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Abstract 

Epoxy matrix composites reinforced with various ratios of Titanium Carbide (TiC) have been synthesized and 

characterized successfully. Different ratio of (TiC) powder (0 wt%, 5 wt%, 10 wt%, 15wt%, 20wt%, and 25 wt%) has been 

used as reinforcements in epoxy matrix. The results obtained show improvement in both mechanical and tribological 

behavior of the composites. Hardness value, impact strength, tensile strength and wear rate was improved by the addition 

suitable titanium carbide powder ratio. Hardness and tensile strength values show increment with addition of 15 wt% of 

titanium carbide powder. Impact strength was found to be increased with increasing ratio to 20 wt% of titanium carbide. The 

wear behavior was investigated using a pin-on-disc wear testing machine with different sliding distance, wear rate improved 

greatly at 10 wt% of titanium carbide powder. Optical microscope images (OM) were taken for micro-pores that present on 

the specimens and for specimens after wear test with 2000m sliding distance. The mechanical properties such as hardness, 

tensile strength, impact, and wear resistance are observed to be increased considerably compared to the matrix composite. 

 

© 2016 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved 
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1. Introduction 

The usage of epoxy resin has been a significant 

importance in the engineering field for a long period of 

time. Many components are made of epoxy based 

materials and are proven to be outstanding in many aspects 

such as mechanical properties, thermal conductivity, and 

electrical properties [1]. Mechanical properties have  been 

a major scope since these aspects play an important role in 

industrial and material refurbishing in numerous field, 

such as automotive, aerospace, electronics, and 

biotechnology applications [2]. Epoxies, generally, have 

high chemical and corrosion resistance, good mechanical 

and thermal properties, outstanding adhesion to various 

substrates, low shrinkage upon cure, good electrical 

insulating properties, and the ability to be processed under 

a variety of conditions which make it suitable candidate as 

matrix materials for advanced composites applications [3] 

[4]. The curing reaction of the epoxy takes place after the 

addition of a hardener solution into the epoxy resin. 

During curing, the molecules form cross links with each 

another and grow in a three-dimensional network that 

finally forms a solid epoxy resin. Most reinforcing 

materials used nowadays, such as natural fiber, glass fiber, 

carbon fiber, etc., have a lower hardness and a higher wear 

rate compared to Titanium carbide. Composite reinforced 

with titanium carbide offer an outstanding properties such 

as high strength to weight ratio, high torsion stiffness, high 

hardness, good corrosion and wear resistance.  Composite 

systems consisting of a polymer matrix and particles of 

titanium carbide have been considered as a novel class of 

smart materials. Researchers investigated abrasive wear 

behaviour of SiC and TiC fillers filled epoxy composites. 

They concluded that filled composite showed excellent 

abrasion resistance compared to unfilled Composites [5; 6; 

and 7]. Properties of the composites are determined 

by many factors such as the ratio, size, and shape of 

reinforced TiC particles. From the literature review it is 

observed that the researchers have studied the wear 

property of various inorganic fillers. Hence, the present 

study focuses on the effect of the contents ratio of TiC on 

mechanical and tribological behavior of the composites 

and to have better understanding of the synthesis and 

characterization the Epoxy- TiC composites.  

2. Experimental 

2.1. Raw Materials 

The main material involved in the present study is the 

Epoxy which the matrix. The Epoxy is formed from two 

different components; the first is the resin and second is 

the hardener with the following specifications: 

1. Density of Resin, and Hardener were 1.22, and 0.96 

g/ml, respectively; 

2. Viscosity of Resin, and Hardener (measured at 20-

23◦C) were 800, and 400 mPa s, respectively;  

3. Cure Time of mixture (23°C) 24 hours. 

* Corresponding author e-mail: vijaya9966998024@rediffmail.com, 

bandarishankar@gmail.co.in. 
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In the present study, the reinforcement material was 

commercial TiC powder with average particle size 3μm 

supplied by Inframat® Advanced Materials LLC (USA). 

Titanium carbide is considered a promising reinforcing 

material towards the development of matrix composites 

due to its high hardness, melting point, chemical and 

thermal stabilities, wear resistance, solvency of other 

carbides, and good wettability and relative thermal 

stability with many binder materials [10].  

2.2. Fabrication of Mold 

Aluminum block (20cm ×10cm ×1.6cm) was used as a 

base for providing a perfect mold that can be reused 

several times in molding the specimen into required 

shapes.  

The three main shapes that are required for testing were 

fabricated using the aluminum block. The dimensions, of 

specimens for Tensile and Impact test according to 

American Society for Testing and Materials (ASTM) 

D638, D6110 [8; 9], as shown in Fig. 1.  

 
Fig. 1. The dimensions, of specimens for Tensile and Impact test 

The dimensions of the specimens prepared for the Wear 

test were based on the available jig in the pin-on-disc 

machine. It was more convenient to fabricate rectangular 

shape specimens for this test.  Mold was designed by using 

CATIA V.55 software. The design is later transferred to 

develop Computer Numerical Control (CNC) codes which 

will be used in the milling of aluminum block. The mold 

after milling and polishing processes is shown in Fig. 2. 

 
Fig. 2. Mold after milling and polishing processes 

Mold was polished with abrasive paper several times 

until a smooth surface was obtained. The completed mold 

needs high attention to ensure a smooth release of the 

composite when it cures in the mold. For the first time five 

layers of wax were required to ensure that the surface is 

fully covered. After that only two layers of wax were 

sufficient to remove composite from the mold easily. 

2.3.  Preparation and Characterization of Composites  

The composite was prepared according to wt% ratio. 

Pure Epoxy composite and the varying ratio of TiC are 

provided in Table 1. 

Table 1. Epoxy-TiC composites specimens with different wt% 

ratio of TiC 

Set of specimens TiC content in composite,wt% 

1 0wt% of TiC 

2 5wt% of TiC 

3 10wt% of TiC 

4 15wt% of TiC 

5 20wt% of TiC 

6 25wt% of TiC 

The fabrication of composites consists of three steps: 

1. Mixing the Epoxy resin and TiC particle using a 

mechanical stirrer. 

2. Mixing the hardener with the filled Epoxy resin. 

3. Pouring the mixture into mold. 

In the first and second steps, slow motion and steady 

stirring were applied to ensure that the mixing is done 

without formation of air bubbles (porosity). A fixed 

amount of Epoxy resin and hardener were used with a 

varying amount of TiC powder. In the last step, the 

mixtures were manually poured into previously prepared 

mold; the composites were cured at room temperature for 

24h. Vickers hardness machine with load of 60kg for 5 

seconds was used to investigate the influence of particulate 

weight fraction of TiC on the matrix hardness. Five 

different points were taken for each sample and the 

average value was taken to eliminate errors due to local 

non-homogeneity. The tensile test was carried out by 

Universal Testing Machine GUNT WP 300; the specimens 

were subjected to failure at a constant rate. Pin-on-disk 

machine shown in Fig. 3 was used to measure the wear 

resistance of samples. The test was carried out under dry 

sliding conditions, in ambient air at room temperature 25 

ºC. The disk was rotated by DC motor with sliding rotation 

speed of 500 rpm and 40N load. 

 
Fig. 3. Pin-On-Disk set-up 
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The impact test was performed by using Charpy Impact 

Test Instrument [Testing Machine INC, AMITYVILLE, 

New York Company] to investigate the influence of 

particulate weight fraction of TiC on the impact. Optical 

Microscope (OM) was used for analysis microstructure of 

different composites compositions.  

3. Results and Discussions 

3.1. Introduction  

The dimensions, of specimens for Tensile and Impact 

test according to American Society for Testing and 

Materials (ASTM) D638, D6110 [8; 9]. The dimensions of 

specimens prepared for Tensile and Impact test were 165± 

0.02, 19± 0.01, 3.2± 0.01, and 80± 0.02, 10± 0.01, 4± 0.01 

(mm). The three specimens were used to determine the 

average value of each property. 

3.2. Hardness Measurements 

The hardness measurement is known to be one of the 

most informative and rapid methods to determine the 

mechanical behavior of composites. Yield and ultimate 

tensile strengths, fatigue strength, wear, etc., are often in 

good correlation with hardness [11]. A higher hardness 

was also associated with a lower porosity [12]. 

Improvement of hardness depends on the amount, particle 

size, and uniformity distribution of TiC particles (Fig. 6).                                                                   

Average Hardness Vickers (H.V) for Epoxy with 

different wt% TiC ratios are shown in Fig. 4. 

It is observed from the results of hardness that all 

reinforced specimens have a higher hardness than that of 

the matrix material. In general the hardness increased with 

increasing the hard particles content of TiC. The hardness 

for specimens with (20 wt% and 25wt% TiC) decreased 

due to the agglomeration of TiC particles (Fig. 6) and 

formation of porosity (Fig. 7) during mixing process which 

lead to big indenting and resulting in a low HV value even 

though the material has a high hardness value. 

Furthermore, conditions of a specimen surface also play an 

important role in determining the hardness value. The 

surface should be smooth and flat which allows a perfect 

indenting.  

3.3. Tensile Test  

Many researchers reported that adding ceramics 

nanoparticles in an epoxy had a significant effect on the 

tensile properties of the modified epoxies [13; 14; 15; 

and16].  

In general, increasing the TiC content leads to an 

increase in the ultimate tensile strength comparing with 

matrix material. In Fig. 5, the matrix fails with strain value 

(0.0227); this result shows that the matrix was ductile with 

the absence of TiC particles, and indicates that the adding 

of Nano TiC particles support the matrix by absorbing 

stresses and bear some load before failing.  

 
Fig. 5. Stress- strain diagram for 0 wt% of TiC 

As shown in Table (2), due to the addition of different 

percentages of TiC, the tensile strength increased from 

(28.413 MPa) for the unreinforced matrix to (35.024MPa)) 

for 15 wt% TiC specimens and the strain failure reduces 

from (0.0227) for the unreinforced matrix to (0.0156) for 

15 wt% TiC specimens. This indicates that the composite 

properties change from ductile to tough and brittle by good 

distribution of TiC particles in the resin, as shown in Fig. 

6. Also the 25wt% TiC specimen exhibits lowest tensile 

strength (26.995MPa) comparing with other specimens 

due to the agglomerated TiC particles in the resin with 

higher TiC percentages. This indicates that the material 

became brittle and no plastic deformation was observed 

during fracture. The ultimate tensile strength, strain failure, 

and young modulus of elasticity for different specimens 

are given in Table 2. 

Table 2. The relation between TiC powder and tensile strength of 

the composites 

Specimens 
Tensile 

strength MPa 

Strain 

failure 

Young modules, 

GPa 

0wt% of TiC 28.413 0.0227 1.25 

5wt% of TiC 29.688 0.0108 2.761 

10wt% of TiC 31.178 0.0125 2.492 

15wt% of TiC 35.024 0.0156 2.241 

20wt% of TiC 30.385 0.0125 2.436 

25wt% of TiC 26.995 0.0114 2.375 

  

 
Fig. 4. Average hardness value for epoxy matrix composites reinforced with various ratios of TiC 
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Fig. 6. OM image at 50x showing even dispersion of TiC powder 

for 15wt% 

The shiny particles in Fig. 6 are the TiC powder that is 

dispersed in the composite uniformly. This proves that the 

better particles dispersion lead to enhance composite 

properties. For the 20wt% TiC specimen, a decrease in 

tensile strength is observed and there is further decreasing 

in tensile strength for 25wt% TiC specimen. This drop in 

tensile strength can be explained by the agglomerations 

and porosity of TiC powder, as shown in Figs. 7 and 8.  

The agglomeration of TiC occurs due to high specific 

surface area which causes an increase in the surface energy 

of powder and lead to rapid recombination of micro-

particulate into agglomerates to compensate unsaturated 

surface forces via surface reconstruction [17]. The 

agglomeration leads to creating large pores among 

agglomerates which lead to decrease in the tensile 

strength. In general the failure of specimens is caused by 

cracks around pores that are formed during fabrication and 

agglomerations. Pores that are trapped in the composite 

forms empty places in the structure of the composite and 

help to propagate cracks and allowing the composite to fail 

at a low stress load. A slight deformation would propagate 

to crack when even a small load is applied to the 

composite. The addition of TiC particle increases the 

brittleness of the epoxy. This is proven by the smooth and 

flat fracture of the entire composite when it fails. Almost 

all the fracture was observed to be perpendicular with the 

direction of the load applied to each composite. 

 

3.4. Effects TiC Ratio on Impact, and Wear 

Inorganic particles are frequently employed to improve 

the mechanical performances of epoxy for engineering 

applications. Toughness can be improved by the addition 

of inorganic particles. The resistance to impact (amount of 

energy absorbed by each specimen before fracture) is one 

of the key properties of materials. In fact, there is almost a 

constant rate of increase in material toughness and fracture 

toughness with the increase of reinforcement material 

content, as shown in Fig. 9.  

 
Fig. 7. OM image at 50x of agglomeration of TiC particle in 

25wt% 

 
Fig. 8. OM image at 50x of air bubbles in composite 

 

 
Fig. 9. Average Impact strength value for epoxy matrix composites reinforced with various ratios of TiC 
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From Fig. 8, it is observed that the impact strength of 

the pure epoxy composite shows the lowest impact 

strength at 0.176 kJ/m2, whereas the 20 wt% has impact 

strength of 0.223 kJ/m2. There is a slight increment in the 

impact strength when the epoxy is reinforced with 

different ratios of TiC powder. Homogeneously distributed 

TiC particles are able to improve simultaneously the 

toughness of the epoxy. Also high specific surface area for 

TiC particles promotes stress transfer from matrix to TiC 

particles. With small particle size of TiC, the interparticle 

distance reduces under a certain filler content. This may 

activate particle–particle interactions and result in a three-

dimensional physical network structure of interphase in a 

polymer matrix. Good particle–matrix bonding is normally 

a prerequisite for enhanced fracture toughness [18]. The 

fracture area of each specimen is flat and smooth regarding 

wt% of TiC powder. The material behavior that changes 

after 20 wt% of TiC can be explained by increase of pores 

which creates a path for crack to propagation. This can be 

proven by the formation of micro pores that arise during 

the fabrication of the specimen. Since the composite was 

mixed manually, formation of micro-pores could not be 

avoided, even after the use of ultra-sonic vibrator. 

Furthermore, the decrease in availability of epoxy material 

to bond all the Titanium Carbide powder is also another 

reason for the decrease of impact strength after 20 wt%. 

Addition of hard ceramic TiC particles increases the 

hardness of the composites and enhances the resistance of 

the epoxy to the indenter penetration and reduces 

subsequent removal of material. By increasing TiC to 

10wt.% in epoxy matrix the wear rate was lowest, as 

shown in Fig. 11, and small plough groove, as shown in 

Fig. 11 (b), compared with pure epoxy and 25wt.% TiC. 

There are several factors that affect the wear resistance of 

the composites such as the type of matrix material, the 

type of reinforcement, additives (graphite), surface 

roughness, processing technique (powder metallurgy or 

casting), sliding speed, load, type of friction (dry or 

lubricated)[19]. As in Table 3, most of these factors are 

constant to compare between different specimens 

compositions.  

Table 3. Factors that are affect the wear resistance of the 

composites 

Load, P (N) 40 

Speed, N (rev/m) 500 

Test Distance, d (m) 500, 1000, 1500, 2000 

Time for each distance, t (seconds) 173, 347, 520, 694 

Room temperature, °C 25±2 

Contact condition dry 

From Fig. 10, the wear rate for all specimens with 

different TiC ratios were decreased with increasing sliding 

distance due to high interfacial adhesion of remaining  TiC 

to synthetic matrix and could be due to filling of the 

abrasive paper while the rubbing process. Generally, the 

wear rates begin a gradual decline with the increasing 

sliding distance until a steady state condition is reached. 

During the friction process bigger TiC particles on the 

friction surface are impressed deeper to the tested surface 

and are not easily releasable from the surface. On the other 

hand, smaller TiC particles on the friction surface are 

easily released from the surface of composite. The larger 

size of reinforcing particles can offer protection to the 

matrix during sliding. Once the reinforcing particles 

fracture or loosen from the matrix, they can be removed 

easily from the matrix, resulting in a certain amount of 

material loss. The two surfaces are brought into sliding 

contact at the beginning; the soft ductile epoxy matrix 

between TiC particles undergo deformation. The uniform 

distribution decreases the matrix between TiC particles 

which lead to decrease the wear and hardness. Generally, 

some of the wear debris is lost from the system and some 

entrapped between the contact surfaces. The entrapped 

debris particles produce further damage on both surfaces; 

however increasing the amount of hard TiC particles in the 

debris leads to more damage on both surfaces, as shown in 

Fig. 11(c).  In order to investigate the wear mechanism, the 

surfaces of the worn composites were examined under 

OM. 

 
Fig. 10. Average wear rate for epoxy matrix composites reinforced with various ratios of TiC particles 
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Fig. 11. OM of 0 wt%, 10 wt%, 25 wt% composite at 2000m sliding distance 

Fig. 11(a-c) shows typical worn surfaces of the 0 wt.%, 

10 wt.% , 25 wt.% TiC composites, respectively. OM for 0 

wt. % TiC composite (Fig. 11 (a)) shows a very thin layer 

removed from some areas with grooves and scratches on 

the worn surfaces.  

OM for 10 wt.% TiC composite (Fig. 11 (b))  shows 

very small grooves and scratches on the surface, whereas 

OM for 25 wt.% TiC composite (Fig. 11 (c)) shows many 

scratches and big grooves on the worn surfaces due to, but 

with little evidence, particulate fracture, even in 

composites with the highest weight fraction. 

4. Conclusions 

Composites reinforced with various ratios of TiC have 

been synthesized and characterized successfully. The 

mechanical properties such as hardness, tensile strength, 

impact, and wear resistance are observed to be increased 

considerably compared to the matrix composite. Hardness 

and tensile strength values show increment with addition 

of 15 wt% of TiC powder whereas hardness and tensile 

strength values decreased for specimens with (20 wt% and 

25wt%) TiC due to agglomeration of TiC particles (Fig. 6) 

and porosity (Fig. 7) during mixing process. Impact 

strength had increment with ratio of 20 wt% of TiC. Wear 

rate improved greatly at 10 wt% TiC. OM for 0 wt.% TiC 

composite (Fig. 10 (a)) shows a very thin layer removed 

from some areas with grooves and scratches on the worn 

surfaces, whereas OM for 25 wt.% TiC composite (Fig. 10 

(c)) shows many scratches and big grooves on the worn 

surfaces. 
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Abstract 

The significance of electricity generation by photovoltaic (PV) systems comes from the direct conversion of light into 

electrical energy. Although such a system is widely used in a small scale, the tendency to apply it in a large scale is gaining 

ground day after day. However, large generation systems of this type are associated with their own problems arising when 

they are connected to the national grid. One of these problems is the generation of harmonics from control and power 

conversion devices included in Photovoltaic system. In the present paper, the mutual impact between large-scale 

photovoltaic generation systems and electrical grid will be studied in terms of power quality. This requires building a model 

of large-scale photovoltaic system, connecting it to the grid and testing it under various conditions. Several scenarios will be 

proposed for the operation of such system taking into consideration the penetration level of solar system, loading levels and 

load composition of the examined grid. The key elements, exciting harmonic problem, will be identified in the present work 

and the issues related to such phenomenon will be studied in parallel with other operational patterns dominating in 

distribution grids. As being relatively intermittent source of energy, photovoltaic will have some means of protection and 

control which will be considered as parts of this system. The present paper also combines the results obtained from Simulink 

into LabVIEW which provides a reliable way in analyzing the variation of parameters governing the harmonic behavior. 

After connecting PV arrays to the grid, the harmonic level increases up to 13.3% in the case of 150 kW PV systems because 

of the power electronic devices in operation. The effects of the solar radiation and the operating temperature of PV modules 

on the harmonics are investigated and modeled.  The simulations show that the total harmonic distortion is 13.22 %, 13.30%, 

and 13.40% at T= 30°C, 25°C and 20°C, respectively. 
 

