithm, probability.
Introduction
Target recognition is of great importance in military and civil applications – object
detection [1], image classification [2], security and surveillance [3], access control [4], border
control[5], medicine[6], etc. Actual target recognition systems can be divided into two main
groups – unimodal and multimodal systems[7]. The unimodal systems are based usually on
one processing module and one recognition algorithm [8]. The multimodal systems consist
of a set of sensors and processing modules, every of which is realizes one target recognition
algorithm [9].
In many unimodal and multimodal target recognition systems, the operations of the
data acquisition and processing are realized as separated tasks. As a result, the accuracy and
robustness of the target recognition may be insufficient, especially if the data are found to
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be incomplete or ambiguous during processing and there are no available supplementary
data to mitigate those deficiencies [10]. Active multimodal sensor systems have been
elaborated to overcome this problem. For example, a multisensory system for moving object
detection and tracking was proposed [11] in which were used Radar, LIDAR, and vision
sensors.
The system could actively control all the sensors to collect or supplement target
information and effectively detect and track target movement, and obtained good
performance results in actual driving conditions. The multimodal sensing system was
elaborated [12], using a PTZ camera and a laser Doppler vibrometer, which can improve the
performance and efficiency in automatic remote applications. This class of systems is based
on the combination of multimodal hardware data collection. Subsequent data processing
permits improvement of the accuracy of recognition and tracking systems, to expand the
application range, and increase the system's flexibility. In other surveillance systems, the
hardware data collection and software data processing are two completely separate and
independent parts [13]. In these systems, the software data processing algorithms are used
to improve the targets' detection and tracking rate, and the hardware sensor is used only for
data collection and does not consider the interaction with the sensor to supplement the data
and eliminate ambiguous judgments.
In the article [14] an active multimodal sensor system for target recognition and
tracking was proposed. Different from the passive multi-modal sensor system, the active
multi-modal system can adjust sensors' attitudes to get supplementary information during
data processing. This system consists of a visible sensor, an infrared sensor, and a
hyperspectral sensor, working together to collect supplementary data from the target to
eliminate ambiguous recognition.
Unfortunately, in many applications, the described systems do not ensure the
necessary level of identification probability, accuracy, and robustness of the target
recognition may be insufficient.
In this article new classes of the systems are described – multiple classification
algorithm unimodal and multimodal systems and results of a comparative analysis of the
proposed and existing systems regarding their recognition probability are presented. In
section 2 the general structure and main components of a target recognition system are
presented. The characteristics such as availability, distinctiveness, robustness, and
accessibility are described, which influence the reliability of a TRS. In sections 3 and 4 the
graph presentations and mathematical descriptions of a unimodal and multimodal TRS are
given. The mathematical models for a probability of correct target recognition in these
systems are presented. It was determined that the unimodal systems are characterized by a
disadvantage - a vulnerability of the sensor to bad or noisy data as a result of the imperfect
acquisition of captured features. In section 5 the new classes of the systems are described –
multiple classification algorithm unimodal and multimodal systems (MAUMS and MAMMS).
The graph presentations, mathematical descriptions of the MAUMS and MAMMS are
described. In section 6 the evaluation of the correct target recognition was made for different
systems: the unimodal system (UMS); multimodal systems with one algorithm and 2 and 3
sensors (MMS-1A2S and MMS-1A3S); multi-algorithm unimodal systems with 2 and 3
algorithms and one sensor (MAUMS-2A1S and MAUMS-3A1S), multi-algorithm multimodal
systems with 2 algorithms and 2 sensors (MAMMS-2A2S), with 3 algorithms and 2 sensors
(MAMMS-3A2S) and with 3 algorithms and 3 sensors (MAMMS-3A3S). The conditions of
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systems' effectiveness were established. The modality of the algorithm's recognition
probability pAM maximal value determination for an established threshold level of the
system's recognition probability PST was proposed. The values of pAM will describe the
requirements for the quality and, respectively, the costs of the recognition algorithms.
1. General structure of a target recognition system
A target recognition system (TRS) acquires the data of an object, extracts a feature set
from the data, compares this feature set against the feature sets stored in the database, and
provides the results of the comparison [15]. A TRS consists of the next main components
(Figure 1) [16]: sensor unit, which acquires the data of an object by scanning; quality
assessment and feature extraction unit, which is used for further processing of the input data;
local decision-making unit, in which the extracted templates are then matched against the
stored templates and a matching score is given; output decision-making unit, in which the
data from one or more local decision-making modules are processed and the final identity of
the target is made; system database unit; the basic software, intended for general
management of the processes in the system; the algorithmic software, used to realize the
target recognition tasks.

Figure 1. The structure of the target recognition system.
A target recognition system can consist of one or more sensors and processing
modules, which include the units described previously. The reliability of a TRS depends on
the following characteristics [17]. Availability - indicates that a target should have distinct
characteristics. Distinctiveness - this asserts that two targets should have adequately
different characteristics. Robustness - it declares that characteristics should be constant over
some time concerning matching characteristics. Accessible - it asserts that the features can
be measured using a quantitative method, and can also be easy to image with electronic
sensors.
Unfortunately, not all the described requirements can always be achieved at the
different stages of the target image acquisition and processing, which is reflected in the
probability level of the target's recognition.
2. Model of the unimodal target recognition system
The unimodal target recognition system consists of one sensor for target image
acquisition, one processing module, in which is realized one recognition algorithm, and one
output decision-making unit [18]. The processing module includes a quality assessment and
feature extraction unit, local decision-making unit, and database unit. The unimodal system
can be presented in the form of a graph shown in Figure 2.
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Figure 2. The graph presentation of the unimodal system: S – sensor, A – algorithm,
D – output decision-making module.
Let T(x,y) be the function that describes the input target. Following algorithm A of
target recognition, at the first stage will be extracted the features FA={f Ai}, i=1÷I from the
function T(x,y). At the second stage will be determined the matrix DA=min{W[FA, FAj]}, were
FAj={fAj} – features of the reference targets, j=1÷J. At the next stage, the input target will be
identified. The probability of correct recognition of the target T(x,y) in the system will be:
PUMS = pA

(1)

where pA is the probability of correct recognition of the target based on algorithm A.
In article [19] the recognition system, based on the Image Moments Features
algorithm, principal component analyses algorithm, and correlation algorithm. The software
application captures the target's images via a video camera, creates the database, and realizes
different recognition algorithms. The probability of correct target recognition varies from 0.6
for the IMF algorithm to 0.85 for the correlation algorithm.
The unimodal systems are characterized by a disadvantage - a vulnerability of the
sensor to bad or noisy data as a result of the imperfect acquisition of captured features. This
limitation can influence the results of the correct recognition.
3. Model of the multimodal target recognition system
The multimodal systems consist of a set of sensors and processing modules, every one
of which realizes one algorithm for target recognition [20]. Multimodal TRS is more reliable
than a unimodal system because many independent recognition modalities are used [21].
Let the functions Tk(x,y), k=1÷K, describe the patterns generated by different sensors
(Figure 3). For every function, Tk(x,y) the respective recognition algorithm Ak will be used
which will permit the recognition of the target with a probability pAk.
In this case, the probability of correct target recognition in the multimodal system can
be described as:
K

PMMS = 1- Π(1-pAk)

(2)

k=1

were Π is the product function.

Figure 3. The graph presentation of the multimodal recognition system.
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4. Multiple classification algorithm recognition systems
To increase the reliability of TRS a new approach was proposed – to use a set of
classification algorithms in the systems. This approach will permit the development of new
kinds of systems - Multiple Classification Algorithms Unimodal and Multimodal Systems.
4.1. Multiple classification algorithms unimodal system
In the Multiple Classification Algorithms Unimodal System (MAUMS) one sensor is
used and a set of the recognition algorithms is employed (Figure 4). Let T(x,y) describe the
input target, to which will be applied a set of the recognition algorithms {Aq}, q=1÷Q. As a
result will be obtained a set of matrixes {DAq}, q=1÷Q, each of which will be characterized by
a probability of correct target recognition pAq.

Figure 4. The graph presentation of the MAUMS system.
In this case, the correct recognition probability of the target T(x,y) in the system can
be evaluated as:
Q

PMAUMS=1-Π(1-pAq)

(3)

q=1

4.2. Multiple classification algorithms multimodal system
In the Multiple-Algorithm Multimodal System (MAMMS) a set of the sensors {Si}, i=1L is used and the data from them are processed by different recognition algorithms (Figure
5). Let the functions Tl(x,y), l=1÷L, describe the input targets. For every function Tl(x,y) a set
of the recognition algorithms {Alz}, z=1÷Zl will be applied, which will permit the recognition
of the target with a probability pAlz. In this case, the probability of correct target recognition
in the system can be described as:
L

Zl

PMAMMS=1-Π{Π(1-pAlz)}

(4)

l=1 z=1

5. Analysis of the systems' target recognition probabilities
The probability of the correct target recognition evaluation was made in the different
systems based on the formulas (1), (3), (5), and (7). For evaluation there were selected the
unimodal system (UMS); multimodal systems with one algorithm and 2 and 3 sensors (MMS1A2S and MMS-1A3S); multi-algorithm unimodal systems with 2 and 3 algorithms and one
sensor (MAUMS-2A1S and MAUMS-3A1S), multi-algorithm multimodal systems with 2
algorithms and 2 sensors (MAMMS-2A2S), with 3 algorithms and 2 sensors (MAMMS-3A2S)
and with 3 algorithms and 3 sensors (MAMMS-3A3S). For simplicity, it was supposed that the
recognition probability pA of different algorithms is the same. The results of the calculations
are presented in Table 1 and Figure 6, and show the following. The most effective are the
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multi-algorithm multimodal systems (MAMMS). The recognition effectiveness of the system
MAMMS-3A3S is equal to 1.0 starting from the algorithm's identification probability pA= 0.7.
The recognition effectiveness of the systems MMS-1A2S and MAUMS-2A1S, of the MMS-1A3S
and MAUMS-3A1S, of the MAMMS-3A2S and MAMMS-2A3S is the same.

Figure 5. The graph presentation of the MAMMS system.
The maximal value of the algorithm's recognition probability pAM is proposed to
determine for an established threshold level of the system's recognition probability PST. The
values of pAM will describe the requirements for the quality and, respectively, the costs of
the recognition algorithms used in the systems. In the last row of Table 1 and Figure 7, the
values pAM are presented for PST≥0.99. It is evident, that in the MAMMS systems the
requirements for recognition algorithms are lowest – pAM=0.5-0.55.
Table 1
Recognition probability of the systems, PS
UMS1A1S

MMS1A2S

MMS1A3S

0.5
0.5
0.55 0.55
0.6
0.6
0.65 0.65
0.7
0.7
0.75 0.75
0.8
0.8
0.85 0.85
0.9
0.9
0.95 0.95
pAM
-

0.75
0.7975
0.84
0.8775
0.91
0.9375
0.96
0.9775
0.99
0.9975
0.9

0.875
0.90887
0.936
0.95713
0.973
0.98438
0.992
0.99663
0.999
0.99988
0.8

pA
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MAUMS
2A1S
0.75
0.7975
0.84
0.8775
0.91
0.9375
0.96
0.9775
0.99
0.9975
0.9

MAUMS
3A1S
0.875
0.90887
0.936
0.95713
0.973
0.98438
0.992
0.99663
0.999
0.99988
0.8

MAMMS
2A2S
0.9375
0.95899
0.9744
0.98499
0.9919
0.99609
0.9984
0.99949
0.9999
0.99999
0.7

MAMMS
3A2S
0.98438
0.9917
0.9959
0.99816
0.99927
0.99976
0.99994
0.99999
1.00
1.00
0.55

MAMMS
2A3S
0.98438
0.9917
0.9959
0.99816
0.99927
0.99976
0.99994
0.99999
1.00
1.00
0.55

MAMMS
-3A3S
0.99805
0.99924
0.99974
0.99992
0.99998
1.00
1.00
1.00
1.00
1.00
0.5
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Figure 6. Recognition probability of systems.

Figure 7. Algorithm's recognition probability pAM values at the system's recognition
probability threshold level PST = 0.99.
6. Conclusions
The general structure and main components of a target recognition system are
presented. The characteristics such as availability, distinctiveness, robustness, and
accessibility are described, which influence the reliability of a TRS.
The graph presentations and mathematical descriptions of a unimodal and multimodal
TRS are given. The mathematical models for a probability of correct target recognition in
these systems are presented. The unimodal systems are characterized by a disadvantage - a
vulnerability of the sensor to bad or noisy data as a result of the imperfect acquisition of
captured features.
To increase the reliability of TRS, a new approach was proposed – to use a set of
classification algorithms in the systems. This approach permits the development of new kinds
of systems - Multiple Classification Algorithms Unimodal and Multimodal Systems (MAUMS
and MAMMS).
The graph presentations, mathematical descriptions of the MAUMS and MAMMS are
described. The evaluation of the correct target recognition was made for different systems:
the unimodal system (UMS); multimodal systems with one algorithm and 2 and 3 sensors
(MMS-1A2S and MMS-1A3S); multi-algorithm unimodal systems with 2 and 3 algorithms and
one sensor (MAUMS-2A1S and MAUMS-3A1S), multi-algorithm multimodal systems with 2
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algorithms and 2 sensors (MAMMS-2A2S), with 3 algorithms and 2 sensors (MAMMS-3A2S)
and with 3 algorithms and 3 sensors (MAMMS-3A3S).
It was established that the most effective are the MAMMS systems. The recognition
effectiveness of the system MAMMS-3A3S is equal to 1.0 starting from the algorithm's
identification probability pA= 0.7. The recognition effectiveness of the systems MMS-1A2S
and MAUMS-2A1S, of the MMS-1A3S and MAUMS-3A1S, of the MAMMS-3A2S and MAMMS2A3S is the same.
The conditions of systems' effectiveness were established. For pA < 0.55 the system
MAUMS-2A1S is more effective than other systems. For pA <0.7 the system MAUMS-3A1S is
more effective than the system MMS-1A2S and the system MAMMS-2A2S is more effective
than the system MMS-3S. The system MAMMS-3A2S is more effective in comparison with the
system MAMMS-2A3S.
The modality of the algorithm's recognition probability pAM maximal value
determination for an established threshold level of the system's recognition probability PST
was proposed. The values of pAM will describe the requirements for the quality and,
respectively, the costs of the recognition algorithms. It was determined that in the MAMMS
systems the requirements for recognition algorithms are lowest for PST≥0.99.
It was established that the proposed target recognition systems of the MAMMS kind
ensure higher recognition probability in comparison with other systems, and they can use
more simple and, respectively, cheaper recognition algorithms.
The proposed theory permits the system's design depending on a predetermined
recognition probability. In the future, computer modeling and simulation of the proposed
systems will be made and testing on the different kinds of targets.
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Abstract. This study investigates the selection of stock from huge stock markets and by using
good selection tools so that it will give a good return value. It helps investor to find an easy
decision regarding their investment in stock market individually with effective collection of
trading activities. Many artificial intelligence (AI) techniques are untested in the financial
crisis scenario. This research really helpful to the investor in the stock selection and stock
purchase decision. AI is also a one of the hottest topic for most industries, researchers and
investors. The financial market is easy to analyze with multiple charts, due to the application
of artificial intelligence.
Keywords: stock market, artificial intelligence, trading, investment, financial.
Introduction
Stock forecasting is very important because based on this one should have to decide
his/her financial decision [1]. However stock market fluctuations may change the mood of
the person’s investment. Rate of risk also effect the investor’s mind. But stock market plays
in the mobilization of capital as well as it returns interesting results like low risk in long run
investment.
Even though no sure-shot formula has discovered yet but few tools with certain rules
give more chances for getting good return. Proper investigation with proper decision should
refine to achieve the target amount [2]. For this proper research work should require with
investing different stocks. Proper knowledge and understanding are highly recommended
before taking any investment in the stock and also involves regularly through the market
cycle. One should also look of investing money in a very systematic approaches with a
disciplined investment will give good return for a long term plan [3]. Emotions never make
the judgment beginners may start with low risk and making diversification of portfolio
[4 - 5]. Also each time same kind of return is not possible, so one should think realistic
expectation and each time one should monitor the growth of the investment by proper use
of risk tolerance with different goals and timelines [6].
Strategies in stock market
Before going to think any strategies there should be require of depth knowledge and
sufficient research should require to get good return from stock market.
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Strategies like fundamental analysis, technical analysis, growth investing, qualitative
analysis, buy and hold, averaging down, any one strategies may be best for the stock market
[7]. One should have to know how to avoid risk and will get the benefits from stock market.
Even one have small amount of money but can start investing in share market. Diversifying
strategies simple means that investor money will not be in a single basket, but that money is
spreading for different sectors. Daily basis technical analysis and for long term fundamental
analysis are good.

Figure 1. Prediction based on AI.
AI Tools
In today’s market so many tools which will give indication of stock market like onbalance volume, accumulation, aroon indicator, RSI, MACD, Etrade, Trade station, Market
gear, meta stock, stock charts and many more [8].
Simulations tool like trade station, TD Ameritrade, Invest opedia and virtual stock
exchange which helps the capitalizes for analysis in the market.
Risk–Reward Ratio is a non linear approach to access the risk/reward, by divide the
net profit with by the price of your highest risk [9]. Some interesting analysis can be possible
through MACD, Moving average and parabolic sar [10 - 12].Machine learning also plays a
important parameter [13]. AI based prediction can be visualize from figure 1.
AI in stock market
In artificial intelligence analysis it helps to provide results for each and every
milliseconds. AI have started the magical role in trading. It gives information with accurate
and quick by prediction of stock prices by using the previous historical data. Basically it
combines the community of trading and by scanning all the trading as a result it perform
better.
Even if many companies use AI to make benefit for the economies like Amazon uses
AI for product recommendation to customer. Through AI Netfix make different content
creation based on this artificial Intelligence and make an huge demand on the current
scenarios. Companies are adopting AI for different sectors like low AI adoption for travel/
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Tourism, education and health care system. basically retail and media, entertainment uses
medium AI adoption. For automation and for finance services uses high AI adoption.
In financial for portfolio management AI techniques can help and improve the
performance. Now a day’s the ability of AI make it as essential for trading. AI helps in model
validation, back testing, trading, portfolio composition also helps to finding the fraud
detection in financial services.

Figure 2. Moving average.

Figure 3. Parabolic Sar.
Different type moving average can be calculate by using tool, figure 2 shows for
moving average strategies and figure 3 represents parabolic sar. Parabolic sar signals when
close crossing buy or close crossing below sell.
Trading decision can be success especially when there will be a technical analysis.
Technical analysis also help to understanding the core concept of trading.

Journal of Engineering Science

September, 2021, Vol. XXVIII (3)

B. N. Mohapatra, B. Nagargoje

99

Figure 4. Moving average convergence divergence.
Profitable trading set up can be made by MACD (Moving average convergence
divergence). All the figures 2, 3 and 4 represents the reliance industries ltd India NSE, so all
type of analysis can be performed within few seconds through the analysis tool.
By using artificial intelligence, smart trading can be possible, which is very fast and
accurate to analyze different pattern with high speed. It does not need any human
intervention. Even in millisecond it gives result without require of human inputs.
Comparing between two stocks can be easily predicted. For an example considering
two shares comparison of reliance and Larsen, which is shown in figure 5.

Figure 5. Easy comparison of two shares.
Now companies like Google, Microsoft and Netfix and many more uses AI to improve
product design and gain strategies.
Now a days AI and ML play a key factor behind the existing stock. It is also started
helping chatbot trading. Tt really helps to analyze massive data.
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Conclusions
One should get good foundation before starting any investment to the stock market.
The research may be informative for the readers. Readers should take interest by proper
understanding the theory of stock market and make theory into action. So one should start
investing and make profits from stock market. AI actually becomes smarter and smarter. Huge
analytical power can be possible when AI along with big data. Still many AI techniques are
untested in financial crisis scenario. More educator trainers require to give awareness to
people. AI and ML are moving faster which makes the regulatory framework to financial
industry. It is easy to see the market situation and make require changes in portfolio
management. Due to AI ,it is easy to analyze financial market with multi chart layouts.
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Abstract. Currently, the district heating systems (DHSs) are intensively promoted both
nationally and globally. The advantages of using these systems in urban areas compared to
individual heating systems are practically indisputable. Still, it is essential that the calculation
underlying the assessment of the economic profitability of the projects to connect the new
heat consumers to DHS be made correctly by taking into account all the necessary
investments and the benefits obtained from the additional amount of energy sale. The article
presents the methodology for the optimal regression model selection that can be applied to
predict the additional electricity produced in cogeneration mode in case of the new heat
consumer connection to the DHS, based on the actual data of the thermal and electrical
energy supplied to network from a CHP in the Republic of Moldova. At the same time, it is
demonstrated that between the thermal energy supplied to a new consumer connected to
DHS and the additional electricity produced in the cogeneration mode, there is a direct and
linear correlation.
Keywords: cogeneration, equation of a straight line, heating season, new consumer’s connection
to the DHS, regression analysis.
Introduction
The main purpose of the current projects on the district heating systems development
in the Republic of Moldova is to provide for the heat consumers a high quality, reliable and
affordable service. The success of a heat supply company depends much on the consumers’
satisfaction degree and its profit - on the consumers’ number connected to the DHS.
At first glance, it would seem that any new consumer connected to the DHS would
brought profit to the company, but this may not always be feasible, given that the new
consumer connection involves making investments, such as constructing new networks
(sometimes with pumping stations), acquiring and installing the heating agent regulation
equipment; thermal energy measuring equipment, etc.
In many DHS, the thermal energy is produced from cogeneration. For example, of the
total thermal energy supplied to consumers connected to Chisinau DHS, about 80% is
produced in cogeneration mode by the combined heat and power (CHP) plants. In this case,
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in calculating of economic profitability of connecting the new heat consumer, it is necessary
to consider both gains due to additional sales of heat and those related to the sale of
electricity produced in cogeneration when assessing revenues.
The amount of thermal energy supplied to the new consumer can be easily determined
from the thermal load for space heating, depending on the rooms/buildings volume to be
heated. The calculation temperatures of indoor and outdoor air, while the amount of
electricity to be additionally produced with the production of thermal energy for the new
consumer, cannot be determined by applying a calculation formula. This problem can be
solved by using regression analysis.
The regression analysis theory
A linear regression model is a statistical tool used for the propose to determine a
dependency relationship between two variables [1]. The statistical methodology is focused
on the regression function with the aim of determining the parameters that express to what
extent one or more factors influence a particular process [2].
The regression analysis can be quickly done using the personal computer by applying
the Regression function in the Microsoft Excel tool.
The linear regression analysis showed promising results among the statistical models
due to its reasonable accuracy and relatively simple implementation compared to other
methods [3].
The linear regression method can be successfully applied in the energetics analysis
and is used when for a data set represented by the pairs of values (xi, yi), the line must be
found that best approximates their placement in a diagram y = f(x).
The advantage of the method is that it generates an equation applicable to the entire
range of the variable x and even performing extrapolations within a specific limit. The
equation will allow making predictions on energy consumption, being a valuable tool in the
energetics analysis.
At the same time, the regression analysis method, applied by using the Excel
calculation tool, has other advantages such as the speed and simplicity of calculation and
reduced possibility of the results influence by the user [4].
The linear regression method can be used in the DHS domain to determine
dependencies such as:
1.
the fuel consumption for the thermal energy production for space heating
according to the heating degrees-days or the consumers’ thermal load [5];
2.
heat losses at the thermal agent distribution depending on the outdoor air
temperature or the heating distribution networks length;
3.
the additional electricity supplied once the thermal energy is delivered to the
new heat consumer;
4.
the needed investments for the new consumers’ connection (i.e., for the
individual heat substations) depending on the thermal load for space heating
and domestic hot water preparation;
5.
the thermal agent temperature supplied to the consumers depending on the
outdoor air temperature, etc.
The linear regression technique must be used with caution, as it can lead to
erroneous conclusions. If the data participating in the analysis are lacking, conclusions drawn
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based on an insufficient data set have a low degree of credibility. The more data we have
available, the higher the degree of trust.
The linear regression method application is focused on the heuristic reasoning based
on which there is a linear dependence between two variables such as, for example, fuel
consumption for building heating and the heating degree-days (HDD) during a month or a
heating season. If the data collected over a long period are available, they can be graphically
represented in a fuel consumption diagram = f(HDD).
The points thus obtained are arranged approximately linearly and must determine
the line that best approximates the sequence of points, i.e., to find the equation of the form
y = bx + c, which describes a dependence between discretely represented data. In the
considered example, the independent variable x is the heating degrees-days during each
month of 2020. The dependent one y, is the fuel consumption (natural gas) for each month
(Figure 1).
By applying Eq. (1), the corresponding natural gas consumption can easily be
determined for any value of the heating degree-days.
𝑦𝑦 = −17,443𝑥𝑥 + 35745.

