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Abstract 

The performance of an 8.0 kW Solar Adsorption Refrigeration System (SARS) under Jordanian climate conditions was 

evaluated experimentally and theoretically. The solar cooling system under study consists of four subsystems, namely silica 

gel/water adsorption chiller, solar thermal collector, cooling tower and fan coil unit. The ambient temperature, global solar 

radiation, relative humidity, wind speed and the temperatures of the solar adsorption system at different locations of 

experimental setup were measured. 

Simulation of the solar adsorption system was carried out using the TRaNsientSYstem Simulation software (TRNSYS). 

The solar adsorption system is based on adsorption chiller operated by hot water produced by flat plate solar collectors with 

a total surface area of 41m2.  

The obtained results revealed chilling power and thermal COP of 4.5 kW and 0.34, respectively when the average chilled 

water outlet temperature, cooling water inlet temperature, and hot water inlet temperatures were 16.8 °C, 28.1°C and 80.2 

°C, respectively. 

© 2017 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved 

Keywords:  Adsorption system, solar, Silica gel/water, COP, TRNSYS simulation.

Nomenclatures 

Notation Description Unit 

THW-in 
Temperature of the hot water at 

the chiller inlet 
°C 

TCW-in 
Temperature of the cooling water 
at the chiller inlet 

°C 

TCHW-in 
Temperature of the chilled water 

at the chiller inlet 
°C 

THW-out 
Temperature of the hot water at 

the chiller outlet 
°C 

TCW-out 
Temperature of the cooling water 
at the chiller outlet 

°C 

TCHW-out 
Temperature of the chilled water 

at the chiller outlet 
°C 

ṁ Water flow rate  kg/s 

SARS 
Solar adsorption refrigeration 

system 
 

HMCSR 
Hamdi Mango Center for 

Scientific Research  
 

TRNSYS 
TRaNsientSYstem Simulation 

software 
 

HCFC Hydrchlorofluorocarbon  

CFC Chlorofluorocarbons   

F 
Fraction of adsorption chiller 

rated value 
 

QHW Hot water energy  kW 

QCHW Chilled water energy   kW 

QCW Cooling water energy   kW 
Rated Adsorption chiller rated value  

DEI 
Rated (design) chiller thermal 

energy input   
 

DC 
Rated (design) chiller chilling 

capacity  
 

Cp Specific heat capacity   kJ/kg.k 
COP Coefficient of performance  

CCHP Combined cooling heating power  

QElec Total electrical power consumed kW 
Q Thermal power kW 

V̇ Volume flow rate  m3/s 

N Number of data  

COPe Total coefficient of performance  

uy Total uncertainty % 
TRN TRNSYS simulation value   

Exp Experimentally determined value     

Time Time of day Hour 
ABS-PD Absolute average percent % 

* Corresponding author e-mail: ahmad.sakhrieh@aurak.ac.ae 
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deviation 

Mod Model  
Act Actual  

Pred Predicted  

∆∆t′ 
Adapted characteristic equation 
method 

 

s′, a, e and r Parameters  

SSr Residual sum of squares  

SSt Total sum of squares  
R2 Coefficient of determination  

RMSE Root mean square error  

|ϵ̅| Mean absolute difference  

CV Coefficient of variation % 

yi Predicted value of the model  
ŷi Associated measured value  

ȳ1 Dependent variable mean  

Sec Second  

Min Minute   

∆ Difference   

𝜌 Density  kg/m3 

∑ Summation   

1. Introduction 

A high percentage of the electricity produced in Jordan 

is consumed in refrigeration and air-conditioning sector. 

The availability of solar radiation in phase with the 

seasonal and hourly cooling load profiles in most of the 

buildings in Jordan, in addition to the large share of 

primary energy consumed for air conditioning applications 

in buildings create a high motivation for the utilization of 

solar cooling technology for such type of buildings 

[1].Renewable energy can be considered an effective 

solution because it is a clean, environment friendly and 

inexpensive in the long term [2]. The present study focuses 

on one of the applications of solar energy, which is using 

solar energy as a heat source to power Solar Adsorption 

Refrigeration System (SARS).            