© 2016 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved 
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1. Introduction 

The continuous increase in oil prices and the frequent 

warnings of limited resources and reserves of such fuel 

have pushed the decision-makers in energy industry to 

accelerate the use of renewable energy, especially the wind 

and solar. The intermittent nature of wind makes it 

unfavorable in many locations, whereas electricity 

generation by Photovoltaic (PV) is more stable and 

reliable. Therefore, the installation of PV arrays is not 

limited to residential load at low voltage, but it extends to 

include the medium voltage at utility scale. The 

introduction of this new approach of electricity generation 

system has its own influence on the performance of 

distribution networks including the power quality of the 

supply.  
The summation of all harmonic components of the PV 

voltage or PV current waveform compared to the 

fundamental component of the voltage or current wave is 

defined as the Total Harmonic Distortion. The presence of a 

high value of THD is one of the main indices of power quality 

poorness. On the other hand, the large scale of PV integration 

into distribution network needs a robust system of control 

devices, converting equipment and protective relaying. With 

the increase of non-linear loads within these systems, the 

harmonic penetration level will be augmented. Therefore, one 

of the vital concerns of distribution utilities is to take the 

required precautions and to conduct the necessary research to 

be immune from the side effects of PV large scale distribution.  

Although the main concern in PV development and 

application was on the improvement of cells efficiency, 

several researchers were interested in PV integration with 

electric grid [1-3]. Another group of workers has tried to 

use a suitable simulator to study photovoltaic generation 

systems and connect them with the grid [4], whereas some 

investigators have attempted to reduce the harmonic 

impact by applying new topology for PV generation 

systems integrating current harmonic compensation by 

using two inverters. The first one was with a feedback loop 

to compensate the low order harmonics, and the second 
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one with a feed forward loop for compensating high order 

harmonics [5-6]. 

Despite the importance of the worksabove, the research 

of harmonic generation associated with large scale PV 

systems is still in need for more investigation and further 

study. In the present work much attention is paid to 

individual harmonics in addition to the THD for existing 

distribution systems. In comparison with other works, the 

present paper demonstrated and tested a model of large 

scale PV system. In addition, several scenarios were 

proposed for the operation of such system taking into 

consideration the penetration level of solar system, loading 

levels and load composition of the examined grid.  

2. System Model and Data Collection   

The present work was started by building a large scale 

PV generation model using Simulink to provide a power 

up to 150 kVA at maximum power point. The next step 

was to set the parameters of a radial feeder chosen as an 

example from a real distribution network of Irbid District 

Electrical Company- Jordan (IDECO). After that, the 

jointing process has been made using PWM inverter. In 

this system, the PV model operates as a distributed 

generation feeding the network with electrical supply. The 

main components included in this model are:  

1. Current network configuration before PV connection 

and the values of normal harmonic distortion (without 

PV). 

2. The existing loads taking into consideration nonlinear 

ones. 

3. Transmission lines and transformers impedances in 

addition to generation part  

4. Boost chopper followed by controlled inverter. 

5. PV generation unit with a suitable interface to enter 

temperature value, insolation and PV module 

parameters. 

6. Measuring and monitoring system for voltage and 

power values. 

The harmonic content was initially known by 

monitoring the THD in the examined system at the supply 

point. Then, the PV system was connected through an 

inverter to determine the influence of such generator on 

the THD. The analysis is not restricted to one harmonic 

value; it is also concerned with studying the effect of 

radiation and temperature variations on different THD 

values. This approach provided a better prediction for 

THD value during daily and seasonally variations. 

The data used in modeling the radial power system 

were obtained from (IDECO) and the main components to 

operate such system were transformers, medium voltage 

transmission lines and loads. In addition to that, harmonic 

sources were presented by nonlinear loads with rectifying 

devices, whereas PV modules were selected from 

Centrosolara Company, where the S520P36 Ultra module 

is used. By using LabVIEW, Harmonic analysis interface 

is built to give brief results about voltage and current 

harmonic contents, THD and inter harmonics depending 

on waveforms taken from Simulink results. Figure 1 shows 

a single line diagram of the examined distribution section. 

 

Figure 1. Single line diagram of the distribution section 

3. System Simulation and Results 

It is expected that the main source of harmonics during 

the operation of PV system will be the inverter and the 

harmonic composition in this case will be a function of its 

capability to convert the DC output of the solar panels into 

pure AC sine wave. Therefore, a MATLAB/Simulink 

interface for solar module parameters was built.  

3.1. The Harmonic Contents before Connecting PV Arrays 

The examined system was initially simulated with its 

actual load under normal conditions. The measuring point 

was selected to be at the beginning of the line, directly 

after the power source. As illustrated in Figure 2, the 

simulation results have shown the harmonic contents 

waveforms of the voltages and currents. 

 
Figure 2 (a). Voltage harmonics shown in phase A 

 
Figure 2 (b). Current harmonicsshown in phase A 
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The THDv was evaluated by LabVIEW software and 

found to be 0.58% whereas the THDI is 4.7%. The 

significant harmonic orders are the 5th, 7th, 11th, and 13th 

which resulted from the operation of six-pulse converters. 

This is normal for such a system compared with standard 

values. 

Interharmonicswere also taken in consideration when 

the analysis was done. Figure 3 illustrates sample of 

measured current interharmonics. 

3.2. Harmonic Contents after Connecting the PV 

Generation 

The current-voltage characteristic of PV modules is 

non-linear and depends on the level of solar irradiance on 

the surface of the PV modules and their operating 

temperatures. Therefore, the maximum power point will 

vary according to the ambient conditions. When the solar 

irradiance varies at constant temperature, the short-circuit 

current changes proportionally with the solar irradiance 

while, the open-circuit voltage changes to a lower extent. 

However, when the temperature varies at constant solar 

irradiance level of 1000 W/m2, the open-circuit voltage, in 

this case, changes in an inverse way with respect to the 

temperature, whereas the short-circuit current changes to a 

lower extent. In the operating field, the solar radiance and 

the temperature change simultaneously which leads to the 

need to establish test devices. In the PV industry, the 

standard conditions refer to the temperature of 25°C and to 

the solar irradiance of 1000 W/m2, as well as to Air Mass 

(AM) equal to 1.5, at null wind speed. These conditions 

refer to a day with clear sky and to a surface having an 

angle of 41.81° with respect to the horizon [7]. 

The PV is usually connected to the inverter, the 

operation of which will be the dominant effect on the 

production of harmonics. This is attributed to the fact that 

semiconductor devices are the main components of the 

inverter and, therefore, it is worth giving this element more 

concentration regardless of its type. The one employed in 

the present paper is a pulse width modulation (PWM) 

inverter with operating switching frequency of 5kHz. Step 

up chopper is also used before the inverter to provide rms 

voltage at the second side of the inverter. The voltage is 

then stepped up to 33kV using a step up transformer to 

match the distribution voltage connection point. 

Additionally, a Voltage Source Converter control (VSC) is 

used to achieve constant AC output value from the inverter 

with the variation of generation values and this improves 

the operation of such generation system by keeping the 

voltage level constant. DC-DC boost converter, inverter 

and VSC control are assumed to operate as constant 

parameters in the simulation. 

3.2.1. The Effect of Changing of Solar Radiation on 

Harmonic 

By connecting PV system to the grid, it starts supplying 

part of the distribution load with the required electrical 

energy. However, the operation of switches and converting 

devices from DC to AC will cause a non-pure sinusoidal 

output signal delivered to the grid. The analysis starts at a 

high value of insolation (1000W/m2) and then it decreases 

to illustrate the change of harmonic contents. 

The results show that the voltage waveforms have 

insignificant harmonic distortion compared with that of 

current waveforms. Figure 4 demonstrates spectrum of 

current harmonic values in phase A. 

 

Figure 3. Current interharmonics 

 

Figure 4.Spectrum of current harmonic values in phase A at insulation level of 1000W/m2 
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The resulted THD in current waveforms is 13.3%. This 

value is much higher than that of the studied system before 

PV connection.Therefore, the existence of the solar system 

under normal conditions raised the THD to a very high 

value. The system was also simulated at 700 W/m2 and 

25oC, which is less than the standard value of solar 

radiation. In order to investigate the effect of low solar 

radiation on harmonics, the same parameters were 

assessed. Figure 5 shows current harmonic values in phase 

A for this case. 

The resulted THD in current waveforms is 13.09% at 

700W/m2 solar radiation. For 500 W/m2  insolation, the 

same process was repeated and Figure 6 shows the 

spectrum of current harmonics in phase A. 

3.2.2. TheEffect of Changing Temperature on Harmonic 

In this part of the work the solar radiation will be 

considered as a constant and the temperature will be the 

variable factor. The results will be taken at different values 

of temperatures namely, 30oC, 25oCand 20oC. In all cases 

the solar radiation was assumed to be 1000 W/m2. Figure 7 

illustrates the spectrum of current harmonic at temperature 

of 30oC in phase A. 

The resulted THD in current waveforms is 13.3% in 

this case. Figures 8 and 9 show the spectrum of harmonic 

current at temperatures of 25oC and 20oC, respectively. 

 

 

 
Figure 5.Spectrum of current harmonic values in phase A at insulation level of 700W/m2 

 
Figure 6.Spectrum of current harmonic values in phase A at insulation level of 500W/m2 [THD = 13.07%] 

 
Figure 7.Spectrum of current harmonic in phase A at a temperature of 30oC. 

 
Figure 8.Spectrum of current harmonic in phase A at a temperature of 25oC [THD = 13.3%] 
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Figure 9.Spectrum of current harmonic in phase A at a temperature of 20oC [THD = 13.4%] 

 

4. Analysis and Discussion 

The employment of high performance simulator, which 

is based on MATLAB/Simulink program, provides a 

model that can be easily adopted for various temperature 

and radiation values to set a precise solar generator model. 

One of the strong points of the present work is the 

possibility of taking the waveforms of current and voltages 

obtained from Simulink and analyze them in another tool 

(LabVIEW). The latter is well-known as a strong tool in 

harmonic analysis. This approach provides an accurate and 

effective way in analyzing the variation of parameters 

governing the harmonic behavior. It simulates a real power 

system and adds one of renewable resources to existing 

grids to monitor the effect of integration.  

Before connecting the PV system to the distribution 

network, the THD was found to be 4.6%. Although this 

factor is a good indication of harmonic level, it is usually 

advisable to inspect the individual harmonics. In 

comparison of the harmonic voltage to the harmonic 

current values, the latter was more noticeable. Usually, the 

main source of harmonics is the nonlinear loads in the 

system. However, after connecting PV arrays to the grid, 

the harmonic level has shown a significant increase. By 

installing large amounts of PV arrays (in this case 150 

kW), the THD level becomes remarkably high (13.2 %).  

This value reflects the seriousness of the problem and the 

high percentage of electronic devices involved. The 

continuous operation of power electronic devices in the 

inverter and the currents that are injected to the grid are 

indicators about the degree of distortion that can be sensed 

during measurements. Any adjacent load will draw a 

distorted current and by passing through impedances more 

distortion can be recorded. With time the system becomes 

completely "polluted" and the THD gets higher and higher. 

This high value of THD may affect sensitive controlling 

systems and loads. 

The individual harmonics that appear significantly 

before adding the PV system were the 5th, 7th, 11th and 

13th. This is attributed to the six pulse power converter 

used in the loads. After connecting the PV system, the 

harmonics were increased because the influence of the 

inverter in the solar generation system. Even harmonics 

also appear due to the operation of the transformer 

between PV system and the grid but with small values. 

Solar radiation is one of the main parameters that affect 

the generation level of PV arrays. It appears from the 

characteristics that the value of output power from PV 

arrays will increase as the radiation increases. The 

variation of the solar radiation occurs in a random manner 

during cloudy days and varies from day to day, which 

makes the predicting of the exact value of generation a 

difficult task. However, the model used can provide the 

flexibility to change the insolation level to any value, 

which facilitates prediction the generated power and its 

influence on the harmonics. 

The slight decrease in THD with decreasing the 

radiation is attributed to the decrease in the value of 

generated power, and consequently, a less distorted current 

will be delivered to the grid.  

One of the most important factors that affect the 

operation of all electrical devices is the temperature. The 

excessive increase in temperature causes less efficient 

operation of devices in general. Here in PV arrays, the 

temperature is one of the main dominant factors that affect 

the generated power by variation the efficiency of PV 

cells. When running the simulation at a temperature of 

30oC, the THD was found to be 13.22 % and then, at 25oC 

it is found to be 13.3 %. Finally, the THD was 13.4% at 

20oC. Therefore, it is not difficult to notice that the 

temperature decrease causes an increase in the THD in the 

system. When the temperature increases, the generated 

power will decrease, so less current delivered to the grid 

and then less distorted signal presented in the system. 

5. Conclusions 

The present work has revealed several conclusions. 

Firstly, the distribution systems, which will be treated as 

incubators for PV generation, have already some harmonic 

problems. Although these problems are still not dangerous, 

but they are in a continuous increase and they might cause 

serious problems in the future.Secondly, the present work 

has clearly illustrated that the connection of large scale PV 

to the distribution grid will significantly increase the THD 

level and will augment the problem of distribution system 

performance. The obtained level of THD exceeds the 

permissible limit for normal operating systems. Finally, 

the impact of solar radiation and temperature on the 

harmonic spectrum and THD level was clear. The increase 

in radiation and the reduction in temperature lead to an 

increase in the output of the PV, which means an increase 

in the distorted current and an increase in the harmonic 

level. However, the change in THD was small in some 

cases due the selected range of variation.  
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Abstract 

Burnishing process is used as a surface treatment for increasing the surface quality of circular or flat surfaces. The 

present paper investigates the effect of different burnishing parameters (speed, feed, depth of penetration and number of 

passes) on the surface quality of AA 6351. In conventional flexible burnishing tool, when the ball or roller is pressed against 

the material, gives waviness on the surface of the component, as properties of material throughout the length of the 

component are not uniform. Proposed stiff roller burnishing tool (Specially designed for CNC Lathe) can avoid these effects 

due to its high stiffness. Experimental work based on Response Surface Methodology (RSM), using Central Composite 

Design was carried out. Statistical Analysis of the results shows that the depth of penetration has a substantial effect on 

surface roughness and depth of penetration, speed and number of passes has significant effect on microhardness. 

Optimization of burnishing parameters was done to minimize surface roughness and maximize surface hardness using 

desirability function.  Experiments were performed using optimum level of parameters to prove the effectiveness of 

desirability function and validate the phenomenon. 
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1. Introduction 

In the present scenario, industry demands mechanical 

components with improved strength to weight ratio and 

good performance with reliability. Conventional methods 

like honing, lapping, grinding improves the surface finish 

of the component, which is not sufficient to improve 

performance with reliability. To improve the reliability of 

a component, the surface integrity of the component is to 

be increased. This can be achieved through numerous 

processes, like burnishing, shot peening, low plasticity 

burnishing which can improve the surface integrity of the 

material. In low plasticity burnishing residual compressive 

stresses are induced on the surface with less amount of 

cold work, that increases the fatigue life of the component 

even at high temperature [1]. For a specific material, we 

need to find optimum burnishing force, which will give us 

required surface quality. But if the material is changed, we 

need to find optimum force for that material. On the other 

hand, if we consider contact pressure between roller and 

workpiece material, we need to know the diameter of the 

roller, contact area, roller material, its shape, and size, as 

well as workpiece material. By considering various 

industrial applications of burnishing process on various 

materials, an extensive database of optimum contact 

pressure for materials is required to be maintained. This is 

required if one thinks that optimum contact pressure 

depends on burnishing process parameters and contact 

pressure. Therefore the focus of the present investigation is 

the depth of penetration, which the stiff burnishing tool 

penetrates the roughness valley, based on initial surface 

roughness, which can give us better surface quality [2]. 

Surface integrity is the sum of all the elements that 

describes all conditions existing on or at the surface of the 

finished workpiece. Surface integrity has two aspects. The 

first is surface topography which describes the roughness, 

lay or texture of the outermost layer of the workpiece. The 

second is surface metallurgy that describes the nature of 

the component. Burnishing is the cold working process in 

which rolling part of the tool, ball or roller is rolled over 

the surface of the component. As a result of rolling of ball 

or roller over the surface, Hertz contact stresses are 

developed, which overstep the yield stress, leading to 

plastic deformation of the surface layer. This increases 

surface finish and surface microhardness of the 

component, which in turn increases the surface integrity of 

the component [3][4]. Thus, the surface integrity has 

attracted the interest of researchers, e.g., those who want to 

increase the life of the component. The functional 

performance of a component, such as a load bearing 

capacity, wear resistance, fatigue strength depends on 

surface integrity which includes surface roughness, surface 

* Corresponding author e-mail: maheshwari_anil@rediffmail.com. 
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hardness, induced compressive stresses and surface 

topography [5]. Many researchers had studied the effect of 

different burnishing parameters on, for instance, surface 

integrity of different materials [6]–[8], surface roughness 

and microhardness[9]–[12], wear resistance [13][14] and  

fatigue strength of the different materials, and found that 

there is improvement in surface finish, surface 

microhardness, wear resistance, fatigue strength and 

surface integrity of the material[15]–[17]. Several 

researchers had optimized burnishing process parameters 

for enhancing surface quality of material[18]–[21]. 

However, for optimization of burnishing parameters for a 

specific material, we need to carry out several experiments 

with a different combination of burnishing parameters. To 

minimize the number of experiments Taguchi[22] and 

RSM[23] were used by many researchers. Dweiriet al. [24] 

used fuzzy modeling for optimization of roller burnishing 

parameters to improve the surface finish of non-ferrous 

components. It was observed that as burnishing force 

increases surface roughness decreases. Revankar[25] 

investigated optimum burnishing parameters to enhance 

surface roughness and surface hardness of titanium alloy 

using Taguchi technique. It was observed that the increase 

in the burnishing force and number of passes improves the 

surface finish of the workpiece and the same was the case 

for hardness but with an increase in speed hardness 

decreases. RSM and Desirability function was employed 

for optimization of burnishing parameters and the 

quadratic model was developed to predict the surface 

finish of the workpiece [26]. Aluminum alloy is widely 

used in automobile and aerospace sector due to its 

properties like high corrosion resistance, high strength to 

weight ratio. In the present study, AA 6351 was used as a 

workpiece material.  It is most widely used alloy in a wide 

variety of general applications in small scale industry as 

well as large scale industries and detailed analysis for 

burnishing is not found reported. It is also used in pressure 

vessels, rail and road bridges and can be used in aerospace 

structure [27]. 

We need to find out some law in deciding the value of 

parameters, which will be same for different materials. 

Here we are concentrating on optimization of the depth of 

penetration based on initial surface roughness. 

2. Stiff Ball Burnishing  

Operation of stiff ball burnishing is illustrated in Figure 

1.  Dynamic behaviour of the burnishing tool is not found 

reported due to waviness of workpiece surface. Available 

research does not provide any information on a theoretical 

or practical aspect of the tool behaviour under real time 

burnishing process. This is due to the fact that the process 

is performed on the uneven surface, therefore magnitude 

of the force acting on the tool cannot be known. Taking 

into consideration the above fact authors tried to use very 

high stiffness spring in the tool, so that effect of waviness 

will not affect the burnishing operation. The depth of 

penetration is decided based maximum value of Rp 

(Maximum peak height) on initial surface roughness. The 

ball is placed on the outer race of the bearing, so that it can 

rotate freely during burnishing process. The tool is 

designed in such a way that it will give constant depth of 

penetration. 