(1)

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸(𝑦𝑦) = 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 ⋅ 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑥𝑥) + 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

(2)

Thus, in energetics analysis, the straight-line equation can be used to predict energy
consumption for any variable value (driver):

Figure 1. The natural gas consumption regression analysis based on heating degree-days.
The R2 value is also significant in determining the dependence intensity of the
correlation between the two variable values. The closer to 1 the R2 value is, the more the
variation of the value x explains the interpretation of the value y. The R2 = 0,4036 (Figure 1)
analysis results that the heating degree-days influenced the natural gas consumption for
space heating in 2020 insignificantly.
Therefore, another driver that influenced the gas consumption in 2020 must be
identified (for instance: possible thermal agent leaks in the distribution networks, heat supply
with a higher temperature than it is required following the outdoor air temperature, increase
the number of thermal energy consumers, etc.).
It should be borne in mind that the regression model obtained from the analysis of
fuel consumption data for a given building should not be generalized and applied for the fuel
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consumption prediction for any other type of building [6], especially in cases where the
structure and dimensions of the building differ significantly from those of the model for which
the regression model was made.
The research methodology
The methodology of regression analysis applying for the establishment of the
correlation between two values (simple regression analysis), or even between three and more
values (multiple regression analysis), both in the field of economics and energetics, is
described in detail by authors in the cited papers. For instance, in the article [7], the doctors’
number evolution in Romania in the period after accession to the European Union is modeled
using the regression analysis depending on three variables: the population in this country,
the wage in the health field, and the number of doctors who operates in the private sector.
In the article [8], by applying the regression method, the correlation between the
supermarkets’ energy consumption in Great Britain and two variables is deduced: the outside
air temperature and its relative humidity, to predict the energy consumption evolution in
these types of buildings depending on the climate change.
The same regression method can also be successfully applied for the energy
consumption prediction for cooling needs, for instance, in fruits cold storages depending on
the fruits amount stored and the outdoor air temperature [9].
The article [10] presents the methodology of the regression analysis applying to
predict the energy consumption in China depending on some variables less characteristic for
energy analyses: the GDP value and the population number in that country.
Daily data of the heat and electricity supplied into the network from a CHP plant
located in the Republic of Moldova will be used to develop the linear regression model
related to the correlation between the electricity supplied to the network in addition to the
heat supplied to the new consumer connected to the DHS, which is produced at the CHP
plant.
Also, the heating degree-days during three consecutive heating seasons (2018 - 2019,
2019 - 2020 and 2020 - 2021), lasting 166 days each, will be used to assess the correlation
between these two values.
Table 1 presents the data for the 2018 - 2019 heating season.
Similar data were used for the other two heating seasons, specific to the 2019 - 2020
and 2020 - 2021 heating seasons.
In the first stage, the hypothesis regarding the correlation between the resultant
variable - the electricity produced and the variable considered as an influencing factor - the
supplied heat, separately for each heating season, will be verified.
Suppose there are different correlation degree results for each heating season. In that
case, the regression analysis will be carried out to establish the correlation between the
thermal energy produced and HDD, separately for each heating season.
The supplied heat in the DHS should depend on how cold the weather outside is. HDDs
were collected from [11].
In the second stage, the most appropriate model will be established that can be
recommended for application to predict the volume of additional electricity produced in case
of connecting the new consumer to the DHS.
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Table 1
The amount of heat and electricity supplied into the network by CHP and HDD
Day

Heat

Electricity

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

(Gcal)
1743,7
1969,4
2494,5
2668,6
3113,1
2514
2486,8
2742,7
3286,7
3957,9
4490,5
4450,4
4651,7
4953,3
5224,6
5234,2
5482,5
5569,1
5601,9
5950,1
6229
6321,7
6157,8
5841,4

(kWh)
1184272
1256624
1534432
1818544
2188432
1917392
1978592
1983232
2064704
2406512
2706272
2680640
2817664
2959664
3049840
3088272
3298640
3349968
3359920
3486544
3592480
3688224
3581392
3467840

25
26
27
28

5877,6
6402,7
6932,4
7280,3

29
30

Day

Heat

Electricity

3,8
7,9
6
5,6
1,3
1,5
1,6
0,4
2,6
2,8
4
4,9
6,5
6,7
10
11,1
10,5
9,5
10,3
10,5
14,4
16,7
12,8
14,8

57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80

(Gcal)
7982,8
8155
8150,9
7993,9
7710,8
7685,8
7714,2
7690,7
7497,8
7284
7356,7
7391
7518,9
7423,7
7250,6
7443
7828,7
7960,8
7952,9
8186,4
8279,1
8482,8
8351,7
8393,6

(kWh)
4830608
4855312
4838240
4752240
4609008
4596256
4635408
4605584
4444112
4319952
4428112
4445664
4537008
4437520
4318656
4493008
4728992
4746512
4745808
4887840
4930880
4997824
4922352
4972960

Day

Heat

Electricity

HDD

16,9
17,4
19,4
18
17,5
15,8
11
14,2
14,9
14
11,6
11,1
11,5
13,3
14,8
14
14,8
16
18,3
18,5
19
19,5
22,1
23,5

113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136

(Gcal)
6895,8
6937,6
6845,4
6505,1
6372,2
6285,6
6062,6
6047,7
6081,1
6531,2
6953,6
6988,7
6937
6623,5
6628,3
6462,3
6299,9
6434,7
6469
6071,9
5602,3
5621,5
5637
5454,3

(kWh)
3576304
3573376
3547344
3633024
3556848
3529408
3489888
3485184
3595472
4056496
4199440
4211488
4162640
4072320
4104176
3937392
3868368
4012640
3990624
3773680
3412352
3437056
3414896
3307536

14,3
12,2
12,1
11,2
7,5
8,5
10,2
9,2
9,2
14,9
20,4
19,1
14,5
10,6
11,8
6,9
8
14,6
15,4
8,1
5,9
10,8
9,8
3,7

3478640
3697376
4097600
4409376

15,1
14,8
14,4
14,5

81
82
83
84

8674,4
8532,4
8420,3
8269,3

5142416
5070800
5010880
4820528

17,9
17,5
19,3
18,4

137
138
139
140

4939,9
5210,3
4915,1
5076,9

3094912
3240736
3226976
3243344

3
5,4
4
9,9

7516,8
7668,9

4584992
4674784

15,1
18,2

85
86

8237,1
8134,7

4813904
4822000

18,2
16,6

141
142

5222,1
5327,5

3262032
3259040

12,1
10,1

31
32

7792,5
7816,8

4754752
4768192

19,6
18,3

87
88

7941,6
7878,3

4680432
4649088

17,9
16,8

143
144

5239,6
5146,3

3224640
3131920

8,3
8,1

33
34
35
36

7778,3
7711,9
7711,5
8048,6

4719440
4628848
4618944
4793904

14,1
13,1
13,6
18,1

89
90
91
92

7941,3
8028,2
8076,9
8039,7

4710336
4749920
4768080
4735728

14,6
15,5
16,6
16,6

145
146
147
148

5065
4645,8
4528,2
4803,3

3008816
2906096
2913760
2980480

5,4
5
5,3
7,6

37
38
39
40
41
42
43
44
45
46
47
48

8287,2
8572,1
8491,8
8572,1
8270,9
7692,7
7644,5
7737,7
7902,2
7715,3
7618,5
7525,6

4907344
5111792
5039248
5086864
4863808
4631792
4624112
4686992
4800512
4624960
4540816
4519952

19,8
21,8
21,2
22,3
17,4
12,3
13,3
14,1
17,3
14,3
13,1
14,8

93
94
95
96
97
98
99
100
101
102
103
104

7880,0
8092,4
8042,5
7962,7
7954,5
7466,6
7365,1
7159,8
7093,2
7004,4
6709,4
6624,2

4669168
4804656
4743216
4698608
4697072
4426864
4387648
4279120
4285232
4287616
4213600
4286704

18,9
15,3
17,7
21
19
20,2
15,4
12,3
11,3
12,5
12,4
11,8

149
150
151
152
153
154
155
156
157
158
159
160

4890
4713,7
4783,6
4799,1
4691,3
4793,3
5275,2
5429,6
5315,2
4968,5
4333,7
3967,9

3017504
2935280
2926560
2954192
2914496
2967664
3324688
3248288
3093648
2934096
2861856
2869104

7,5
3,7
7,5
8,2
6
9,1
11,8
11,5
9,7
6,1
5,3
4,7

49
50

7273,6
7313

4363904
4405312

13,6
14

105
106

6689,3
6845

4291920
4247920

7,9
8,9

161
162

4233
4358,6

2791072
2819328

7,3
10,3

51
52
53
54
55
56

7412,3
7406,3
7631,4
7688,6
7812
7868

4490064
4493136
4612368
4606496
4711024
4761776

14,2
15,3
17,3
16
16,9
17,4

107
108
109
110
111
112

6851,9
6840,5
6932,6
6935,7
7005,8
6669,3

4272160
4275936
4361072
3899920
3601776
3618880

12,1
12,3
15,9
14,3
10,5
11,9

163
164
165
166

4296,5
4123,8
3969,6
3520

2784240
2765856
2682432
2631696

9,1
7,8
6,8
4,4
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The results of the regression analysis: produced electricity - supplied heat
The corresponding graphs for each heating season were drawn to verify the correlation
between the electricity produced and the thermal energy supplied into the network. The
straight-line equation was generated, and the influence degree of the variables over the R2
value was determined (Figures 2, 3 and 4). The R2 value must obtain values higher than 0,5
to consider the thermal energy supplied into the network as a determining factor for the
produced electricity.

Figure 2. The regression analysis of produced electricity depending on the supplied
thermal energy for the 2018 - 2019 heating season.

Figure 3. The regression analysis of produced electricity depending on the supplied
thermal energy for the 2019-2020 heating season.
When analysing the graphs in Figures 2, 3, and 4, the graphical representation of the
two variables is a straight line. Thus, it can be stated that there is a direct correlation between
the electricity produced and the heat supplied, including the fact that R2 > 0,5.
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At the same time, it can be observed that for the three heating seasons, different
values of the variable R2 were obtained, the best value - R2 = 0,9739 was obtained for the
2018 - 2019 heating season, and the weakest value - R2 = 0,6852 - for the one from
2019 - 2020.

Figure 4. The regression analysis of produced electricity depending on the supplied
thermal energy for the 2020-2021 heating season.
The results of the regression analysis: supplied thermal energy - HDD
Different correlation degrees between the produced electricity and the supplied heat
was obtained in this article for different heating seasons. Therefore, it is necessary to perform
the regression analysis for the thermal energy produced depending on the HDD to
recommend the linear regression model for application to predict the additional produced
electricity in case of the new consumer connection to the DHS.

Figure 5. The regression analysis of supplied heat depending on HDD for the 2018-2019
heating season.
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When analysing the graphs in Figures 5, 6, and 7, the graphical representation of the two
variables is a straight line. Thus, it can be stated that there is a strong correlation between heat
supplied into the network and HDD, including the fact that R2 > 0,5.

Figure 6. The regression analysis of supplied heat depending on HDD for the 2019 - 2020
heating season.

Figure 7. The regression analysis of supplied heat depending on HDD for the 2020 - 2021
heating season.
It can be observed that for the 2018-2019 heating season, the best correlation was
obtained between the supplied thermal energy and the heating degree-days, namely R2 =
0,7515. For the other two heating seasons, weaker correlation degrees were obtained.
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Thus, taking into account the fact that the volumes of supplied thermal energy for the
consumer’s buildings heating should be dependent on the outdoor air temperature, it can be
concluded that in the 2018-2019 heating season, to a greater extent, this condition was met.
The regression model
As a result of the performed analysis, the best correlation degree was obtained
between the electricity produced and the heat supplied into the network (R2 = 0,9739) and
between the heat supplied into the network and HDD (R2 = 0,7515) in the 2018-2019 heating
season. As a result, it is recommended to use the obtained linear regression model for the
dependence of produced electricity - heat supplied into the network in the 2018-2019
heating season, to predict the additional electricity produced in cogeneration mode in case
of the new heat consumer connection to the DHS, used as a model in this article, namely:
𝑦𝑦 = 550,41 ⋅ 𝑥𝑥 + 338014,

(3)

where: y - the additional annual electricity produced, x - the thermal energy yearly supplied
to the new consumer connected to the DHS.
Conclusions
The regression model use, having as variables the thermal energy supplied to the new
consumer connected to the DHS and the additional electricity produced in cogeneration
mode, demonstrated a direct and linear correlation between these two variables.
Thus, it is recommended to use the described method in this article to predict the
additional quantity of the produced electricity, along with the heat supplied to the new
consumer connected to any DHS in which these two forms of energy are produced in
cogeneration mode. The regression model choice will be made carefully, selecting the one
corresponding to the heating season for which the highest correlation degree was obtained
both between the pairs of variables electricity produced - thermal energy supplied into the
network and the thermal energy supplied into the network - HDD.
The obtained results will be used in the pre-feasibility studies to connect the new
thermal energy consumer to the DHS by considering the income due to the production and
supply of the additional electricity.
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Abstract. For sustainability purposes, supplementary cementitious materials (SCMs) are
considered essential components for gaining ultra-high strength properties of concrete and
mortar. This study experimentally investigates the influence of single, binary, and ternary
partial cement replacements of the SCMs on the performance of ultra-high-strength mortar.
The investigated SCMs were included ground granulated blast furnace slag (GGBS), densified
silica fume (DSF), un-densified silica fume (UDSF), and Fly ash (FA). Three replacements
ratios were implemented; 10%, 20%, and 30% in addition to mortar without SCMs to work
as a control mix for comparison reasons. 27 mixes were designed to quantify the
replacement ratio that explains the best performance, through examining the workability,
compressive and tensile strength of each mix. In addition, XRD test was carried out to
identify the various decomposition phases of the hardened mortar. The results indicated that
binary replacement of 15% GGBS and 15% UDSF exhibited the best performance among all
other replacements ratios.
Keywords: binary replacement, ssupplementary cementitious materials, single replacement,
ternary replacement, ultra-high strength, XRD patterns.
Introduction
Currently, there is a growing demand for high-strength cementitious materials in the
field of structural constructions. Production such as these materials involves a high amount
of cement which leading to resource consumptions and increases carbon dioxide emissions.
Ernst Worrell et al. (2001) [1] stated that the production of one ton of cement releases about
one ton of carbon dioxide. Moreover, in many cases, it might be a challenging to obtain a
cementitious matrix with high-performance properties without incorporation SCMs.
The role of the SCMs in enhancing the strength mainly attributes to their pozzolanic
reaction with the calcium hydroxide (Ca(OH)2) that resulted from cement hydration to produce
supplementary calcium-silicate-hydrate (C-S-H) gel which is the source of the strength [2].
Generally, many studies reported that the addition of SCMs significantly improves the
mechanical properties of cementitious materials. However, the improvement depends on the
type, properties, and replacements configuration [3 - 9].
Journal of Engineering Science

September, 2021, Vol. XXVIII (3)

112

A. Baiee

GGBS is a waste by-product of steel industries, which has similar chemical and physical
properties to Portland cement. Using GGBS in the field of concrete production leads to
improve the strength and durability through pore refinement as a result of the pozzolanic
reaction. Many studies investigated high replacement of GGBS, more than 50% by weight of
cement, for concrete and mortar [6, 10 - 15]. However, it was found that higher than 20% of
GGBS might adversely affect the strength of the cementitious matrix despite the
enhancement in workability and durability. That could be attributed to the low development
strength in early ages due to the insufficient amount of calcium hydroxide (Ca(OH)2) that
resulted from cement hydration [12, 16, 17].
Silica fume is also a waste by-product of the production of silicon metal or silicon
alloys. It contains a high amount of silicon dioxide (SiO2) in an amorphous phase. Numerous
researchers indicated the effectiveness of silica fume in enhancing the mechanical properties
of concrete and mortar [3, 5, 7, 19, 11, 22]. Otherwise, it was reported that silica fume as a
partial replacement of cement increases the water demand that significantly reduces the
workability [3, 5, 6, 8, 11]. Most researchers confirmed the effectiveness of silica fume in the
pore refinement in the hardened structure of concrete, which reduces the permeability and
controls the volumetric changes [18, 20]. Other studies found a slight enhancement in the
drying shrinkage behavior of matrices with silica fume [3, 20]. The most productive
replacement ratio of silica fume was ranged between 5 and 10 percent of cement [5, 6, 10,
19, 21, 23 - 26].
Similarly, the effectiveness of fly ash in enhancing the workability and durability of
concrete and mortar was stated by many studies [8, 18, 28, 30]. However, other studies
indicated adversely influences on the mechanical properties due to the low content of
amorphous SiO2 in the composition of FA [7, 10, 11, 20, 27, 28]. The binary replacements of
silica fume and fly ash were examined to gain high strength without reducing the workability
[7, 27, 20, 29]. The obtained enhancement was limited within cementitious matrices that
have normal strength. Additionally, some studies found a drop in strength due to the presence
of FA compared with matrices with a single replacement of silica fume [7, 10]. Also, it was
reported that binary replacement of silica fume with GGBS improves the performance of
cementitious matrix especially for durability aspects [6, 11, 20]. On other hand, the GGBS was
found less effective in enhancing the cementitious matrix that contains FA [20, 29].
In the same field, ternary replacements of GGBS, SF and FA were observed improving
the workability and strength of the cementitious matrix as reported by Rashad et al. 2014
[29]. It was found that addition 10 percent replacement of SF and GGBS to concrete contains
FA exhibited higher improvement in strength compared with binary replacement of GGBS or
SF with FA. Similarly, Dave et al. 2017 [30] found that the ternary replacement of 30% of FA,
10% of SF and 10 % of GGBS explained the highest improving in strength to about 16%
compared with control. It can be stated that most of the previous investigations of the
replacement of supplementary materials (SCMs) were conducted on cementitious materials
with normal strength properties. However, limited studies concerning high-strength
properties were conducted. Moreover, there are controversial data about the influences of
SCMs on the performance of concrete and mortar. Therefore, the main objective of this study
aims to investigate the effect of different amounts and configurations of the SCMs on the
performance of ultra-high-strength cementitious materials. This investigation is part of
comprehensive study of a PhD study at Brighton University for developing cementitious
materials with ultra-high strength properties.
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2. Experimental program
2.1 Materials
In all investigated mixes, high strength cement type CEM 52.5N was used for casting
the high strength mortar. Table 1 demonstrates the physical and chemical properties
provided by the manufacturer (Hanson UK Company). Ground-granulated blast-furnace slag
(GGBS) satisfying BS EN 15167-1:2006 [31] obtained from Hanson Heidelberg Cement group
was utilized. The chemical compositions and physical properties of GGBS are listed in
Table 1 (as supplied by the manufacturer). X-ray analysis of the GGBS demonstrates a high
peak of SiO2 at 2θ equal to 21˚. However, the peak had less intensity comparing the silica
fume peak, which indicates a lower content of SiO2 in GGBS mineral content, as shown in
Figure 1. In addition, no frequent peaks were observed that state an amorphous phase [32].
The chemical composition and physical properties of the densified (DSF) and un-densified
silica fume (UDSF) obtained from the manufacturer (Elkem A Bluestar Company) are presented
in Table 1. The X-ray patterns of a powder of both type of silica fume explained a peek at 2θ
equal to 22˚, which refers to a high characteristic of amorphous SiO2 [22], as shown in Figure
1. Fly ash type 450-S satisfying BS EN 450-1:2012 [33] was adopted in the mixes of highstrength mortar. This class of fly ash was used because of its high pozzolanic activity, and it
has a constant fineness and carbon content. It was supplied from the Drax Power Station,
North Yorkshire, UK under the CEMEX brand. The chemical and physical properties of the FA
are listed in Table 1. The X-ray diffraction analysis of fly ash (Figure 1) explained that the
most crystalline constituents of the fly ash are quartz (SiO2) at 2θ equal to 26˚. However, the
amorphous SiO2 appeared at 2θ of 21˚ at less intensity.
Fine silica sand satisfying BS EN 12620:2002+A: 2008 [34] obtained from Sibelco UK
was utilized in casting all investigated mixes. It contains a high proportion of silica in quartz
configuration with a colour of yellow/brown. The grain distribution ranges between 0.5 to 0.1
mm. Table 1 lists the chemical composition of silica sand (as supplied by the manufacturer).
To achieve the desired workability, Fosroc Auracast 200 high-performance concrete
superplasticizer based on polycarboxylate polymers (obtained from Resapol UK company)
was used. It has a pH of 4 +/- 1 with a specific gravity of 1.050 – 1.070.
Table 1
The chemical and physical properties of cement, SCMs, and silica sand
Characteristics
CEM52.5N Silica fume GGBS Fly ash Silica sand
CaO
63.8
0.1
40
2.38
-SiO2
19.9
92
35
59
99.73
Al2O3
4.8
0.7
12
23
0.1
Fe2O3
3.1
0.8
0.2
8.8
0.05
MgO
1.1
-10
1.39
1.0
SO3
3.3
--0.27
-Na2O
0.7
0.33
-0.74
<0.05
K2O
0.6
1.45
-2.81
0.01
L.O.I
2.7
4.6
2.8
1.61
0.09
Specific gravity
3.18
2.20
2.90
2.20
2.6
2
Specific surface area (mm )
-15-30
---Mean particle size (μm)
-0.15
9.2
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C52.5: High strength cement
type CEM 52.5N
G-1: Ground-granulated blastfurnace slag (GGBS)
DSF-1: Densified silica fume
(DSF)

UDSF-1: Undensified silica
fume (UDSF)

FA-1: Fly ash (class S)

Figure 1. X-Ray patterns of cement and SCMs.
2.2 Mix proportions
Several mixes were designed to achieve the desired compressive strengths of highstrength mortar.
The absolute volume method was applied to determine the proportions of the cement,
aggregates, superplasticizer, and water [2].
The designed quantities by mass of the constituent materials for the cubic meter were
determined according to the following equation:
𝐶𝐶