A lot of interest has been revolving around the idea of 

using solar energy as an alternative source of energy at the 

present time. This is due to the environmental 

considerations currently arising all around the world [3-5]. 

Solar energy can be used as the main source to operate 

SARS, which can be driven by low-potential thermal 

power. This includes, but is not limited to solar energy, 

geothermal energy and wasted heat. Moreover, the 

working fluids of this system are environmentally friendly 

[6].            

The use of the heat operated refrigeration system helps 

in reducing the environmental problems related to the use 

of HCFCs and CFCs as refrigerants, which are considered 

among the main causes for ozone layer depletion. 

Additionally, they directly contribute to the greenhouse 

effect [7]. Furthermore, the consumption of primary 

energy and the emission of greenhouse gases associated 

with electricity generation from fossil fuels lead to 

considerable environmental consequences and great 

economic costs. 
Many research studies related to air conditioning by 

thermal driven solar cooling have been accomplished. Li 

and Wu [8] constructed a novel micro Combined Cooling, 

Heating and Power (CCHP) system, based on a two bed 

silica gel/water adsorption chiller. A comparison between 

simulation results and experimental data was conducted in 

order to propose a new model with an improved 

performance. Zhang et al. [9] presented a model of silica 

gel/water adsorption chiller powered by solar energy. 

Matlab-Simulink was used to simulate the operating 

conditions of the chiller. Rabhi et al. [10] carried out a 

simulation work on a solar adsorption chiller using silica 

gel as adsorbent and water as adsorbent. Also, the finite 

volume method was used to solve the system numerically. 

Effects of the average radius of the silica gel grain ranging 

from 0.6 mm to 0.9 mm and of the temperature 

regeneration ranging from 77°Cto 107°C were studied. 
Wang et al. [11] showed that a silica gel acts as a key role 

in adsorption refrigeration systems. It was found out that 

the silica gel/water adsorption refrigeration system is 

greatly influenced by the adsorption deterioration. Rezk et 

al. [12] used an empirical lumped analytical simulation 

model to study an adsorption cooling system with 450 kW 

two bed silica gel/water adsorption chillers. The results 

showed that the enhancement in the cooling capacity and 

System COP increased to reach maximum of 25% and 

10%, respectively, upon increasing the fin spacing ratio of 

2. Fasfous et al. [13] theoretically investigated the 

potential of utilizing a solar cooling system at The 

University of Jordan in Amman to improve the indoor air 

quality. They showed that proposed solar collectors of 40-

m2 areas could offer solar heat for an 8 kW solar air 

conditioning system. Solar heating (approx. 15–25% solar 

fraction) and domestic hot water (solar fraction up to 

100%) could be also provided, with the solar air 

conditioning system. Lu et al. [14] used micro-porous 

silica gel–water and compound adsorbent of macro-porous 

silica gel/LiCl-methanol as working pairs in two 

adsorption cooling systems. The results indicated that the 

cooling capacity and COP are 1.0 kW and 0.13 

respectively. Ali, et al. [15] developed a new adsorption air 

conditioning system driven by solar energy using silica 

gel/water adsorption chiller, heat exchanger, rotary 

desiccant and humidifier. 

In Jordan, the application of the concept of solar 

cooling is not new. The review article of Ayadi et al. [16] 

mentioned three solar cooling systems utilizing 

concentrating collectors that were applied in Jordan; the 

first was by Hammad et al. who tested a prototype 

absorption chiller for air-conditioning by coupling the 

chiller to a prototype flat plate collector with a PTC 

collector in 1991 [17]; later, in 2000, a prototype PTC with 

an absorption chiller for refrigeration purpose in desert 

areas was tested [18]. In 2010, a 146 m2 Parabolic trough 

collector was installed at the Dead sea hotel to supply the 

required heat for a 13 kW absorption chiller [16]. 

The first adsorption chiller installed in Jordan was a 

part of the Aqaba Residence Energy Efficiency (AREE) 

project funded by the EU-MED-ENEC program; it was 

installed and launched in June 2009 in a “green home”. 