 
Figure 1. Burnishing Mechanism 

3. Experimental Study on Stiff ball Burnishing 

Specimens (Size 30mm X 250mm) were prepared on 

CNC lathe using carbide tip tool having 0.8 mm radius. All 

burnishing tests were conducted on LMW make CNC lathe 

having Fanuc Controller at Sandip Institute of Technology 

and Research Centre, Nashik. Kerosene was used as a 

coolant. Based on literature review speed, feed, depth of 

penetration and number of passes were selected as 

burnishing parameters [28]–[30]. Pilot experiments were 

conducted, to decide the range of parameters. The 

experimental work determined the effect of burnishing 

parameters on surface roughness and hardness. The surface 

roughness was measured using SURFCOM 130A and 

surface hardness was measured using Mitutoyo make 

Micro Vickers Hardness Tester of both turned and 

burnished surface at Nasik Engineering Cluster (NEC), 

Nashik. Table 1 shows values of burnishing parameters 

used.  

 
Figure 2. Experimental Setup 

Table 1. Burnishing parameters 

 Minimum Intermediate Maximum 

Speed (rpm) 600 700 800 900 1000 

Feed (mm/rev) 0.03 0.04 0.05 0.06 0.07 

Depth of 

Penetration(mm) 
0.15 0.3 0.45 0.6 0.75 

Number of Passes 

(Units) 
1 2 3 4 5 
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4. Parametric Analysis of Burnishing Process on 

Surface Roughness and Surface Hardness  

In the first stage of the present study based on 

Response Surface Methodology (RSM) using Central 

Composite Design (CCD), 30 experiments were conducted 

using a combination of parameters given in Table 2. The 

effect of burnishing parameters on the surface roughness 

and surface microhardness were studied. 

Table 2. Design Matrix and Response 

Sr 

No 

Speed 

(rpm) 

Feed 

(mm/rev) 

Depth of 

Penetratio
n (mm) 

Number of 

Passes 

Surface 

Roughness
(µm) 

Surface 

Hardness 
(Hv) 

1 1000 0.05 0.45 3 0.063 145.2 

2 900 0.04 0.3 4 0.065 143.2 

3 900 0.04 0.6 4 0.103 143.8 

4 700 0.04 0.3 4 0.067 144.1 

5 900 0.06 0.6 2 0.077 143.1 

6 800 0.07 0.45 3 0.059 145.8 

7 900 0.06 0.6 4 0.079 144.3 

8 800 0.05 0.45 3 0.061 146.6 

9 600 0.05 0.45 3 0.063 145.3 

10 800 0.05 0.45 3 0.06 147.1 

11 800 0.05 0.75 3 0.074 145.3 

12 700 0.06 0.6 2 0.079 143.8 

13 900 0.04 0.3 2 0.068 142.7 

14 900 0.06 0.3 4 0.057 144.6 

15 700 0.06 0.3 4 0.068 144.2 

16 700 0.06 0.6 4 0.0728 142.9 

17 700 0.04 0.6 2 0.08 143.5 

18 700 0.04 0.6 4 0.079 144.5 

19 900 0.04 0.6 2 0.078 144.2 

20 700 0.04 0.3 2 0.068 143.8 

21 800 0.05 0.15 3 0.063 145.1 

22 700 0.06 0.3 2 0.066 144.3 

23 800 0.05 0.45 1 0.059 142.1 

24 800 0.05 0.45 3 0.061 146.3 

25 800 0.05 0.45 3 0.063 146.1 

26 800 0.03 0.45 3 0.068 146.5 

27 800 0.05 0.45 3 0.059 147.5 

28 800 0.05 0.45 3 0.062 147.1 

29 800 0.05 0.45 5 0.066 145.5 

30 900 0.06 0.3 2 0.068 143.2 

ANOVA was used to find the effect of different 

burnishing parameters on response parameters based on a 

95% confidence level.  ANOVA for surface roughness 

quadratic model implied that depth of penetration and 

quadratic term of, depth of penetration plays an important 

role in improving the surface finish of the material. Other 

parameters are found dormant. However, surface 

microhardness results show that due to a depth of 

penetration, speed and number of passes (3 to 4) cold work 

increases which results in, increase in surface hardness. 

The optimization of burnishing parameters was done using 

desirability function, to achieve minimum surface 

roughness and maximum surface hardness. It is found that 

at speed of 800 rpm, the feed of .05mm/rev., depth of 

penetration of 0.45 mm and number of passes three, we 

can get minimum surface roughness and maximum surface 

hardness. Desirability function value comes 0.814.  

 

 

Table 3.ANOVA for Response Surface Roughness Quadratic 

Model 

Analysis of variance table [Partial sum of squares - Type III] 

 
Sum of 

 
Mean F p-value 

 
Source Squares Df Square Value Prob> F 

 

Model 0.020062 14 0.001433 3.84048853 0.0070 
Signif
icant 

A-Speed 

(rpm) 
0.000294 1 0.000294 0.7879221 0.3887 

 

B-Feed 
(mm/rev) 

0.00028 1 0.00028 0.75084867 0.3999 
 

C-Depth of 

Penetration 

(mm) 

0.003651 1 0.003651 9.78381276 0.0069 
 

D-Number 

of Passes 
0.00058 1 0.00058 1.55485081 0.2315 

 

AB 0.000992 1 0.000992 2.65923709 0.1238 
 

AC 0.000272 1 0.000272 0.72963195 0.4064 
 

AD 5.63E-05 1 5.63E-05 0.1507504 0.7033 
 

BC 0.0004 1 0.0004 1.07200286 0.3169 
 

BD 0.000676 1 0.000676 1.81168483 0.1983 
 

CD 0.0001 1 0.0001 0.26800071 0.6122 
 

A^2 0.000237 1 0.000237 0.63430026 0.4382 
 

B^2 0.000163 1 0.000163 0.43674545 0.5187 
 

C^2 0.012168 1 0.012168 32.6106141 
< 

0.0001  

D^2 6.7E-05 1 6.7E-05 0.17946476 0.6778 
 

Residual 0.005597 15 0.000373 
   

Lack of Fit 0.00527 10 0.000527 8.04503817 0.0164 
Signif

icant 

Pure Error 0.000328 5 6.55E-05 
   

Core Total 0.025659 29 
    

The model F-value of 3.84 suggests that model is 

significant and there is 0.70% chance only that “Model F-

Value” this large could occur due to noise. Values of 

“Prob>F” less than 0.05 indicates that model terms are 

significant. The “Lack of Fit F-Value” of 8.05 indicates 

that the lack of fit is significant and there is only 1.64% 

chance that a “Lack of Fit F-Value” this large could occur 

due to noise. The value of R2 is equal to 0.8214. Adequate 

Precision measures the signal to noise ratio. Signal to noise 

ratio 9.152 as per present analysis implies an adequate 

signal to navigate the design space. 

The reduced best fitted second order model using least 

square criteria for surface roughness in coded form is as 

below: 

 

Surface Roughness = 0.0545 + 0.01333*C +0.021063* C2-

0.005*B*C +0.0025*C*D - 0.0065*B*D                                    (1) 
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Figure 3. Effect of speed and depth of penetration on surface 

roughness 

 

Figure 4. Effect of feed and depth of penetration on surface 

roughness 

Table 4.ANOVA For Surface Hardness Quadratic Model 

Analysis of variance table [Partial sum of squares - Type III] 

 
Sum of 

 
Mean F p-value 

 
Source Squares df Square Value Prob> F 

 

Model 44.34867 14 3.167762 3.064587 0.0196 
signific

ant 

A-Speed 0.201667 1 0.201667 0.195098 0.6650 
 

B-Feed 0.026667 1 0.026667 0.025798 0.8745 
 

C-Depth of 

Penetration 
0.006667 1 0.006667 0.00645 0.9371 

 

D-Number 

of Passes 
4.001667 1 4.001667 3.871332 0.0679 

 

AB 0.25 1 0.25 0.241857 0.6300 
 

AC 0.7225 1 0.7225 0.698968 0.4163 
 

AD 0.36 1 0.36 0.348275 0.5639 
 

BC 1.21 1 1.21 1.17059 0.2964 
 

BD 0.0025 1 0.0025 0.002419 0.9614 
 

CD 0.09 1 0.09 0.087069 0.7720 
 

A^2 10.08107 1 10.08107 9.75273 0.0070 
 

B^2 3.986786 1 3.986786 3.856936 0.0684 
 

C^2 10.50107 1 10.50107 10.15905 0.0061 
 

D^2 25.74107 1 25.74107 24.90268 0.0002 
 

Residual 15.505 15 1.033667 
   

Lack of Fit 14.05667 10 1.405667 4.852704 0.0476 
signific

ant 

Pure Error 1.448333 5 0.289667 
   

Core Total 59.85367 29 
    

The model F-value of 3.064 implies that model is 

significant and there is only 1.96% chance that “Model F-

Value” this large could occur due to noise. The “Lack of 

Fit F-Value” of 4.85 indicates that the lack of fit is 

significant and there is only 4.76% chance that a “Lack of 

Fit F-Value” this large could occur due to noise. The value 

of R2 is equal to 0.8701. Adequate Precision measures the 

signal to noise ratio. Our signal to noise ratio 6.526 

suggests an adequate signal, to navigate the design space. 

The reduced best fitted second order model using least 

square criteria for surface hardness in coded form is as 

below: 

Surface Hardness = 146.7833 - 0.61875*C2 - 0.96875* 

D2+0.0125*B*D + 0.125*A*B +   0.02125*A*C (2) 

 

Figure 5. Effect of Number of passes and speed on surface 

hardness 

 

Figure 6. Effect of number of passes and depth of penetration on 

surface hardness 

5. Analysis of the Burnished Surface Quality 

5.1. Surface Roughness  

In the second stage of the present work, analysis of 

surface roughness (Ra) was done, in comparison with 

surface roughness before burnishing. The depth of 

penetration plays a vital role in improving surface finish. It 
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was observed that depth of penetration equal to 0.8 to 0.9 

times Rp (peak value of surface roughness) gives us best 

surface finish. We were able to get super finished surface 

having lowest Ra value 0.057 µm, due to stiff burnishing 

tool.  

 
Figure 7. Surface Roughness Tester 

5.2. Surface Microhardness 

Depth of penetration creates high pressure and plastic 

deformation of material takes place, which produces 

limited cold work region. The thickness of the metal layer 

formed due to pressure increases as the depth of 

penetration and number of passes are increased. But after a 

certain value of the depth of penetration and number of 

passes surface got damaged. Surface hardness obtained 

was 147.5. Speed also plays role in improving surface 

hardness. As speed increases, heat generation between tool 

and workpiece increases and surface of the workpiece 

becomes soft. So, after 900 rpm speed, surface hardness 

decreases.  

Figure 8. Surface Microhardness Tester 

5.3. Optimization of Burnishing parameters  

There are two responses, one is surface roughness and 

the other is surface hardness. We want to minimize surface 

roughness and maximize surface hardness. Therefore we 

optimized burnishing parameters. This was done using 

Desirability function, using software tool. The value of 

desirability function came as 0.814. Following Table 5 

shows upper and lower limit of burnishing parameters, 

their weight, and importance of each parameter. 

Table 5. Burnishing Parameters Range for Optimization 

  

Lower Upper Lower Upper 

 

Name Goal Limit Limit Weight Weight Importance 

A:Speed is in range 700 900 1 1 3 

B:Feed is in range 0.04 0.06 1 1 3 

C:Depth of 

Penetration 
is in range 0.3 0.6 1 1 3 

D:Number 

of Passes 
is in range 2 4 1 1 3 

Surface 

Roughness 
minimize 0.057 0.103 1 1 3 

Microhardn

ess 
maximize 142.1 147.5 1 1 3 

5.4. Validation of Mathematical Models  

By using burnishing parameters optimum values again, 

experiments were conducted to validate mathematical 

models developed. It was observed that % error is less than 

10% in almost all tests.   Table 6 shows the results of the 

validation experiments and % error. 

 

Figure 9. Optimization using Desirability Function  
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Table 6. Validation Experiments 

A B C D 
Ra 

(Measured) 

Hv 

(Measured) 

Ra 

(Predicted) 
% Error in Ra Hv (Predicted) % Error in Hv 

700 0.06 0.6 4 0.078 147.2 0.07434068 4.92236552 145.23855 1.350502329 

900 0.04 0.6 4 0.069 149.2 0.07492068 7.902597787 147.03755 1.470678748 

900 0.04 0.6 2 0.08 149.1 0.07244068 10.43518642 158.66155 6.026381313 

900 0.06 0.3 2 0.063 148.9 0.06102467 3.236936799 155.3416125 4.146739818 

900 0.04 0.3 4 0.067 145.6 0.06229467 7.553342846 141.4671125 2.921447556 

800 0.05 0.45 3 0.071 146.3 0.067051258 5.88914011 150.5911281 2.849522531 

700 0.06 0.3 4 0.063 145.5 0.06174467 2.033098565 140.9431125 3.233139541 

700 0.06 0.3 2 0.066 147.8 0.06102467 8.152981409 152.5666125 3.124282844 

900 0.06 0.6 4 0.078 146.2 0.07434068 4.92236552 149.28855 2.068845869 

900 0.06 0.3 4 0.066 146.4 0.06174467 6.891817545 143.7181125 1.866074814 

6. Conclusions 

The influence of stiff ball burnishing parameters for 

improving the surface quality of rotating parts was 

examined. Along with it, the study of surface roughness 

and surface hardness achieved was carried out. Based on 

investigations achieved, subsequent conclusions are 

drawn: 

 The depth of penetration plays important role in 

enhancement of surface finish up to certain value. As 

the depth of penetration increases, pressure on the 

workpiece surface increases and plastic deformation at 

the surface of the workpiece takes place. Due to this, 

material will flow into the valleys and we can get the 

better surface finish. But if it increases beyond a 

particular limit surface get damaged, as a combination 

of parameters is giving us required result.  

 Burnishing speed, feed, and a number of passes hardly 

affect the surface roughness. Thus, it is possible to use 

maximum speed and feed to reduce process time. And 

we can keep the number of passes as one only. But we 

can increase speed and feed up to a certain limit, 

otherwise, the surface may get damaged. There is an 

interaction between different burnishing parameters 

used. 

 Speed, Depth of penetration and number of passes are 

critical parameters to enhance surface hardness. But we 

need to take them at a particular level, as increase or 

decrease in values can reduce surface hardness. As the 

depth of penetration and number of passes increases, 

surface hardness increases, but if values are too high 

surface will be get damaged, results into increase in 

surface roughness. Therefore optimum values of 

burnishing parameters are the key elements to achieve 

minimum surface finish and maximum surface 

hardness.  

 The depth of penetration is equal to 0.8 to 0.9-times 

maximum peak height of the surface roughness. This 

means we can decide the depth of penetration for any 

material based on initial surface. 
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Abstract  

A finite volume code is used to solve for the steady-state two-dimensional laminar natural convection heat transfer for 

the gaseous low pressure flows in the annulus region between two concentric horizontal cylinders with an attached 

solid fin to the inner cylinder. Such flows can be found in the “evacuated” solar collectors and in the receivers of the 

solar Parabolic Trough Collectors (PTCs). Boussinesq approximation is utilized to model the buoyancy effect. It is 

found that Nusselt number (Nu) depends inversely on Knudsen number and directly on Rayleigh number. In addition, it is 

found that attaching a solid fin to the inner cylinder will enhance the heat transfer for such flows. Also, It is found that 

by increasing the tilt angle of the solid fin, then better heat transfer is achieved. Finally, it is concluded that by 

increasing the conductivity ratio, better heat transfer is gained. 

© 2016 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved 
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Nomenclature  
Cp Specific heat [J kg-1 K-1] 

D Molecular diameter of the gas [m] 

Di Inner annulus diameter [m] 

Do Outer annulus diameter [m] 

E Energy flux on a surface per unit time 

g  Gravity acceleration [ m/s2] 

k  
Thermal conductivity [W m-1 K-1] 

kB Boltzman constant= 1231038066.1  JK  

keff Effective thermal conductivity [W m-1 K-1] 

Kn Knudsen number 

Kr Fin thermal conductivity ratio 

rk  Effective thermal conductivity ratio ( feff kk / ) 

L  Length of the cylinder [m] 

Lg Gap Spacing between the two cylinders (ro-ri) [m] 

gL  
Dimensionless gap spacing between the two cylinders 

(ro-ri)/ri 

P Pressure [Pa] 

Pr Prandtl number 

Q Heat transfer [W] 

qw Local heat flux [W/m2] 

ri Inner annulus radius [m] 

ro Outer annulus radius [m] 

T  Temperature [K] 

Ti Temperature of annulus inner surface [K] 

To Temperature of annulus outer surface [K] 

Ra Rayleigh number (gβ(T1-T2)L
3/αν) 

Rac Rayleigh number based on Lc =(gβ(T1-T2)Lc
3/αν) 

Rai Rayleigh number based on the inner diameter 

Ram Modified Rayleigh number  

u  Velocity in x-direction [m/s] 

v  Velocity in y-direction [m/s] 

x, y Cartesian coordinates [m] 

x  

X  

Line, starting from point a and ending at point b [m] 

Dimensionless x =
or

x
 

Greek Symbols 

α      Thermal diffusivity [m2/s] 

β       Thermal expansion coefficient [1/K] 

λ       Molecular mean free path (m) 

μ       Dynamic viscosity [kg m-1 s-1] 

ν       Kinematic viscosity [m2s-1] 

φ      Angle as shown in Figure 1 

ρ       Density of air, given by ideal gas equation (P/RT), [Kg/m3] 

σ       Lennard-Jones characteristic length (Ao) 

σT     Thermal accommodation coefficient 

σv      Momentum accommodation coefficient 

* Corresponding author e-mail wael.alkouz@gju.edu.jo. 
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     Tangential momentum 

Θ      Dimensionless temperature 

Subscripts 

eff       Effective 

f          Fluid 

F         Fin 

g         Gap 

i          Inner 

m         Modified 

n          Normal 

o          Outer 

r          Ratio 

1. Introduction 

Rarefied and micro/nano flows have been studied 

extensively in the past two decades because of their 

relevance to the MEMS and NEMS devices as well as their 

wide applications found in the industry, such as aerospace, 

plasma and material processing applications [1; 2]. 

Recently, the whole world has started to depend on 

renewable energy as it produces no harmful pollutants to 

the environment and due to energy bill savings. Solar 

energy is one of the cleanest forms of renewable energy 

that is sustainable, inexhaustible, and inexpensive. In 

addition, solar energy is becoming more appealing as it 

can be gained without any restrictions. Researchers have 

investigated and developed technologies on how to harvest 

solar energy and to maximize the collection and utilization 

of solar energy. One of the most important applications for 

the rarefied flows that is related to the solar energy 

applications is the Parabolic Trough Collectors (PTCs) 

found in power plants. Since heat transfer analysis for 

PTCs is important for efficiency estimation of the power 

plant [3], this study aims to investigate the effect of 

attaching a fin to the inner cylinder on the flow and heat 

characteristics of the low pressure gaseous flow confined 

in the annulus region of two concentric cylinders. Also, the 

effect of Knudsen number and Rayleigh number on these 

characteristics will be addressed as well.  

Rarefied flows can be classified by introducing 

Knudsen number (Kn ). It represents the ratio of the 

mean free path ( ) to the characteristic length ( L ) of the 

geometry of interest.  

Based on the study of Schaaf and Chambre [4] and that 

of Cercignani and Lampis [5], one can classify the flow 

regimes into four types: (i) Continuum regime if 

0.01Kn < ; (ii) Slip regime if  

0.01 0.1Kn< < ; (iii) Transitional regime if 1< Kn 

<10; and (iv) for 10 Kn< ,  the free molecular regime. 

It is also worth to mention that in the slip flows, the slip 

boundary condition is applied at the surfaces and if the 

flow is non-isothermal, a temperature jump at the surface 

must be applied as well, while for the transitional and free 

molecular regimes, particle simulation methods, such as 

direct simulation Monte Carlo method, can be used to 

analyze the flow characteristics. For example, the 

supersonic gaseous flows into nanochannels using the 

unstructured 3-D direct simulation Monte Carlo method 

had been studied by Gatsonis et al. [6]. It was shown that 

the flow and heat transfer characteristics are affected by 

inlet Mach number (Ma), inlet pressure and the aspect ratio 

of the channel.  