1000×𝜌𝜌𝐶𝐶

+

𝑆𝑆.𝑆𝑆

1000×𝜌𝜌𝑆𝑆.𝑆𝑆

+

𝑆𝑆.𝑃𝑃

1000×𝜌𝜌𝑆𝑆.𝑃𝑃

+

𝑊𝑊

1000

= 1.0

(1)

Where: C, S.S, S.P and W are the amount of cement, silica sand, superplasticizer and water in
kg, respectively, 𝜌𝜌𝐶𝐶 , 𝜌𝜌𝑆𝑆.𝑆𝑆 and 𝜌𝜌𝑆𝑆.𝑃𝑃 is the specific gravity of cement, silica sand and
superplasticizer, respectively.
After establishing the mix proportions of the control mix, 26 mixes that contain SCMs
were designed. In these mixes, all the mix proportions of the control mix were kept constant
except the amount of cement and the SCMs.
The SCMs were included in the control high-strength mortar mix as a volumetric
replacement of cement according to equation (1), as listed in Table 2.
The absolute volume method was adopted in the calculation of the mix proportions
of the mix. The mixing procedure included firstly dry mixing for about 5 minutes of
cementitious materials (cement and SCMs) then added silica sand. After that, during mixing,
the water which previously mixed with the superplasticizer was added, and the mixing was
continued for 10 minutes.
The designed mixes included three main groups. The first group comprised a single
replacement of each SCMs with three replacement ratios, 10%, 20%, and 30% of cement.
Another replacement ratio of 40% was investigated for GGBS based on the observed
enhancement of the literature review.
The investigated replacement for binary replacements were 5% GGBS+5% SCM, 10%
GGBS+10%SCM and 15% GGBS+15% SCM. The ternary replacement included 5% and 10% of
each type of SCMs.
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Table 2
Mix proportions of ultra-high strength mortar including SCMs
Mix

C
(kg/m3)

S.S
(kg/m3)

W
(kg/m3)

S.P
(kg/m3)

GGBS
(kg/m3)

DSF
(kg/m3)

UDSF
(kg/m3)

FA
(kg/m3)

Control (M105)

1100

1100

200

30

--

--

--

--

10 GGBS
20 GGBS
30 GGBS
40 GGBS

990
880
770
660

1100
1100
1100
1100

200
200
200
200

30
30
30
30

100
200
300
400

-----

-----

-----

10 DSF
20 DSF
30 DSF

990
880
770

1100
1100
1100

200
200
200

30
30
30

----

76
152
228

----

----

10 USF
20 USF
30 USF

990
880
770

1100
1100
1100

200
200
200

30
30
30

----

----

76
152
228

----

10 FA
20 FA
30 FA

990
880
770

1100
1100
1100

200
200
200

30
30
30

----

----

----

76
152
228

5GGBS+5DSF
10GGBS+10DSF
15GGBS+15DSF

990
880
770

1100
1100
1100

200
200
200

30
30
30

51
102
153

39
78
117

----

----

5GGBS+5UDSF
10GGBS+10UDSF
15GGBS+15UDSF

990
880
770

1100
1100
1100

200
200
200

30
30
30

51
102
153

----

39
78
117

----

5GGBS+5FA
10GGBS+10FA
15GGBS+15 FA

990
880
770

1100
1100
1100

200
200
200

30
30
30

51
102
153

----

----

39
78
117

5GGBS+5DSF+5FA
10GGBS+10DSF+10FA

935
770

1100
1100

200
200

30
30

51
102

39
78

---

39
78

5GGBS+5UDSF+5FA
10GGBS+10UDSF+10FA

935
770

1100
1100

200
200

30
30

51
102

---

39
78

39
78

C : cement, S.S: silica sand, W: water, S.P: superplasticizer, GGBS: ground granulated blast furnace slag, DSF:
densified silica fume, UDSF: undensified silica fume, FA: fly ash.

2.3 Test methods
2.3.1 Workability
Flowability of the fresh cementitious material is an essential property to assure
compatible mixing, casting, and adequate consolidation as a homogenous mass.
The amount of water within the mix has a crucial role in controlling workability.
A large amount of water improves the workability but impairs the strength by
increasing the voids inside the hardened mortar. In addition, the presence of voids reduces
the durability by increasing the gas and liquid permeability of the hardened structure. In this
research, the workability of the mortar was measured using the flow table test based on the
BS-EN 1015-3:1999 [35], as shown in Figure 2.
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Figure 2. Flow table test setup of high strength fresh mortar.
2.3.2 Compressive and tensile strength
Usually, a compressive strength test was used to explore the behaviour of materials
under compressive stresses. This behaviour is essential to gain an inclusive picture of the
quality of mortar because the strength of mortar is directly related to the structure of the
hydrated cement [2]. Compressive strength tests at ages 7, 28, and 90 days were carried out
for cube mortar samples with dimensions 50×50×50 mm based on BS EN 12390-3:2009 [36].
Three specimens of each mix were tested, and the average strength was reported. A universal
testing machine was used based on a constant rate of displacement-based loading of 0.01
mm/sec, as shown in Figure 3.a.
The tensile strength of mortar is also vital in determining the load causing the cracking
of the hardened mortar. The tensile strength of the hardened structure is controlled by the
chemical adhesion bond between the results of cement hydration and the aggregates [2]. A
direct tensile test of three dog bone specimens of each mix was implemented to determine
the effect of SCMs on the tensile strength of high strength mortar (HSM). The dog bone
specimen has 78mm length and 25.5×25.5mm2 cross sectional area at the midspan. A
universal testing machine with a rate of displacement-based loading of 0.02 mm/sec was
used, as shown in Figure 3.b.

a)
b)
Figure 3. a) Compression test setup, b) tensile test setup of mortars.
2.3.2 X-RD patterns
To analysis the composition of the main components of the mortar matrix, an X-ray
diffraction test of powder samples was performed using an X`Pert diffractometer with CuK
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radiation (λ = 1.5418 A) operating at 40 kV, 30 mA. This test is adopted to identify the variation
of the amount of calcium hydroxide (Ca(OH)2) in the sample. The Ca(OH)2 variation
demonstrates the reactions between the SCMs with the Ca(OH)2 to produce supplementary
C-S-H. The peaks at 2θ equal to 34° were adopted to refer to the amount of Ca(OH)2 based
on previous studies [11, 14, 28, 36]. The test includes preparing a powder of the sample that
tested under compression load at 28 days and then measures the reflection of the X-ray. The
results of the test were analysed using the provided software with the X-ray machine.
3. Results and discussion
3.1 Influence of SCMs on the workability
The effect of the addition SCMs on the workability of high-strength mortar (HSM) is
demonstrated in Figure 4. Single replacements of all replacement ratios of GGBS and FA
displayed higher workability as the replacement ratio increases. The effectiveness of GGBS
in improving the workability was due to the surface characteristics of the GGBS particles,
which are smooth and absorb little water during mixing [2]. Similarly, most FA particles are
spherical and solid which reduces the water demand for a particular workability [2]. Megat
Johari et al. (2011) [11] reported a similar observation of enhancing the workability of FA and
GGBS with high-strength concrete. In the same field, Dave et al. (2017) [30] observed that the
addition of FA was significantly increasing the workability of concrete.
In contrast, mixes with DSF and UDSF explained a reduction in workability. That could
be attributed to the particles patterns of silica fume which have a high surface area that
absorbs a high amount of water during mixing, which led to increasing the water demand of
the mix. A similar reduction in workability due to silica fume was observed by previous studies
[5, 7, 8]. However, in binary replacement, the addition of GGBS combined with DSF enhanced
the workability for all replacement ratios. Similarly, to less extent, the workability of mortar
with UDSF increased as the replacement ratio increased in the presence of GGBS. However,
the addition of GGBS with FA reduced the workability comparing with the single replacement
of FA counterparts. The workability of ternary replacements of all ratios proportional
increasingly with the replacement ratios. Also, it can be observed that mixes with SCMs
contain UDSF explained higher workability than DSF counterparts. These results agree with
the findings observed by Dave et al. (2017) [30].
In summary, the results demonstrated the effectiveness of addition GGBS in improving
the workability of mortar in all forms of replacements (single, binary and ternary). Moreover,
regardless of the type and amount of SCMs replacement, binary and ternary replacement
explained a higher enhancement of the workability of high-strength mortar.

Figure 4. Effect of SCMs replacements of on workability of HSM.
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3.2 Influence of SCMs on the compressive strength
Figure 5 demonstrates the enhancement in the compressive strength for 28 days age
respecting to the control mix (M105). The obtained compressive strength at all ages increased
comparing with the control mortar for all mixes with 10% of single replacement of all types
of SCMs as illustrated in Figure 6. However, the enhancement was continued for GGBS and
UDSF up to a 20% replacement ratio and a reduction in the enhancement was observed for
higher single replacement. At 28 days, the compressive strength was increased to about 28%
comparing with the control mix. The highest compressive strength was observed for 20% of
UDSF, while the lowest strength was found for the 30% replacement ratio of densified silica
fume. That may be due to the low workability of mixes with DSF, which leads to a decrease
in the compaction of the mix during casting, see Figure 4. The results also explained that
mixes with a single replacement of GGBS explained higher compressive strength than mixes
with FA despite both pozzolanic materials improve the workability. That could be because
most of the silica in the mineral composition of FA has a crystalline structure as observed in
the X-Ray patterns.
Figure 7 illustrates the variation of the effect of binary replacement of SCMs. The
compressive strength at 28 days ranged between 92.2MPa and 135.2MPa. The GGBS and
UDSF explained the highest compressive strength comparing to other SCMs. In addition, it
was observed increasing in compressive strength as the replacement ratio increased.
However, the compressive strength of binary replacement consists of 5%GGBS, and 5%DSF
explained better performance than binary replacement of UDSF. That may be due to the
higher reactivity of densified silica fume, which led to rapid consumption of the available
Ca(OH)2. This assumption can be proven by the results at the age of 90 days. All replacement
ratios of binary replacement of GGBS and DSF explained the same compressive strength due
to the availability of Ca(OH)2 as a result of cement hydration. Binary replacement of FA was
ineffective on the compressive strength at the initial stage, and compressive strength was
lower than control beams. At 90 days, binary replacement of GGBS and FA up to 20%
improved the compressive strength compared to the control mix. The reason could be due to
the availability of Ca(OH)2 that is required for the pozzolanic reaction which is agreed by
literature findings [30,37]. Overall, it can be stated that the enhancement of binary
replacements of SCMs was higher than single replacement which is compatible with the
observation of Gesoglu et al. (2009).
The effect of ternary replacements is illustrated in Figure 8. Ternary replacement of
GGBS, DSF, and FA at initial stages exhibited negligible enhancement, but at 90 days the
enhancement was obvious. 5% of UDSF increases the compressive strength, while 10%
reduced the strength for all ages. That may be due to the segregation of mixed components
which can be noted from the high workability (flow excess 300mm). This segregation refers
to a high content of fluids that leaving voids in the hardened structure of mortar [2]. The
compressive strength at 28 days of the ternary replacements ranged between 93.5MPa and
119.6MPa, which indicates that binary replacement is more effective, and these results agree
with the findings of Gesoglu et al. (2009) [20].
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Figure 5. Effect of SCMs on compressive strength of HSM.

Figure 6. Effect of single replacement of SCMs on compressive strength of HSM.
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Figure 7. Effect of binary replacement of SCMs on compressive strength of HSM.

Figure 8. Effect of ternary replacement of SCMs on compressive strength of HSM.
3.3 Influence of SCMs on the tensile strength
The single replacement explained the disadvantage of addition GGBS and FA on the
tensile strength as shown in Figure 8. However, the addition of UDSF and DSF improves the
tensile strength, which could be attributed to the lower silica content of FA and GGBS. A
similar reduction was observed by Dave et al. (2017) [30] with 30% replacement of FA. The
single replacements of SCMs explained tensile strength ranged between 4.3 MPa and 6.7 MPa
depending on the type of SCMs. The UDSF exhibited a continuous increase in tensile strength
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for all replacement rations. However, DSF presented an optimum replacement ratio of 10%
which could be due to a decrease in the compactness of the mix as a result of reducing the
flowability of mixes.
The best performance was observed for binary with tensile strength ranged between
5.3 MPa and 6.7 MPa. The maximum tensile strength was reported for a replacement ratio of
15% GGBS and 15% UDSF with 6.7 MPa. The lowest tensile strength was found for binary
replacement of GGBS and FA. That could be because of less silica in the chemical composition
of FA in comparison with silica fume.
Figure 9 demonstrated a negligible effect of DSF and FA in enhancing the tensile
strength. However, UDSF exhibited enhancement in the tensile strength with a replacement
ratio equal to 15%. Above this replacement ratio, a reduction in tensile strength was
observed. The tensile strength of ternary replacements mixes was ranged between 4.5 MPa
and 6.3MPa which explains less effectiveness comparing to binary replacement.

Figure 9. Effect of SCMs replacement on tensile strength of HSM.
Figure 10 demonstrates a consistency of the general behaviour between the tensile
and compressive strength of high-strength mortar with SCMs. However, there is no direct
proportionality between the two types of strength. In addition, in some cases, particularly of
high replacement ratio, the increase in compressive strength did not accompany with
increasing in tensile strength. That could be due to the lack of calcium hydroxide for a high
replacement ratio, and the SCM works as a filler rather than cementitious material. That will
be effective in resisting the compressive stresses by friction, while it has a negligible
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influence in resisting the tensile stresses. The figure also indicated the superiority of binary
replacements among single and ternary replacements.

Figure 10. Mechanical properties of single, binary and ternary replacement of SCMs.
3.5 XRD patterns
Figure 11 presents the intensity peaks of Ca(OH)2 obtained from the analysis of the XRay diffraction test of high strength mortar with SCMs. As shown in the figure, the SCMs
reduced the amount of calcium hydroxide for control mix (M105). This reduction increased as
the replacement ratio increases which indicates to the consumption of calcium hydroxide in
the pozzolanic reaction of SCMs. The results also demonstrated higher content of amorphous
SiO2, such as DSF and UDSF were more effective in contributing the pozzolanic reaction
products which present higher strength enhancement. These findings consistent with the
observation of Supit et al. (2014) [28].
High consistency between the obtained compressive strength and the intensity peaks
of Ca(OH)2 was observed. For the same replacement ratio, as the intensity peaks decrease, the
compressive strength increases. However, the addition of DSF with replacement ratio 20%
and 30% exhibited a reduction in intensity peaks of Ca(OH)2 without a considerable
contribution to the strength. That could be attributed to the low flowability of the matrix,
which in turns decrease the compaction of the mix during casting and increase the voids
inside the hardened mortar.
The best performance in consumption Ca(OH)2 was observed for mixes UDSF because
of the high content of amorphous SiO2. In contrast, mixes contain fly ash explained the
highest intensity peaks of Ca(OH)2 among all SCMs mixes. That stated the low compressive
strength that was observed of mortar with FA in comparison with control mortar.
Overall, binary replacement of 15% GGBS and 15% UDSF explained the lowest intensity peak
of Ca(OH)2 which refers to high activity in the pozzolanic reaction that led to enhance the
strength of mortar. This finding coincides with the highest compressive and tensile strength
of this mix proportion.
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Figure 11. XRD of calcium hydroxide peaks of HSM with SCMs.
4. Conclusions
Based on the result of the investigated SCMs, the following conclusions can be drawn:
- Apart from both types of silica fume, all replacement of the SCMs improved the
workability of the fresh mixes depending on the type and ratio of replacement. In
addition, the most considerable improvement in workability was observed for mixes
with fly ash.
- Both types of silica fume reduced the workability of mortar. However, the un-densified
form explained better fresh mortar properties.
- Fly ash demonstrated a relatively low enhancement in the mechanical properties of
high strength mortar compared with other SCMs.
- Regarding the mechanical properties, both types of silica fume exhibited
approximately similar behaviour up to 10% replacement. Higher replacement
indicated the superiority of unidentified silica fume in increasing the strength.
- GGBS explained enhancement in workability as well as in the mechanical properties.
- Binary replacement of 15% of un-densified silica fume and 15% of GGBS presented
the highest mechanical properties. Moreover, the effect of enhancing the strength of
mortar was evident from the low intensity of the Ca(OH)2 that determined from the XRay diffraction analysis compared with mixes with lower strength.
- Despite of the obvious consistency between the compressive and tensile strength, a
direct relationship between them is unavailable due to the variation in the hardened
structure on mortar due to flowability.
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Abstract. The main purpose of this study is to revitalize the concept of wise and controlled
supply of water for domestic, industrial and agricultural applications which facilitate
sustainable usage of fresh water resources. As Eritrea is striving to manage its water
resources, attention paid primarily to enable water flow control mechanisms in municipal
water distribution systems. A table top process control trainer (PCT) was tested through
proportional(P), integral (I) and derivative (D) control mechanisms using Ziegler-Nichols
second method to evaluate the tuning variables. Applying exclusively P control action,
critical period of oscillation (𝑃𝑃𝑐𝑐𝑐𝑐 ) was estimated as 1.4 sec at proportional band value of 9.
P, PI and PID controller performance studies were conducted with tuned variables on the
water flow control system at different step disturbances between 20 – 50 % and their
corresponding responses were characterized. P controller exhibited faster responses with
consistent increments in offset, PI controller recorded highest overshoot values with
negligible offset and prolonged settling times. PID controller showed less overshoot values
and faster response times than PI but it increased chatter on the control output signal. The
study revealed that the system can be safely controlled between 0-80 LPH. If the offset is
not a major concern, P controller would be reflected suitable with simple design and
minimum expenditure, else PI controller makes offset to zero though it possesses higher
settling times. In other words, PID controller is complex using more tuning parameters, need
expensive maintenance, and has resulted an intermittent noise in the output signal.
Keywords: Control System, Flow controllers, Step Disturbances, Sustainable Supply of Water,
Tuning of PID Controllers, Water Flow control, Ziegler and Nichols Method.
Introduction
Freshwater supply is the main pillar for sustainable economic activities of humankind
and an essential element of human life. Currently, scarcity and quality of water have become
prior concerns in many developing countries. Of the 3% of freshwater on earth, only one third
is of drinking water quality available in streams, rivers and lakes that can support human’s
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daily activities and other usage [1]. Globally, water use has been increasing by 1% every year
and expected to rise 20 – 30 % by 2050 [2]. Population growth and urbanization are
prominent reasons for water scarcity everywhere in the world [3, 4]. Eritrea, a northeast
African country mainly relies on seasonal rainfalls usually happens every year for short period
from July to September. However, Government of Eritrea (GOE) has made significant progress
in water and sanitation service delivery since its independence. Despite progress, water
scarcity and poor water quality are increasingly common across Eritrea, demand for
freshwater in rural and urban areas is expected to increase as a result of rapid climate change,
population growth, rapid urbanization, economic activity, competition for water and
improved standards of living. Hence, in 2019, with the support of UNICEF, the GOE has
developed a One WASH (Water, Sanitation and Hygiene) Strategy and Investment Plan
(OWSIP) that integrates resilience considerations, climate change mitigation and adaptation
[5]. Therefore, the study of water supply control systems and their design strategies would
be on prior to ensure deterministic supply with improved safety.
Flow controllers are designed to measure and control the flow of liquids and gases in
domestic, industrial and agricultural applications. Water flow control in process industries is
essential for precise supply in manufacturing operations, perhaps it may decide the end
product specification. An effective fluid control equipment can also help in the prevention of
hazardous substances into the working environment. Flow controllers, which need
modulating electronically to enable a closed process loop are installed to speed up and
improve the processes whilst lowering the cost. Applications that benefit from this include
the sampling systems in petrochemical plants, gas and chemical control in manufacturing
processes and in off-shore oil rigs. Solenoid valves are a good performer in these
environments; however, it is important to consider the power requirements and the
environment they are being used in. A standard solenoid would potentially pose great risk
without being upgraded, due to the electricity needed to operate them. A simple and more
reliable method of flow control within these environments are pneumatic valves. The removal
of electricity from its process of delivery, removes fire and explosion hazards [6, 7]
Three types of controllers, proportional, integral and derivative (PID) were developed in
1930s, still the most widely applied industrial controllers. This succeed is a result of many
good features of this algorithm such as simplicity, robustness and wide applicability [8].
Transfer function (𝐺𝐺𝐶𝐶 ) of PID Controller generally expressed as
𝐺𝐺𝐶𝐶 (𝑠𝑠) = 𝐾𝐾𝐶𝐶 (1 +

𝑇𝑇𝐼𝐼
+ 𝑇𝑇𝐷𝐷 𝑠𝑠)
𝑠𝑠

where 𝐾𝐾𝐶𝐶 , is proportional gain 𝑇𝑇𝐼𝐼 is integral time and 𝑇𝑇𝐷𝐷 is derivative time [8, 9]. Many different
tuning methods have been proposed from 1942 to the present day for gaining better and
more acceptable control system response based on desirable control objectives such as
percent of overshoot, offset, settling time, manipulated variable behavior etc. PID controller
tuning methods are classified into closed loop methods such as Ziegler-Nichols method,
Tyreus-Luyben method and Damped Oscillation method etc., and Open loop methods like
open loop Ziegler Nichols methods, Cohen and Coon method, Minimum error criteria methods
etc. [8, 10]
Nevertheless, there exist very few literatures [11 - 13] about PID tuning of flow control
system, in this study, attention paid mainly to evaluate the parameters of PID controller
applied for turbine flow control of water assembled in a table top process control trainer
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(PCT) system. Since the Ziegler-Nichols models are simple and most popular in industrial
applications, closed loop Ziegler-Nichols tuning method was adopted to estimate PID
controller parameters. Tuned variables were set for proportional (P), proportional integral
(PI), and proportional integral derivative (PID) control mechanisms and several experiments
were performed at different set values to identify the system overall performance.
Closed Loop Ziegler-Nichols Tuning Method
This is a heuristic trial and error tuning process based on sustained oscillations that
was proposed by Ziegler and Nichols in 1942. This is probably the most widely used method
for tuning of PID controllers, is also known as online or continuous cycling or ultimate gain
tuning method [8, 14].
Table 1
Closed loop calculations PID controller parameters, 𝑲𝑲𝑪𝑪 , 𝑻𝑻𝑰𝑰 and 𝑻𝑻𝑫𝑫
Controller/Parameter
Proportional Gain
Integral Time (𝑇𝑇𝐼𝐼 )
Derivative Time
(𝐾𝐾𝐶𝐶 )
(𝑇𝑇𝐷𝐷 )
0.5𝐾𝐾𝑐𝑐𝑐𝑐
∞
0
P
0.45𝐾𝐾𝑐𝑐𝑐𝑐
𝑃𝑃𝑐𝑐𝑐𝑐 ⁄1.2
0
PI
0.6𝐾𝐾𝑐𝑐𝑐𝑐
0.5 𝑃𝑃𝑐𝑐𝑐𝑐
0.125𝑃𝑃𝑐𝑐𝑐𝑐
PID

It applies only proportional gain (𝐾𝐾𝑃𝑃 ) in a feedback control loop by neglecting integral and
derivate actions.
The process usually begin with low values of gain, 𝐾𝐾𝑃𝑃 followed by gradual increase until a
steady state oscillation occurs.
The gain corresponding to sustained oscillation period, 𝑃𝑃𝑐𝑐𝑐𝑐 can be evaluated as 𝐾𝐾𝑐𝑐𝑐𝑐 = 100/𝑃𝑃𝑏𝑏
, where 𝑃𝑃𝑏𝑏 is the proportional band of the system. After that PID controller parameters can
be
calculated
as
in
Table
1.
[15 - 17].
Materials & Methodology
Materials: Ambient air passed through compressor followed by oil catch filter was used
as fluid to provide pressure for differential pressure flow sensor and also to serve in I to P
Converter.
Water fetched from municipal water supply lines of Mai-Nefhi was utilized as process
fluid.
Experimental Setup:
A table top process control trainer (PCT) system, originally supplied by Matrix Global
Pvt. Ltd. India but accessed from the Process Control lab, Department of Chemical
Engineering, Mainefhi College of Engineering & Technology (MCOETEC). Water was taken as
process fluids, and the air served as utility in differential pressure flow sensor.
PCT mainly composed of a sump tank of 70 liters, mounted horizontally, ½ HP
centrifugal pump to drive water from sump tank to the process, a compressor that compress
air up to 10 bar with automatic on/off operation, an oil catch filter to purify air that comes
into the process, a process tank of 70 liter mounted vertically, control valve and computer
loaded with PID controller software.
All these hardware elements were connected with auxiliary fittings such as pipelines,
pressure dials, inline valves and transmission lines as shown in Figure 1.
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Figure 1. Schematic diagram of process control trainer (PCT) system.
Methodology
To configure flow control system in to a closed loop control, the connections were
made according to the wiring sequence shown in the text box below prior to conduct
experiments. As a primary phase, a set of experiments were performed to evaluate PID
controller parameters by using Ziegler-Nichols method.
Tuning of PID controller of Water flow control system:
According to Ziegler Nichol’s Second method, a closed loop setup was arranged as
shown in Figure 2 through accomplished wiring sequence. Initially the system intake pressure
was arranged at 1 bar by watching on pressure dial AFR1. Prior to switch on the pump, all the
necessary parameters as shown in Figures 3 & 4 were set on main window and on settings
window of PID controller software installed on PC. As the pump capacity is quite high, a
bypass line was provided, and the inflow valve was kept open, and also two of the exit valves
of process tank were also kept open. The pump made on and for a set value of 30 %, the
responses of the system in Figure 1 were noted by changing proportional band (𝑃𝑃𝑏𝑏 ) values in
ascending order, from 3 to 11 manually in the main window of PID Controller application
until a sustained wave with constant amplitude was recorded. The data generated from the
different sets of experiments were collected and analyzed clearly to identify a perfect wave
with a constant amplitude.