The solar cooling project is based on a thermally driven 

adsorption chiller, integrated in a cooling tower (water 

cooled system).  Heat is supplied to the chiller by 

evacuated tube collectors. Based on above, and since the 

adsorption chillers require a lower supply temperature to 

the generator that can be easily produced by flat plate 

collector, flat plate solar collectors were used in this study 

to supply heat to the SARS which was installed at Hamdi 

Mango center  for scientific research HMCSR–University 

of Jordan in Amman. 
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2. Theoretical Background 

Solar cooling technology can be divided into three 

main categories: solar thermal cooling, solar electrical 

cooling and solar combined power and cooling. Thermal 

energy produced from the solar energy can be used in 

useful heating and cooling in the solar thermal cooling 

systems by thermo-physical or thermo-chemical processes. 

Solar thermal cooling is divided mainly into thermo-

mechanical solar cooling and sorption technology [19].                

Sorption refrigeration technology can be classified 

mainly into open sorption cycle and closed sorption cycle 

[20]. Open sorption cycle is classified into liquid or solid 

desiccant systems that are used for either humidification or 

dehumidification. Basically, there are two processes to 

transfer moisture from one air stream to another in the 

desiccant systems: desorption or regeneration process and 

sorption process. Liquid and solid desiccants behave under 

the same principle and hence their water vapor pressure is 

a function of moisture content and temperature.                

Based on the sorption material, closed sorption cycles 

are divided mainly into liquid sorption and solid sorption. 

The liquid sorption refers to the absorption, while the solid 

sorption refers the adsorption. Absorption involves a liquid 

or solid sorbent that absorbs refrigerant molecules into its 

inside and changes either chemically and/or physically 

throughout the process. The most widely used working 

pairs in the absorption processes are lithium chloride-

water, water-ammonia and lithium bromide-water. 

Adsorption, on the other hand, refers to a solid sorption 

process which a solid sorbent attracts refrigerant molecules 

onto its surface by chemical or physical force and without 

changing its form in the process [21]. Adsorption 

refrigeration process is achieved using a combination of 

adsorbent and adsorbate. Activated carbon-ammonia, 

activated carbon-methanol, activated carbon-ethanol, silica 

gel-water and zeolite-water are the most widely used 

working pairs in the adsorption processes.  

 The adsorption refrigeration cycle consists of 

two sorption chambers (Desorber and Adsorber), a 

condenser and an evaporator, as illustrated in Figure 1. 

The adsorption cycle achieves a COP ranging between0.3 

to 0.7, depending upon the driving heat temperature, which 

in turn ranges between 55°Cand90°C. The adsorption 

chiller cycle consists of the following steps: 

 In the desorber chamber, the refrigerant vapor is 

released by regenerating the solid sorbent which means 

desorb the refrigerant that cohesive on the surface by 

sorbent porous through applying the heat that is 

previously received from the heating source. 

 The desorbed refrigerant is cooled and condensed to 

liquid in the condenser. Rejecting the heat through the 

cooling water supplied from a cooling tower does this. 

 The cold refrigerant is vaporized under low partial 

pressure and low temperature in the evaporator while 

the useful cooling is produced.  

 The refrigerant vapor then enters to the adsorber 

chamber from the evaporator and will be absorbed by 

the solid sorbent. 

 The functions of two sorption chambers are reversed by 

alternating the opening of the butterfly valves and the 

direction of the heating and cooling refrigerants. In this 

way, the chilling refrigerant is obtained continuously. 

The cycle then repeats. 

 
Figure 1. Schematic of adsorption cycle solar cooling system 

The adsorption system operates under three 

temperature levels: high temperature used to supply the 

heat to the desorber, intermediate temperature used to 

reject heat in the condenser and adsorber, in addition to 

low temperature used in producing the coldness. Also 

there are two pressure levels in this system: high pressure 

at the condenser and low pressure at the evaporator. 

There are many refrigerants that are used in adsorption 

refrigeration systems. Natural refrigerants include water 

(the most commonly used one) in addition to Ammonia. 

However, the most commonly applied refrigerants are 

methanol, ethanol, ammonia and water. 

The thermal power of a chiller (𝑄) may be calculated 

from equation 1. 