Similarity method is another technique that was utilized 

to solve for the flow and heat characteristics for continuum 

and rarefied flows. For instance, Kiwan and Al-Nimr [7] 

used the power law along with the similarity solution to 

solve for the flow and heat characteristics of a flow over a 

stretched microsurface. Also, Kiwan and Al-Nimr [8] used 

the same technique (similarity) to investigate the flow and 

heat characteristics for boundary layer flows in 

microsystems. In addition, Al-Kouz et al. [9] investigated 

the flow and heat transfer for rarefied flows over stretched 

surfaces using the similarity solution as well.  

Flow in the region between two horizontally oriented 

concentric cylinders has been extensively studied 

experimentally and numerically in the past decades due to 

its relevance to parabolic trough solar collectors. The 

present paper provides further insight on the gaseous flow 

and heat transfer characteristics in the cavity of the annular 

region between two concentric cylinders, in which the 

inner cylinder is attached to a solid fin. 

A comprehensive literature review for the 

computational and experimental investigations for the no-

slip flow in the region of the annuli between two 

concentric cylinders is summarized by Kuehn and 

Goldstein [10; 11]. Moreover, Kuehn et al. [10] obtained a 

correlation using the conduction boundary layer model for 

the flow in the annulus region between to concentric 

horizontal cylinders. Raithby and Hollands [12] provided 

the following correlations for the conductivity ratio and 

length scale that is valid for  6000Pr7.0   and 
710cRa for the flow in the annulus region between 

two concentric cylinders: 

4/1
4/1

Pr861.0

Pr
386.0 c

eff
r Ra

k

k
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                               (1) 

where keff represents effective conductivity of the fictitious 

stationary fluid that will transfer the same amount of heat as the 

actual moving fluid, and cL is given as follows: 
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Mack and Bishop [13] investigated the free convection 

in the annulus region between two concentric cylinders. In 

their study, they represented the stream function and the 

temperature variables using the third power of the 

Rayleigh number. The effects of Raleyigh number and 

radius ratio on the characteristics of the flow in the annuli 

of two infinite concentric cylinders using numerical 

techniques were studied by El-Sherbiny [14]. Rayleigh 

number was varied between 102 to 106, and the Radius 

Ratio, (RR) was taking the values between 1.25 and 10. 

In his study, Mikhail A. Sheremet [15] investigated the 

effect of Ra, Pr, the inclination angle as well as the thermal 

conductivity ratio on the velocity and temperature fields of 

the laminar natural convection in an inclined cylindrical 

enclosure having finite thickness walls. The selected 

values for Rayleigh number were Ra = 104, 5×104, 105,  

while Prandtl number was varied to take the values of  Pr 

= 0.7 and 7.0, the inclination angle values were 0, π/6, π/3, 

π/2 and the thermal conductivity ratio values of 5.7×10-4 

and 4.3×10-2 is selected. The results show that it is possible 
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to indicate two intervals with a maximum magnitude of the 

generalized heat transfer coefficient at various values of 

the inclination angle of the tube and the analyzed range of 

Rayleigh number while the increase in Prandtl number is 

reflected in a delay in the thermal stabilization zone. It was 

also shown that for a certain range of the Rayleigh number 

less than 1×105, the thermal component of the natural 

convection is dominant while for Rayleigh number greater 

than 1×105 the hydrodynamic component of natural 

convection is the dominant.  

Bouras et al. [16] developed a finite volume code to 

solve for the governing equations resulted from the 

Boussinesq approximation and the velocity stream 

function formulation to investigate the effect of Prandtl 

number as well as Rayleigh number for the natural 

convection in the annulus space between two elliptical 

confocal cylinders. It was found that the heat transfer 

increases as the Rayleigh number increases. Low Rayleigh 

numbers makes the conduction heat transfer dominant 

while high Rayleigh numbers makes the convection heat 

transfer dominant. They also concluded that for low 

Rayleigh numbers there is no effect for Prandtl number on 

the heat transfer but for higher Rayleigh numbers 

increasing Prandtl number increases the heat transfer. 

The effect of fin conductivity ratio, Darcy number and 

Rayleigh number on the average Nusselt number for 

porous fins attached to the inner cylinder of the annulus 

between two concentric cylinders were investigated by 

Kiwan et al.  [17]. They found that the heat transfer is 

enhanced for the case of a porous fin, also it was found 

that for porous fin, unlike the solid fins, the heat transfer 

decreases by increasing the inclination angle of the fin. 

Bouras et al. [18] numerically investigated the double 

diffusive natural heat transfer convection in the annular 

space between confocal elliptic shape enclosures using a 

finite volume code to solve the governing equations. They 

found that both heat and mass transfer increase with 

increasing Rayleigh number. Furthermore, the iso-

concentrations exhibit a plume as iso-therms at large 

Rayleigh numbers. The plume diffuse throughout the 

annular space since the Lewis number is greater than one. 

The natural convection heat transfer of nanofluids in 

annular spaces between horizontal concentric cylinders 

was investigated by Cianfrini et al.  [19]. They developed 

two empirical equations based on a wide variety of 

experimental data and used them for evaluation of the 

nanofluid effective thermal conductivity and dynamic 

viscosity, while the other effective properties are 

calculated based on the mixing theory. Different 

conditions, such as the diameter of the particles was 

considered in calculated the heat transfer enhancement due 

to the nanoparticles dispersion in the liquid, and they 

concluded that there is an optimum particle loading for the 

maximum heat transfer. 

Chamissem et al. [20] investigated the effect of 

Rayleigh number for natural convection in annular space 

flows. They found that there is a possibility to get a multi-

cellular flows if the enclosure impedes movement of the 

fluid even if the Rayleigh number is small. They found an 

interval of large Rayligh numbers where the relaxation 

coefficients do not only affect the speed of calculation 

convergence but also the solution of the transfer equation. 

The effect of the relaxation coefficients on the solution is 

not valid beyond this interval. In the case of very large 

Rayleigh numbers, the stream function takes two values 

just before the divergence of the solution, this is very clear 

for the cases where symmetry boundary conditions is in 

the vertical direction. 

The parabolic trough solar receiver is one of the 

applications for the flow in the annulus region between 

two horizontal concentric cylinders. The heat transfer of 

this application was analyzed by Padilla et al.  [21]. They 

validated their model by comparison to Sandia National 

Laboratory (SNL) parabolic trough solar collector test 

(SEGS LS-2) in which the inner diameter of the receiver is 

70 mm while the outer diameter is 115 mm. Based on their 

model they presented correlations for the heat transfer in 

the parabolic trough solar receiver.  

Al-Kouz et al.  [22] investigated the low-pressure flows 

in the annulus region between two concentric cylinders; 

they studied the effect of rarefaction on the flow and heat 

characteristics of such flows. In addition, a correlation for 

the conductivity ratio was proposed for such flows. 

Vacuum pressure that operates the receivers of the 

parabolic trough collectors and the evacuated tube 

collectors is related to the operating temperature and the 

mean free path can be found in [1; 2] as: 

Pd

TkB

22
                 (3) 

where Bk  is the Boltzmann constant, T the temperature, P the 

pressure, d is molecular diameter of the gas under investigation 

and  is the mean free path. 

In the present work, a finite volume numerical 

Computational Fluid Dynamics (CFD) solution utilizing 

Boussinesq approximation is used to obtain the solution 

for the natural convection heat transfer characteristics 

between two concentric horizontal cylinders. The inner 

cylinder is attached to a solid fin and is subjected to a 

constant high temperature while the outer cylinder is held 

at constant lower temperature. Prandtl number (Pr) is 

taken to be constant and is equal to 0.701. Effects of 

Knudsen number (Kn), Ralyeigh number (Ra), fin 

inclination angle and the conductivity ration on the flow 

and heat transfer characteristics are investigated.  

2. Mathematical Formulation 

2.1.  Governing Equations 

In the present study, a steady-state, two dimensional, 

and laminar flow is investigated.  Boussinesq 

approximation is utilized to account for the buoyancy force 

and all fluid properties are considered constant.   

Figure (1.a) shows one of the most relevant 

applications to our study, namely the receiver of the 

parabolic trough collectors. Fig (1.b) illustrates the 

geometry of the flow in the annulus region between the 

two concentric cylinders in which the inner cylinder is 

attached to a solid fin. In the present study, the slip and 

temperature jump boundary conditions were imposed at 

the boundaries and the slip flow regime is investigated.  
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                           (a)                                     (b) 

 

Figure 1. (a) Parabolic trough receiver, (b) The geometry 

used for the computational domain, the annular region 

between two concentric cylinders with a solid attached fin 

 

 

 The governing equations that describe the problem 

under investigation are summarized below: 

Conservation of mass: 
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Note that the x component of the gravity is not equal to 

zero since there is a rotation for the solid fin that is 

attached to the inner cylinder of the annulus. 

y-momentum: 
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Energy: 
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To estimate the fluid density, the ideal gas state 

equation is provided as an input: 

RT

P
                    (8) 

The boundary conditions applied are the slip and 

temperature jump at the inner and outer walls of the 

annulus, reported by Karniadakis et al. [1], Lockerby et al. 

[23] and Colin [24] as follows: 
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In equations (8a) and (8b), uc and Tc represent the 

tangential velocity and temperature of the first cell from 

the wall in the computational domain. v  and T  

represent the momentum and thermal accommodation 

coefficients and used as an inputs in the simulations, 

where: 

 

wi 







 ri

v               (10) 

Where i  represents the tangential momentum of incoming 

particles to a certain surface (wall) and r represents the 

tangential momentum of the reflected particles from that surface. 

While, w is the tangential momentum of reemitted molecules 

from the surface with a temperature equal to the surface (wall) 

temperature: 

 
wi

ri
T

dEdE

dEdE




                (11) 

where dEi is the energy flux of the incoming particles on a surface 

per unit time, dEr represents the energy flux of the reflected 

particles per unit time, and dEw denotes the energy flux of all the 

incoming particles that had been reemitted with the energy flux 

corresponding to the surface temperature Tw. 

The corresponding Knudsen number (Kn) is defined as 

follows: 

gL
Kn


                                                                                    (12) 

where Lg is the gap spacing between the inner and outer cylinders. 

Thermal boundary conditions are imposed at r=ri  and ro such that: 

At r=ri  , T=Ti                    (13) 

At r=rout, T=To              (14) 

where  Ti is the hot surface temperature and To is the cold 

surface temperature. 

The local heat flux at the is calculated using Fourier’s 

law of conduction at the surfaces of the inner cylinder and 

the fin as follows: 

FF
n

T
kq



                     (15) 

and ii
n

T
kq



               (16) 

Since the problem is steady, the heat transfer from the 

inner to the outer wall is calculated by integrating the local 

heat flux along the wall of the inner cylinder and the fin: 

)(  

Fi A

FF

A

ii dAqdAqQ                       (17) 

Then, the average heat transfer coefficient along the 

walls of the inner cylinder and the fin is calculated by 

combining equations 15, 16 and 17: 

Ti ATT

Q
h

)( 
                                                                     (18) 

From equation 19, the average Nusselt number can be 

calculated. 

Price et al. [25] and Thomas [26] investigated the flow 

in the parabolic trough solar collector receiver, they lower 

the pressure in the annulus to a value that is less than one 

Torr, they found out that the resulting pressure for the free  

 

molecular regime in which Knudsen number is greater 

than 10 is approximately 0.013 Pa. 

The present work aims to analyze the flow and heat 

characteristics for the slip flow regime in the annulus 

region between two horizontal concentric cylinders in 

which the inner cylinder is attached to a solid fin using 

two-dimensional computational model. 
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3. Numerical Solution 

A finite volume analysis is utilized as a method of 

solution for the problem under investigation. The SIMPLE 

algorithm adopted from Versteeg and Malalasekera [27] 

and Patankar and Spalding [28] is used to calculate the 

pressure field. A hybrid second order accuracy scheme of 

central and upwind difference is used to differentiate the 

convective terms. The discretized equations are solved and 

the criterion of convergence is assumed when the 

maximum of the normalized absolute residual across all 

nodes is less than 10-6.  

4. Grid Independency 

Fig. 2 shows a sample of the grid of the domain of the 

problem. It consists of a simple two-dimensional mesh. 

For the initial mesh, the grid step sizes are increasing in 

the radial and azimuthal directions with expansion factors 

of 1.06 and 1.15, respectively and then the adaptive grid 

technique is used. The chosen expansion factors are 

selected in order to capture the steep gradients near the 

solid-fluid interface and to better resolve the changes in 

the boundary layer. A systematic change was adopted to 

arrive at used factors as we have started with a uniform 

mesh and varied these parameters to a suitable level. 

Further change in these parameters will have no impact on 

the solution. In the adaptive grid technique, the velocity 

gradients near the walls are calculated and additional cells 

were added in order to reduce the velocity gradients below 

a certain value. A grid independency test is carried out by 

monitoring the heat transfer per unit length, and many 

solutions were obtained for different numbers of grid 

nodes. It was observable that there is a certain number of 

nodes in which any further increase of the nodes will not 

change the value if the heat transfer per unit length as can 

be seen in Table.1. It is clear from the table that the 

solution is mesh-independent for a grid of 80×480 in the 

radial and azimuthal directions, respectively. This grid size 

is used for all cases of Ra. 

Table 1: Grid independent study 

Mesh Q(W/m) 
Percentage change 

compared to 80x480 mesh 

40×360 44.924 2.0196 

60×360 44.2394 0.46493 

80×360 43.989 -0.10365 

80×480 44.0347 0 

 

Figure 2 Adaptive grid system technique used in the simulations 

5. Code Verification 

To verify the numerical code, results of the current 

code are tested and compared with the results obtained by 

[10]. Fig. 3 illustrates a comparison between 
rk  obtained 

by the current code and that obtained by [10]; it should be 

noted that Keff represents the thermal conductivity of the 

fluid, the verification utilized
4103.5 Ra . The 

comparison shows an error of less than 1.3 %. Also, 

Kiwan and Khodier [29] presented other validation studies 

using the same code for an open-ended channel partially 

filled with an isotropic porous medium. 
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 Figure 3. Comparison between current data and Kuhen et al. data 

6. Results and Discussion 

Fig 4(a) shows the velocity stream function contours. 

Knudsen number values of 0.01, 0.03, 0.05, 0.08 and 0.1 

are considered. It is obvious from the graph that as 

Knudsen number increases, the center of rotation moves 

upward in the counter clockwise direction, this can be 

justified because of the rarefaction effect; the increase in 

rarefaction will increase the slip flow at the walls. Also, by 

increasing the mean free path, the interaction between 

molecules will be reduced and thus lower resulting 

velocities are obtained. 

Fig. 4(b) illustrates the temperature contours 

(Isotherms) for different Knudsen numbers. The contours 

show that for all cases, the lower part of the annuli 

represents a case of a dominant conduction mode of heat 

transfer while in the upper part of the annulus; the 

convection mode is becoming dominant. One can see that 

for the lower part of the annulus that is in the region of 0 

and 30 degrees counter clockwise, the flow is thermally 

stable while in the region between 70 and 90 degrees 

counter clockwise, the flow becomes unstable due to the 

buoyancy effects. It is also clear from the graph that as 

Knudsen number increases then the distortion and mixing 

of the flow decreases and consequently the heat transfer 

decreases. 
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(a)                                   (b) 
Figure 4. (a) Streamlines [θ=0o], (b) Isotherms [θ=0o] 

In Fig. 5, the temperature contours (isotherms) and the 

velocity stream function contours are plotted for different 

fin inclination angles. The graph shows for inclination 

angle θ=90o, there are two symmetric circulation loops. As 

the fin inclination angle decreases, one of these loops is 

shifting upward while the other one is shifting downward. 

This shift increases the resistance to the flow. The 

maximum resistance is achieved for the case of angle θ=0o. 

This case represents the minimum circulation velocity and 

the maximum thermal boundary layer thickness along the 

upper faces of the fins and the inner cylinder  
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Figure 5. (a) Streamlines for various fin inclination angles,  (b) 

Isotherms for various fin inclination angles 

Shown in Fig. 6, the variation of the local heat transfer 

coefficient h with the angle φ for both cases of the slip and 

no slip flows whether the inner cylinder is attached to a fin 

or not. The graph shows that by attaching a fin then the 

local heat transfer is higher than the case of the no fin for 

both of the slip and no-slip flows. Also, the graph shows 

that the slip flow will reduce the local heat transfer 

coefficient compared to the no slip flow case. Moreover, 

the graph illustrates that the local heat transfer coefficient 

will increase by increasing the value of angle φ for both of 

the slip and the no slip flows whether the inner cylinder is 

attached to a fin  or not.  
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Figure  6. Variation of the local heat transfer coefficient for the 

cases of no fins and with fins for continuum and rarefied flows 

along the angle (φ). 

Fig. 7 demonstrates the dimensionless vertical velocity 

Vy variations with the dimensionless radial distance r* for 

different values of Knudsen numbers that cover the slip 

flow regime.it is obvious from the graph that the higher the 

Knudsen number, the lower dimensionless vertical 

velocity for cases where r* is less than one. The opposite 

will occur for the cases where r* is higher than unity, the 

higher Knudsen number will result in lower dimensionless 

vertical velocity. This will result in less heat transfer and 

consequently lower Nusselt number. 
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Figure 7. Variation of the dimensionless vertical velocity (Vy) 
with the dimensionless radial distance (r*) for different Knudsen 

numbers 

In Fig. 8, the dimensionless temperature distribution T* 

is plotted against the dimensionless radial distance r*, the 

graph shows that as Knudsen number increases then the 

temperature jump at the outer cylinder surface will 

increase. 
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Figure 8 Variation of the dimensionless temperature (T*) with the 

dimensionless radial distance (r*) for different Knudsen numbers 

The variation of the average Nusselt number with 

Rayleigh number for different Knudsen numbers is shown 

in Fig. 9. The graph illustrates that as Rayleigh number 

increases then the average Nusselt number is increasing for 

the same Knudsen number. Also, the graph shows that as 

Knudsen number increases, the average Nusselt number 

decreases for the same Rayleigh number. In addition, the 

graph shows that for low Rayleigh numbers, the dominant 

mode of heat transfer is conduction while for higher 

Rayleigh numbers, the convection heat transfer will 

dominate. 
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Figure 9. Variation of Nusselt number (Nu) with Rayleigh 

number (Ra) for different Knudsen numbers   

Variations of the average Nusselt number with the 

conductivity ratio of the fin for different values of 

Knudsen number are plotted in Fig. 10. The graph shows 

that by increasing Knudsen number, then the average 

Nusselt number will decrease for the same conductivity 

ratio. In addition, it is obvious that as the conductivity ratio 

increases, the average Nusselt number increases up to a 

certain limit beyond which a further increase in the 

conductivity ratio has no significant effect on the average 

Nusselt number. 
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Figure 10. Variation of Nusselt number (Nu) with the 

conductivity ratio (Kr) for different Knudsen numbers   

Figure 11 shows the average Nusselt number variations 

with the fin inclination angle, the graph shows that for the 

no slip and slip flows and for the region where θ is in the 

range of 0-20 degrees, the average Nusselt number is 

almost constant. Beyond this range, the higher the fin 

inclination angle, the higher the average Nusselt number. 

The graph also shows that there is almost an order of 
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magnitude difference in the value of Nusselt number 

between the continuum versus the slip flow case. 
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Figure 11 Variation of Nusselt number (Nu) with the fin 

inclination angle (θ) for different Knudsen numbers   

7. Conclusions 

A steady, two-dimensional analysis of low-pressure 

gaseous laminar flow in the annulus region between two 

concentric cylinders in which the inner cylinder is attached 

to a solid fin is carried out. This type of flow has a wide 

variety of applications such as the receiver of the parabolic 

trough collectors and the evacuated tube collectors. 