Figure 2. Block diagram of closed loop control of flow control.
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Figure 3. Parameters Set on Main window of PID controller software.

Figure 4. Parameters Set on Setting window of PID controller application.
Wiring Sequence: Pump - L14 on EMT8, Pump - N15 on EMT8, FLOW O/P (14 of Signal
conditioning panel) – Computer interface panel (CIP) CH1, CIP 6 – CIP 9, CIP 10 – (+ve) of
I to P converter, (-ve) of I to P converter – CIP 20, FLOW O/P (14 of SCP) – (+ve) of DPM,
(-ve) of DPM – GND on SCP.
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Performance Studies on Step responses of water flow control system
Estimated Ziegler-Nichols parameters of P, PI and PID controllers were employed on
physical system through PID controller application and a range of step values starting from
20 % to 50 % were applied to identify the system response. Produced data with a sampling
time of 0.1 sec from all the experiments were examined independently for the comparison of
variables such as overshoot, decay ration, settling time and offset.
Results & Discussion
To evaluate Ziegler-Nichols tuning parameters of single loop flow control system,
experiments were conducted on a closed loop system with P controller by changing
proportional band (𝑃𝑃𝑏𝑏 ) gradually from 3 to 11 for a set value of 30 % of flow rate and their
responses were plotted as shown in Figures 5 & 6. Response of the system in the wave form
were notified at lower 𝑃𝑃𝑏𝑏 values and wave structured response was totally disappeared at
𝑃𝑃𝑏𝑏 = 11 as shown in Figure 7. Most of the cases, total number of samples in a cycle were
equal but the position of amplitude was shifted to the right, counted 8 samples in the left
and 6 on the right as shown in figures 5 & 6. But a constant value of amplitude measured
exactly at middle of the cycle was clearly seen with equally distributed samples in case of
experiments at proportional band (𝑃𝑃𝑏𝑏 ) of 9 and its corresponding gain was evaluated as 𝐾𝐾𝑐𝑐𝑐𝑐 =
100/𝑃𝑃𝑏𝑏 . Measured value (MV) verses time (t) was plotted and the period of oscillation (𝑃𝑃𝑐𝑐𝑐𝑐 )
was calculated as
𝑃𝑃𝑐𝑐𝑐𝑐 = 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑖𝑖𝑖𝑖 𝑎𝑎 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝑁𝑁) × 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡(𝑡𝑡𝑠𝑠 )
𝑃𝑃𝑐𝑐𝑐𝑐 = 14 × 0.1 = 1.4 𝑠𝑠𝑠𝑠𝑠𝑠

Other tuning parameters of P, PI and PID controllers were estimated as given by Table 2.
Table 2
Estimated Ziegler-Nichols tuning parameters of P, PI and PID controllers
Proportional
Proportional Integral Time
Derivative
Controller/Parameter
(𝑇𝑇𝐼𝐼 )
Gain (𝐾𝐾𝑃𝑃 )
Band (𝑃𝑃𝑏𝑏 )
Time (𝑇𝑇𝐷𝐷 )
5.55
18
64000
0
P
4.99
20
1.167
0
PI
6.67
15
0.7
0.175
PID

Effect of Tuned Parameters on Step Response of the System
Performance studies on water flow control system at different step shifts, 20 %, 30 %,
40 % and 50 % were conducted with Ziegler-Nichols tuning variables of P, PI and PID
controllers and corresponding data was generated with a sampling time of 0.1 sec. It was
noticed that there wasn’t further change in the output for set values higher than 50 %. In fact,
the system could able to attain the maximum flow rates of 40.39 %, 40.78 % and 41.17 %
with P, PI and PID control mechanisms respectively for 50 % of set value as shown in Table
3. It was clearly observed that Pi and PID controllers eliminated offset at lower flow rates as
set values and the system could able to attain a maximum flow rate of 82.34 LPH though the
set values were taken to further higher. Set values (SV) and measured values (MV) were opted
as ordinates and time (t) taken as abscissa and their resultant responses were plotted for P
(figure 8), PI (figure 9) and PID (figure 10) controllers to analyze the system characteristics.

Journal of Engineering Science

September, 2021, Vol. XXVIII (3)

132

Performance studies on water flow control using P, PI and PID controllers

Table 3
Ultimate flow rates attained by P, PI and PID Controllers for different set values
Set value
(SV)
Controller
Flow rate
in % (MV)
Flow rate
in LPH
Offset

20 %

30 %

40 %

50 %

P

PI

PID

P

PI

PID

P

PI

PID

P

PI

PID

18.82

20

20

25.49

29.8

29.8

34.5

39.61

39.61

40.39

40.78

41.17

37.64

40

40

50.98

59.6

59.6

69

79.22

79.22

80.78

81.56

82.34

1.18

0

0

4.51

0.2

0.2

5.5

0.39

0.39

9.61

9.22

8.83

Figure 5. Response of P controller of water flow system for 30 % of Set Value at different 𝑃𝑃𝑏𝑏
values of 3, 5 and 7.
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Figure 6. Response of P controller of water flow system for 30 % of Set Value at different 𝑃𝑃𝑏𝑏
values of 8, 9 and 10.

Figure 7. Step response of closed loop control of water flow system for 30 %
set value at 𝑃𝑃𝑏𝑏 = 11.
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P Controller
60

SV, MV (%)

50
40
30
20
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1
9
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65
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113
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137
145
153
161
169
177
185
193
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209
217
225
233

0

Number of Samples (N)
Set Value (SV)

Measured Value(MV)

Figure 8. Step responses of water flow control system with P controller.
PI Controller

SV(%), MV(%)

60
50
40
30
20
10
1
40
79
118
157
196
235
274
313
352
391
430
469
508
547
586
625
664
703
742
781
820
859
898
937
976
1015
1054
1093
1132
1171

0

Number of Samples (N)
Set Value (SV)

Measured Value(MV)

Figure 9. Step responses of water flow control system with PI controller.
PID Controller
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50
40
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1
44
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Figure 10. Step responses of water flow control system with PID controller.
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Characterization of P, PI and PID controllers of Water flow control system
For different step disturbances, the system response plots were developed to evaluate
the characteristic parameters of P, PI and PID control mechanisms. Overshoot, Decay ratio,
settling time and Offset values were calculated and the results are furnished in Table 4. When
the system facilitated exclusively only P control through setting estimated proportional band
value of 18, and applied different step changes, system performed with faster settling times
than PI and PID controllers, especially at 20 % and 50 % set values as shown in Figure 11
whereas PI controller of tuned parameters, has recorded with higher settling times than other
two modes. In other words, P controller has led to consistent steady state errors which is
called as offset.
Table 4
Estimated characteristic parameters of step response of water flow control system with P, PI and
PID control mechanisms
Set value
(SV)

20 %

30 %

40 %

50 %

Controller

P

PI

PID

P

PI

PID

P

PI

PID

P

PI

PID

Overshoot

NA

11.75

9.8

NA

3.27

4.57

NA

1.95

1.95

NA

0

0

NA

16.6

79.6

NA

59.2

71.5

NA

50

50

NA

0

0

9

250

232

83

326

69

68

324

62

18

175

23

1.18

0

0

4.51

0.2

0.2

5.5

0.39

0.39

9.61

9.22

8.83

Decay
Ratio
Settling
time
Offset

With increasing step changes, offset values also increased and recorded higher values
for P controllers than PI and PID controllers as depicted in Figure 12. As the purpose of
integral action is to provide lower or zero offset value, it was observed that the PI controllers
holds zero offset at 20 % step disturbance, and very close to zero at 30 and 40 % step changes
but it is high at 50 % step change because the physical design of the specific system was
identified as it doesn’t support flow rates greater than 41.56 % of its capacity.
350

Settling Time (Sec)

300
250
200
P

150

PI

100

PID

50
0

20

30

40

50

Set value (%)

Figure 11. Settling times of P, PI and PID controllers at different set values.
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Overshoot is defined as the ratio of amplitude of the peak to the set value and the ratio of
two successive amplitudes is known as decay ratio [18, 19]. Overshoot and decay ratios of PI
and PID controllers were compared in figures 13 and 14, and notified the values are
significant for step changes of 20, 30 and 40 % but not at 50 % as it beyond the range of the
system. PI controller has recorded higher overshoots than PID with lower decay ratios. As the
integral term integrates or continually sums up error over time even a small error amount of
persistent error calculated in the process will aggregate to a considerable amount of over
time [20], therefore higher response times were observed for PI Controllers.
2

Offset value (%)

0

20

30

40

50

-2
-4

P
PI

-6

PID
-8
-10
-12

Set Value (%)

Figure 12. Offset values recorded for P, PI and PID controller at different set values
The configuration of PID control has used full set of tuned parameters, proportional, integral
and derivative variables and it exhibited aggressive response with lower overshoot values
but it increased chatter on the control output signal. Thus, PID control is preferable for use
in steady state processes or processes that either respond slowly or have little-to-no noise
[20]. Flow control in general possess low sampling time between 1 - 5 sec [20], therefore
because of faster and stable responses, P controller could be a better choice for water flow
control if offset to be zero is not a constraint. Else, PI controller would provide zero offset
although it consumes longer time to settle with moderate maintenance.
14

Overshoot (%)

12
10
8
6

PI

4

PID

2
0

0

10

20

30

40

50

60

Set Value (%)

Figure 13. Comparison of overshoot values of PI and PID controllers.
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Figure 14. Comparison of decay ratios of PI and PID controllers.
Conclusions
As Eritrea is striving to manage its limited water resources, application of flow
controllers to improve water distribution system in the country addressed for the first time in
this work. A table top process control trainer (PCT) was tested through proportional(P),
integral (I) and derivative (D) control mechanisms. Applying exclusively P control action,
critical period of oscillation (𝑃𝑃𝑐𝑐𝑟𝑟 ) was estimated as 1.4 sec at proportional band value of 9.
Tuning parameters of PID controller for water flow control system were evaluated using
Closed loop Ziegler-Nichols method. Setting sample time at 0.1 sec, P, PI and PID controller
performance studies were conducted with tuned variables on the water flow control system
at different step disturbances between 20 – 50 % and their corresponding responses were
characterized. P controller exhibited faster responses with consistent increments in offset, PI
controller recorded highest overshoot values with negligible offset and prolonged settling
times. PID controller showed less overshoot values and faster response times than PI but it
increased chatter on the control output signal. The study revealed that the system could
attain maximum controlled flow rates of 83.12 LPH (Litre Per Hour) with a set value of 50%,
and it retained there for further higher set values. Therefore, the system can be safely
controlled between 0-80 LPH. Since flow control systems possess shorter sampling times
between 1-5 sec, if the offset is not a major constraint, P controller could be reflected suitable
with simple design and minimum expenditure, else PI controller makes offset to zero though
it possesses higher settling times. In other words, PID controller is complex using more tuning
parameters, need expensive maintenance, and has resulted an intermittent noise in the
output signal.
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Abstract. This work deals with the use of microencapsulation of biologically active
compounds (BAC) as an alternative method of protection and prolongation of their functional
properties in the food products. The main methods for the formation of microcapsules (MC)
are considered. Biopolymer materials, suitable for MCs production, are outlined. Some
technological solutions, suitable for microencapsulation and successfully used in other
industries, present interest only for laboratory researches in the food science, but are not
suitable for industrial scale food production. It is discussed why the methods of simple and
complex coacervation, liposomal entrapment are thermodynamically advantageous for
obtaining microcapsules in comparison with others. To achieve further progresses of
microencapsulation in food technologies, the direct integration of the microencapsulation
into the food production technological cycle is necessary. Products should initially have a
texture and consistency that allow microcapsules to be resistant to premature aggregation.
MCs should not exfoliate or break down, while execute their functions of protection and
targeted delivery of biologically active compounds. Only high viscous colloidal systems, as
traditional fermented dairy products (kefir, yoghurts, ice cream, curd and cheese) and fruit
juices with pulp, are mostly suitable for supplementation of them by BACs using
microencapsulation.
Keywords: biopolymers, biologically active compounds (BAC), coacervation, complex
coacervation, fermented dairy products, microencapsulation’s thermodynamic.
Protection of biological activity: necessity of alternative “SMART” methodology
Over the past decades, there have been fundamental changes in the field of nutritional
science and in the way quality food is produced. The scientific concepts of optimal nutrition,
based on functional foods of a new generation, have been developed in response to the
consumers’ needs of the foods with functional properties. These trends should have forced
manufacturers to develop new technologies for the functional foods production [1]. The
modern concept of nutrition suggests that in addition to nutritional and energy value,
functional food products must have their own biological activity. It was found that the
consumption of foods containing biologically active substances, promotes and really affects
the maintenance of consumer’s health, prevents the occurrence of various diseases [2].
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However, until now, the food industry produces mainly traditional food products, which
correspond in their properties to the traditional concept of a balanced diet. Despite the
constant growth in food production in general, the share of functional food products is still
relatively small. It seems that manufacturers are not ready to introduce functional ingredients
into food, because they generate additional legal, technological, and economic problems.
Functional ingredients or Biologically Active Compounds, BAC, interact with the main “stable”
components of food (proteins, fats, carbohydrates and bio-metals). In traditional food
cultures, the biological activity and functionality of nutrition is achieved using various
fermented, mainly dairy products [3]. Unfortunately, these products have short shelf-life. It
also seems at least absurd from the point of view of common sense to actively use synthetic
antioxidants in order to protect the functional properties of biologically active substances
introduced into the product. In order to run away from this (techno)logical error, attempts are
being made to reduce the total quantity of the antioxidants used to protect the biological
activity of various food components, at least, using effects of their synergistic interaction
[4, 5].
One of the relatively new methods of stabilizing biologically active substances in food
is their isolation from contact with other active food components by means of
microencapsulation. Microencapsulation is a directed process of forming a thin, sufficiently
strong, low-permeability shell with desired properties around small solid particles or their
aggregates (granules), or around the liquid droplets of microencapsulated agent. The main
goals of the microencapsulation are the reversible isolation of the biologically active content,
its targeted delivery and controlled release. Thus, the main role of the microcapsules
inclusion in the food products composition is to exclude direct contact of biologically active
food components with the main composition, that is, with an aggressive environment for
biologically active substances. Various high-molecular compounds are used as a building
material for the shells of microcapsules. As part of a microcapsule, it is called a membrane,
shell, carrier material, wall material, external phase, or matrix. The shell of the microcapsule
separating the biologically active substance from the corrosive environment of the food
product should be stable in the composition of the food product, but easily release its
biologically active content when it enters the human gastrointestinal tract [6].
High-tech solutions as microencapsulation: why a food manufacturing is an exception?
Over the 70 years passed since the introduction of the term of “microencapsulation”
into scientific circulation. Thousands of research papers with excellent experimental results,
many thematic reviews and books have emphasized the potential of this method for creating
functional food products [7 - 10]. However, a much larger number of works and patents are
devoted to the microencapsulation of drugs, cosmetic components, and even ingredients that
improve the functional properties of forages.
Why the microencapsulation, a smart technology for the engineering of products with
desired properties, finds its place with great difficulty in modern food technology? There are
enough reasons for this “paradox”:

The principle “The benefits of medicines outweigh the risks of treatment” opens the
way for the use of a wide variety of modified or synthetic materials in the manufacture of
medicines, inclussive using microencapsulation [11]. This trend is indirectly reflected in many
experimental studies and analytical reviews [12 - 14]. However, this principle is completely
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inapplicable to food products of daily consumption, which should be tasty and absolutely
safe without any amendments, involved by the probability theory;

At the legislative and consumers level, there are much higher quality and safety
requirements for food than for cosmetic products and, of course, for animal feed. At the same
time, there are practically no “aesthetic” requirements for the appearance, texture and taste
of veterinary drugs and feeds [15];

Also, there are less restrictions on the addition of synthetic polymers, crosslinking or
surface-active agents, good for the production of microcapsules for cosmetics, veterinary
medicine and in animal nutrition. Majority of these chemical agents cannot be used in food
manufacturing;

A significant increase in the price of the final product caused by microencapsulation
will hardly be hardly accepted by the food industry with high risks and relatively low incomes,
also will be hardly tolerated by the mass consumers [7];

Food industry is generally characterized by high inertia of the and its adherence to
traditions, which is supported by consumer mistrust not only for new food products, but to
manufacturers and new technologies [16].
The combination of all mentioned factors leads to the fact that microencapsulation of
functional food ingredients is perhaps the area of microencapsulation, which is most difficult
for development (Figure 1).

Range in 5-point scale
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poeltry feeds

Veterinary
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Design and aspect requerements
Technologie's tradition loyalty
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Limitations for cover materials
Necessity of low costs

Figure 1. The uphill road: why is so difficult
to incorporate microencapsulation into food technology?
Expectations regarding the MCs properties and benefits of are quite high and ambitious:

•
They must immobilize the active substance during technological processes of food
manufacturing by changing its state of aggregation, for example, converting liquids into a
solid free-flowing form.
•
They must prevent the degradation of biologically active substances as a result of
interaction with the active components of the food product and oxygen, increase their
stability during processing and in the final food product.
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•
They should improve the safety of production, reduce odor and reduce the loss of
volatile substances, flavors, mixtures containing volatile components.
•
They should create the desired visual and texture effects, but not to create unwanted
ones;
•
Should regulate the properties of active ingredients: particle size, fat solubility or water
solubility, mask their undesirable taste; change color;
•
Should provide controlled release of the contents under specified conditions, including
by regulating the permeability of the shell.
From the requirements and features, mentioned above, the super-goal of
microencapsulation of food functional ingredients becomes clear:
Encapsulated food ingredients must not to add significantly values to the food costs - this
way is not expected by consumers. The technologies used must ensure compliance with the
requirements regarding the functional properties and food safety of microcapsules, their
assimilation by the human organism, while not impairing the sensorial properties (taste, aspect
and odour) of the product.
This overarching super-task is difficult to solve because its parts contradict each other.
It is possible to create a science-intensive high-tech product only with resorting to a
multilateral and multidisciplinary systematic approach. The solution of the
microencapsulation tasks which are associated with the prevention of biologically active
compounds degradation in food can be achieved through a targeted combination of scientific
researches with ingeniously engineering innovations. But some of the ways which at first
seems like breakthrough solutions are doomed to failure, because of “unfortunate”
combination of different factors, given below.
Structure and functional properties of microcapsules
In function of particles diameter, the nano-capsules (1μm > d < 1000nm) and
microcapsules (1…1000μm) are mentioned in majority of references. Some of them, however,
indicate that the size of microcapsules can reach up to 3-8 millimeters in diameter [17 - 19].
It should be emphasized that if the capsules are larger than 1 mm (1000μm), they can
no longer be considered “micro”, even if they are obtained by microencapsulation methods.
And it's not just because of the non-corresponding to formal size: the dimensions of capsules
larger than 1mm are not “negligible” in any way, significantly affecting the texture and
sensory perception of any food product.
There are two main types of microcapsules: reservoir-type, R, and matrix-type, M.
Reservoir-type microcapsules contain an external cover, surrounding the entire encapsulated
content, in different sources named as “shell”, “wall” or “membrane”. Capsules of this type are
also called “single-core”, “mono-core” or “core-wall”. The external cover of such
microcapsules can be destroyed by the application of external physical, mechanical, or
chemical action, leading to the release of the contents.
In the matrix type microcapsules, microencapsulated content is distributed over the
carrier material, in the form of small particles or droplets, and represent discontinuous phase
- suspension or emulsion of active compound in the carrier material. In the case of matrix
type MCs and in the contrast to MCs of the reservoir type, the encapsulated active compound
can be present on the surface of microcapsules if they do not have an additional “reservoir”
coating.
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Table 1
The main types of nano- and microcapsules
Particles

Type

Definition

Scheme Refer.

R

Particles containing solid cores are covered with
other solid materials with protective properties

12,13,
20,21

R

Spherical particles containing a liquid core and a
solid or gel-like elastic cover

23,23

Multicore
microcapsules

M

Liquid droplets are distributed in a polymer
matrix representing three-dimensional baffles
net

24,25

Porous and gellike matrix

M

Porous solid particles or gels, fulfilled with
active compounds

Biopolymer-based
Micro- and
nanoparticles
Micro- and
nanocapsules

26

Lipid- and Surfactant-based nano- and microparticles*
Liposomes

M

Single-layer or multilayer phospholipid
membranes with hydrophilic content

13,27

Phytosomes

R

Active compounds are chemically bonded with
polar phospholipid parts, covered with non-polar

28,29

Niosomes

R

Particles with hydrophilic core, covered with
non-ionic surfactants and lipids

Colloidosomes

R

Particles formed by hydrophilic core and by shell
from solid nanoparticles (colloidal shell)

30
31,32

A very detailed graphical analysis of the different types of lipid-based particles
construction can be found in a recently published reviews [12, 13, 33]. Mixed type, reservoirmatrix, RM microparticles also exist; for example, polynuclear matrices, additionally wrapped
in a continuous shell [24]. Such group as “multiwall microcapsules” are also mentioned [25].
Conventionally, in this group it should be attributed liposomes and phytosomes, and
“classical” MCs, with the shells obtained from charged biopolymers using Layer-by-Layer
(Table 2). Sometimes dendrimers and micelles are mentioned as a nano-particles [13]. But
these de facto high-molecular structures don’t contain any clear boundary between two
phases. Therefore, such monophasic colloidal formations are not be considered nanocapsules in unambiguous mode.
Common encapsulation methods
Microencapsulation of biologically active compounds in order to protect their biological
activity is possibly using various technological solutions, more or less universal for various
industries (Table 2). Emulsification is not strictly an independent method of
microencapsulation. However, obtaining a stable BAC emulsion is the most important stage
in preparation for Layer-by-Layer, (Simple) Coacervation or Complex Coacervation, both
assisted or not by cross-linking.
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Table 2
Microcapsule structure formation: basic methods
Briefly describing of nano- and microencapsulation method

Graph

Refer.