𝑄̇= ṁ. Cp . ∆T =𝜌.V̇.Cp . ∆T                                                                            (1) 

where ṁ (kg/s) is the mass flow rate of water, 𝜌(kg/m3) 

is the density of water, V̇(m3/s) is the volume flow rate of 

water, Cp (kJ/kg.°C) is the specific heat capacity of water, 

and ∆T (°C) is the temperature difference of water stream. 

The thermal instantaneous COP of the solar adsorption 

system of the solar adsorption system was calculated 

according to equation 2: 

COP = QCHW/QHW                                         (2) 

where COP is the thermal coefficient of performance, 

QCHW (kW) is the chilling power, and QHW (kW) is the 

heating power. 

The total COP (COPe) of the solar adsorption system is 

the ratio of the chilling power of the system to the heating 

power and the total electrical power consumed, QElec, of 

the system and was calculated according to equation 3: 

COPe =QCHW/(QHW + QElec)                                                   (3) 

The instantaneous Solar Fraction Cooling (SFC) of the 

solar adsorption is the ratio of the total chilling power of 

the system to the total cooling requirement and was 

calculated according to equation 4:   

SFC =QCHW,Total/QL,Total                                    (4) 

where QCHW,Total (kW) is the total chilling power of the 

system and QL,Total(kW) is the total cooling requirement. 

The absolute average percent deviation (ABS-PD) was 

also calculated according to equation 4: 

    ABS 4eal
1

Ndata

∑
|Pred value lculated ac|

Exp value
 .100%

Ndata
0         (5) 

where N is the number of data, predvalue is the 

predicted value, and expvalue is the experimental value. 

The chilling capacity, QCHW, of the adsorption chiller at 

the prevailing conditions of inlet hot and cooling water 
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temperatures, and the heat energy input, QHW, from hot 

water storage tank to the adsorption chiller were computed 

using equations 5 and 6.  

QCHW = FDC (QCHWrated)                                    (5) 

QHW = FDEI (QHWrated)                                              (6) 

where FDC is the design chilling capacity and FDEI is the 

design energy input of the adsorption chiller model. 

3. System Description 

Silica gel/water SARS is installed to air condition in 

two connected laboratories in the ground floor of HMCSR 

building at The University of Jordan in Amman. HMCSR 

building consists of a ground floor and a basement with a 

total floor area of 2040 m2. 

The required cooling load of the two laboratories is 8 

kW (2.27 ton refrigeration). The building envelope has no 

shading or double glassing [13]. Figure 2 shows the 

schematic diagram of the solar powered adsorption chiller. 

Silica gel/water SARS basically consists of four 

subsystems, namely silica gel/water adsorption chiller, 

solar water heating unit, cooling tower and fan coil unit. 

There are some auxiliary components including; pipes, 

fittings, valves, pumps, expansion vessels and control 

unit(s). 

An adsorption chiller with a nominal cooling capacity 

of 8 kW [22] was selected. The chiller has cold water 

storage tank with a capacity of 2000 L, cooling tower, fan 

coil unit, and some auxiliary components such as pipes, 

pumps and control unit(s) that were installed to supply the 

cold air to the two connected laboratories. 

The solar adsorption system includes some components 

that contribute to the electricity consumption of the 

system, including; cooling tower, pumps and adsorption 

chiller. However, adsorption chiller as a thermally driven 

chiller consumes very low electrical power compared to a 

conventional vapor compression chiller. The total 

maximum electrical consumption of the whole system is 

1616 W. The maximum electrical consumption of the six 

pumps, the cooling tower, and the adsorption chiller are 

1069 W, 540 W, and 7.0 W, respectively. However, the 

electrical power consumption of the six pumps in the 

whole system (1069 W) is relatively high. This is 

attributed to the high pressure drop in circulation the 

thermal fluid inside the pipes of system, adsorption chiller, 

and collector absorber. 

Flat plate solar collectors are the heat source of the 

system. Collectors are connected with a hot water storage 

tank through pipes and single speed pump within a closed 

circuit. The hot water storage tank was also connected with 

an adsorption chiller through pipes and single speed pump. 

The cooling water unit consists of a flat plate heat 

exchanger and a cooling tower. Additionally, the flat plate 

heat exchanger was used to reduce the variation of the 

cooling water inlet temperature. In addition, the cooling 

tower was used to reduce the cooling water temperature by 

controlling the airflow rate. The flat plate heat exchanger, 

the cooling tower and the adsorption chiller were 

connected together using pipes and two single speed 

pumps within a closed circuit.  