Rarefaction effects on both flow and heat characteristics of 

such flows are investigated. It is found that as Knudsen 

number increases, the slip velocity and the temperature 

jump at the boundaries will increase. In addition, it is 

found that as Knudsen number increases, the average 

Nusselt number will decrease. Moreover, it is found that 

by attaching a fin to the inner cylinder for such flows, 

average Nusselt number will increase for the same 

Knudsen number. Finally, It is concluded that no-slip 

(Continuum) flows have better heat transfer characteristics 

(measured by the average Nusselt number) than slip flows.  
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Abstract 

The present study investigates experimentally heat recovery from particle-based Thermal Energy Storage (TES) by using 

different bulk material (Sand, Basalt, and Mixture). A newly developed Moving Bed Heat Exchanger (MBHX) was used for 

this purpose. The present work focuses on solar thermal power plants applications to find economic and efficient heat 

transfer and heat storage medium. In the experimental investigations, the performance assessment of a prototype was carried 

out with a detailed look on the granular flow behavior as well as its overall thermal efficiency. The tested heat transfer 

mediums are only Sand, only Basalt and a Sand/Basalt mixture. The results showed that the mixture has best thermal 

performance among other tested materials within the heat exchanger. The effectiveness of the MBHX and the overall heat 

transfer coefficients of the heat exchanger are measured and documented. The test results showed that the MBHX 

effectiveness was improved when using the Sand/Basalt mixture by 45.5% and 33.3% than using only Sand and Basalt as 

heat transfer fluid, respectively. Moreover, the powder flow test results show that the mixture has a better flowability than 

having only Sand or Basalt. 
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Nomenclature 

As Surface area m
2
 

c heat capacity ratio - 

cp specific heat capacity J/kg.K 

Di inner diameter of tube m 

Do outer diameter of tube m 

h convection heat transfer coefficient W/m
2
.K 

hi inner convection heat transfer coefficient W/m
2
.K 

ho outer convection heat transfer coefficient W/m
2
.K 

K thermal conductivity W/m.K 

L length of tube m 

N number of tube bundles in the MBHX - 

Pr Prandlt number - 

Q rate of heat transfer W 

St,h horizontal distance mm 

St,v vertical distance mm 

T Temperature K 

tc contact time S 

V Velocity  m/s 

 effectiveness of heat exchanger - 

 

1. Introduction 

Concentrating Solar Power technologies (CSP) have a 

considerable potential for implementation in sunny regions 

and have relatively good conversion efficiency from solar 

radiation to electrical energy. CSP technologies generate 

electricity by concentrating the direct solar radiation on to 

a small absorber area, where a Heat Transfer Fluid (HTF) 

is heated up and this energy is ultimately transferred to the 

steam. Electricity is then generated by an electric 

generator, which is driven by a steam turbine with the 

efficiency limited by the Carnot cycle.  

The ease of integration Thermal Energy Storage (TES) 

[1; 2] makes Concentrating Solar Power (CSP) 

dispatchable and unique among all other renewable 

energy-generating alternatives. A TES system that offers 

efficient heat energy storage can be considered an 

important intermediate step for on-demand electricity 

generation. Depending on the size of the TES system, it is 

able to mitigate the short load fluctuations and shift or 

* Corresponding author e-mail: louy.qoaider@gju.edu.jo 
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extend the energy supply. Thermal Energy Storage (TES) 

is one of the few energy storage technologies that have 

proven to be an economically feasible large-scale storage 

solution. Thermal Energy Storage (TES) is a technology 

that stocks thermal energy by heating or cooling a storage 

medium so that the stored energy can be used later for 

heating and cooling applications and power generation.  

CSP with TES presents advantages if it supplies 

electricity at times of greatest need, which generally has 

the highest electricity tariff [3; 4]. Furthermore, TES is a 

key technology for solar thermal energy utilization and the 

improvement of the cycle operation efficiency. Using an 

energy storage system in a solar thermal power plant has 

many advantages, such as obtaining higher annual solar 

contribution, reduction of part-load operation, power 

management and buffer storage to improve the plant 

dispatchability [5]. Three fundamental types of thermal 

energy storage processes are commonly presented in the 

literature; sensible, latent, and thermochemical. Many 

different mediums are available within each type. With 

sensible heat storage, energy is stored by changing the 

temperature of a material. Most sensible heat systems 

employ water, rocks earth, or ceramic bricks as the thermal 

storage material and water, air, or possibly oil as the heat 

transfer fluid. Sand is among the most promising materials 

that could be used for sensible energy storage. It has been 

very attractive recently for its availability and low cost [6; 

7].  

Thermal Energy Storage (TES) based on a flowable 

granular material made of ceramics or natural stones 

allows for a load following operation of a central receiver 

solar power plant at high process temperatures (> 600°C). 

In such a system, the granular mass is used both as heat 

transfer and storage medium in a closed cycle. The 

particles can be heated either directly (see Fig. 1) in a 

direct absorption receiver [8] or indirectly by air coming 

from a volumetric air receiver [9]. Such a system depends 

on a heat exchanger to generate steam from a solar heated 

particle stream. The Moving Bed Heat Exchanger 

(MBHX) is a promising technology option for this 

component. MBHX offers low parasitic loads, a good part 

load behavior, a little need for maintenance, a compact 

design and low financial investment and operation 

expenses [10]. The purpose of the present paper is to 

evaluate the performance of moving bed heat exchanger 

(MBHX) with innovative solid particles of Sand & Basalt 

mixture where the particles working as a heat transfer 

medium and a thermal heat storage. Sand, Basalt and their 

even mixture (Sand/Basalt) are tested as a heat transfer 

fluids by using an experimental Moving Bed Heat 

Exchanger (MBHX) that is developed and tested at the 

Institute for Thermodynamics of the German Aerospace 

Center (DLR). The aim of the present research paper is to 

investigate the flowability and the thermal performance of 

the three potential HTFs. To achieve this goal, several 

experiments are conducted: (1) measuring the flowability 

of the materials, (2) measuring the flow interaction 

between the material and the designed MBHX using PIV 

technique, (3) measuring thermal properties of the 

materials and (4) measuring the thermal performance of 

the MBHX in real flow case using the selected materials. 

 
 

Fig. 1. Central receiver solar power plant with particle storage and integrated moving bed heat exchanger 
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2. Analysis of Tested Materials and Pre-Experiment 

2.1. Rheological Properties 

As mentioned earlier, three different material 

combinations are tested as working fluid in the systems 

under consideration; only sand, only Basalt and a mixture 

of 50% Sand and 50% Basalt. At the first stage, the 

material flow behavior was tested to check its suitability to 

circulate in the system, in general, and in the heat 

exchanger in particular. Material with high “flowability” is 

desired while cohesive material is to be avoided especially 

when the material flow is driven by gravity, which is the 

case in the MBHX. The “flowability” of the bulk material 

inside the MBHX has its direct effect on the heat transfer 

process between the bulk material and the walls of the tube 

bundles of the heat exchanger since it controls the speed of 

the solid material inside the heat exchanger. Thus, it 

affects the design of the tube bundle distribution in the 

MBHX. 

The rheological properties of bulk material determine 

its flow behavior. The ring shear cell apparatus, which is 

known as “Powder Flow Tester”, is used to measure both 

major principal consolidation and unconfined failure 

stresses to obtain knowledge about the nature of 

flowability of the materials. The standard classification of 

powder flowability uses the flow factor index ffc, as 

shown below: 

ffc<1                      Non flowing 

1<ffc<2                 Very cohesive 

2<ffc<4                 Cohesive 

4<ffc<10               Easy flowing 

10<ffc                   Free flowing 

The data obtained are demonstrated in Fig. 2, which 

classifies the “flowability” of bulk materials. As shown in 

Fig. 2, Basalt has the lowest “flowability” while Sand and 

Basalt mixture has the highest “flowability”. Furthermore, 

according to the flowability classification regions in Fig. 2, 

Basalt suffers from cohesiveness and thus is not favorable 

in the MBHX. However, it can be noticed that the presence 

of Basalt in the sand improves the flowability of the sand. 

Whereas, sand and Mixture flowability lies in a sector 

where ffc >10, the flowability of Basalt fluctuates between 

ffc =2 and ffc=4. Accordingly, Basalt has the least 

flowability. 

2.2. Design Concept of the MBHX 

The MBHX conceptual design is based on a heat 

exchanger with a staggered tube bundle arrangement 

operated in cross-counter flow configuration. A CSP-

adapted design requires a specific tube bundle 

arrangement, which strongly depends on the rheological 

properties of promising bulk material. The design 

procedure is described in [10]. For the thermal 

characterization experiment, a stainless steel MBHX 

prototype has been constructed in DLR laboratories, 

integrated with a fully transparent acrylic glass mock-up 

for flow investigations. The acrylic glass side is chosen so 

that PIV measurements can be conducted via this 

transparent side. A prototype with a certain distribution of 

tubes was used, as shown in Fig. 3. Baumann et al. [10 to 

12] used two prototypes of different distribution. The 

geometric data of the test configurations of mock-ups can 

be found in Table 1.  

 

Fig. 3. Configurations of the MBHX tube bundle used in the 

acrylic glass model for PIV measurements 

 Table 1. Geometric details of the two designs of MBHX   

Experimental purpose (PIV) Tube bundle 

Ro[mm] 30 

Number of tubes 45 

A [m2] - 

St,v [mm] 60 

St,h [mm] 35 

     Therein, A is the effective heat transfer area and 

Ro is outer radius of the tube, Sv and Sh  are the 

vertical and horizontal tube pitch, respectively [10 to 

12]. 

 

Fig. 2. Powder flow function of Sand, Basalt, and Mixture [12]  
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To characterize the flow behavior of the granular 

medium around the acrylic glass tube bundle, Particle 

Image Velocity (PIV) is applied. This measurement 

technique has been successfully applied to granular flows 

before (e.g., in [10 to 12]). The set-up includes a high-

speed camera, a halogen bulb lamp for illumination of the 

plane of interest and an external computer for data 

processing. The set-up is illustrated in Fig. 4. Details and 

specifications of equipment used are available in 

Reference [10 to 12]. 

The mock up was filled with sand (Table 2) and the 

velocity measurement inside the mock-up of tube bundle 

was conducted using the PIV measurements as shown in 
Fig. 5. The captured pictures were analyzed by using two 

software packages (Image J and Matlab).  The results are 

shown in Fig. 6. It was found that the velocity of the 

particles of sand was 4 mm/s. Fig. 5 and Fig. 6 show the 

formation of a stagnation area and void zones at the top 

and at the bottom of each tube, respectively. In the 

stagnant zone, which often has a triangular-like shape, the 

particles are almost motionless. The stagnant zone is a 

thermally insulating area in comparison to those regions in 

which particles are flowing. It should be noted that the 

same experiment was conducted by Baumann et al. [11; 

12] before and the same phenomena (stagnation zones and 

voids) was observed. 

 
Fig. 4. Simplified representation of the PIV measurement setup 

 

 

Fig. 5. Stagnation zones and voids at the upper and lower parts of tube 

 

Figure 6. pictures’ analysis of the PIV test. (a) Image J analysis. (b) Matlab analysis 
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The velocity of sand inside the mock-up was measured 

to be 4mm/s. This reassure the results obtained by 

Baumann, who investigated the performance of the MBHX 

by using two different arrangements of the tube bundles. 

One of these arrangements with  Sh = 40 mm and the other 

one with Sh = 60 mm, with inlet velocities ranging between 

0.3 mm/s – 3mm/s [10 to 12] . Baumann found that the 

MBHX with a narrower horizontal distance has a higher 

velocity then the heat transfer process increase according 

to equations (1) and (2) [12 and 17]. Therefore, in this 

mock-up, the horizontal distance was decreased by 5mm, 

as shown in Fig. 3, and the inlet velocity increased to 4 

mm/s. These observations indicate that the extension of the 

stagnant zone is affected by the tube bundle arrangement 

[10 and 12]. The stagnant zone is a thermally insulating 

area in comparison to those regions in which particles are 

flowing [13 to 16]. 
Table 2. Sand properties 

Material Particles 

Diameter 

[mm] 

Density 

[Kg/m3] 

Form 

factor fp 

Sand 0.8± 0.18 1456.8 1.15 

 

ℎ𝑜 =
2√(𝐾𝑐𝑝⍴)𝑠𝑜

√𝜋√𝑡𝑐
                                                        (1) 

𝑡𝑐 =
𝑆𝑅

𝑉
                                                                     (2) 

where, ct  it is the contact time and (h) is the 

convection heat transfer coefficient. Accordingly, the 

relationship between (h) and the reciprocal value of (𝑡𝑐) in 

the model indicates that, the shorter the contact time the 

better will be the heat transfer process. Therefore, 

increasing velocity means that the heat transfer also 

increases. 

3. Thermal performance Experimental Setup 

For the thermal performance assessment, a test rig was 

constructed at the Institute of Technical Thermodynamics 

at DLR. The test rig consists of a tube chain conveyor, a 

heated storage bin and a replaceable MBHX test device. 

Twenty-four heating plates are inserted inside the storage 

bin. The heating plates inside the storage bin can heat up 

the bulk up to approximately 500°C depending on the flow 

rate. The maximum heating power is 38 kW. The 

centerpiece of the lab is the moving bed heat exchanger. In 

the MBHX, the hot particles are driven gravitationally 

through the shell space, while, a cold mineral thermal oil is 

flowing inside the heat exchanger pipes using a pump, as 

shown in Fig. 7. The heat is then transferred from the bulk 

material to the cold fluid. The cooled bed –bulk material- 

is transported using a conveyor device back into the 

storage tank where it is heated again. 

 
Fig. 7. Components of the Experimental setup and the MBHX 

[10] 

For the thermal characterization experiment, a stainless 

steel prototype of MBHX has been constructed at the 

Institute of Technical Thermodynamics at DLR. The 

geometric properties of the MBHX are listed in Table 3. 

Table 3. Geometric properties of the heat exchanger 

Parameters Stainless steel prototype 

Outer Diameter [mm] 26.9 

Number of Tubes 25 

Area [m2] 0.61 

Horizontal distance S,h [mm] 23.3 

Vertical distance S,v [mm] 31.1 

3.1. Bulk-Side System Components 

In the storage container, 24 electric heating panels are 

arranged in parallel. The heating plates reach a maximum 

surface temperature of about 500 °C to heat up the bulk 

material flowing between the plates. The temperatures of 

these plates are controlled by controlling the electric power 

supplied to each plate heater. Depending on the flow rate 

the outlet temperatures of the bulk material reaches up to 

about 400 °C. There are 25 thermocouples fixed to 

measure the temperature of the bulk material before and 

after crossing the heat exchanger, as shown in Fig. 8. A 

special feedback control system is designed for this 

purpose using a software installed on a computer that 

control the heaters temperature to heat the bulk material to 

the desired value. 

 
Fig. 8. Grid for thermocouples locations at the inlet and outlet of 

MBHX shell [10 to 12] 
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In this experiment, the three different materials of 

interest are used to evaluate their thermal performance in 

the MBHX. The physical properties of selected materials 

used in the experiment are shown in Table 4. 

Table 4. Properties of tested materials 

Material Diameter 

[mm] 

Density 

[kg/m3] 

Form 

Factor 

(-) 

cp              

[kJ/Kg 

K ] 

K     

[w/m 

k] 

Melting 

point 

[°C] 

Quartz Sand 0.8±0.18 1456.8 1.15 0.83 1.79 1700 

Basalt 
1.77± 

0.56 
1422 1.21 0.84 2.11 1200 

Mix. 

(Basalt/Sand

) 

0.6±0.4 1439.4 1.18 0.835 1.95 1450 

3.2. Liquid-Side System Components 

This side includes all components related to the flowing 

of the fluid. The working fluid used is the mineral thermal 

oil "Mobiltherm 603". In unpressurized operation, its 

operating temperature may reach maximum of 300°C. 

Compared to water/steam as the working medium, the 

thermal oil allows single-phase operation and hence easier 

for energy accounting, simpler for assessment of heat 

transfer coefficient and the possibility to operate under 

atmospheric pressure. The thermal oil operates in two 

cycles: heating by the heat exchanger (by the moving bed), 

and cooling by an auxiliary external cooler down to 200 

°C. At the inlet and outlet of the oil tube, two redundant 

resistance thermometers are mounted. 

4. 4. Results and Analysis 

Thermal test was conducted for each of the selected 

material (Sand, Basalt and Mixture). The rate of heat 

transfer between the bulk material and oil inside the tubes 

of the heat exchanger could be found from the equation: 

�̇� = �̇� 𝑐𝑝𝛥𝑇                                                                   (3) 

The relation above can be applied to both working 

mediums: oil or solid particles. The outer surface of the 

heat exchanger is perfectly insulated. Therefore, the 

thermal losses to the surrounding are negligible (approx. 

1%) [10, 12]. Thus, it can be assumed that the rate of heat 

transfer from hot medium (bulk material) equals to the rate 

of heat transfer to cold fluid (oil). The thermal properties 

of the oil are shown in Table 5. Heat exchangers usually 

operate for long periods with no change in their operating 

conditions. Therefore, they can be modeled as steady-flow 

devices. As such, the mass flow rate of oil remains 

constant, and the properties such as temperature and 

velocity at any inlet or outlet remain the same. To 

calculate the performance of the MBHX with each one of 

the selected materials, the effectiveness–NTU method was 

used. This method is based on a dimensionless parameter 

called the heat transfer effectiveness ε: 

 

   

   fisiminp
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TTcm
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Q
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              (4) 

For all experiments conducted  
minpcm =  

spcm , 

thus, Eqn. 4 becomes: 

 
 fisi

sosi

TT

TT






                                                 (5) 

The MBHX is a shell and tube heat exchanger so the 

NTU is determined by [18]: 

  𝑁𝑇𝑈 =
1

√1+𝑐2
 ln (

2
𝜀⁄ −1−𝑐−√1+𝑐2

2
𝜀⁄ −1−𝑐+√1+𝑐2

)               (6)                                      

Then overall heat transfer coefficient can be found by 

[18]: 

   
sp

s

minp

s

cm

UA

cm

UA
NTU


                                    (7) 

It is important to specify which of the selected 

materials (Sand, Basalt, and Mixture) have better 

performance as a heat transfer and storage medium. The 

heat transfer surface area, sA , is calculated as follows: 

 LNDA os                                                                     (8) 

Table 5. Thermal oil properties 

Property cp 

[kJ/Kg.K] 

K 

[W/m.k] 

ʋ 

[m2/s] 

ρ 

[kg/m3] 

Μ 

[kg/m.s] 

Pr 

Value 2.60 0.12 1*10−6 738 0.000744 16.12 

The values of the overall heat transfer coefficient for 

the three tested combinations are calculated and plotted in 

Fig. 9 and Fig. 10. The results show that the Mixture (Sand 

and Basalt) has the highest value of U. It can be seen in the 

figures that the sand/Basalt mixture is the best bulk 

material among the tested materials to be used in the 

MBHX as heat transfer and storage medium.  

Fig. 9. Overall heat transfer coefficient for Mixture and 

Sand 
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Fig. 10. Overall heat transfer coefficient for Mixture and Basalt 

Figures 9 and 10 show clearly that the overall heat 

transfer coefficient of the mixture is the highest most of 

the times. For example, Fig. 9 at [2 kg/m2 S] mass flux the 

Sand has the highest value of overall heat transfer 

coefficient. This was 160 [W/m2 K] for sand and 250 

[W/m2 K] for mixture. The only time that the sand values 

exceed those of the mixture are observed at value at 

5.3 [kg/m2 S] mass flux where the overall heat transfer 

coefficient 350, 380 [W/m2 K] for mixture and sand, 

respectively, as shown in Fig. 9. This is attributable to the 

sand inversion phenomenon because the sand is a quartz 

compound and usually these compounds suffering from 

inversion at high temperature [12]. This phenomenon was 

also observed in another research project named 

"sandstock" in the UAE, where sand was investigated as a 

storage media “nonflowable” by Diago et al. [7]. Multiple 

tests on different sand samples from the desert of the UAE 

were conducted. The results show that all the samples are 

stable up to 1100 o C [7]. They also noticed some samples 

experienced color changes after multi-cycling. The color 

of the sand becomes lighter which may affect the 

absorptivity of this material.  