Spray Drying (SD). A mixture containing BAS, biopolymers and
surfactants is spraying in a hot chamber. A thin film is formed on
the droplets surface because of evaporation of solvent.

17,
34 - 36

Fluidized Bed Coating (FB). The finely dispersed solid covered with
a film former by spraying, is “liquefied” with a stream of air.
Surface film formation occurs as a result of solvent evaporation.

37, 38

Emulsification (EM). Relatively stable emulsions are obtained
using high-speed homogenizers and surfactants. To obtain
monodisperse emulsions, their fractionation is necessary, which is
not easy.

26,
39 - 43

Extrusion (EX). A continuous process in which molten components
are dosed by pushing through an extrusion die, after which the
mixture solidifies, sometimes the product is portioned after
solidification.

44, 45

Spray Cooling (SC). Liquid systems containing thermic unstable
BAS or cell cultures are sprayed by injector in a chilled chamber,
which leads to their solidification in the form of small particles.

24,
36, 46

Freeze-Drying (FD) = Lyophilization, Sublimation. Removal of
water by freezing and sublimation to obtain a highly porous
dispersed structure. Large amounts of cryoprotectants sometimes
required.

18, 47

Layer-by-Layer (LL). Sequentially covering of emulsion drops or
solid particles by several layers of oppositely charged
polyelectrolytes: pectins and polyuronic acid salts, (-); proteins,
chitosan (+), etc.

20, 48

(Simple) Coacervation (C). Spontaneous or induced condensation
of a biopolymer or several biopolymers from a solution as a new
solid phase on the surfaces of incapsulated material droplets.

49

Complex Coacervation (CC) – formation of a two-phase shell by
electrostatic forces, H-bonds or cross-linking between two
different polymers, rather induced in stringent conditions, than
spontaneous

41, 50,
51

Complex coacervation should not be confused with the layer-by-layer method: in CC
two thick layers, presenting different phases are formed, but in LL – several pairs (3 - 7) of
thin layers, but which form only one common phase. It's also not Layer-by-Layer, when one
or both phases in Complex Coacervation, are formed by oppositely charged polyelectrolytes
[49, 52]. Finally, it is no coacervation, if shell is formed from different initially solid materials
[53].
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Some methods, as electro-spray assisted extrusion [54, 55], represent a way to control
microcapsules’ size and to obtain monodisperse samples, but application of such method in
food-industrial scale should be very expensive.
Common edible biopolymeric materials for mc membranes (walls, shells) construction
The shells of microcapsules used in the food industry must be edible and safe for
humans. The shell material and other accompanying components of microcapsules should
not disintegrate with the formation of harmful metabolites. They should create a barrier
between the active content of microcapsules and an aggressive external environment, thus
preventing premature degradation of biologically active substances and the formation of
derivates without functional value. Ideally, the membranes themselves can have their own
biological activity [56, 57].
These sometimes-conflicting requirements significantly reduce the variety of materials
that can be used to obtain edible microcapsule shells. In order to form microcapsules, cover
materials based on various natural and modified biopolymers are used (Table 3).
Table 3
Edible natural biopolymers as covering materials for microencapsulation
Biopolimer
Polysaccharides
Dextran
Dextrin2
Cyclodextrin3,4
Arabic gum
Xanthan gum
Chitosan
Mucilage
Alginates
Carrageenan
Proteins
Gelatin

Code

Natural source

BP Peculiarities

Glucose, Lactobacillus
branched
E1400 Starch (potato, corn, rise)
short-chain
E459 Starch (potato, corn, rise) cyclic with 4-10 rings
contain
E414 Several species of Acacia
glycoproteins
branched
E415 Xanthomonas Campestris3
polyglucans
6
Chitin (Crustacea, Fungi) polycation at pH < 7
2D, very wetSalvia Hispanica; Linum7
retaining
E401
Laminaria Japonica
Polyanion at pH > 5
Rhodophyta
Polyanion at pH > 3
E441 Livestock’s and fish skin

3
4

Thermically hydrolysis, or enzymatically
Enzymatic conversion of glucose
Not in the list of starches, being one of them
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5
6
7

14,58-60
61
62
35,63,64
52,65,665
43,50,67
65,68
22,53,69
59,70

Triple-helix
23,41,50
amphoion
Caseinates, globulins
36,71
Globulin
72

Lactoproteins
Milk; whey powder
Legume protein
Glucine Max
Modified Polysaccharides
Hypromellose
E464 linear, esterified with 1-metilpropane-1,2-diol
esterified by octenyl succinate, 2D, 3DOSA Starches
E1450
structured
2

References

38,61
73,74

Diacylated
Chemical treatment
Our preliminary results
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It should be noted that although dextrin (E1400) and cyclodextrin (E459) are modified
starch derivatives, in Table 3 they are classified as natural, since they can be obtained from
starch by hydrolysis or microbiological method [75, 76].
Exotically biopolymers, also common proteins and carbohydrates, actively interact with
biologically active compounds [72]. Therefore, the kinetic incompatibility of the
microencapsulated ingredient with the microcapsule shell is not at all excluded. Such
incompatibility should not appear either immediately or during the microcapsules use in the
foods. Incompatibility may be expressed either by the interaction with the shell content, or
by gradual unwanted diffusion of the ingredient from the shell. Another possible reason for
incompatibility may be the diffusion of destructive agents, for example, oxygen or catalytic
enzymes, through the shell into the inner cavity of the microcapsule.
Table 4
Application areas for microencapsulated food ingredients

Class: Examples

Methods

Minerals: 𝐶𝐶𝐶𝐶2+ , 𝑀𝑀𝑀𝑀2+ , 𝐹𝐹𝐹𝐹 2+
SD, FB
𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑜𝑜𝑜𝑜 𝐹𝐹𝐹𝐹 3+ , 𝑍𝑍𝑍𝑍2+

Acidity Regulators / Agents:
SD, FB
Weak acids and bases
Aroma: Oils, oil extracts,
aromatic resins.

EX, SD

Sweet Taste Agents: Natural
FB, SD
sugars, artificial sweeteners
Food Dyes: Carotenoids,
anthocyanins

СС, EX

Expected microencapsulation results

Ref.

Isolation of bio-metals (or minerals) in
order to reduce vitamins’ degradation

77,78

Delivery to the intestine, bypassing the
receptors in the oral cavity (taste masking)

79

Solid powders which are activated during
cooking or in the mouth cavity

19,58,
62

Reducing hygroscopicity, improving
distribution, prolonging taste

80,81

Dosage, uniform distribution, protection
over oxidation during storage.

10,67

Lipids: PUFA 𝜔𝜔3 -𝜔𝜔6 , fish oil, SD, EM,
Prevention of redox destruction during
8
phospholipids, lecithin
LE
storage, undesirable taste masking (fish oil)

40-42,
82

Vitamines: liposoluble A, D,
E, hydrosoluble (B, C...)

LE,

Control of release time, exclusion of
contact with the food matrix

71,72

Polyphenols

SD, LL

Prevention of redox destruction during
storage, undesirable taste masking

30,58,
59,83

Antibodies, Enzymes
lgY, amilase

CC, LL

Stabilization in food matrix, targeted
delivery to the intestine, release control

76,84

Microorganisms and cells
Bacteria, Fungi, Cyanophyta

C, SA9

8

9

Isolation from food environment, targeted 33,46,60,67
delivery, controlled release
,78

Liposome Entrapment – a promising nanoencapsulation method, based on the formation of liposomes
(phospholipidic spheres) and the capture of polar and non-polar substances by them
Self-assembly - a group of methods, characterized by relatively low enthalpy and entropy of MCs production

Contradictory influence of the sample’s geometry on mcs properties and stability
The process of microencapsulation of liquid oils can be defined as the coating of an
O/W emulsion droplets with a layer or several layers of a shell-forming material. It is generally
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known that the aggregate stability of colloidal systems increases with a decrease of particle
size. However, no less important for the stability of the colloidal system is its polydispersity,
that is, the profile characterizing the presence of particles of different diameters.
Microcapsules obtained from emulsions by any of the known methods will inherit the
emulsions polydispersity.
The effect of polydispersity on the rheological properties of emulsions and,
respectively, microcapsules, is ambiguous and contradictory, and, moreover, is closely related
to the values of many other factors, one of which is the concentration of particles of the
dispersed phase. The most chaotic and unpredictable seems to be a polydisperse emulsions,
those that are formed during direct dispersion. Monodisperse emulsions and suspensions of
microcapsules should have much lower entropy. At the same time, the geometry of a
concentrated monodisperse system resembles a foam, and the process of adhesion of
microcapsules, in turn, should repeat the mechanism of foam destruction [85]. Finally,
concentrated mono- and bi-dispersed emulsions are most prone to coalescence (Figure 5).
A
C

3
B

1
2
Figure 5. Effect of dispersion on the characteristics of emulsions and microcapsules:
A – diluted polydisperse emulsion; B – concentrate bi disperse emulsion;
C – concentrate monodisperse emulsion. Arrows show growth of the: 1 – density;
2 – structural organisation (negentropy); 3 – anti-coalescence stability.
How to form stable mcs shell?
The formation and strengthening of the shell around the microencapsulated substance
occurs according to the thermomechanical, physicochemical and mixed mechanisms.
Strengthening of the microcapsule shell is achieved in various ways:
Shell thickness increasing is not possible anytime, but if it is possible, leads to an
overconsumption of the encapsulating agent or requires an increase in the number of
microencapsulation cycles in the case of the LL process.
Increasing the MC-shell strength by removing of water excess from it. Coacervate shells of
lipid-containing microcapsules can be viewed as a water-based gel that forms on the surface
of a lipid droplet [31]. Various compounds can lead to syneresis of the coacervate layer.
Necessity of a desiccant use to strengthen coacervate shells is fraught with the fact that the
desiccant will perform its function only as long as it is part of the shell itself. Most widely
used desiccant sodium sulfate - allowed food additive (E514), which has its own bitter taste.
To achieve the edibility of the coacervate casing (and of MC as a whole), the desiccant
must be partially or completely removed. Relative rarely used (due to information from
accessible sources) dialysis and electrodialysis can serve as one of the promising methods of
removing a desiccant excess from the microcapsules [86]. Though, any attempts to
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completely remove the desiccant from pure-Gelatin simple coacervation shells lead to shells
destabilization and release of active content [69].
Cross-linking. Cross-linking is the strengthening of MCs polymeric membranes at the
molecular level by means of bi- or polyfunctional agents. There are physical (ionic) and
chemical cross-linking. Ionic cross-linking involves the interaction of polymer ions with
oppositively-charged polyions. The allowed food additives tripolyphosphates (E451) and
citrates (E331) can be used as polyanions. Such a mechanism may seem similar to Layer-byLayer, but this is not entirely true. In the LL technique, several oppositely charged layers of
biopolymers or more or less the same thickness are successively applied [20]. The crosslinking technique involves a one-time creation of a consistent shell, which is then exposed
to a binding agent. Effective results can be achieved by a combination of ionic cross-linking
and the addition of agents that promote the formation of intermolecular hydrogen bonds
[57]. Chemical cross-linking involves the covalent binding of linear biopolymer molecules
and the formation of a three-dimensional net structure. For proteins, in particular, gelatin,
this method is the binding of glutamine and lysine by amide “bridges” under the action of the
enzyme trans-glutaminase [40]. Various types of cross-linking, i.e. ionic and covalent, if they
are used separately, all other conditions being equal in similar systems, do not significantly
affect the shell thickness and the microcapsules size. However, in the case of a combination
of ionic and chemical crosslinking, microcapsules may become more unstable in presence of
an excess of ionic crosslinking agent, for example, Na-TPP [87].

Figure 6. Influence of different Factors to MC stability: Left: Reduction of membrane
thickness by influence of sodium sulphate – [69]; Right: Influence of wall material
(Gelatin: Gum Arabic) relationship and quantity - recalculated from data, published in [63].
The influence of various factors on the stability of microcapsules and the efficiency of
microencapsulation does not always correspond to “natural” expectations. For example, we
have found that only certain average concentrations of sodium sulfate lead to the formation
of stable gelatinous alginate shells around the walnut oil droplets [69]. Detailed studies of
the gelatin: gum arabic system in microencapsulation of olive oil show that an increase in
the amount of wall material does not always lead to an increase in the efficiency of
microencapsulation [63]. In other words, for a microcapsule containing liquid oil, both a thin
and too thick shell are harmful. Even double reduction of tension on the Oil/Water interface
in the emulsions formed in the biopolymer solutions [88], is able to maintain on surface only
a thin monomolecular biopolymeric layer; a thick layer, possible, is destroyed by gravitational
stratification [85].
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On the thermodynamics and efficiency of the microencapsulation process
Direct energy consumption for food production is 4 - 7 MJ/kg, and for some products it
reaches 10-17 MJ/kg [89]. Therefore, according to actual trends, in the manufacturing of any
new food products, energy consumption should not increase significantly in comparison with
traditional processes [90]. Spray Drying, SD, and Fluid Beds, FB, require elevated
temperatures; Freeze Drying, FD, and Spray Cooling, SC, on the other hand, require cooling
energy. Another energy-consuming vector is a large number of stages of the process, which
will lead to an increase systems negentropy, that is, to increase a work, time and energy spent
on the MCs production.

Figure 7. Thermodynamic, hence, energetic and economic restrictions for obtaining of
edible microcapsules. BAC-friendly, relative energetic low methods, are dotted.
As is shown in the Figure 4, extrusion refers to the category of low energy
microencapsulation methods. But then another problem arises. It is easy to extrude large
capsules, which is done industrially very successfully. The reducing the linear dimensions
(cm, mm) to microns (μm) practically does not reduce the time, required for the production of
one unit. Thus, the production by extrusion of 1cm3 of microcapsules with a diameter of 100
microns will require… nothing at all, 1909859, ≈ 2∙106 time longer, than the production of
single big pharmaceutical capsule with a volume of 1cm3. Recently, very significant advances
have been made in the development of technologies for obtaining monodisperse emulsions
and microcapsules based on them [91]. One-piece matrix, containing up to 1000 dispensing
nozzles, can be produced by 3D printing techniques. But nevertheless, even such truly
revolutionary solutions are still laboratory, but not industrial. In order to obtain 2000000
microcapsules per unit of time (with a total volume of only 1 cm3), you will need to have 2000
such matrices with 1000 nozzles each…
Thus, from all existing microencapsulation methods, it seems that only liposomal
entrapment (LE) and both types of coacervation: simple (C), and complex (CC), are realistically
suitable for use in the manufacturing of relative available food-grade microcapsules.
Controlled release of biologically active compounds: how not to open the mc-shells
at the wrong time and place, but to open it in the correct ones?
As was already noted, the food industry is strictly limited in the use of related
materials, due to which developments in microencapsulation in the production of innovative
drugs are ahead of those in the food manufacturing field. For example, methods of nanocapsulation of chemotherapeutic drugs in elastin-like membranes are being developed, the
opening of which is activated by components built into the membrane; encapsulated content
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release take place predominantly by cancer cells [92]. However, the engineering of
microcapsules at a similar level is quite possible for functional food products, when, for
example, the active substance is released only under the combined action of factors (pH,
temperature and enzymes) corresponding to the conditions of the human intestine and even
its specific zones [55, 93, 94]. Another interesting example of MC engineering is the
technology of cheese production, in which a controlled release of microencapsulated bixin
occurs in a ripening product due to the sequential action of proteases and lipases on
microcapsules containing this food coloring [10].
Mathematical modelling of microcapsules properties
If microcapsules were obtained by simple or complex coacervation only from edible
compounds, is not always possible, and most importantly, is always not rationally to isolate
them from the supernatant and to obtain they in solid state. Isolation from the supernatant
involves additional filtration, energy-intensive spray drying or sublimation steps. Also, the
attempts to isolate edible microcapsules in dry form fails, because is impossible to avoid their
sintering [23]. These microcapsules (especially, those obtained by simple coacervation) are
relatively stable as long as they stay in their own supernatant environment. This limits the
possibilities for the direct instrumental determinations of some food microcapsules
parameters. For the numerical estimation of microencapsulation parameters, it is reasonable
to resort to a combination of possible direct measurements and indirect evaluative methods.
Microencapsulation yield, also called recovery [51], is the practical percentage of
𝑝𝑝
obtained microcapsules (𝑚𝑚𝑀𝑀𝑀𝑀 ), formed from the total initial mass of microencapsulated core
0
0
material (𝑚𝑚𝑐𝑐.𝑚𝑚.
), and of initial mass of shell materials used (𝑚𝑚𝑠𝑠.𝑚𝑚.
):
𝑌𝑌𝑀𝑀𝑀𝑀

𝑝𝑝

𝑚𝑚
= 𝑖𝑖𝑖𝑖. 𝑀𝑀𝑀𝑀 𝑖𝑖𝑖𝑖. ∙ 100%
𝑚𝑚𝑠𝑠.𝑚𝑚. + 𝑚𝑚𝑐𝑐.𝑚𝑚.

Microencapsulation efficiency, EMC [83], also named Loading Capacity, LC [52], is the
𝑝𝑝
percent ratio of the practically microencapsulated core material (𝑚𝑚𝑐𝑐.𝑚𝑚. ) vs initial mass of
active core material (biologically active compounds) introduced into microencapsulation
process:
𝐸𝐸𝑀𝑀𝑀𝑀 = 𝐿𝐿𝐿𝐿 =

𝑝𝑝

𝑚𝑚𝑐𝑐.𝑚𝑚.
∙ 100%
𝑖𝑖𝑖𝑖.
𝑚𝑚𝑐𝑐.𝑚𝑚.

Core material volumetric fraction [93], 𝜑𝜑𝑐𝑐.𝑚𝑚. , in the microcapsules of radius r (diameter
d) with a known thickness h, may be calculated by the equation:
𝜑𝜑𝑐𝑐.𝑚𝑚. =

0
𝑉𝑉𝑐𝑐.𝑚𝑚.
(𝑟𝑟 − ℎ)3 (𝑑𝑑 − 2ℎ)3
=
=
0
𝑟𝑟 3
𝑑𝑑3
𝑉𝑉𝑀𝑀𝑀𝑀

Distribution width (Span). The distribution width can be estimated as:
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =

𝐷𝐷90% − 𝐷𝐷10%
𝐷𝐷50%

in which Di% is diameter, below which i% of sample is contained [6, 95].
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Polydispersity characterizes the size distribution of microcapsules in much more detail
than the distribution width. In a test sample containing microcapsules with a total volume
∑ 𝑉𝑉, polydispersity can be expressed by a distribution curve, in which the volumetric fraction
of microcapsules, 𝜑𝜑𝑖𝑖 is a function of their radius 𝑟𝑟𝑖𝑖 [22]
𝜑𝜑𝑟𝑟𝑖𝑖 =

𝑉𝑉𝑟𝑟𝑖𝑖
∑ 𝑉𝑉

Experimental values of radius or diameter can be obtained by counting of representative
samples consisting of not less than 100-150 microcapsules in magnified microscopic images
[22, 88].