The Cold-water storage tank was connected to an 

adsorption chiller using pipes and single speed pump 

within a closed circuit in order to provide an infinitive 

cooling load to the adsorption chiller. The storage tank was 

also connected with a fan coil unit through pipes and 

single speed pump within a closed circuit in order to 

provide cold air to the two connected laboratories in 

HMCSR building. Some auxiliary components, including 

pipes, fittings, valves, expansion vessels and control 

unit(s) were installed to support the operation of the solar 

adsorption system. 

The water inlet and outlet temperatures were measured 

by seven PT1000 platinum resistors. The temperatures of 

the working fluids were obtained under a steady state of 

operating conditions in which the solar adsorption system 

was operating under. The hot water, chilled water, and 

cooling water flow rate were measured using an ultrasonic 

flowmeter. Global solar radiation, ambient temperature, 

wet bulb temperature, relative humidity, and wind speed 

were measured using different sensors. Under these 

circumstances, data were recorded every two minutes.  The 

technical specifications of sensors used for measuring of 

the performance of the solar adsorption system are 

displayed in table 1. 

 

 
Figure 2. Schematic diagram of the solar powered adsorption chiller  
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Table 1.Technical specifications of sensors used for measuring of the performance of the solar adsorption system 

Sensor type Model Specifications 

Flow rate Ultrasonic flow meter 
 

Flow range Velocity: 0.1 – 9 m/s (0.3 – 
30 ft/s) 

Accuracy + 2% full scale  

Temperature  Electronics: -28 to 140 °F (-
20 to 60 °C) 
Transducer: -40 to 180 °F (-
40 to 82 °C) 

Temperature PT-1000  Accuracy At 0 °C, 0.3 °C and at 100 
°C, 0.8 °C. 

Global radiation 
 

SOLRAD – Integrator 
(SOLRAD radiation indicator - 
Data logger) 
 

Analogue inputs 1 

AD conversion resolution 1:10.000 bits 

Inaccuracy < 0.1 % 

Operational temperature range -10 to 40 °C 

Temperature accuracy, RMS 2 x 16 characters ºC 

Power supply 9 Volt battery 

Communication interface RS-232 

PyranometerPMA 2144   Response time  18 seconds (95%) 

Sensitivity change/year < 1% 

Display resolution 
 

1[W/m2], 0.1[mW/cm2] 

Operating environment -40 to 175 °F (-40 to 80 °C), 
outdoor 

Angular response  2% for angels < 70° 

Temperature 
RH 
Wet Bulb  
Wind speed 

Datalogging / Printing 
Anemometer + Psychrometer 
Model: 451181 

Accuracy Temperature: ±1°F / °C 
RH: ±3%  
Wet Bulb: -  
Wind speed: ±3% rdg 

Range Temperature: -4 to 144°F / -20 to 60 °C 
RH:  0 to 100%RH 
Wet Bulb: -7.6 to 158°F/-22 to 70°C 
Wind speed: 0.4 to 25 m/s 

Resolution Temperature:0.1°F/°C 
RH:0.1% 
Wet Bulb: 0.1°C 
Wind speed: 0.1 m/s 

4. Simulation 

A TRNSYS simulation studio environment project was 

used to theoretically predict the performance of the whole 

solar adsorption system as shown in Figure 3. The black 

solid lines show the flow of system energy information. 

On the other hand, yellow solid lines show the flow of 

weather data information, while the green solid lines show 

the flow of the output information and the brown dotted 

lines show the flow of control strategy information. 
The main components in the TRNSYS simulation 

 

project are: Type 4a – Hot water storage tank, Type 3b 

– Pump, Type 73 – Theoretical flat plat solar, Type 51b – 

Wet cooling tower and Type 107 – Absorption chiller that 

were used to predict the thermal performance of the whole 

solar adsorption system for different periods of the year. 

However, an inbuilt Type 107 was used as an adsorption 

chiller component. A more detailed control strategy was 

used in this case to replicate the real operation of the solar 

adsorption system. 