At [2.3 kg/m2 S] mass flux in Fig. 10 the overall heat 

transfer coefficient for mixture was approximately 210 

[W/m2 K] for Basalt and 250 [W/m2 K] for mixture. In 

both Figures (9 and 10), the values of the overall heat 

transfer coefficient increase with the increase in mass flux 

and this is resulted by the increase of the particles velocity 

inside heat exchanger. This leads to reduce the contact 

time of the particles on the wall of the tubes, and thus, 

increasing the rate of heat transfer process between the 

wall of the tubes and the bulk material according to 

equations 1 and 2 mentioned above.  

Based on the above test results and observations, it can 

be concluded that using the Sand/Basal mixture as heat 

transfer medium shows an improvement in the MBHX 

effectiveness of 45.5% compared to using only sand and 

33.3% compared to using only Basalt.  

5. Conclusions 

The main objectives of the present study was to 

investigate the suitability of adding Basalt to the sand to 

form a bulk material working as a heat transfer and storage 

medium in Moving Bed Heat Exchanger (MBHX) to be 

used in CSP Solar Tower plants. PIV measurements are 

conducted to compare the suitability of using sand as a 

working fluid in MBHX by measuring the flow behavior 

around the tube bundles for MBHX. PIV measurements 

showed that the voids and stagnation zones formed with all 

materials in the heat exchanger. The rheological properties 

of Sand, Basalt, and Mixture were tested and documented. 

The results showed that the Mixture has the best 

flowability. The thermal performance of the selected 

material was measured by measuring the effectiveness of 

the heat exchanger. It is found that using the 50% Basalt 

and 50% sand mixture in the MBHX results in a higher 

heat exchanger effectiveness than that when only using 

Sand or Basalt in MBHX. The improvements were 

quantified to be 45.5% and 33.3% compared to only sand 

and only Basalt, respectively.   
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Abstract 

The emergence of pad cratering has become an increasingly common failure mode for electronics manufacturing due to 

the transition to lead –free soldering. This phenomenon has become one of the first concerns between manufacturers of 

electronic equipment devices and other high reliability products who have focused on the failure in testing, handling or 

transport due to a single overload. Moreover, the number of manufacturers of servers and other electronic products report an 

early failure by pad cratering in thermal cycling, an occurrence practically unnoticed for SnPb soldered assemblies. There 

are many factors that affect pad robustness, including but not limited to design (pad size, solder mask, connecting trace, 

vias), stackup (resin content, glass style), resin material (filler, cure type). Preconditioning also has a significant effect on the 

long term reliability. 
The aim of the present study is to evaluate several laminate materials with respect to pad pull strength, using accepted 

industry testing methods. Several different design variables, such as resin filler, resin content, fiber glass reinforcement and 

fabrication process, were studied. Data are presented to show the effects of the above, and to highlight the long term risk 

associated with latent damage mechanisms. 
 

© 2016 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved 
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1. Introduction 

Pad cratering is one of the most problems that occurs in 

lead-free solder joints, the conversion from using tin-lead 

solder joint to lead-free soldering has raised many 

assembly and reliability issues in this field, the most 

prevalent one is the increased propensity for pad cratering 

on laminates through lead free soldering process or even 

right after reflow. The transition to lead free assembly 

comes to comply with the widely enacted environmental 

legislation which restricted the use of Hazardous 

Substances; this directive was adopted by the European 

Union in 2003 and took effect in 2006.This transition 

caused high requirement for the use of laminate materials 

with high glass transition temperature capable of 

withstanding higher temperature for Printed Wiring Boards 

(PWBs) and components substrates (Lee, 2006) but the use 

of these laminate materials are more liable to a mode of 

failure known as pad cratering (Mattila TT., 2006; Farris 

A., 2008; Newman, 2008; Vickers N., 2008). 

Pad cratering is a crack initiation that occurs during the 

manufacturing process and propagates during work-service 

beneath the pad copper connection which occurs within the 

resin region which consequently leads to ripping off the 

contact pad from the laminate (the solder ball, the pad and 

with some ruptured material are lifted together) which is 

known as cratering      (Mukadam M, 2005) as shown in 

Figure 1. This has been associated with stiffer solder joint 

and higher flexural modulus and hardness for the laminate 

included in the lead-free system (Long G, 2007). 

Furthermore, an increase of laminate hardness may occur 

in higher processing temperatures (Mukadam M., 2005; 

Shade F. G., 2006).  

 

Figure 1. Pad cratering Failure mode 

The most important characteristic of pad cratering is 

that cracks occur underneath pad copper and traces. This 

failure mode is getting an important issue after some stress 

tests, such as functional test, in-circuit test and mechanical 

assembly. The separation of the connecting pad from the 

* Corresponding author e-mail: mazin@hu.edu.jo. 
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circuit board leads to electrical failure and other issues that 

drastically decrease reliability. Therefore, efforts are 

continuously exerted to study cratering issues for a large 

number of electronic industries, but the majority of these 

efforts is completely empirical and based on the 

explanation of test outcomes and some failure analysis. 

Researches are still conducting to mitigate pad cratering. 

Under the conditions of high load-low cycle Jonnalagadda 

and Qi   (Jonnalagadda K, 2005) conducted a study on pad 

cratering failures while Geng and McAllister (Geng P, 

2005) focused on shock loads by one or two drops 

producing a failure of pad cratering mode. With different 

laminates the trends and behavior vary strongly, for 

example, the laminate which used lead-free had lower pad 

strength than a DICY-crude laminate (Mukadam M, 2005).  

On the other hand, the effect of temperature on pad 

strength for some materials was not significant (Ahmad 

M., 2009; Ahmad M., 2008), while for other materials an 

increase in temperature has a significant effect on both 

strengths and fatigue resistance in which both strengths 

and fatigue resistance decreased significantly (J., 2007; 

Roggeman B. R. V., 2011; Raghavan, 2010). A study 

conducted by Yang et al. (2010) for pad cratering 

resistance found that multiple reflows for printed Wiring 

Boards (PWBs) subjected to different thermal conditions 

tend to reduce pad strength, also the study had shown the 

significant impact of peak temperature on the pad strength 

resistance. Studies for various materials with multiple 

reflow showed a decrease in pad strength (J., 2007; M. 

Ahmad J. B., 2009; Roggemanet al., 2008; G., 2009). On 

other hand, a study by Parupalliet al. (2008) showed that 

the effect of multiple reflows did not have a significant 

effect on pad strength. Other studies showed a significant 

degradation in fatigue resistance with multiple reflows (J., 

2007; Roggemanet al., 2008; Godbole G., 2009).  

 The resin system, filler particles, glass type, pad 

size and shape are factors make pad cratering a complex 

problem in which pad cratering is highly dependent on 

these factors (Roggemanet al., 2008; M. Ahmad J. B., 

2009). Furthermore, the prediction of pad cratering is 

much highly difficult due to complex interactions with a 

multiple degradation mechanismsthat work in conjunction 

(Roggemanet al., 2008). In addition, test results showed 

forstandard FR-4 boards tested for micro-hardness an 

increasing hardness for the case of as received, post 

eutectic reflow and post lead free reflow. These results 

have indicated that an increase in hardness dose not 

essentially interprets to an increase in the strength but dose 

inevitably translate to an increase of board brittleness 

making it more sensitive to pad cratering(Mukadam M, 

2005). 
Crack initiation occurs for several reasons, these 

includes that the lead free solder balls are in general more 

stiffer than tin lead solder balls, so as a result of that they 

can transfer strain to the Printed Circuit Board (PCB), also 

the Phenolic-cured PCB materials that in general is used in 

lead free assemblies are more brittle than the conventional 

Dicy-cured materials, those two factors coupled together 

with the high reflow temperature that the lead free 

assemblies are subjected could lead to higher strain in the 

assemblies and consequently lead to crack initiation 

(Ahmad M., 2009.). 

The loading condition will also have an impact on the 

failure mode.  Handheld and portable devices are much 

more likely to experience impact loading from dropping 

and other handling issues.  The high strain rates associated 

with this type of loading apply more stress onto the 

connecting pads. 
Many test methods have been made to characterize pad 

cratering and showed that pad performance and position of 

pads relative to underlying glass bundles are related 

(Roggemanet al., May 27-30; Roggemanet al., 2008; M. 

Ahmad J. B., 2009; Ahmad M., 2008; D. Xie, May 27-30, 

2008).  

2. Test Methodology 

Testing the resistance to pad cratering can be done as a 

board level test or joint level test. However, because of 

some of the inherent differences between two level tests 

that make correlation of these tests and hence the 

characterization significantly difficult (Roggemanet al., 

2008). In general, engineers rely on joint level testing 

because they are looking for easier and cheaper way of 

testing. As described by Roggemanet al. (2008), board 

level tests will give a more complete picture of the 

reliability of the system in that given scenario, but they are 

slow, costly and require full assembly and this requires 

several assemblies to develop good statistics. Some test 

methods, such as drop, vibration and bend testing, are the 

most employed methods for board level testing.Table.1 

further details the investigation with sample numbers. 

Table 1. Materials Characterized (Pad strength benchmarking) 

 

2.1. Joint Level Test 

Joint level test requires only a few pads to gain a good 

understanding of the strength and fatigue resistance, 

therefore the number of circuit boards required is very 

small. In most cases, a single board can be used for several 

different pad test procedures. Individual solder balls are 

attached to the pads of interest.A Dagebondtester is used in 

Hot Bump Pull (HBP) method to pull solder balls attached 

to Non-Solder Mask Defined (NSMD) pads.At the joint 

level, a 30° angle fixture using a Hot Bump Pull (HBP) 

cartridge and a speed of 5 mm/s were used for conducting 

pad strength as shown in Figure2 below. 

 
Figure 2. 30° angle at the right and Dage 4000 plus at the left 
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2.2. Assembly Level Test 

An Instron Tensile Tester with a four-point bend fixture 

was used for assembly testing, the support and load span 

were 160mm and 76mm, respectively (Figures 3 and 4) . 
The test is done to determine the inflection strain which 

represent mechanical failure (pad cratering) for variation in 

filler which is used to reduce the z-axis expansion, and is 

predominantly used in multi-layer PCBs in high reliability 

applications, glass style or resin percentage which 

determine how thicker the PCBs, thinner glass results in 

higher resin content and allows easier drill for PTHs and 

Vias, and finally the lamination process which play a large 

role in PCB quality and reliability. 

 

Figure 3.Instron 

 

Figure 4. 4-point bending test 

A target strain rate of 6000 µ-strain/second was chosen 

as it is a relatively high rate and is more likely to produce 

cracks under the pads than a lower rate. 

3. Result and Discussion  

Performing the test at the joint level yields faster results 

at cheaper cost; it can offer quantitative data on individual 

pads. Testing was done on the IT laminates with different 

design variables using the HBP test method at 30° to the 

substrate normal. Ten pads were tested under the test 

methodology for each laminate. Full factorial design has 

been conducted on the strength with three factors each 

factor with two levels and ten replicates. From the 

ANOVA in Table2 at 95% confidence level, it can be seen 

that the most significant factor is the process then the 

resin% and the filler is not significant, but the interaction 

between the filler and the process is the most significant 

among the main factors and their interaction as normal plot 

shows the thesameresults as shown in Figure 5. 

Table 2. ANOVA 

Source DF Adj SS Adj MS F-Value P-Value 

Model 4 1.570 0.392 25.48 0.00 

Resin % 1 0.428 0.143 9.27 0.00 

Filler 1 0.068 0.068 4.40 0.04 

Process 1 0.271 0.271 17.56 0.00 

Filler * Process 1 1.148 1.148 47.11 0.00 

Error 35 0.539 0.015   

 Total 39 2.109    

R-Square = 74.43%                       R-Sqaure (adj) = 71.51% 

 

Figure 5… 

Figure6 exhibits a comparison between different 

percentage of resin (53% Versus 74%), then a two sample 

t-test was conducted, the p-value (P-Value = 0.131) shows 

that the differences between the strengths obtained from 

53% and 74% of resin is not statistically significant, but 

the trend shows that for 53% of resin is stronger and this is 

attributed to the thicker fiber glass in the laminate of 53% 

of resin. Another comparison is done between filled and 

unfilled laminate as shown in Figure 7. A t-test was 

conducted, the p-value (P-Value = 0.1390) shows that the 

differences between the strength from filled and unfilled 

laminate is not statistically significant, also the trend 

shows that for filled laminate is stronger than unfilled 

laminate. The presence of filler particles in laminate 

materials influences the pad performance. Inert filler 

particles inhibit the crack propagation resulting in higher 

fatigue resistance for filled materials as shown by Li (J., 

2007) and Roggemanet al. (Brian, 2008). Both of them 

agree with the fact that though the differences in strengths 

of two materials that were tested are not statistically 

significant but the fatigue resistances are higher for the 

filled material. 

The last comparison is done between standard and 

advance process in which the p-value that was resulted 

from t-test is P-Value = 0.243). From Figure8, it is obvious 

that the laminate that was manufactured by standard 

process is stronger than advance process.  It can be seen 

from Figures 8, 9 and 10 that there is an increasing trend in 

the strength with the design variables of 53% of resin, 

filled laminate and standard process. However, from the 

two sample t-test, the p-value shows that the differences 

between the strength from filled versus unfilled, 53% 

versus 74% of resin and standard versus advanced process 

is not statistically significant. 
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Figure 6. Comparison between different percentage of resin (for 1&2 P-Value = 0.131, for 7& 8 P-Value = 0.555) 

 

  

Figure 7. Comparison between different filler (for 7&1 P-Value = 0.139) 

 

  

Figure 8. Comparison between different filler (for 1&5  P-Value = 0.243, for 7& 2 P-Value = 0.434) 
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The failure mode that was observed from the joint level 

test for the different design variables is a combination of 

adhesive and cohesive failures, with the cohesive faiure 

occuring within the resin and the adhesive failure ocurring 

at the resin-glass interface as it can be seen in Figure 9. 

 
Figure 9. Failur modes top : filled at right ,unfilled at left. 

Bottom: process at right , advnce at left 

Even though joint level testing provides for an easy 

method for testing, experiments need to be conducted at 

the assembly level, 4-point beiding test was conducted to 

creat board flexure using inflection stain approach which 

measure both PCB and component bending strain at the 

same time until a point at which the component is 

separating from the PCB where a mechanical failure will 

be observed. Figure10 shows the inflection stran 

mechanism. 

 
Figure 10.Inflection strain approach 

Eight samples were first bent to break. The failed 

samples were then cross-sectioned and subjected to dye 

and pry to study the failure mode. The samples showed a 

good amount of dye penetration under the pads and the 

cross-sectioned samples showed cracks beneath the 

interconnecting pad indicating that all failures were by pad 

cratering. Figure 11 is one of the images that studied. 

 

Figure 11.Right dye and pry left cross-sectioned for 1 (Unfilled) 

To find the inflection strain which represents a 

mechanical failure (pad cratering), the data from the 

Instron and DASwere analyzed. A graph of six curves was 

drawn; the first two curves (red and blue) indicating the 

strain for the PCB and the other four curves indicating the 

strain for the component. A sudden change in the curve 

with respect to the time would appear as a downward in 

the graph, the time of occurrence of this gives the strain at 

which the component separate from PCB and a mechanical 

failure will occur which is known as pad cratering (Figures 

12 and 13). 

 
Figure 12.Inflection strain for  1 (unfilled) 

 
Figure 13.Test setup layout 

Figure 14 shows another plot. Please keep in mind that 

the results for only seven assemblies were available 

because one of the assemblies had completely not analyzed 

and this is due to strain gage installation is not done 

perfectly. The plot shows the inflection strain for each 

board, it can be seen that for filled laminate and advance 

process is the strongest one. By comparing laminate 1 and 

5 regarding process, it obvious that laminate 1 result in 

higher inflection strain (strong board) and the differences 

in the inflection strain is statistically significant at 95% 

confidence level since p-value=0.007, another comparison 

is done between laminate7 and 2 regarding the process, 

laminate 7 result in higher inflection strain but the 

differences is not statistically significant at the same 

confidence level since p-value=0.317, it is obvious that the 

standard process affects the inflection strain but to prove 

that it requires additional  testing. Also a 53% of resin 

result in higher inflection strain (thicker fiber-glass) than 

74% of resin by comparing laminate 7 and laminate 8, the 

differences between the two laminates is not statically 

significant since p-value= 0.71. However, by comparing 

laminate 1 and 6, 74% of resin result in higher inflection 

strain but the differences is not statistically significant 

since p-value =0.339. the last comparison is done between 

laminate 1 and 7 by comparing filled and unfilled 

laminate, it is clear that laminate 7 result in higher 

inflection strain, but the differences is not statistically 

significant since p-value=0.117. However, laminate 6 

which is unfilled indicates higher inflection strain by 

comparing it with laminate 8 which is filled laminate, the 

differences between the inflection strain is statistically 

significant since p-value=0.022.  So it is obvious that it 

requires additional testing to determine which design 

variable affect the inflection strain. 
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Figure 14.Inflection strain for the samples 

4. Summery and Conclusion 

Joint level test and assembly level test havebeen 

investigated here. Several key points of our observations 

are summarized as follows: 

Jointlevel 

 The filled resin is consistently stronger than unfilled, 

not statistically significant at 95% but requires 

additional testing to prove. 

 Lower resin% (thicker glass) results in higher pad 

strength, not statistically significant at 95% but requires 

additional testing to prove. 

 Standard process result in higher pad Strength, not 

statistically significant at 95% but requires additional 

testing to prove. 

Assembly level 

 Standard process result in higher inflection strain 

(strong board) but statistically significant at 95% for 1 

& 5 but not significant for 7 & 2 requires additional 

testing to prove. 

 Comparing 7 & 8 lower resin% result in higher 

inflection strain and 2 & 4 higher resin% result in 

higher inflection strain but requires additional testing to 

prove. 

Failure Mode 

 Failure mode for joint level is very similar to assembly 

level. 
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Abstract 

The quality of injection-molded products has been extremely important for customers, because quality is critical to 

satisfying customers' needs and retaining their loyalty. The factors affecting the quality of parts made by injection molding 

are numerous. They range from materials used, processes, workers, environment, or a combination of any of these. The 

injection is a critical operation in the blow injection molding process, therefore, the focus of the present study is to optimize 

process related factors of the injection operation and understand the effect of some factors and more importantly the 

interaction between the different factors on the quality of the final product. In the present study, the effect of three core 

factors was studied. The factors considered were: holding time, holding pressure, and flow. The results showed that the 

effect of flow and the interaction between flow and holding time were statistically significant and should be carefully 

considered. 
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1. Introduction 

Injection molding is the process of forming parts by 

placing pellets into one side of a cylinder through the 

Hopper, heating them inside heating chamber and through 

heating bands located along the screw, and extruding the 

molten material out to a closed mold in which the material 

fills and take the shape of a mold cavity as shown in 

Figure 1. 

In the blow injection molding process, the factors 

affecting the quality of the final product are numerous, 

which resulted in difficulties in optimizing them. For 

example, process related variables could be: materials 

temperature, mold temperature, injection pressure, mold 

fill rate, clamping force on the mold, shot volume, 

viscosity of the material, and machine cycle time. 

 
Figure 1. Sketch of the blow injection molding process 

Many studies have been done to improve the injection 

molding process through improvement of materials, 

improving the process, or even the environmental 

conditions.  For example, Demirel and  Daver[1] have 

* Corresponding author e-mail: kalzoubi@yu.edu.jo 
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studied experimentally the perform reheat temperature 

carried out on a PET bottle produced by a two-stage ISBM 

machine. Quality of these bottles was measured in terms of 

top-load strength, burst pressure resistance, Environmental 

Stress Cracking Resistance (ESCR), and thermal stability. 