Volumetric fraction, φ
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Figure 8. Transformation of MC image into “normal distribution”.
On the effect of microcapsules on foods sensory perception
Appearance and consistency of food systems are of great importance to the consumer.
Therefore it is important that the microcapsules be distributed evenly throughout the food
product without forming a separate phase. One of the factors of such a uniform distribution
is the equal density of microcapsules and the food environment in which they are located,
𝜌𝜌𝑀𝑀𝑀𝑀 = 𝜌𝜌𝑒𝑒𝑒𝑒𝑒𝑒 .
𝑽𝑽𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 𝒎𝒎𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 ∙ 𝝆𝝆𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 𝑹𝑹𝟑𝟑𝑴𝑴𝑴𝑴 − 𝑹𝑹𝟑𝟑𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄
=
=
𝑽𝑽𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 𝒎𝒎𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 ∙ 𝝆𝝆𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔
𝑹𝑹𝟑𝟑𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄

2
3
(𝜌𝜌𝑀𝑀𝑀𝑀 − 𝜌𝜌𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ) ⋅ 𝑅𝑅𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
+ 2𝐿𝐿(𝜌𝜌𝑀𝑀𝑀𝑀 − 𝜌𝜌𝑆𝑆ℎ𝑒𝑒𝑒𝑒𝑒𝑒 ) ⋅ 𝑅𝑅𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
+

+ 2𝐿𝐿2 (𝜌𝜌𝑀𝑀𝑀𝑀 − 𝜌𝜌𝑆𝑆ℎ𝑒𝑒𝑒𝑒𝑒𝑒 ) ⋅ 𝑅𝑅𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + (𝜌𝜌𝑀𝑀𝑀𝑀 − 𝜌𝜌𝑆𝑆ℎ𝑒𝑒𝑒𝑒𝑒𝑒 ) ⋅ 𝐿𝐿3 = 0

(𝝆𝝆𝒆𝒆𝒆𝒆𝒆𝒆 − 𝝆𝝆𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 )𝑹𝑹𝟑𝟑𝒄𝒄𝒄𝒄𝒓𝒓𝒆𝒆 + 𝟐𝟐𝟐𝟐𝑹𝑹𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 𝑹𝑹𝑴𝑴𝑴𝑴 (𝝆𝝆𝒆𝒆𝒆𝒆𝒆𝒆 − 𝝆𝝆𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 ) + (𝝆𝝆𝒆𝒆𝒆𝒆𝒆𝒆 − 𝝆𝝆𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 )𝑳𝑳𝟑𝟑 = 𝟎𝟎

The solution of the last third-order equation using the Cardano algorithm [96] makes
it possible to mathematically calculate the practical values of the MC size at which the
processes of their sedimentation or stratification in model or real systems are minimized.
About the foods, suitable for mcs introduction
The introduction of microcapsules into milk and cream led to their uneven distribution
in the volume of the product, and even to the formation of separate layers and clots consisting
of microcapsules. Dairy products, obtained from fermented milk (fat-reached kefir and sour
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cream), turned out to be friendlier to the microcapsules, introduced into them [97]. The
consistency of kefir and sour cream allowed the microcapsules to be distributed evenly
throughout the volume of these products, at the same time, without changing their sensorial
characteristics. Using various nanoencapsulation techniques, it is possible to obtain a wide
range of food products enriched with encapsulated BACs, including yoghurts, fruit juices, and
some bread and meat products [98].
Recently, it seems, gradually comes the understanding that the success of
microencapsulation of biologically active substances specifically for food products is closely
related to the thermodynamic characteristics of the corresponding methods. It is not
accidentally mentioned, that the coacervation process (also named “phase inversion”) - is
predominantly isothermal [99]. The use of already existing working technological lines,
taking into account the thermodynamics of the innovative processes introduced into them,
allows the creation of innovative food products with low negentropy [100]. A similar approach
should finally bring microencapsulation to the level of mass industrial use.
Conclusion
Microencapsulation technologies, which have proven themselves in the production of
convenient dosage forms, in cosmetology and many other fields, still remain mostly only
“promising” for the food industry.
Scientific and technological still require a solution for number of challenges. The
kinetic instability and solubility of natural biopolymer casings in food environments limits
the scope of application of microcapsules in food products. The search for new edible
compositions based on natural polymers and fibers for stable microcapsule shells should be
continued. Ideally, all accompanying ingredients should have a status “quantum satis” for use
in food manufacturing.
The possibilities of BAC microencapsulation will always be limited by the temperature
regimes acceptable for working with biologically active compounds and with useful
microflora, because these are often existing in a narrow temperature range. An increase in
the cost of a product during the modernization of its production technology is most sensitive
for the consumer. The multistage process of microencapsulation, the practical impossibility
of making it continuous, and therefore additional costs, reduce the possibilities of application
of known technological solutions for the MCs production for foods. Serious questions are also
raised by the possibility of sterilization of microcapsules and their long-term storage as such,
as a separate product.
It has been shown by using thermodynamic functions, that such methods of MC
production as simple coacervation, complex coacervation and liposomal entrapment are
thermodynamically reasonable for BACs nano- and microencapsulation.
The implementation of these three basic methods is a big challenge for equipment
developers: these three methods still exist in the form of laboratory solutions, and their
elegant embodiment in the form of working industrial technology has not been realized yet.
Food-grade microcapsules should release biologically active compounds or beneficial
microflora only in the desired sector of the digestive tract, that is, the release should not
occur in the composition of food, but should be activated only by certain digestive enzymes.
The real ways of using microcapsules in food technologies are associated with the
direct integration of the microencapsulation process into the technological cycle of the
production of specific food products. Moreover, these products should initially have a texture
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and consistency that allow microcapsules to be aggregation resistant, not to exfoliate or
break down prematurely, while maintaining their functions of protection and targeted
delivery of biologically active compounds. Such products should be highly viscous colloidal
systems. Thereby, the traditional fermented milk products and yoghurts, ice cream and juices
with pulp, curd and cheese, are mostly suitable for supplementation of them by BAC using
microencapsulation.
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Abstract. The yogurt was obtained from a combination of 50% goat's milk and 50% cow's
milk with the inclusion of scald fruits of aronia (Aronia melanocarpa), raspberries (Rubus
idaeus), strawberry (Fragaria xanassa). Physico-chemical and microbiological indices were
determined, according to standard methods, after manufacture and storage, after 1, 5, 10, 15
days. Compared to other samples, yogurt with aronia showed the best values of the dynamics
specific to the development of microorganisms: 2.93.107 cfu/ml; the growth rate of lactic acid
bacteria at fermentation 0.95 μ; physico-chemical indices: titratable acidity 85 ± 0.078⁰T, pH
4.28 ± 0.002, water activity 0.875 ± 0.025; total dry matter 18.45 ± 0.31%, viscosity 2500 ±
0.023 mPa s, ash content 0.89 ± 0.10% and the optical density 2.531 ± 0.054 nm. Yeasts and
molds were not detected in any of the samples. From a physico-chemical point of view, in
storage, in all fruit yogurt samples the titratable acidity showed increasing values, pH
remaining in the range of permissible values. In storage fruits formed an association to
control the microbiological risk and stability of yogurt. Fruit yogurt shows a synergism with
Streptococcus thermophilus, Lactobacillus delbrueckii subsp. bulgaricus, Lactococcus lactis subsp
lactis biovar diacetilactis. The overall Pearson coefficient (Pc = f(pH and MC) for all fruit yogurt
samples is -0.95066.
Keywords: fermentation, growth curve, lactic acid, lactic acid bacteria, metabolic process, microbial
counts (MC), starter culture, synergism.
Introduction
Nutritionists call yogurt a food product that has a high nutritional value, especially due
to its low lactose content and high calcium content, as well as positive bioactive effects, due
to prebiotic ingredients and probiotic bacteria contained [1].
Yogurt is obtained by lactic acid fermentation of milk under the action of lactic acid
bacteria, which has a significant impact on health because in the fermentation process
bioactive peptides are released [2].
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Consumption of yogurt reduces blood cholesterol levels [3], has an antihypertensive
and protective effect on the bone system [4]. The balance of lactic acid bacteria contained in
yogurt are important in maintaining intestinal health and could help protect against cancer
and coronary heart disease [5]. Yogurt has higher antioxidant properties compared to milk,
by releasing biopeptides that monitor the hydrolysis of α-casein, α-lactalbumin and βlactoglobulin [6].
The fermentation process helps to break down large organic molecules into simpler
ones by the action of microorganisms [7, 8] and obtaining a safer yogurt [9, 10]. The activity
of microorganisms plays a significant role in fermentation, showing changes in
physicochemical properties [11]. Fermenting microorganisms are the main factors influencing
the quality of yogurt [12]. Lactic bacteria are the dominant microbiota, responsible for the
beneficial effects of yogurt [13, 14].
In order to extend the shelf life of yoghurt [15] and to give it a more pleasant taste
[16], various stabilizers, preservatives and synthetic flavors are added to its composition,
which often affect human health and inhibit the nutritional properties of yoghurt [17]. The
use of berries (aronia, raspberry and strawberry) could be a healthy alternative to replacing
synthetic products as preservatives. At the same time, the chemical composition of the fruits
[18, 19, 20] has a direct impact on the quality of the yogurt-finished product [21, 22].
Current research has been made in search of a bactericidal substance and the lactic
acid production for a potential bio-preservative. The proteins present in milk act as
antimicrobial peptides precursors, improving the natural defense capacity by eliminating
pathogenic microorganisms. The study demonstrates the possibility of using berries in yogurt
as natural preservatives, as they can inhibit the growth of pathogenic bacteria by using
biologically active substances as components for decomposition and oxidation reactions.
The aim of the research is to evaluate the physico-chemical and microbiological
characteristics of goat's and cow's milk yogurt with berries. In order to achieve the goal, the
following objectives were proposed:
1. Research on the physico-chemical indices of yogurt with selected cultures of Lactobacillus
lactis and Streptococcus thermophilus during fermentation and during its storage.
2. Study of the scald berries addition influence on the quality of the fermentation process and
the samples storage time investigated by microbiological aspects.
Materials and methods
Materials
Preparation of fruits pulp
The fruit puree was obtained according to the following manufacture stages: sorting by
removing non-conforming fruits and inedible parts, washing by removing all impurities,
drying, cutting, heating the pulp of hard fruits, and passing through a sieve to remove inedible
parts, mixing until a homogeneous mass, heating at 95-98°C for 5 minutes, immediately
pouring the fruit puree into sterile containers, cooling the packaged product, storing.
Preparation of fruit yogurt
To prepare fermented yogurt the goat and cow milk sample was received from the local
farm. Before fermentation, the goat's milk was pasteurized at 85°C for 10 minutes and cow´s
milk was pasteurized at 95°C for 15 minutes after which it was cooled to the inoculation
temperature 42 °C. For the yogurt manufacture the Lyofast YAB 205 starter culture was used
for inoculation. Inoculation was done by direct inoculation of the culture in the required
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amount of milk calculated depending on the milk volume. The contents were mixed for 5
minutes with sterile blender for better dispersion of the culture in the medium. In the
inoculated milk mixture, the fruit puree was added, then transferred to the fermentation
chamber for 6 hours. The end of the coagulation process was determined by the pH value and
coagulum firmness. When the fermentation process was completed, all samples were taken
to the refrigerator for storage at a temperature of 4 ± 2 ° C until the next control
measurement.
The yogurt assortment obtained is presented in table 1:
Table 1
Notify the probe
Sample
Sample description
code
P1
50% goat's milk + 50% cow's milk, control sample
P2
45% goat's milk + 45% cow's milk + 10% aronia.
P3
45% goat's milk + 45% cow's milk + 10% raspberries.
P4
45% goat's milk + 45% cow's milk + 10% strawberry.
Sample
Sample description
code
P1
goat's milk and cow's milk (50%:50%), control sample
P2
goat's milk and cow's milk (45%:45%) + 10% aronia.
P3
goat's milk and cow's milk (45%:45%) + 10% raspberries.
P4
goat's milk and cow's milk (45%:45%) + 10% strawberry.
Method
Physico-chemical methods
Titratable acidity determination consists in the neutralization of acidic substances in milk
with 0.1 n NaOH (KOH) solution and phenolphthalein as indicator [23]. The calculation
formula is:
Acidity (ºT) = 10·V

(1)

where:V- is the volume of 0.1 N NaOH used in the titration.
Active acidity determination consists in determining the milk pH value using glass electrodes
[23].
Water activity. To determine the activity of the water was used LаbSwift, it is a portable
equipment of high precision, designed by Novаsin to measure the activity of the product.
Novasin combines modern technology, speed and measurement accuracy. With an SD card
for data storage [24].
Total dry matter content. Standard method of oven drying at 102±2°C until a constant mass of
the dry residue is obtained [25].
Viscosity was determined using the "Brookfield DV - III" rheometer, with indicator no. 04, 250
rotations / min, data were read after 30 seconds of rotations [26].
Ash content was determined by the direct heating method (standard method), [27]. The ash
content was calculated according to the formula.
% Ash =
Journal of Engineering Science
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where: X = weight of the empty crucible;
Y = crucible weight + sample;
Z = crucible weight + ash.
Determination of the total protein content. The total protein contents of the were measured
using the Kjeldahl method [28].
Microbiological methods.
Growth rate of lactic acid bacteria The methodology is based on the work of Lambert and
others [29, 30]. The most common way to assess microbial growth in solution is the
measurement of the optical density at 600 nm, or short OD600. The method is described
according [31 - 34].
To monitor the development of bacterial cells in the fermentation medium, a
colorimetric determination is made on a Heidolf spectrophotometer (λ = 600 mm) after prior
dilution with distilled water. For this purpose, 1 ml of homogeneous fermentation medium is
diluted with 9 ml of distilled water, shaken and the extinction is read on a spectrophotometer
in a 1 cm cuvette from the control represented by distilled water. The optical density is
calculated according to the following formula:
(3)

𝐷𝐷𝐷𝐷 = 𝐴𝐴600 × 10,

where: A600 – extinction cited at 600 nm;
10 – sample dilution.
It is noted that during the fermentation process other dilutions may be used,
depending on the growth capacity, in order to be able to perform the measurements [32].
Monitoring of growth. The growth of lactobacilli was studied twice by measuring optical
density (OD) at λ = 600 nm and pH value. The method is described according [35] and the
formula:
𝜇𝜇 =

𝑙𝑙𝑙𝑙 𝑋𝑋−𝑙𝑙𝑙𝑙𝑋𝑋0
𝛥𝛥𝛥𝛥

,

(4)

where: X — optical density in the end of the exponential growth phase,
X0 — optical density in the beginning of the exponential growth phase,
Δt — the time interval between observations
Determination of lactic acid by titration. The amount of lactic acid was calculated depending
on the amount of NaOH used to determine the acidity, taking into account that 1 ml of 0.1 N
NaOH corresponds to 0.009008g lactic acid [36].
Determination of the total number of microorganisms. The method is described
according [37].
Determination of the number of yeasts and molds. AOAC Official Method 2014.05
Enumeration of Yeast and Mold in Food. 2015 AOAC INTERNATIONAL [38].
Determination of lactic acid bacteria using d eManRogosa Sharpe (MRS) agar. The lactic acid
bacteria (LAB) in the yogurt were determined using deMan Rogosa Sharpe (MRS) Agar as
described by Oxoid Manual [32] and the formula:
𝐶𝐶𝑓𝑓𝑓𝑓/𝑚𝑚𝑚𝑚 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 × 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 (𝐷𝐷𝐷𝐷),
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Statistical analysis. The analysis of the variance of the results was performed by applying the
Student test and the version of the Microsoft Office Excel 2010 program. All tests were
performed in triplicate. Experimental results are expressed as mean ± SD.
Results and discussions
The technology of making yogurt, used in research, is based on the addition of the
selected culture, consisting of two lactic acid bacteria: Streptococcus thermophilus and
Lactobacillus bulgaricus in a ratio of 1: 1 [39]. The inoculum was used in the form of a mixed
culture, which has biotechnological properties corresponding to obtaining a quality yogurt.
By using pure culture, a double effect was obtained - technological and hygienic. The
technological effect consists in the fact that by the optimal concentration of specific
microorganisms in milk the desired acidity and curd for yogurt was obtained. The hygienic
effect was manifested by the creation of a favourable microflora dominance over resistant
milk contaminants and in the yogurt manufacturing process contaminants.
The evolution of milk fermentation to obtain fruit yogurt
Milk fermentation is one of the most important phases of the yogurt manufacturing
process that depends on creating the right conditions (temperature, time) for the
development the specific microflora and plays an essential role in the transformation of milk
into yogurt [40]. Lactobacillus bulgaricus has a strong tolerance to oxygen, so the lack of
oxygen or the presence of oxygen in small quantities leads to its slow growth. Streptococcus
thermophilus, being an active lactic acid producer, quickly performs the fermentation process
at the optimum growth temperature (40 - 42°C) [41].
During fermentation, the fruit yogurt samples pH was determined at certain time
periods (initially, 2, 4, 6 hours), in order to follow the evolution of the fermentation process.
The addition influence of aronia, raspberry and strawberry fruits on the yoghurt fermentation
process was evaluated, indicating different pH values depending on the type of fruit added.

pH

P1

P2

P3

P4

6
5,8
5,6
5,4
5,2
5
4,8
4,6
4,4
4,2
4
INITIAL

2

4

6

Figure 1. Fermentation time of yogurt samples, h.
From the data presented in figure 1, a specific dynamics of the microorganisms
development according to the growth curve is observed. At the stopping time of the
fermentation process, the pH value indicates results that the process is finished, the number
of lactic microorganisms is at the peak of development, because they consume lactose as an
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energy source, and as a result the pH value decreases. The results obtained for the yogurt
samples during fermentation varied in each sample, P2 (5.31 ± 0.002 - 4.28 ± 0.003), P3 (5.27
± 0.003 - 4.25 ± 0.001), and P4 (5, 19 ± 0.002 - 4.27 ± 0.003) relative to P1 (5.63 ± 0.003 4.38 ± 0.002).
Due to its complex chemical composition [42], goat's or cow's milk [43] used in the
yogurt manufacture is an excellent environment for the development of many
microorganisms, lactic acid bacteria having favorable conditions. Goat's milk compared to
cow's milk, in addition to a rich nutritional value, has better antimicrobial properties to
pathogenic microorganisms. The antimicrobial properties of goat's milk are exerted by the
lactoperoxidase system, which acts as a magnet for iron ions, thus depriving food pathogenic
bacteria [44].
P1

P2

P3

P4

Microorganisme number,
ufc/ml ·107

3
2,5
2
1,5
1
0,5
0
INITIAL

2

4

6

Figure 2. The growth curve of lactic acid bacteria in yogurt.
During fermentation the number of microorganisms increased exponentially and
reached a maximum number at 6 hours (figure 2). The results obtained for P2 constitute 0.65
· 107 - 2.93 · 107 in relation to the control sample P1-0.20 · 107 - 2.11 · 107, P3 has values of
0.51 · 107 - 2.65 · 107, and P4 values of 0.39 · 107 - 2.99 · 107. These results can be explained
by the fact that the production of hydrogen peroxide by Lactobacillus bulgaricus partially
damaged Streptococcus thermophilus cells and by the symbiotic relationship of Lactobacillus
bulgaricus and Streptococcus thermophilus stimulates the increase in the number of lactic acid
bacteria [45].
Accumulation of lactic acid bacteria in fruit yogurt
The yield of lactic acid production is the main indicator of the starter cultures activity,
which is dependent on the biotechnological properties, but also on the physico-chemical and
biological conditions [46]. The lactic acid accumulation reduces the ionization of the acidic
functions of casein. The caseins average isoelectric point leads to the neutralization of
electric charges, the sequestering power of αs and β caseins against minerals decreases and
the solubilisation of calcium and micellar phosphate takes place [47].
The difference in the lactic acid bacteria growth rate in the researched samples is
probably due to the fact that the addition of berries constitutes an improvement of the
bacterial growth medium. It was found that, in the control sample, the growth rate of lactic
acid bacteria during the fermentation period for 6 h was P1 - 0.83 μ and for P2 - 0.95 μ, P3 0.93 μ, respectively P4 - 0,90 μ.
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Table 2
Accumulation of lactic acid bacteria in fruit yogurt
Fermentation
time /
Evaluated
parameters

P1

P2

P3

P4

Initial (0h)
Lactic acid
quantity,
g.dm-3
Aopt, λ600nm
Lactic acid
quantity,
g.dm-3
Aopt, λ600nm
Growth
monitoring, μ

2.53±0.02

3.36±0.02

2.79±0.03

2.49±0.02

0.084±0.007

0.058±0.005
2h

0.047±0.006

0.092±0.005

14.13±0.03

16.90±0.02

15.12±0.03

14.60±0.01

0.161±0.007

0.215±0.005

0.175±0.003

0.136±0.006

0.21

0.35

0.29

0.30

4h
Lactic acid
quantity,
g.dm-3
Aopt, λ600nm
Growth
monitoring, μ

35.15±0.02

37.56±0.01

36.85±0.02

35.86±0.03

0.450±0.035

0.821±0.031

0.758±0.030

0.652±0.032

0.51

0.78

0.76

0.72

6h
Lactic acid
quantity,
g.dm-3
Aopt, λ600nm
Growth
monitoring, μ

68.18±0.02

81.56±0.03

80.94±0.02

79.64±0.02

0.961±0.025

1.526±0.028

1.428±0.030

1.400±0.026

0.83

0.95

0.93

0.90

This share that lactic acid bacteria growth is due to both: the relevant berries chemical
composition and the pH reduction of the fermentation medium [48, 49].
The Pearson correlation [50] between the pH and the lactic acid bacteria growth in
the fermentation process in the classic yogurt samples and with the berries addition was
calculated.
A high correlation was found - close relationship between variables, inversely
proportional, because the values were obtained negative.
The results are presented in Table 3 and Figure 3.
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Table 3
Pearson correlation between fruit yogurt fermentation parameters
Fermentatio
P1
P2
P3
P4
7
7
7
7
n time, h
MC·10
pH
MC·10
pH
MC·10
pH
MC·10
pH
0 (initial)
0.2
5.63
0.65
5.41
0.51
5.27
0.39
5.19
2
0.9
5.28
1.45
5.05
1.2
4.92
1.2
4.81
4
1.6
4.75
2.15
4.55
2
4.41
1.85
4.41
6
2.31
4.38
2.85
4.27
2.79
4.27
2.79
4.27
Pearson
coefficient
-0.99672
-0.99436
-0.9782
-0.96873
Pc = f(pH and
MC)
General Pearson coefficient for all fruit yogurt samples
-0.95066
7
*Microbial counts (x10 CFU/ml)
3

CUF · 107

2,5

y = -1,8409x + 10,397
R² = 0,9038

2
1,5
1
0,5
0
4

4,2

4,4

4,6

4,8

5

5,2

5,4

5,6

5,8

pH

Figure 3. The interdependence between pH and the lactic acid bacteria number in
fruit yogurt.
Analysis of the fruit yogurt physico-chemical indices.
In this research were studied the fruit yogurt physico-chemical indices. Measuring the
yogurt titratable acidity (⁰T) is a valuable determining practice that must correlate with the
additions introduced [51]. The added scald fruits had a great impact on the acidity values.
Higher values were obtained for P3 - 98 ± 0.082 ⁰T for P4 - 91 ± 0.079 ⁰T and lower acidity
for P2 - 85 ± 0.078 ⁰T, as fruits contain more acid than milk, compared to P1 - 75 ± 0.080 ⁰T
(control sample). After fermentation, the maximum pH value was detected in P2 - 4.28 ±
0.002, this pH may be caused by the buffering action of higher proteins and minerals present
in yogurt. The lower value was obtained for sample P4 - 4.27 ± 0.003 and P3 - 4.25 ± 0.002,
possibly determined by the metabolic activity that persists during refrigeration [52],
responsible for this decrease in yogurt pH values. The pH of sample P1 is 4.30 ± 0.003 which
fits perfectly into the usual pH range of classic yogurt after fermentation (4.0-4.4).
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The amount of water available to microorganisms is characterized by aw. The water
activity (aw) measurement forms the product basis and provides information on the
microorganisms growing possibility or on the product. As the water activity value is between
0.8 - 1, then we have a perishable product with a risk of rapid microorganisms development.
The water activity differs in each sample, respectively showing the following values: P2
(0.875 ± 0.025), P3 (0.873 ± 0.028) and P4 (0.872 ± 0.023) compared to P1 (0.869 ± 0.021).
The results obtained are due to the potential acting as a solvent and participating in chemical
/ biochemical reactions and the microorganisms growth [53].
Table 4
Physico-chemical indices of fruit yogurt
Yogurt Samples
Indices
P1
P2
P3
P4
Titrable acidity, ºT
75±0,080
85±0,078
98±0,082
91±0,079
pH
4.30±0,003
4.28±0,002
4.25±0,002
4.27±0,03
Aw
0.869±0,021
0.875±0,025
0.873±0,028
0.872±0,023
Total dry matter,
17.57±0,22
18.45±0,31
18.28±0,26
18.11±0,28
%
Viscozity, mPa·s
1250±0,027
2500±0,023
1906±0,022
1829±0,026
Ash content, %
0.65±0,12
0.89±0,10
0.79±0,12
0.69±0,10
Protein content, % 3.98±0.052
3.96±0.05
3.94±0.04
3.93±0,04
Total dry matter plays a significant role in developing the desired yogurt consistency.
There were differences in the total solids content of the yogurt samples. The highest value
was recorded in the case of sample P2 (18.45 ± 0.31%). This result indicated that dry matter
increased compared to classic yogurt (17.57 ± 0.22%) with the addition of scald aronia fruit,
and casein was in the isoelectric state in which the activity of water particles decreased, not
affecting the hydrolysis effectiveness [54]. For the sample P3 and P4 were obtained 18.28 ±
0.26% and 18.11 ± 0.28% respectively.
Different technological factors influence the rheological properties of yogurt, such as:
heat treatment of milk, incubation temperature, the type of culture used and the cooling
process. The structure of yogurt gel is a proteins network formed during acid gelation [55].
The gel formation during the yogurt manufacture occurred due to the unstable casein
complex that coagulated easily [56]. The viscosity of all fruit yogurt samples showed
satisfactory values. Sample P2 recorded the highest values 2500 ± 0.023 mPa·s, because it
has a firmer and well-formed curd than the other samples, due to the higher total dry matter
content and the increase of the consistency index, process explained by the ratio of casein
fractions to the ratio of casein: serum protein in raw materials. This confirms that the aronia
addition contributes more to the whey retention in the gel structure and to the stable gel
formation over time as a result of its arrangement in the protein network [57]. As a result of
these findings, sample P3 indicates values of 1906 ± 0.022 mPa·s, sample P4 values of 1829
± 0.026 mPa·s compared to values of sample P1 - 1250 ± 0.027 mPa·s.
Mineral salts have a high nutritional value and have an important influence in the
technological processes where the milk coagulation phases take place. The addition of scald
aronia, raspberry and strawberry has led to an increase in the yoghurt ash content [58]. The
ash content changed in each sample, maximum values were obtained for P2 - 0.89 ± 0.10%
and lower values for P3 - 0.79 ± 0.12%, P4 - 0.69 ± 0, 10% in relation to P1 - 0.65 ± 0.12%.
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Protein [59] plays a key role in the yogurt nutritional and technological value. The
values obtained for the protein content in yogurt samples were slightly influenced by the
addition of scald fruit (Table 3).
Microbiological indices analysis of fruit yogurt
Yogurt production raises a large number of questions for microbiological safety
technologies: how to prevent contamination with microorganisms, what to do with
microorganisms that cannot be eliminated by various processing operations, how to preserve
taste, texture and ensure durability of acceptable validity. In most "problematic" cases these
are yeasts, fungi, heterofermentative lactobacilli [60].
Yeast [61] and mold [62] are agents of yogurt microbial spoilage. They may be present
in yoghurt due to contamination during manufaturing, including added prepared fruit, from
packaging materials. Overall, yogurt should contain 107 cfu / ml of viable bacteria [63].
Table 5

MC, ufc/ml·10
Yeast, ufc/1 g, max
Mold, ufc/1 g, max
7

Microbiological indices of fruit yogurt
P1
P2
P3
2,11± 0.17
2,93± 0.30
2,65± 0.25
Absent
Absent
Absent
Absent
Absent
Absent

P4
2,39± 0.28
Absent
Absent

Previous research [64 - 67], indicates that aronia, raspberry and strawberry have
bactericidal and bacteriostatic effects on pathogenic and conditionally pathogenic
microorganisms such as: Salmonella, L monocytogenes, E. coli, Klebsiella, Bacillus sp. From the
data presented in table 4 it results that the berries form a synergism in the control of the
microbiological risk and the stability of the yogurt in storage.
The results of research [68] showed that the combined use of lactic acid bacteria with
the berries addition had a synergistic effect, as expected, on the risk posed by Bacillus bacteria
in food. Aronia was the most effective natural preservative, from the tested fruits, to prevent
the damage of yogurt from cow’s and goat’s milk by Bacillus.
The effect of storage on the fruit yogurt physico-chemical indices
Titratable acidity
Titratable acidity describes the freshness of the yogurt, especially during storage. Milk
acidification leads to the destruction of the internal structure of casein mycelium due to the
solubilization of k-casein. During storage, due to the upward fermentation process, the
titratable acidity of fruit yogurt increases (figure 4). During the yogurt samples storage, the
following data were recorded (minimum and maximum): 75 ± 0.080 - 82 ± 0.085 ºT for P1, 85
± 0.078 - 92 ± 0.080 ºT for P2, 98 ± 0.082 - 105 ± 0.083 ºT P3 and 91 ± 0.079 - 100 ± 0.081 °
T P4. These results indicate that yogurt is a favorable environment for the lactic acid bacteria
development [69]. The aronia, strawberry and raspberry fruits introduced in yogurt have a
high acidity, thus leading to an increase in titratable acidity compared to the control sample
but maintaining it in the range of permissible values according to [70].
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Figure 4. The evolution of the fruit yogurt
titratable acidity on stored.
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Figure 5. The evolution of the fruit yogurt
pH on stored.

pH
The role of pH monitoring in the yogurt manufacture is crucial. PH measurement is
considered a sensitive tool to detect changes in the yogurt active acidity. Some technological
stages (heat treatment, fermentation, cooling) have a major influence in the finished product
pH values during storage. Refrigeration temperature is responsible for lowering the fruit
yogurt samples pH during storage. Analyzing the results presented in Figure 5, we observe
differences in the pH values of fruit yogurt and the classic one after the first storage day.
Initial pH values in yogurt samples vary, 4.28 ± 0.002 for P2, 4.27 ± 0.003 for P4, 4.25 ± 0.002
for P3 front of 4.30 ± 0.03 at P1. The change in pH during storage showed slightly decreasing
values within 1 day 4.28 ± 0.002 and on day 15 4.22 ± 0.004 in P2, at sample P3 in 1 day the
pH indicates results of 4.25 ± 0.002 and on the 15th day 4.19 ± 0.003, at sample P4 in 1 day
the pH indicates values of 4.27 ± 0.003 and at 15 days 4.20 ± 0.004 compared to sample P1
with values on 1 day 4.30 ± 0.002 and on the 15th day 4.24 ± 0.003. Similar results, decreased
pH values and increased titratable acidity values for yogurt samples during storage were also
obtained by [71, 72, 73].
Lactic acid
In the mixed culture, between the lactic bacteria, cooperation relations are established
that positively influence the growth of the other [74]. The production of lactic acid by
Lactobacillus bulgaricus is stimulated at low concentrations of formic acid produced by
Streptococcus thermophilus in the absence of oxygen and CO2 released by fermentation [75].
Streptococci grow faster and are responsible for acidity while lactobacilli add flavour mainly
due to the formation of acetic aldehyde. Through their activity, lactobacilli that have peptidase
activity produce nitrogen compounds, assimilable for streptococci, which explains the
synergistic relationship between streptococci and lactobacilli in the yogurt manufacture [76].
Optical density (λ, nm) is one of the important physico-chemical methods for
evaluating the microorganism’s growth and development. In the goat's milk nutrient medium
[77] all strains are characterized by higher acidification rate - 4.4-7.7 hours, compared to
cow's milk medium [78] - 4.6-9.3 hours.
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Table 6
Samp
les nr.
P1

P2

P3

P4

Time,
days
1
5
10
15
1
5
10
15
1
5
10
15
1
5
10
15

Indicators of fruit yogurt lactic fermentation
Titrable acidity ,
pH
Lactic acid, g
ºT
75±0.080
78±0.083
80±0.081
82±0.085
85±0.078
87±0.081
88±0.083
92±0.080
98±0.082
100±0.084
102±0.081
105±0.083
91±0.079
94±0.082
97±0.083
100±0.081

4.30±0.002
4.28±0.003
4.26±0.002
4.24±0.003
4.28±0.002
4.26±0.004
4.24±0.003
4.22±0.004
4.25±0.003
4.23±0.002
4.23±0.003
4.21±0.003
4.27±0.003
4.24±0.004
4.22±0.002
4.20±0.004

0.02167±0.025
0.02908±0.026
0.03569±0.023
0.04980±0.027
0.09782±0.027
0.10719±0.025
0.11563±0.031
0.12250±0.028
0.08855±0.028
0.10599±0.025
0.10989±0.028
0.11512±0.026
0.06215±0.028
0.07656±0.029
0.09818±0.025
0.10008±0.026

Optical density,
600 nm
1.146±0.058
1.232±0.055
1.331±0.052
1.466±0.053
2.531±0.054
2.613±0.055
2.873±0.053
2.922±0.056
2.241±0.056
2.519±0.059
2.765±0.057
2.868±0.051
2.162±0.058
2.391±0.053
2.692±0.055
2.754±0.055

According to the data recorded in Table 6, it is observed that the amount of lactic acid
increased during the fruit yogurt storage period. The initial values of lactic acid vary in each
sample. In the case of sample P2 the value obtained is 0.09782 ± 0.027, for sample P3 is
0.08855 ± 0.028, for sample P4 - 0.06215 ± 0.028, compared to sample P1 0.02167 ± 0.025.
The change in lactic acid during the storage period showed slightly decreasing values within
first day of 0.09782 ± 0.027 and on the 15th day of 0.12250 ± 0.028 in P2, for sample P3 in 1
day lactic acid indicates results of 0.08855 ± 0.028 and on the 15th day of 0.11512 ± 0.026,
for sample P4 in 1 day lactic acid indicates values of 0.06215 ± 0.028 and at 15 days of
40.10008 ± 0.026 compared to P1 with values at 1 day of 0.02167 ± 0.025 and on the 15th
day of 0.04980 ± 0.027. As the number of microorganisms increased, yogurt optical density
increased in all samples. For sample P2 the results indicate values increasing at 1 day of
2,531 ± 0.054 nm and to the 15th day of 2.922 ± 0.056 nm, for P3 - 1 day of 2.241 ± 0.056
nm to the 15th of 2.868 ± 0.051 nm, for P4 - 1 day of 2,162 ± 0.058 nm to a15th day of 2,754
± 0.055 nm, compared to P4 -1 day 1,146 ± 0.058 nm to the 15th day of 1,466 ± 0.053 nm.
The rise in titratable acidity and the decline in pH was due to the activity of lactic acid bacteria
to produce energy [79] through the fermentation process and by breaking the substrate into
simpler components. At the same time, the intensive growth of bacteria did not lead to
excessive lactic acid accumulation, favorably influenced the physico-chemical parameters of
yogurt [80].
The effect of storage on the fruit yogurt microbiological quality
In the manufacture of yogurt, it is very important to facilitate the survival of the initial
bacteria [81]. The viability of beneficial bacteria depends on the availability of nutrients, the
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presence of growth promoters and / or inhibitors, sugar concentration, oxygen, incubation
temperature, fermentation time and storage temperature [82].
P1

P2

P3

P4

Microorganisme number,
ufc/ml ·107

4,3
3,8
3,3
2,8
2,3
1,8

1

5

10

15

Time, days

Figure 6. Yogurt lactic bacteria variation in storage.
In a standard environment with fructose or sucrose there is a microorganism’s growth
inhibition in the mixed culture. Moreover, such an inhibition could be partly due to the
osmotic pressure and chemical composition of fruits containing fruit-oligo-saccharide
(FOZ) [83].
The results obtained for the variation of fruit yogurt lactic bacteria are satisfactory
during the storage period of 1 - 15 days at a temperature of 4 ° C and fall within the values
stipulated in the normative documents [84]. During storage the lactic acid bacteria number
increased, the values being between 2.93 · 107 ± 0.30 and 3.51 · 107 ± 0.29 for sample P2,
between 2.65 · 107 ± 0.30 and 3.39 · 107 ± 0.29 for sample P3, between 2.39 · 107 ± 0.30 and
3.17 · 107 ± 0.29 for sample P4 compared to sample P1 2.11 · 107 ± 0.30 and 2.42 · 107 ± 0.29.
Such results suggested that berries have a strong effect by modulating the survival capacity
of lactic acid bacteria, when simple sugars such as fructose and glucose were consumed
almost entirely during fermentation [85], aronia having the greatest barrier role, in which the
loss of lactic acid bacteria was the least reduced.
Conclusion
Based on the experimental study, it was shown that berries have a relevant composition
in biologically active substances, have antimicrobial properties and form a synergism with
starter culture in goat's and cow's milk yogurt with scald berries. The incorporation of aronia
is highlighted by the best results of physico-chemical and microbiological indices in the initial
phase and during storage period, compared to classic yogurt. The average Pearson correlation
(Pc = f(pH and MC)) for the yogurt samples tested was -0.95066.
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Abstract. Three types of monofloral honey (rapeseed honey, buckwheat and lavender) from
the Republic of Moldova were analyzed. The results of the palynological analysis showed
that the samples had a dominant type of pollen (at least 45%). In the case of lavender
honey, the pollen of the plant Lavandula angustifolia is present in an average value of 74.83
± 0.3; in rapeseed honey - Brassica napus and for buckwheat honey -Fagopyrum esculentum
in average values as follows: 56.07 ± 0.3 and 68.08 ± 0.2% respectively. The study of the
content of biologically active substances showed that buckwheat honey is the richest in
polyphenols (9.00 ± 0.11 mg gallic acid / kg) and carotenoids (4.24 ± 0.57 mg βcarotE / kg),
and maximum content of flavonoids is in rapeseed honey (4.52 ± 0.28 mg catechin / kg).
Thus, the obtained results confirm that the honey from the Republic of Moldova falls
within the limits recommended by the international regulation assuming adequate working
conditions, handling, collection and storage of honey by beekeepers from the Republic of
Moldova.
Keywords: honey, palynological analysis, physico-chemical properties, biologically active
substances.
Introduction
The importance of beekeeping
For many years, honey was the only sweetener available, being an important food for
Homo Sapiens since its inception [1], but the relationship between bees and human began in
the Stone Age. During the evolution of mankind, bee honey was a valuable food product. Very
often it was a commercial currency and had a high price. Some taxes could be paid with bee
honey [2]. There has always been a strong connection between humans and bees. This
relationship is largely based on the fact that 80% of the world's plants are pollinated by bees
[3]. Beekeeping is becoming a key occupation for generating additional income for rural
people, especially in developing countries [4]. It does not take a lot of capital to practice
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beekeeping. This form of activity has a low maintenance and generates good income in a
short period of time. [5, 6].
Beekeeping has the unique ability to contribute to the achievement of 15 of the 17
goals mentioned by the United Nations Sustainable Development Goals and among the most
important goals are: eradication, poverty and hunger, contributing to maintaining health and
a healthy lifestyle, achieving sustainable production and consumption systems, developing
entrepreneurship, gender equality and others [7].
Characteristic of the beekeeping sector in the Republic of Moldova
Agriculture is one of the vectors of image of the Republic of Moldova and is a strategic
sector of national importance, whose operation takes place under the social, climatic and
economic impact, but also other specific factors, which determine the uniqueness of this
sphere [8, 9].
In the context of its aspirations to become a member of the European Union, reforms
in the agri-food sector must comply with EU regulations, which will allow it to adapt to the
demands of international markets, especially in the field of food safety, security and
authenticity. In this context, the report entitled "Evaluation of the National Food Control
System of the Republic of Moldova [10] presented by the FAO [11] shows that in the agrifood sector, it is necessary to strengthen relations between producers, processors, exporters,
representatives of academia and institutes. research to ensure the sustainability and
authentication of food.
Among the agricultural crops that provide bees with nectar and pollen are sunflower,
rapeseed and buckwheat, which are grown on large areas, so bees participate in their
pollination by influencing the quality and quantity of seeds obtained.
The surfaces of the fruit plantations from the agricultural enterprises and the peasant
households represent 44,323 ha, and for their pollination approximately 132,969 bee families
are necessary.
In the Republic of Moldova during the years 2008 - 2017 was reported a slight increase
in the number of bee families, their number ranging from 98.3 thousand in 2008 to 148.1
thousand pieces, in 2017, 1.51 times higher. Currently, over 5,250 apiaries have passports.
Honey on the market of the Republic of Moldova
The cost of producing one kilogram of honey in the Republic of Moldova depends
largely on the amount of honey obtained, which is closely related to climatic conditions and
is in the range of 1.65 - 1.80 US dollars in the case of a "normal" year.
According to a study conducted by the Organization for Investment Attraction and
Export Promotion of Moldova in 2012, the annual costs of operating a hive are around US $
58. The honey-commodity productivity of bee families is around 24 kg / season, being closely
dependent on the annual climatic conditions [12].
Compared to neighboring countries, the volume of exports to the European Union of
the Republic of Moldova is relatively small.
At the same time, the quality of local honey is high (especially the glucose / fructose
ratio), although its price is not highly competitive compared to the main competitors Ukraine, China and Argentina. Thus, for the Republic of Moldova the opportunity to access
the market is the sale of quality honey, including organic [13].
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Honey export from Republic of Moldova
Maximum 15% of the total volume of honey produced in the Republic of Moldova is
consumed locally. The main distribution channel consists of friends, neighbors and relatives
of beekeepers.
The price of honey sold to individuals is twice as high as the wholesale price offered
by large intermediaries. However, low wholesale prices as well as high production costs stop
investment in the honey production sector.
The remaining about 85% of production volume is currently exported. For our country,
the main market is that of the European Union, which assimilates over 90% of exported
honey, and in 2015 the ratio was 98%. The main destinations of local honey are Italy,
Germany, France, Slovakia, as well as some smaller, but still considerable markets such as
Romania, Poland, Denmark, etc. (Table 1) [14].
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Tabel 1
Export of honey from the Republic of Moldova in tons and thousands of US dollars [9]
Destination 2016
2017
2018
2019

The Republic of Moldova exported a record amount of honey worth $ 14.0 million in
2017. Exports increased from 245 tons in 2006 to 5010 tons in 2017. Honey is the only animal
product that is exported to the EU, as it meets import requirements from EU third countries
for products of animal origin. To achieve this, it is necessary to demonstrate that the country
has a "residue monitoring mechanism" established for the analysis of honey for residues of
antibiotics, sulphonamides, pesticides and heavy metals, as defined in the veterinary standard
on measures for the supervision and control of certain substances and their residues in live
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animals and their products, as well as of residues of veterinary medicinal products in products
of animal origin, approved by Government Decision no. 298/2011 (harmonized with the
provisions of Council Directive 96/23 / EC of 29 April 1996 on measures to monitor certain
substances and their residues in live animals and animal products (EU OJ of 23 May 1996, L
125 , p. 10).
Adulteration and physico-chemical characteristics of honey
Adulteration of honey is generally a major concern of consumers but also of honest
producers. Honey adulteration has been a challenge for analysis for decades. Adulteration
has been used to increase economic benefits by adding honey or sugars at reduced prices
during production or processing. In addition, these food adulterants are often unique, so they
avoid being detected by routine tests [15]. In previous studies, various methods have been
used to test the authenticity of honey, such as near-infrared spectroscopy, anion exchange
chromatography coupled with pulsed amperometric detection [16], nuclear magnetic
resonance [17, 18] high performance liquid chromatography [19, 20] Fourier transform
infrared spectroscopy [21] and the 13C / 12C isotope ratio analysis method [22, 23].
The composition of bee honey represents is a natural, very complex mixture
containing various chemical compounds. These compounds give bees honey important
biological properties, such as the ability to promote wound healing [24], antimicrobial and
anti-inflammatory capacity [25]. Antioxidant capacity is associated with its content of
antioxidant compounds, such as polyphenols [26].
Its antimicrobial properties are associated, in particular, with the osmotic properties
of bee honey, as well as with the presence of hydrogen peroxide and other minor compounds
without peroxide, such as polyphenols and a special protein known as defensin-1 [27, 28].
The purpose of this study was to demonstrate the authenticity of honey by
palynological analysis and to highlight the physico-chemical composition and biologically
active compounds of some types of honey in the Republic of Moldova.
2. Materials and methods
This study was conducted using honey declared by beekeepers to be buckwheat,
rapeseed and lavender purchased from local producers in Chisinau. The research was
conducted between November 2020 and January 2021 in the laboratories of the Department
of Food and Nutrition of the Faculty of Food Technology of the Technical University of
Moldova. During the research, the honey samples were kept in laboratory conditions, packed
in sealed glass jars at a temperature of 21 ± 2 ° C.
Palynological analysis
It was performed by microscopic analysis according to the method of Lutier and
Vaissière (1993) [29,30].
Humidity
Mass fraction of water was determined using Honey humidity refractometer ATAGO
4422 PAL-22S, 12.0 to 30.0 %, acc. ±0.2%.
Determination of pH
The pH of the samples was measured potentiometrically at 20 ° C. The pH meter was
used (HANNA HI9124, Germany). The research solutions were prepared by dissolving 1 g of
bee honey in 10 ml of distilled water.
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Determination of Acidity
Free acidity was determined by titrimetric method. It is based on the titration of the
honey sample diluted with water, with 0.1 n NaOH in the presence of phenolphthalein as
indicator.
Diastase index
The basis of this method is the determination of amylase activity. The diastase index
is defined as the number of milliliters of starch solution (1%) which has been converted to
dextrin for one hour at temperature 45 ° C at the optimum pH of amylase containing 1 g of
sample.
Hydroxymethylfurfural content
The Fiehe reaction is based on the fact that the hydroxymethylfurfural forms with the
resorcinol, in hydrochloric acid medium, a complex colored in red, whose color intensity is
proportional to the quantity of the respective compound. When the Fiehe reaction is positive,
the honey is considered suspicious and the deconfirmation test is further performed by
determining the hydroxymethylfurfural content.
Determination of total sugar content
The honey bees were dissolved in distilled water to obtain a 25% (w / v) solution. The
total sugar content of the honey samples was determined using the refractometric method
(portable refractometer ATAGO PAL-22S, Japan). The sucrose content was expressed in g / ml
of honey.
Reducing sugar
To determine the reducing sugar (by the Elser method) it was taken into account that
glucose and fructose, in the free state, have the ability to reduce copper sulfate in an alkaline
and hot environment, which it transforms into copper oxide. The amount of copper oxide that
is formed under specific working conditions is proportional to the concentration of the two
reducing sugars in the solution to be researched.
Sucrose content
For the determination of sucrose (by Elser method) the direct reducing sugar was
determined before and after inversion (acid hydrolysis), and from the difference sucrose is
calculated.
Determination of flavonoids
The total flavonoid content was determined using the colorimetric method [31].
Sample of 1 ml bee honey was mixed with 4 ml of distilled water. 0.3 ml of NaNO2 (5%, w /
v) was added. After 5 min, 0.3 mL of AlCl 3 (10% w / v) was added. This was followed by the
addition of 2 mL of NaOH (1N) 6. The volume of the mixture was adjusted to 10 ml by the
addition of 2.4 ml of distilled water. The composition was stirred (VORTEX V-1 plus, BioSan)
to ensure a homogeneous mixture. The absorbance was read at 510 nm. Results were
expressed as mg equivalent of catechin (CEQ) per kg of honey.
Determination of total polyphenol contents
Total polyphenol contents were determined using the Folin-Ciocalteu colorimetric
method [40]. The honey sample solution (0.1 mL) was mixed with Folin-Ciocalteu reagent
(0.5 mL) and Na2CO3 (0.4 mL of 7.5%), and the absorbance was measured at wavelength 765
nm after 10 min at temperature 37°C. Total polyphenol contents were expressed as mg GAE
gallic acid equivalents /100 g honey.
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Determination of total carotenoid content
The total carotenoid content was determined spectrophotometrically a previously
published method [32]. The absorbance was determined at wavelength 450 nm. The results
were expressed as mg of β-carotene equivalents (βcarotE) per kg of honey (mg βcarotE / kg
of honey).
Statistical Analyses
All analyzes were performed in triplicate, and the results were expressed as mean
values with standard deviations (SD).
The significant differences represented by letters were obtained by a one-way analysis
of variance (ANOVA) followed by Tukey’s honestly significant difference (HSD) post hoc test
(p < 0.05). Correlations were established using Pearson’s correlation coefficient (r) in bivariate
linear correlations (p<0.01). These treatments were carried out using Microsoft office Excel
2007 and SPSS v. 18.0 program.
3. Results
Palynological analysis of honey
One of the fundamental criteria for the quality of honey that influences its commercial
value is the declaration of botanical and geographical origin.
The results of the analysis of the pollen profile of honey allow us to determine the
floral origin of honey and to confirm the identity of the honey source indicated by beekeepers.
The pollen grains identified and their frequency in the three types of honey analyzed are
shown in Table 2.
The results of the quantitative pollen analysis showed that the samples always had a
dominant pollen type (at least 45%) and can be classified as monofloral thus confirming the
name declared to the consumer as follows: buckwheat honey, rapeseed honey and lavender
honey.
Monofloral status usually means the presence of pollen of the same type in the amount
of more than 45% of the total pollen content in the sample.
We notice that in the analyzed samples the content of a single type of pollen is much
higher than: the minimum figure in the case of lavender honey is present the pollen of the
plant Lavandula angustifolia in average value of 74.83 ± 0.3; for rapeseed honey - Brassica
napus pollen and for buckwheat honey the dominant pollen Fagopyrum esculentum is present
in average values as follows: 56.07 ± 0.3 and 68.08 ± 0.2%.
Table 2