Others have  introduced a methodology based on response 

surface  to study the shrinkage and warpage in an injection 

molded part that has a thin shell element during the 

injection molding process, Ko-Ta and Fu-Ping[2]. Four 

factors were considered in their study: mold temperature, 

packing time, packing pressure, and cooling time. 

Kramschusteret al.[3] have studied the effects of 

processing conditions on the shrinkage and warpage 

behavior of a box shaped, polypropylene part using 

conventional and microcellular injection molding. Six 

factors were considered in their study: hold time, cooling 

time, injection speed, hold pressure, max barrel 

temperature, and chiller temp. 

Garbacz and Palutkiewicz[4] have investigated the 

effect of the type and content of blowing agents in 

polymeric materials being processed on some physical and 

mechanical properties of the obtained parts. Salomeiaet 

al.[5] have studied the effect of some processing 

parameters on the quality of the product produced in 

stretch blow molding process. Záboj, in his work [6], has 

discussed the effect of melt temperature, injection rate, and 

holding pressure on the wall thickness of a rectangular 

plate using polypropylene homopolymer and 40 % talc 

filled polypropylene material. Tan et al.[7] studied the 

effect of biaxial stretching on the mechanical properties of 

Polyethylene Terephthalate (PET). They have studied the 

effect of temperature, strain rates, and stretch ratios on the 

tensile modulus of the specimens cut from biaxial stretch 

sheets. Yan and Menary[8] have developed a finite 

element model to study the sequential stress strain 

behavior as a function of temperature and strain rate for 

PET used in stretch blow molding. 

Yi-Chenget al.[9] have studied the warpage of plastic 

fitting, simulation tools were used to study the effect of 

plastic melting temperature, mold temperature, injection 

time, packing pressure, packing time, and cooling time on 

the amount of warpage in the part considered. Artificial 

neural networks combined with genetic algorithm were 

used to come up with optimum process parameters that 

minimize warpage.  

Ong et al.[10] have proposed a three-dimensional 

roughness model for filling polymer flow in microinjection 

molding to study the effect of  surface roughness of 

microcavities on the final quality of the produced part. On 

the other hand, Zhang et al.[11] have also studied the 

effect of surface roughness on cavity filling in micro 

injection process for a limited range of injection rate. One 

the other hand, Menaryet al.[12] have developed 

simulation models for the stretch blow molding process 

based on some experimental studies.  

A lot of research has been conducted to evaluate the 

mechanical properties of either molded parts or the 

material used. For example, Bociaga and Palutkiewicz[13] 

have studied certain process parameters (mold temperature 

and blowing agent percentage) on selected properties of 

molded parts. The considered properties in their work were 

weight, mechanical properties, surface state - gloss and 

color. On the other hand, Manaset al.[14] have studied the 

influence of beta radiation on selected mechanical and 

thermal properties. Biglioneet al.[15] have used finite 

element modeling to study the material behavior in process 

conditions in a single stage process.  

Bordivalet al.[16] studied the heat transfer problem 

between the mold and the polymer during the injection 

molding process. They have developed an experimental 

method evolution of the thermal contact resistance with 

time. Amranet al.[17] have conducted an optimization 

study on the size of gate, runner, sprue, in two plate family 

injection molding process for better quality of molded 

parts. Al-Refaieet al. [18] have used a Data Envelopment 

Analysis (DEA) method to Measure the Efficiencies of 

Blowing Machines. 

In the present study, the effect of holding time, holding 

pressure, and flow on the quality of a hollow conical-

shaped part was studied. Poypropylene was the material 

used in the present study; polypropylene has a specific 

gravity of approximately 0.9. It is capable of withstanding 

high temperatures. It can be extruded, injection and blow 

molded[19]. 

Methodology 

For the design of the experiment tools used in the 

present study, three factors were considered: holding time, 

holding pressure, and flow. For each of these factors, three 

levels were considered: low, medium, and high, as shown 

in Table 1 below. 

Table 1. Experiment factors and levels 

                  Factor 

Level 

Holding time 

(sec) 

Holding pressure 

(bar) 

Flow 

(%) 

Low 1 30 30 

Medium 2 40 40 

High 3 50 50 

Minitab 17 software was used to build a full factorial 

design matrix, as shown in Table 2. Twenty seven 

randomized experimental runs have resulted. Experiments 

were randomized to minimize biased results which could 

result if the experiments were conducted in a certain 

sequence. For each experimental run, three parts were 

produced and the measurement conducted on each part 

was averaged. The thicknesses of the resulted parts at 

specified locations were measured, as shown in Table 2. 

Result 

A waviness effect could result in the molded parts at 

locations that are difficult to reach by the molten plastic; 

an example of such locations is the edges, as shown in 

Figure 2. Thickness measurements were carefully made at 

locations of uniform and even surfaces away from the 

edges of the part 
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Figure 2. Waviness of plastic 

The thicknesses measurements were conducted using 

dial indicator setup, shown in Figure 3. The setup 

consisted of a heavy base, connecting rods, and a dial 

indicator. The resolution of the dial indicator used was 

0.01 mm. 

Figure 3. Experimental setup for thickness measurement 

Table 2.Full factorial design matrix and thickness measurement 
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1 1 30 50 1.68 15 2 40 50 1.67 

2 3 30 40 1.66 16 3 40 30 1.65 

3 1 30 30 1.66 17 2 30 40 1.66 

4 2 50 50 1.69 18 1 40 40 1.71 

5 3 30 50 1.69 19 1 50 40 1.70 

6 3 50 40 1.67 20 2 50 30 1.68 

7 2 40 40 1.66 21 3 50 30 1.65 

8 1 30 40 1.70 22 1 50 50 1.69 

9 2 50 40 1.67 23 1 50 30 1.65 

10 3 30 30 1.66 24 1 40 50 1.66 

11 2 40 30 1.65 25 3 40 40 1.68 

12 1 40 30 1.68 26 3 50 50 1.68 

13 2 30 50 1.69 27 2 30 30 1.70 

14 3 40 50 1.69      

Analysis of variance (ANOVA) [20] is a statistical tool 

used to detect differences in means (averages) between 

various levels of a factor.  The equations governing the 

total sum of squares and the sum of squares of the factors 

and their interactions are listed below: 
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It can be noticed that the main effect of flow and the 

interaction between flow and holding time are significant 

based on a 95% confidence level with P-values 0.031, and 

0.020, respectively, as shown in Table 3. The model has an 

R-sq value of 85.94%. 

A residual plot was constructed as shown in Figure 4; it 

can be observed from the plot that the ordinary least 

squares assumptions are being met. For the residual 

analysis, a normal probability plot for residuals was also 

constructed, as shown in Figure 5. This plot is used to 

check if there is any measurement heteroscedasticity, it 

can be clearly seen that the model assumption of normally 

distributed errors is satisfied. 

Table 3. ANOVA table 

Source DF Adj SS Adj MS F-Value P-Value 

Model 18 0.007111 0.000395 2.72 0.076 

Linear 6 0.002311 0.000385 2.65 0.102 

Time 2 0.000563 0.000281 1.94 0.206 

Pressure 2 0.000141 0.000070 0.48 0.633 

Flow 2 0.001607 0.000804 5.53 0.031 

2-Way Interactions 12 0.004800 0.000400 2.75 0.079 

Time*Pressure 4 0.000904 0.000226 1.55 0.276 

Time*Flow 4 0.003170 0.000793 5.45 0.020 

Pressure*Flow 4 0.000726 0.000181 1.25 0.365 

Error 8 0.001163 0.000145   

Total 26 0.008274    

 

 

Figure 4. Residual plot 

 

Figure 5. Normal Probability Plot 
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The ANOVA table shows that the main effect of flow 

is significant based on a 95% confidence level. Therefore, 

a main effect plot of the flow factor is shown in Figure 6. 

It can be clearly seen that the mean of the response is not 

the same across all factor levels, which means, different 

levels of the flow factor affect the response differently. It 

can also be noticed that the steeper the slope of the line, 

the greater the magnitude of the main effect.  

Interaction plots were also constructed to test whether 

the relationship between one categorical factor and a 

continuous response depends on the value of the second 

categorical factor. When two factors interact, that means 

that changes in the response variable cannot be interpreted 

by independent effects of the two factors. Rather, the 

explanation will be more complicated in such a way that 

the effect of one factor depends on what has happened to 

the other factor. 

 

Figure 6. Main effect plot 

 

 

Figure 7. Interaction plot 
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This interaction effect indicates that the relationship 

between flow and mean thickness depends on the value 

of the holding time, as shown in Figure 7. Higher 

thickness value has resulted when the holding time is 1 

second and the flow is 40% compared with the other 

cases when the holding time is 2 or 3 seconds. This 

means that the effect of flow is coupled with the state of 

the holding time. 

Conclusion  

In the present study, a design of experiment tools 

was used to study the effect of three factors on the 

quality of the final hollow conical-shaped parts made 

using reciprocating screw blow injection molding 

process. Three factors in the injection process were 

considered: holding time, holding pressure, and flow. 

Full factorial design was built and the wall thickness of 

the resulted part was measured. The ANOVA results 

have shown that the main effect of flow and the 

interaction between flow and holding time were 

significant at a 95% confidence level. For the main 

effect of flow, the results have shown that greater flows 

have produced higher thickness means of the molded 

part. It was also found that the effect of the holding time 

on the thickness significantly depends on the level of 

flow. Therefore, they need to be controlled 

simultaneously during the stages of improvement.  
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Abstract 

The magneto hydrodynamics (MHD) boundary layer flow and heat transfer of a nanofluid   with boundary slip condition for 

velocity second order, thermal slip, solutal slip, and suction, thermal radiation have been investigated numerically over a 

nonlinear stretching sheet with viscous dissipation. The profiles for the velocity, temperature and nanoparticle concentration 

depends on parameters viz. thermal radiation parameter R, suction parameter s, velocity first and second order slip 

parameters A and B, respectively, thermal slip parameter C, concentration slip parameter D, power-law parameter N, Prandtl 

number Pr, Lewis number Le, Brownian motion parameter Nb,  thermophoresis  parameter Nt, Eckert number Ec, and 

magnetic parameter M. Similarity transformation is used to convert the governing non-linear boundary-layer equations into 

coupled higher order non-linear ordinary differential  equations. These equations are numerically solved by using an implicit 

finite difference method known as Keller-Box method. An analysis has been carried out to reveal the effects of governing 

parameters corresponding to various physical conditions. Numerical results and Graphical representation are obtained for 

distributions of velocity, temperature and concentration, as well as, for the skin friction, local Nusselt number and local 

Sherwood number for several values of governing parameters. The result reveals that velocity decreases with increase of first 

and second order velocity slip, suction and increases with increase of power-law parameter. Temperature decreases with the 

increase of thermal slip, suction, concentration slip but increases with thermal radiation, second order velocity slip. 

Nanoprticle concentration decreases with increase of concentration slip, suction, thermal radiation, thermal slip but increase 

with increase of second order velocity slip.  A comparison with previous results available in the literature has been done and 

we found a good conformity with it. The numerical values of skin friction, Nusselt number and Sherwood number are 

presented in tables. 
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1. Introduction 

Boundary layer flow over a stretching surface with 

velocity slip, temperature-jump and solutal slip boundary 

conditions is an important type of flow and heat transfer 

occurring in several engineering applications. In these 

types of transport phenomena, the equations corresponding 

to continuum equations of momentum and energy are still 

governed by the Navier-Stokes equations, but the effects 

of the walls are taken into account by using appropriate 

boundary conditions. No-slip condition is inadequate for 

most non-Newtonian liquids, as some polymer melt often 

shows microscopic wall slip and that has a controlling 

influence by a nonlinear and monotone relation between 

the slip velocity and the traction. It is known that, a 

viscous fluid normally sticks to boundary and there is no 

slip of the fluid relative to the boundary. However, in some 

situations there may be a partial slip between the fluid and 

the boundary. For such fluid, the motion is still governed 

by the Navier Stokes equations, but the usual no-slip 

condition at the boundary is replaced by the slip condition. 

Partial velocity slip may occur on the stretching boundary 

when the fluid is particulate, such as emulsions, 

suspensions, foams and polymer solutions. In various 

industrial processes, slip effects can arise at the boundary 

of the pipes, walls, curved surfaces etc. A boundary layer 

slip flow problem arises in polishing of artificial heart 

valves and internal cavities. Recently many authors 

obtained analytical and numerical solutions for boundary 

layer flow and heat transfer due to a stretching sheet with 

slip boundary conditions. 

Some of the authors have considered second order slip 

boundary conditions to study the flow, heat and mass 

transfer by employing boundary layer approximations and 

seeking similarity solutions [1-5]. Khader [6] obtained 
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numerical solution by Laguerre collocation method to 

study the effect of viscous dissipation on the steady flow 

with heat transfer of Newtonian fluid towards a permeable 

stretching surface embedded in a porous medium with 

second order slip effect. Abdul Hakeem et al. [7] 

performed both numerical and analytical solution to study 

the effect of magnetic field on a steady two dimensional 

laminar radiative flow of an incompressible viscous water 

based nanofluid over a stretching/shrinking sheet with 

second order slip boundary condition. Very recently, 

Mabood and Mastroberardinob [8] considered the second 

order slip boundary conditions to investigate the effects of 

viscous dissipation and melting on MHD boundary layer 

flow of an incompressible, electrically conducting water-

based nanofluid over a stretching sheet. Hayat et al. [9] 

studied a steady three-dimensional boundary layer flow of 

water based nanofluid with copper as nanoparticle over a 

permeable stretching surface with second order velocity 

slip and homogeneous–heterogeneous reactions. Zhu et al. 

[10] investigated the effects of the second-order velocity 

slip and temperature jump boundary conditions on the 

magnetohydrodynamic (MHD) flow and heat transfer of 

water-based nanofluids containing  and  in the 

presence of thermal radiation. Megahed [11] obtained 

numerical solution to study the boundary layer flow and 

heat transfer for an electrically conducting Casson fluid 

over a permeable stretching surface with second-order slip 

velocity model and thermal slip conditions in the presence 

of internal heat generation/absorption and thermal 

radiation.  

Heat transfer, influenced by  thermal radiation  has  

applications in many technological   processes, including 

nuclear power plants, gas turbines and various propulsion 

devices for aircraft, missiles, satellites and space vehicles. 

Various engineering processes, involve high temperature 

and essential to the study of radiation heat transfer in 

designing and manufacturing of equipments. Suspension 

of nano-solid particles in classical fluids has a known 

method for the improvement of thermal conductivity of 

heat transfer fluids. ‘Nanofluid’, introduced by Choi et al. 

[12], gives the fluid contains of nano-sized particles 

(diameter of 1 to 100 nm) that are suspended in a base 

fluid, like water, ethylene glycol, propylene glycol, etc. 

Addition of high thermally conductive metallic 

nanoparticles, like silver, copper, aluminium, silicon, 

improves thermal conductivity of such mixtures, thereby 

enhancing the overall energy transport capability. It has 

been found that nanofluids have a potential to increase the 

thermal conductivity as well as convective heat transfer 

performance of the base fluid. One of the possible 

mechanisms for anomalous increase in the thermal 

conductivity of nanofluids is the Brownian motion of the 

nanoparticles within the base fluids. This attractive 

characteristic of nanofluids creates an impressive for wide 

application [13], [14]. Nanofluids became the next-

generation heat transfer fluids and their superior heat 

transfer features are better than that of any other ordinary 

fluids.  Khan and Pop [15] studied the phenomenon of 

nanofluid over a stretching sheet for laminar boundary 

layer flow. The nanofluid flow over an exponentially 

stretching sheet was introduced by Nadeem and Lee [16]. 

The laminar boundary layer flow of a nanofluid over a 

nonlinear stretching sheet is extended by Rana and 

Bhargava [17]. Rahman and Eltayeb [18] extend the 

radiative heat transfer in a hydromagnetic nanofluid over a 

nonlinear stretching surface. Cortell et al. [19] explained 

the boundary layer flow and heat transfer of fluid under the 

consideration of thermal radiation and viscous dissipation 

over a nonlinear stretched sheet. The boundary layer flow 

over a permeable moving flat plate under the effect of 

viscous dissipation and thermal radiation by considering of 

few nanofluids is studied by Motsumi and Makinde [20]. 

Heat transfer over nonlinear stretching and shrinking 

sheets under the influence of magnetic field, thermal 

radiation and viscous dissipation by considering copper, 

alumina, and titanium oxide nanoparticles was examined 

by Pal et al. [21]. Later, Nandy and Pop [22] extended the 

study of MHD boundary layer stagnation flow and heat 

transfer over a shrinking sheet incorporating the two 

component model under the effect of radiation. Rashidi et 

al. [23] have also investigated the combined effect of 

magnetic field and thermal radiation over a vertical 

stretching sheet for two dimensional water based nanofluid 

flow. Mustafa et al. Studied [24] the boundary layer flow 

of a nanofluid over an exponentially stretching sheet to the 

case of a permeable shrinking sheet with the second order 

velocity slip in the presence of zero normal flux of the 

nanoparticles at the boundary. Several authors have 

studied the flow and heat transfer of a viscous (regular) 

fluid over an exponentially stretching surface ([25]; [26]; 

[27]; and [28]).  

Based on the observations from the above cited work, 

the purpose of the present paper is to analyze the effect of 

second order velocity slip, temperature slip and solutal slip 

in the presence of thermal radiation with suction of a 

steady two-dimensional flow of a nanofluid over a 

nonlinear stretching sheet. Governing nonlinear ordinary 

differential equations obtained after the application of 

similarity transformations are solved numerically by 

means of Keller-Box method. The effects of different flow 

parameters on flow fields are elucidated through graphs 

and tables.  

2. Flow Analysis and Mathetatical Formulation 

 

 

Figure 1. Flow organization with coordinate system 

Consider a two dimensional, steady and incompressible 

viscous flow of a nanofluid past over a nonlinear 

stretching surface. The sheet is extended with velocity 
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( ) n

wu x ax
 with fixed origin location, where “n” is a 

nonlinear stretching parameter, ‘‘a’’ is a dimensional 

constant known as stretching rate and x is the coordinate 

measured along the stretching surface. The nanofluid   

flows at y = 0, where y is the coordinate normal to the 

surface. The fluid is electrically conducted due to an 

applied magnetic field B(x) normal to the stretching sheet. 

The magnetic Reynolds number is assumed small and so, 

the induced magnetic field can be considered to be 

negligible. The wall temperature Tw and the nanoparticle 

fraction Cw are assumed constant at the stretching surface. 

When y tends to infinity, the ambient values of 

temperature and nanoparticle fraction are denoted by T∞ 

and C∞, respectively.  The constant temperature and 

nanoparticle fraction of the stretching surface Tw and Cw 

are assumed to be greater than the ambient temperature 

and nanoparticle fraction T∞ ,C∞, respectively. T is the 

temperature and C is the rescaled nanoparticle volume 

fraction in the boundary layer. The coordinate system and 

the flow model are shown in Figure 1. The governing 

equations of continuity, momentum, thermal energy and 

nanoparticles equations can be written as: 
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u v

x y
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        (3) 

 

      (4) 

 

The boundary conditions for the velocity, temperature 

and nanoparticle fraction are defined as: 
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Here, u and v are the velocity components along the x 

and y-axes, respectively. 
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 is the thermal diffusivity, σ is electrical 

conductivity, ν is the kinematic viscosity, ρf is the density 

of the base fluid, DB is the Brownian diffusion coefficient 

and DT is the thermophoresis diffusion coefficient. 
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  is the ratio between the effective heat 

capacity of the nanoparticle material and heat capacity of 

the fluid, c is the volumetric volume coefficient, ρp is the 

density of the particles, and C is rescaled nanoparticle  

volume fraction. We assume that the variable magnetic 

field B(x) is of the form
( 1)
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.   is the 

slip velocity at the surface and it is negative due to 

stretching. Wu’s [29] slip velocity model used in this paper 

and is valid for arbitrary Knudsen numbers and is given as 

follows: 

1 2slip slip

T C
T k C k

y y

 
 

   

where   kn  is the Knudsen number, l = min (1/Kn, 1),  

is the momentum accommodation coefficient with 0    

1 and  is the molecular mean free path. Based on the 

definition of l, it is seen that for any given value of Kn, we 

have 0  l  l. Since the molecular mean free path  is 

always positive it results that B is a negative number. A, 

B are first and second order velocity slip factors, 

respectively, k1 is the thermal slip factor, k2 is the 

concentration slip factor. 