The type of
honey
declared
Buckwheat
(n=5)
Presence
%
average± SD

Sunflower

Palynological characteristic
Pollen type
Acacia
Buckwheat
Rapeseed

(Helianthus
annuus)

(Robinia
pseudo
acacia)

3 S, 2 IM
53.5, 46.7
22,4±0,1

2 IM, 3 S
13.3, 86.7
8,47±0,3
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(Brassica
napus)

(Fagopy
rume
sculentum)

5 PM
100
68,08±0,2

Lavender
(Lavandula
angustifolia)

Examples
of images
of
dominant
pollen

5M
100
1,05±0,1
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Continuation Table 2
Rapeseed
(n=5)
Presence
%
average± SD
Lavender
(n=5)
Presence
%
average± SD

3 IM, 2 M
53.5, 46.7
24,31±0,3

2 IM, 3 M
13.3, 86.7
19,62±0,2

2 IM, 3 M
13.3, 86.7
13,01±0,1

2M
100
10,11±0,1

5 PM
100
56,07±0,3

1M
100
2,05±0,2

5 PM
100
74,83±0,3

Note: predominant pollen (>45%) - P; secondary pollen, (16–45%)-S; important minor pollen, (3–15%)-IM; minor
pollen, (1–3%)-M.
n = sample size

It should be noted that the pollen Helianthus annuus and Robinia pseudoacacia is
present in all three types of honey analyzed, either as secondary pollen, as important minor
pollen or as minor pollen. At the same time, the variations of the nectar content, together
with other factors such as climatic and geographical conditions, soil type, practices applied
by beekeepers and others, contribute to the existence of different types of honey and imprint
their botanical origin [33 - 35].
Physico-chemical characteristics of the samples
Table 3 presents the physico-chemical parameters of the types of honey from the
Republic of Moldova under study. Depending on the borane origin of honey, significant
differences were observed in some of the physico-chemical parameters (p <0.05).
The moisture content of Apis mellifera honey is well defined by international quality
standards [36]. A high moisture content in honey can affect both its quality and its biological
activity and organoleptic properties [37]. According to the results obtained, all honey samples
examined were within acceptable limits. It is known that the moisture content of honey also
depends on the ecological and geographical conditions, the maintenance of the apiary and
the storage of the finished product [38, 39]. Thus, the results obtained suggest adequate
working conditions, processing, collection and storage of honey by beekeepers from the
Republic of Moldova.
Table 3

Humidity %
Ash, %
pH
Total acidity, cm3
Hydroxymethylfurfural
(mg/kg of honey)
Diastase index (cm3/g)
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Physico-chemical parameters
Rapeseed
Buckwheat
(n=5)
(n=5)
22,0±0,01
15,60±0,02
0,9±0,03
1,1±0,06
3,32±0,10
3,48±0,11
9,98±0,03
22,09±0,01
70,81 ± 0,06
13,78 ± 0,04

Lavender
(n=5)
17,00±0,01
0,17±0,02
3,68±0,04
7,11±0,01
27,16 ± 0,03

18,2± 0,03
0,72±0,04
3,49±0,08
13,06±0,17
37,26±0,04

22,13 ± 0,01

14,11 ± 0,02

28,45±0,02

19,12 ± 0,03

Mean
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Continuation Table 3
Water insoluble matter:
Cereal flour
Gelatin
Starch

Lack
Lack
Lack

Lack
Lack
Lack

Lack
Lack
Lack

It is known that honey is acidic nature. The values of pH obtained in the honey samples
varied between 3.32 and 3.68 and fall within the previously reported values [40, 41].
Hydroxymethylfurfural (HMF) is used as an indicator of honey freshness [42]. In fresh
honey, HMF may be absent or in small amounts, while high levels of HMF (> 80 mg / kg)
indicate that honey may have been stored and handled in inappropriate conditions, such as
abuse of high temperatures [43]. In the three types of honey analyzed, the HMF content was
13.78 ± 0.04 mg / kg for buckwheat honey, 27.16 ± 0.03 mg / kg for lavender honey and 70.81
± 0.06 mg / kg for rapeseed honey. According to the presented results, all samples from the
three types of monofloral honey analyzed were within the recommended limits and were in
accordance with international regulations for this type of honey.
The diastatic index ranges from 14.11 ± 0.02 for lavender honey to 22.13 ± 0.01 for
rapeseed honey. At the same time for buckwheat, this index is 19.12 ± 0.03. The mean for the
samples under study was 28.45 ± 0.02. It should be noted that water-insoluble substances
(cereal flour, gelatin or starch) were not detected. The presence of impurities in the end
product of beekeeping can be introduced during preparation, process of centrifugation or
process of packaging. An improper honey filtering process can be a source of insoluble
substances in the finished product. Therefore, during this process, honey passes through
several sieves [42]. No water-insoluble substances were detected in the analyzed honey. At
the same time, the water-insoluble ingredients (at temperature +80°C), present in honey,
constitute the residue left after filtering the honey solution. High-quality honey should not
contain more than 0.1g/100g of insoluble ingredients, except for pressed honey (norm: not
more than 0.5g/100g) [44].
Total Sugar Content
None of the samples examined exceeded the maximum sugar content set for the total
sugar content (Table 4) by the European Community Directive [44].
Means obtained are compared by using One-way ANOVA. In column, values with
different superscripts letters indicate significant differences (p< 0.05)
Table 4

Total
sugar
content mean ±
SD% (g/mL)
Reducing sugar
mean ± SD (%)
g/g
Sucrose mean ±
SD (%)

Rapeseed
(n=5)

Total Sugar Content
Buck wheat
(n=5)

Lavender
(n=5)

Mean

69,82±1,04a

66,61±0,42b

61,09±0,40a

65,84±0,62

61,12±0,61a

62,14±0,51b

67,07±0,47a

62,44±0,53

2,32±0,61

1,92±0,76

2,52±0,21

2,25±0,53
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From the above we can see that the total sugar content is the highest in the samples
of rapeseed honey and is 69.82 ± 1.04 g / ml, followed by buckwheat honey with a content
of 66.61 ± 0.42 g / ml and then lavender honey with 61.09 ± 0.40 g / ml. Thus, the average
total sugar content in the 15 samples analyzed was 65.84 ± 0.62 g / ml.
Bioactive compounds
Polyphenols, flavonoids and carotenoids were present in all samples subjected to the
study (table 5).
Table 5
Content of bioactive substances
Rapeseed
Buckwheat
Lavender
Mean
(n=5)
(n=5)
(n=5)
Polyphenols
mean ± SD
6,20±0,17a
9,00±0,11a
5,20±0,08b
6,8±0,12
(mg gallic acid/kg)
Flavonoids
mean ± SD
4,52 ± 0,28a
2,09 ± 0,14b
0,81 ± 0,19c
2,47 ± 0,21
(mg catechin/kg)
Carotenoids
mean ± SD
2,60 ± 0,23a
4,24 ± 0,57b
0,70 ± 0,31c
2,51± 0,37
(mg βcarotE/kg)
Means obtained are compared by using One-way ANOVA. In column, values with
different superscripts letters indicate significant differences (p< 0.05)
The average polyphenol content was 6.8 ± 0.12 (mg gallic acid / kg), and for buckwheat
honey the amount of 9.00 ± 0.11 (mg gallic acid / kg) was identified. The average content of
flavonoids was 2.47 ± 0.21 (mg catechin / kg), and for rapeseed honey it was the highest
content - 4.52 ± 0.28 (mg catechin / kg). Phenolic acid (non-flavonoids) and flavonoids are
responsible for inhibiting oxidation and destroying free radicals. Them identification and
classification are based on their chemical structures, which consist of one or more hydroxyl
groups which are fused to a closed ring structure and that way produce an aromatic ring
containing 6 carbon atoms with hydrogen atoms [45]. The color tone of honey is influenced
by both physical and chemical indicators and the botanical origin of honey, which contributes
to the diversity of its assortment. Such compounds as polyphenols, carotenes and minerals
also affect color of honey [46, 47]. Flavonoids are considered substances with a major effect
on chromatic parameters [48, 49]. While collecting nectar, bees transfer these biologically
active compounds from plants to honey [50].
Conclusions
This study showed following the palynological analysis that the three types of honey:
rapeseed honey, buckwheat and lavender can be classified as monofloral thus confirming the
name declared to the consumer. At the same time, the identification of the botanical origin
of honey could be a useful tool for differentiating the product, in order to guarantee a better
qualitative characterization and its traceability in itself.
It was demonstrated that the physico-chemical properties of the samples under study
were within the recommended limits and were in accordance with international regulations
for these parameters. The content of biologically active substances: polyphenols, flavonoids
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and carotenoids in the studied samples is of great importance, therefore, these types of
product can be used as a natural food ingredient, as well as a rich source of antioxidants in
the diet of the population.
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Abstract. Agro-industrial waste management is an important problem of modern society as
agriculture and food industry are important sources of waste. Wine production generates a
considerable amount of winemaking waste (grape marc). Grape marc can be a source of
natural dyes, antioxidants and could have various applications, if it is confirmed that it does
not contain technogenic contaminants or unwanted microorganisms, for example, producers
of mycotoxins. The paper developed the Real -Time Polymerase Chain Reaction (Real-Time
PCR) methodology for testing the presence of potentially mycotoxogenic fungal species
capable of producing ochratoxin A (OTA), which could be applied before grape marc
processing. Based on the non-ribosomal peptide sequence of OTA, involved in ochratoxin
biosynthesis, the primers have been developed for the detection of microorganisms
potentially capable of producing ochratoxin A.
Keywords: Mycotoxin, OTA, Real-Time PCR, grape marc, Aspergillus, Penicillium.
Introduction
Grape marc is a by-product of the vinification process, which constitutes
approximately 20-30% of the mass of processed grapes [1]. The rich content of bioactive
substances in the composition of grape marc, derived from grape skin, remaining pulp, seeds
and stems is an opportunity for its use in the pharmaceutical industry, cosmetics and,
especially, in the food industry [2, 3, 4]. The rich content of dietary fiber, up to 85% and
polyphenols, up to 70% [5, 6], increased antioxidant activity [7] are important arguments in
favor of capitalizing on this byproduct [8, 9]. The recovery of by-products of vinification is
also an important issue for the management of agro-industrial waste [10, 11].
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Grape marc is usually stored, used as fertilizer or for animal nutrition [12]. The storage
and spread of grape mark in the environment can cause damage to the environment, lead to
water pollution and, finally, create inconvenience to nearby towns, because due to low pH
and the presence of tannins, biodegradation of this byproduct occurs very slowly [13]. The
use of grape marc for animal feed is not reasonable, because it is poor in nutrients and the
tannins are difficult to digest [14, 15].
At the same time, the recovery of bioactive components from grape marc requires its
rigorous control, because, especially in years with precipitation during the ripening period of
grapes they can be contaminated with mycotoxins [16]. Mycotoxigenic molds, capable of
colonizing grapes, especially affect the skin of the berries, so there are risks that after the
vinification process, they remain in the marc. Thus, there are risks of contamination of grape
marc, derived products and grape marc extracts with mycotoxins, especially when marc is
not processed immediately after the vinification process [17].
In order to ensure the innocuousness of the products obtained from grape marc, it is
necessary to check the presence of mycotoxinogenic microorganisms before processing the
pomace. Previous research has shown that the Real-Time PCR methodology can be
successfully applied for the analysis and quantification of mycotoxigenic fungi in maize [18],
as well as for the detection of Brettanomyces/Dekkera in wines [19]. The purpose of this
research was to develop a rapid method real-time PCR to verify the presence of
microorganisms capable of producing mycotoxins in grape marc.
Materials And Methods
Grape marc samples were collected from different geographical zones. Table 1
shows the details of the samples used in this study.
Table 1
Grape marc samples used in this study*
Sample name
Sample type
Variety of grape/wheat
Sample origin
A2
Grape marc
Feteasca Neagra
Speia, Anenii-Noi
A3
Grape marc
Cabernet-Sauvignon
Popeasca, Stefan-Voda
A4
Grape marc
Cabernet-Sauvignon
Cojusna, Straseni
A6
Grape marc
Cabernet-Sauvignon
Pleseni, Cantemir
A8
Grape marc
Merlot
Salcuta, Causeni
A9
Grape marc
Cabernet-Sauvignon
Abaclia, Basarabeasca
A10
Grape marc
Cabernet-Sauvignon
Tigheci, Leova
A11
Grape marc
Pinot Noir
Taraclia
B12
Wheat grain
Wheat with visual signs
Chisinau, IGPPP*
of fungal infection
*Institute of Genetics, Physiology and Plant Protection

Isolation of the DNA
Total deoxyribonucleic acid (DNA) was extracted from wine using SDS-based DNA
extraction methods [20] with some modifications. The procedure was carried at the room
temperature. Briefly, 0.5 g of grape marc was homogenized to fine powder with 0.5 g of
aluminium oxide and resuspended in 4 mL of the Extraction buffer (Tris-HCl 0.2 M pH 8.0,
NaCl 0.25 M, Na2EDTA 0.025 M, SDS 5% w/v) and heated at 65°C for 1 hour. After 10 minute
centrifugation at 10000 min-1 the supernatant was transferred to a fresh tube, mixed with an
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equal volume of isopropanol and incubated at -20 °C for 30 minutes. The samples were
centrifuged, the pellet washed with 70% ethanol, air dried and dissolved in 100 μL of water;
2 μL of the resulting DNA solution was used per polymerase chain reaction (PCR). The
qualitative and quantitative verification of the isolated DNA was made by
spectrophotometric analyses.
Polymerase Chain Reaction Amplifications
The Real-Time PCR allows precise quantification of specific nucleic acids in a complex
solution by fluorescent detection of labeled PCR products. In a Real Time PCR, a positive
reaction is detected by accumulation of a fluorescent signal. For the experiments, we used
SYBR Green I nonspecific dye as the fluorescent agent. The quantification cycle (Cq)
represents the number of cycles required for the fluorescent signal to cross the threshold (i.e.,
to pass the background level). Cq levels are inversely proportional to the amount of target
nucleic acid in the sample. The lower the Cq level the higher is the concentration of target
nucleic acid in the sample. We used 40 cycles of amplification [21].

Figure 1. Temperature cycling conditions
In our research Real-Time PCR has been done at Real-Time PCR Detection Systems
CFX96 TouchTM BIORAD. PCR conditions were as recommended by SybrGreen producer
(Applied Biosystems) - initial incubation at 50 °C for 2 minutes, initial denaturation at 95 °C
for 2 minutes, and alternation at 95 °C for 15 seconds and 60 °C for 1 minute for 40 cycles.
For melting curve construction, samples were heated at 95 °C for 15 seconds, then incubated
at 60°C for 1 minute (1.6 °C/s ramp rate), then heated at 95°C for 15 seconds (0.15°C/s ramp
rate). Cycling conditions are shown in Figure 1. The detection was done at SYBR channel.
Results and discussion
During this work, two pairs of primers based on Vitis vinifera 26S ribosomal RNA gene
sequence were developed. Using these primers in PCR reaction can confirm that the extracted
DNA is of PCR quality and is free of PCR inhibitors. Besides, these primers allow normalizing
the amount of the input DNA in PCR reaction for estimation of the amount of pathogen DNA
relative to plant DNA in different samples.
Though for primer design Vitis vinifera 26S ribosomal RNA gene sequence was used,
they can recognize a vast number of eukaryotic organisms according to the BLAST analysis.
Table 2 shows names, sequences and characteristics of the primers used for detection of
eukaryotic DNA in the sample.
The gene bank accession used as a template was DQ667962.1 Vitis vinifera 26S
ribosomal RNA gene, partial sequence.
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Table 2

Forward
primer
Reverse
primer
Forward
primer
Reverse
primer

P183
P184
P185
P186

CGGGTAAACGGCGGGAGTAA

20

Self
complemen
Self
3'
complemen
Product
length

GC%

Tm

Length

Sequence
(5'->3')

Primer
name

Orientation

Primers used for detection of eukaryotic DNA in the sample

62.22 60.00 3

1
131

TGGCTGTGGTTTCGCTGGAT

20

62.41 55.00 2

2

CCGGAAACGGCGAAAGTGAA

20

61.50 55.00 4

0

GCCAAACTCCCCACCTGACA

20

62.35 60.00 3

3

150

Primers for detection of the potential producers of OTA were designed based on the
sequence of OTA non-ribosomal peptide synthetase gene. This is a gene involved in OTA
biosynthesis. These primers can recognize the following pathogens containing OTA nonribosomal peptide synthetase gene in their genome, and thus potentially capable of
producing OTA: Aspergillus nidulans, Aspergillus tubingensis, Aspergillus tamarii, Aspergillus
niger, Aspergillus ochraceus, Aspergillus carbonarius, Penicillium viridicatum, Penicillium
carneum, Penicillium aurantiogriseum, Penicillium melanoconidium, Penicillium nordicum,
Penicillium verrucosum. Table 3 shows primer names, sequences and characteristics.
Table 3

P71
P72
P73
P74
P75
P76
P77
P78

Forward
primer
Reverse
primer
Forward
primer
Reverse
primer
Forward
primer
Reverse
primer
Forward
primer
Reverse
primer

GGCTTCGTGTTGTCCCTTCT

20

Self
complemen
Self
3'
complemen
Product
length

GC%

Tm

Length

Sequence
(5'->3')

orientation

Primer
name

Primers used for detection of potential OTA producers

60.25 55.00 2

0
97

GTCCATTCTCGACGTGTTCCA

21

60.34 52.38 4

1

CATGGTCGTTTGGACGATGTGA

22

61.18 50.00 5

1
155

CAGCTCGGCTCGATCAACAG

20

61.14 60.00 4

2

GCCGCAAGGTCAGTGAATGT

20

61.24 55.00 5

1
119

TGTGGGACTCCACTCAAAGTAAGA

24

61.18 45.83 5

1

CCGCAAGGTCAGTGAATGTACTC

23

61.47 52.17 5

2
144

TCGACGTGTTCCATTTCAATACCA
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The gene bank accession used as a template was GenBank: JN097804.1 Aspergillus
ochraceus strain CBS 589.68 OTA non-ribosomal peptide synthetase gene, partial cds.
Next, the grape marc DNA samples were analyzed by real-time PCR using the designed
primers. In this study, we analyzed 8 grape marc samples of different grape varieties from
different zones (Table 1, Materials and Methods). As a positive control for the primers, we
used wheat with visible signs of fungal infection, previously shown to contain OTA nonribosomal peptide synthetase gene. First, the amplificability of DNA from grape marc was
tested, using primer pairs p. 183 - 184 and p. 185 - 186. Table 4 shows the results of realtime PCR analysis with primer pair p. 183 - 184.
Table 4
Real-Time PCR data analysis for primer pair P183-P184
Sample
name
A2
A3
A4
A6
A8
A9
A10
A11
B12

Cq
value
15.87
17.89
13.09
17.40
10.45
18.61
18.63
15.65
14.97

These data show that every sample had the DNA template that could be amplified by
this primer pair. The Cq values vary from 10.45 in A8 sample to 18.63 in A10 sample. The
melting curve shows a single well pronounced peak with similar melt temperature for all
samples. This indicates that the amplified fragment is uniform. Table 5 shows the results of
real-time PCR analysis with primer pair p. 185 - 186. In this case, the template DNA could as
well be amplified by this primer pair. The Cq values vary from 12.97 in A8 sample to 33.46 in
B12 sample, table 5. High Cq value for the wheat DNA sample means that the threshold
fluorescence level is reached later in this sample. This can be explained by either low DNA
content or lower primer affinity to this template.
Table 5
Real-Time PCR data analysis for primer pair P185-P186
Sample Cq
name
value
A2
17.14
A3
18.58
A4
13.18
A6
16.84
A8
12.97
A9
18.60
A10
18.00
A11
17.31
B12
33.46
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Since the other primer pair p185-186, did not produce such a low Cq value for B12
sample, and since the primers were designed using Vitis vinifera gene as a template, one can
assume that the higher Cq value is caused by lower affinity of the primer pair p. 185 - 186 to
the wheat DNA. Another evidence favoring this explanation is a slightly different melting
temperature for the melting peak of B12 (wheat) sample. Anyways, both primer pairs showed
amplification in all analyzed samples, confirming that the analyzed DNA is of PCR quality.
Next, we analyzed the same samples using primers to ochratoxin A non-ribosomal
peptide synthetase gene to detect potential OTA producer in the grape marc. Table 6 shows
the results of Real-Time PCR analysis with primer pair p71-p72.
Table 6
Real-Time PCR data analysis for primer pair P71-P72
Sample
Cq
name value
A2
N/A
A3
N/A
A4
N/A
A6
N/A
A8
N/A
A9
N/A
A10
N/A
A11
N/A
B12
30.43
As one can see from the Table 6, no signal was obtained for either grape marc sample.
The only positive signal obtained in this experiment was for B12 (wheat) control, with the Cq
value 30.43. The melt curve shows a single well pronounced peak indicating that a single
fragment is amplified in the PCR reaction.
Similar results were obtained for the other 3 primer pairs (p. 73 - 74, p. 75 - 76 and
p. 77 - 78). Table 7 shows the Cq values obtained by different primer pairs designed to OTA
non-ribosomal peptide synthetase gene.
Table 7
The Cq values for different primer pairs designed to OTA non-ribosomal peptide synthetase
gene
Sample
Cq value for primer pairs
name
P71-72
P73-74
P75-76
P77-78
A2
N/A
N/A
N/A
N/A
A3
N/A
N/A
N/A
N/A
A4
N/A
N/A
N/A
N/A
A6
N/A
N/A
N/A
N/A
A8
N/A
N/A
N/A
N/A
A9
N/A
N/A
N/A
N/A
A10
N/A
N/A
N/A
N/A
A11
N/A
N/A
N/A
N/A
B12
30.43
30.53
31.09
30.70
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As one can see, no grape marc sample was positive for the OTA non-ribosomal peptide
synthetase gene, involved in OTA synthesis, though every primer pair recognized this gene in
the positive control wheat sample. Thus, though the grape marc DNA was of a sufficient
quality for PCR reaction, no DNA belonging to potential OTA producers from genera
Aspergillus and Penicillium was detected. This can speak in favor of grape marc biological
safety for further use.
Conclusions
1. Based on the sequence of OTA non-ribosomal peptide synthetase, involved in
ochratoxin biosynthesis, four pairs of primers for detection of the microorganisms
potentially capable of producing OTA were developed.
2. For internal control of DNA quality, two pairs of primers capable of recognizing
eukaryotic DNA, using the sequence of Vitis vinifera 26S ribosomal RNA gene as a template
were developed.
3. SDS-based method of DNA extraction was adapted for purifying the DNA from grape
marc.
4. No microorganisms potentially capable of producing OTA were detected in the
analyzed grape marc samples, which makes them suitable for further use.
5. The proposed Real-Time PCR method for verifying the presence of mycotoxigenic
microorganisms in grape marc would avoid further contamination of grape marc, derived
products and grape marc extracts, obtained from this by-product of vinification.
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