Using the Rosseland [30] approximation as in Cortell 

[19], the radiative heat flux is simplified as: 
* 4

*
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We assume that the temperature differences within the 

flow region, namely, the term T4 can be expressed as a 

linear function of temperature.  The best linear 

approximation of T4 is obtained by expanding it in a 

Taylor series about T and neglecting higher order terms.  

That is: 
4 3 44 3 ................... (8)T T T T  

  

Using equation (8) into equation (7) the modified 

equation of (3) is: 

    

(9) 

 

  

(10) 

Using the following   transformations: 

           (11) 

where ψ represent the stream function and is defined 

as: 
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u and v
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so that Eq.(1) is satisfied identically.  

The governing equations (2), (10) and (4) are reduced 

by using equation (11) as follows: 

            (12) 

      

(13) 

              

(14) 

 

The transformed boundary conditions are: 

   

(15) 

where the prime denote differentiation with respect to 

. The involved physical parameters are defined as 

follows: 

   

(16) 

Here N is the Power-law parameter, Pr is the Prandtl 

number, R is Thermal radiation, Nb is Brownian motion 

parameter, Nt is Thermophoresis parameter, Ec is Eckert 

number, M is Magnetic parameter, Le is Lewis number, s 

is mass transfer parameter, i.e., suction for  (vw  0), 

injection for (vw  0), A is First order velocity slip 

parameter, B is second order velocity slip parameter, E is 

Thermal slip parameter, D is Concentration slip parameter.      

Now equations (12) to (14) together with the boundary 

conditions (15) to have similarity solutions, the quantities 

A, B, E and D must be constant and not a function of ‘x’ as 

in equation (16). This condition can be realized if the mean 

free path of the nanoparticles   is proportional to:  

 1

2

n

cx
 

  

We therefore assume: 

   

(17) 

 

C, k1, k2 are proportionality constants. With the 

introduction of (17) into equation (16) of velocity, thermal, 

concentration slip parameters, we have: 

        

 (18) 

With A, B, E and D defined by equation (18), the 

solutions of equations (12) to (14) yield the similarity 

solutions. However, with A, B, E and D defined by 

relations (17), the solutions generated are the local 

similarity solutions. The quantities of practical interest, in 

the present study, are the local skin friction Cfx, Nusselt 

number Nux and the Sherwood number Shx which are 

defined as: 

     (19) 

where  w is shear stress at wall, qw is the heat flux and 

qm is the mass flux at the surface which are given below: 

  
(20) 

Substituting equation (10) into equations (19), (20), we 

obtain: 

    (21) 

3. Numerical Methods 

The ordinary differential equations (12), (13), (14) with 

the boundary conditions of equation (15) are solved 

numerically by using of Keller-Box method, as revealed 

by [31], the following few steps are involved to achieve 

Numerical solutions: 

 Reduce the above mentioned higher order ordinary 

differential equations into a system of first order 

ordinary differential equations;  

 Write the finite differences for the first order equations; 

 Linearize the algebraic equations by Newton’s method, 

and write them in matrix–vector form; and 

 Solve the linear system by the block tri-diagonal 

elimination technique. 
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 To get the accuracy of this method the appropriate 

initial guesses have been chosen.  The following initial 

guesses are chosen: 

 

The choices of the above initial guesses depend on the 

convergence criteria and the transformed boundary 

conditions of equation (15). The step size 0.01 is used to 

obtain the numerical solution with four decimal place 

accuracy as the criterion of convergence.  

4. Results and Discussion 

The magneto hydrodynamics (MHD) boundary layer 

flow [32] and heat transfer [33] of a nanofluid with 

velocity second order slip, temperature jump, solutal 

boundary slip condition, suction and thermal radiation has 

been investigated numerically over a nonlinear stretching 

sheet with viscous dissipation. The numerical solutions are 

obtained for velocity, temperature and concentration 

profiles for different values of governing parameters. The 

obtained results are displayed through Figures 2 to 20 for 

velocity, temperature and concentration profiles, 

respectively. In the simulation the default values of the 

parameters are considered as M=1, Nb=Nt=0.5, Le=5, 

Pr=6.8, s=0.5, Ec=0.2, A=1, B=-1, E=1, D=1, R=0.1, 

N=1.5, unless otherwise specified. 

5. Velocity Profiles 

The velocity profile f (0) for different values of the 

magnetic field parameter M, mass suction parameter s, 

power-law parameter N and velocity first and second order 

slip parameter A, B are shown in Figures 2 to 6, 

respectively. 

Figure 2 reveals the influences of magnetic field on the 

flow field. The presence of transverse magnetic field, the 

fluid induces Lorentz force, which opposes the flow. This 

resistive force tends to slow down the flow, which results 

in the decreasing of velocity field. As The values of 

magnetic parameter M increase, the retarding force 

increases and consequently the velocity decreases. The 

graph also reveals that the boundary layer thickness 

reduces as magnetic parameter M increases. 

Figure 2. Velocity graph for different values of magnetic 

parameter M

  

The effect of suction/injection parameter ‘s’ on the 

velocity profile for a nonlinear stretching surface is 

presented in Figure 3 in presence of surface slip. It is 

observed from the figure that velocity distribution across 

the boundary layer decreases with an increase in suction 

parameter s. Thus, the suction reduces the thickness of 

hydrodynamic boundary layer; the effect is reverse in the 

case of injection. 

Figure 3. Velocity graph for different values of  Suction 

parameter s.  

On observing from Figure 4, as the power-law 

parameter increases, the velocity profile decreases.  Figure 

5 illustrates the variation of the dimensionless velocity 

component f () for various values of the first order slip 

parameter A. From the figure, it is clear that the velocity of 

the fluid near the boundary layer region decreases by 

increasing slip parameter. If the slip parameter increases, 

the slip at the surface wall is also increases. As a result it 

reaches to a smaller amount of diffusion due to the 

stretching surface into the fluid. In the case of no slip 

condition, the value of A approaches to zero so the 

velocity slip at the wall is equal to zero, i.e., us = 0, 

consequently the fluid velocity adjacent to the wall is 

equal to the velocity of the stretching surface uw, then f  

(0) = 1. Figure 6 shows that the dimensionless velocity 

component   f  () decreases with the decreasing values of 

second order velocity slip parameter B. 

Figure 4. Velocity graph for different values of Power-law 

parameter N 
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Figure 5. Velocity graph for different values of first order 

velocity slip parameter A 
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Figure  6. Velocity graph for different values of second order 

velocity slip parameter 

6. Temperature Profiles 

Figures 7 to 14 present the variation of temperature 

with respect to the governing parameters, viz. Prandtl 

number Pr, thermal slip parameter E, radiation parameter 

R, Eckert number Ec, suction parameter s, thermophoresis 

parameter Nt, Brownian motion parameter Nb and 

magnetic parameter M, respectively. 

The effect of Prandtl number Pr on the heat transfer 

process is shown by the Figure 7. The Prandtl number is a 

material property, it varies from fluid to fluid. The Figure 

7 reveals that as an increase in Prandtl number Pr, the 

temperature field decreases. An increase in the values of Pr 

reduces the thermal diffusivity, because Prandtl number is 

a dimensionless number which is defined as the ratio of 

momentum diffusivity to thermal diffusivity, that is Pr = 

/ . Increasing the values of Pr implies that momentum 

diffusivity is higher than thermal diffusivity. Therefore 

thermal boundary layer thickness is a decreasing function 

of Pr. In general the Prandtl number is used in heat transfer 

problems to reduce the relative thickening of the 

momentum and the thermal boundary layers. 

The influence of thermal slip on the temperature 

profiles is shown in Figure 8 which describes that the fluid 

temperature decreases on increasing thermal slip parameter 

E in the boundary layer region and, as a consequence, 

thickness of the thermal boundary layer decreases. 

Figure 9 demonstrates the variation of temperature with 

respect to radiation parameter R. When the Rosseland 

radiative absorptivity k* decreases, the divergence of the 

radiative heat flux ∂qr / ∂y increases, which leads to 

increases the rate of radiative heat transfer  to the fluid at 

the surface, i.e., it provides more heat to the fluid which 

causes the fluid temperature to increase. Hence, the 

temperature profile as well as thermal boundary layer 

thickness increases as the value of thermal radiation 

increases. 

Figure 10 illustrates the power of Eckert number Ec on 

temperature in the boundary layer. On observing the 

temperature graph, the wall temperature of the sheet 

increases as the values of Ec increase. As the irreversible 

process by means of which the work done by a fluid on 

adjacent layers due to the action of shear forces is 

transformed into heat influenced by viscous dissipation. It 

is also noticed that the reversal flow happened because of 

the temperature enhancement occurs as heat energy is 

stored in the fluid due to frictional heating. Also, due to 

the fact that, decrease of rate of heat transfer at the surface, 

the thermal boundary layer thickness increases, when the 

values of Ec increases.  

In Figure 11 the influence of the suction/injection 

parameter ‘s’ on the temperature profiles is depicted. It 

can, easily, be seen from the figure that the temperature 

distribution across the boundary layer decreases with 

increasing the values of s > 0 in the presence of thermal 

slip and hence the thickness of the thermal boundary layer 

decreases whereas opposite effect occurs for s < 0. 

Figures 12 and 13 show the influence of the change of 

Brownian motion parameter Nb and thermophoresis 

parameter Nt on temperature profile. It is noticed that as 

thermophoesis parameter and Brownian motion parameter 

Increases the temperature increases in the boundary layer. 

As the thermophoretic effect increases, nanoparticles are 

migrated from the hot surface to cold ambient fluid, as a 

result the temperature will enhances in the boundary layer. 

This will help in the thickening of the thermal boundary 

layer.  Figure 14 shows the influence of magnetic field 

parameter M on the thermal field. Transverse magnetic 

field has increased the thermal boundary layer thickness, 

so it causes the temperature increment in the boundary 

layer when it increases. 

Figure 7. Temperature graph for different values Prandtl number 

Pr
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Figure  8.  Temperature graph for different values Thermal slip 

parameter E 

Figure  9. Temperature graph for different values Thermal 

radiation R 

Figure 10. Temperature graph for different values Eckert number 

Ec 
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Figure 11. Temperature graph for different values suction 

parameter s 
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Figure 12. Temperature graph for different values thermophoresis 

parameter Nt 
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Figure 13. Temperature graph for different values Brownian 

motion parameter Nb  
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Figure 14. Temperature graph for different values magnetic 

parameter M 

7. Nanoparticle Concentration Profiles 

Figures 15 to 20 demonstrate the variation of 

nanoparticle concentration with respect to the change in 

governing parameters, viz. Lewis number Le, Brownian 

motion parameter Nb, thermophoresis parameter Nt, 

concentration slip parameter D, suction s and radiation 

parameter R. 

Figure 15 shows the impact of Lewis number Le on 

concentration profile. Actually, a higher value of Lewis 

number Le =DB represents a lower nanoparticle 

diffusivity (Brownian motion) and a higher thermal 

diffusivity. If Le > 1 the thermal diffusion rate exceeds the 

Brownian diffusion rate. Lower Brownian diffusion leads 

to less mass transfer rate, as a result, the nanoparticle 

volume fraction (concentration) graph and the 

concentration boundary layer thickness decreases.  

Figure16 reveals the variation of concentration profile. As 

the larger thermophoresis parameter Nt values gives the 

larger temperature gradient. The concentration field is 

motivated by the temperature gradient. As the temperature 

is an increasing function of Nt, an increase in Nt parameter 

increases the concentration and its boundary layer 

thickness. The nanoparticle concentration and 

concentration boundary layer thickness will increases as 

increase in Nt. We can see from the Figure 17 that the 

concentration profile is decreasing function of Nb. This 

may be due to the fact that as Brownian motion parameter 

decreases the mass transfer of a nanofluid.   

From Figure 18 we can observe the variation of 

concentration with respect to solutal slip parameter D. As 

it can be seen from the graph, increasing in the 

concentration slip parameter D, the concentration profile is 

decreasing. The suction parameter ‘s’ has a strong 

influence on the concentration profile as it is shown in 

Figure 19. As the values of suction parameter s increase, 

concentration graph decreases and the concentration 

boundary layer thickness decreases.  Figure 20 reflects the 

variation of radiation on concentration graph. The 

influences of radiation parameter on concentration is not 

this much significant. As the values of radiation parameter 

R increase, the concentration boundary layer thickness is 

not changing much, almost it is constant. 
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Figure 15. Temperature graph for different values Lewis number 
Le 
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Figure 16. Temperature graph for different values Brownian 

motion parameter Nb 
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Figure 17. Temperature graph for different values thermophoresis 
parameter Nt
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Figure 18. Temperature graph for different values concentration 

slip parameter D 
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Figure 19. Temperature graph for different values suction 

parameter s
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Figure 20. Temperature graph for different values thermal 

radiation R 

Finally, a comparison is done with previous results as it 

is shown in Table 1, for the numerical values of the skin 

friction coefficient –f  (0), local Nusselt number –G (0) 

and Sherwood number -H  (0) when slip parameters A, B, 

E, D radiation parameter R and suction parameter s are 

absent. And it is in excellent agreement with the result 

published in F. Mabood et al. 2015. Table 2 presents the 

variation of the skin friction coefficient in relation to 

magnetic field M, suction s, power-law parameter N and 

velocity first and second order slip parameters A, B. On 

observing this table, as the values of magnetic field, 

suction and power-law parameters increase, the values of 

skin friction coefficient increase. However, the skin 

friction coefficient decreases as both the values of velocity 

slip parameters A and B increase. Table 3 shows the local 

Nusselt number –G  (0) and Sherwood number –H  (0) 

for different values of Prandtl number Pr, thermal radiation 

R, Eckert number Ec, thermal slip parameter E and 

concentration parameter D. It is possible to see that as the 

values of Prandtl number increase, the heat transfer rate 

(local Nusselt number) is increased, but when other values 

as indicated in Table 3 increases, the local Nusselt number 

decreases. Also we can observe the variation of the mass 

transfer rate i.e., Sherwood number from this Table. Table 

4 represents the variation of both the heat transfer rate –G  

(0) and mass transfer rate –H  (0) for different values of 

the parameters M, s, Nt, Nb and Le when other parameters 

are fixed. 
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Table 1. Comparison of Skin friction coefficient, Nusselt and Sherwood numbers when A = B = E = D = R = s = 0 

Ec M 

- f  (0) 

(F.Mabood et 

al, 2015) 

- f  (0) 

(Present) 

- G  (0) 

(F.Mabood et 

al, 2015) 

- G  (0) 

(Present) 

- H  (0) 

(F.Mabood et 

al, 2015) 

- H  (0) 

(Present) 

0 0 1.10102 1.1010 1.06719 1.0672 1.07719 1.0772 

0.1    0.88199 0.8892 1.22345 1.2234 

0.2    0.70998 0.7100 1.37078 1.3708 

0.3    0.52953 0.5295 1.51919 1.5192 

0.5    0.16484 0.1648 1.81933 1.8194 

0 0.5 1.3098 1.3099 1.04365 1.0473 1.01090 1.0109 

0.1    0.81055 0.8106 1.20605 1.2060 

0.2    0.57564 0.5757 1.40279 1.4028 

0.3    0.33889 0.3389 1.60115 1.6012 

0.5    0.14022 0.1402 2.00282 2.0028 

0 1 1.48912 1.4891 1.02337 1.0234 0.95495 0.9549 

0.1    0.74058 0.7406 1.19496 1.1950 

0.2    0.45543 0.4554 1.43706 1.4371 

0.3    0.16789 0.1679 1.68128 1.6813 

0.5    0.41451 0.4145 2.17623 2.1763 

 

Table 2.  Calculation of skin friction coefficient for various values of M, s, A, B, N. 

M S A B N -f  (0) 

0 0.5 1 -1 1,5 0.3170 

0.5     0.4161 

1.0     0.4914 

1.5     0.5547 

2.0     0.6105 

1.0 0    0.4005 

 0.2    0.4348 

 0.7    0.5325 

 1.0    0.5988 

 0.5 1   0.4914 

  1.2   0.4572 

  1.3   0.4418 

  1 -1  0.4914 

   -2  0.3572 

   -3  0.2801 

   -1 -0.5 0.4314 

    0.5 0.4624 

    1.5 0.4914 
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Table 3.  Calculation of Nussult and Sherwood numbers for various values of Pr, R, Ec, E, D. 

 Pr R Ec E D - G (0) - H (0) 

1 0.1 0.2 1 1 0.2086 1.2676 

5     0.4451 1.0703 

7     0.4712 1.0505 

10     0.4764 1.0508 

6.8 0.5    0.4367 1.0771 

 0.7    0.4188 1.0918 

 1.0    0.3931 1.1131 

 0.1 1   0.2470 1.2656 

  2   0.0424 1.5440 

  3   0.3457 1.8356 

  0.2 0  0.6850 0.8984 

   1  0.4677 1.0515 

   2  0.3411 1.1538 

   3  0.2610 1.2195 

   1 0 0.1623 -2.7794 

    1 0.4697 -1.0515 

    2 0.6383 -0.4101 

    3 0.7382 0.0740 

 

Table  4.  Calculation of Nussult and Sherwood numbers for various values of M, s, Le, Nb, Nt. 

M S Le Nb Nt -G  (0) -H  (0) 

0.1 0.5 5 0.5 0.5 0.4927 1.0677 

0.2     0.4897 1.0648 

0.3     0.4869 1.0623 

0.4     0.4842 1.0601 

1.0 -0.3    0.0378 0.0639 

 -0.2    0.0180 0.1433 

 -0.1    -0.0238 0.2541 

 0.1    -0.1461 0.5105 

 0.2    -0.2205 0.6428 

 0.3    -0.3002 0.7771 

 0.5 5   0.4697 1.0515 

  10   0.3349 2.4995 

  15   0.2861 3.8315 

  20   0.2610 5.1277 

  5 0.1  0.7194 1.3103 

   0.2  0.6351 1.2183 

   0.3  0.5676 1.1489 

   0.4  0.5133 1.0951 

   0.5 0.1 2.7662 11.8889 

    0.2 1.1371 1.1609 

    0.3 0.7582 -0.3290 

    0.4 0.5792 -0.8239 
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8. Conclusions 

A numerical study was investigated for the radiative 

boundary layer flow and heat transfer of nanofluids over a 

nonlinear stretching sheet with slip conditions, suction 

with the help of an implicit finite difference method 

known as Keller-Box method. A parametric study is 

performed to explore the effects of various governing 

parameters on the fluid flow and heat transfer 

characteristic.  

The following conclusions give a brief account of the 

results of the present study: 

1.  Both first and second order velocity slip parameter A 

and B reduces the thickness of momentum boundary 

layer and hence decrease the velocity. N decreases the 

velocity profile. 

2. Velocity profile decrease with increase in suction 

parameter s, magnetic parameter M. 

3. Prandtl number Pr, thermal slip parameter E, suction 

parameter s reduces the temperature profile. 

4. The temperature increases with an increase in radiation 

parameter R, magnetic parameter M, thermophorosis 

parameter Nt, Brownian motion parameter Nb, Eckert 

number Ec. 

5. Concentration profile decreases with an increase in 

Lewis number Le, Brownian motion parameter Nb, 

concentration slip parameter D, suction s and radiation 

R but increases with an increase in thermophorosis 

parameter Nt. 
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