A summary of the characteristics and key inputs for the 

different TRNSYS components used in the simulation of 

solar adsorption system are listed in table 2. 
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Figure 3. TRNSYS project for simulation of the solar adsorption system 

 

Table 2. Parameters and key inputs of TRNSYS model 

TRNSYS type Key input Value Unit 

Type 4a – Hot water storage tank Fluid specific heat 4.19 kJ/kg.k 

Fluid density 1000 kg/m3 

Loss coefficient 1.0 kJ/hr.m2.k 

Tank volume 2000 Liters 

Number of temperature levels (Nodes) 8 - 

Type 3b – pump:(1,2), (3) and (4) Maximum flow (1600), (3700) and 
(2000) 

kg/hr 

Maximum power 882 kJ/hr 

Conversion coefficient 0.0 - 

Fluid specific heat 4.19 kJ/kg.k 

Power coefficient 0.5 - 

Type 73 – Theoretical flat plat solar 
collector 

 

Number in series 8 - 

Fluid specific heat 4.19 kJ/kg.k 

Incidence angle 45 degrees 

Collector area 59.064 m2 

Type 107 – Modified Adsorption chiller Rated COP 0.60 - 

Rated chilling capacity 28800 kJ/hr 

Fluid specific heat capacity 4.19 kJ/kg.k 

Chiller on and off signal 1 or 0 - 

Auxiliary electrical power 25.2 kJ/hr 

Type 4a – Cold water storage tank 
 

Fluid specific heat 4.19 kJ/kg.k 

Fluid density 1000 kg/m3 

Loss coefficient 1 kJ/hr.m2.k 

Tank volume 2000 Liters 

Number of temperature levels (Nodes) 1 - 

Type 51b – Wet cooling tower 
 

Fan maximum power 1836 kJ/hr 

Maximum air flow rate 81.60 m3/hr 

Number of tower cells 1 - 

Mass transfer coefficient 2.3 - 

Mass transfer exponent -0.72 - 

Type 5b – Heat exchanger Specific heat of hot side fluid 4.19 kJ/kg.k 

Specific heat of cod side fluid 4.19 kJ/kg.k 
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5. Experimental Setup 

Experimental results and measurements of system 

performance were carried out during the months of May 

and June at the University of Jordan. Eight different days 

were selected to study the performance of the solar 

adsorption system. Clear sky and partly cloudy are the 

prevalent weather conditions at the location of the 

experimental setup. Figure 4 shows the solar adsorption 

system that was installed at HMCSR. The hot water, the 

chilled water and the cooling water systems were adopted 

as three water supply systems of solar adsorption system. 

Different sensors were installed in each water supply 

system. The baseline parameters of the solar adsorption 

system in -different locations of experimental setup are 

given in Table 3. It can be seen that the functions of two 

sorption chambers are reversed by alternating the opening 

of the butterfly valves and the direction of the heating and 

cooling refrigerants through increasing temperature in one 

sorption chamber and decreasing temperature in the other 

sorption chamber at the same time. 

 
Figure 4. Solar adsorption system 

 

Table 3. Measured data of the solar adsorption system 

Time 

[min] 

G.S.R  

[W/m2] 

R.H 

[%] 

Wind 

[m/s] 

T 

amb 

[°C] 

T A 

OUT 

[°C] 

T D 

OUT 

[°C] 

T LT IN 

[°C] 

T LT 

OUT 

[°C] 

T MT 

OUT 

[°C] 

T LT 

Ext [°C] 
T HT 

Ext [°C] 

T1 

OUT 

[°C] 

dQ LT 

[kW] 

00:00 1051 19.0 0.6 31.7 37.3 80.2 23.7 20.8 36.9 23.5 80.0 96 4.3 

02:00 1046 19.3 0.9 31.1 33.2 80.9 23.6 20.7 32.8 23.4 80.1 96 4.3 

04:00 1049 19.2 0.5 31.5 29.6 82.1 23.6 21.5 30.1 23.3 80.1 96 4.3 

06:00 1053 19.8 0.6 31.4 61.7 58.3 23.6 20.8 38.1 23.3 80.0 96 4.2 

08:00 1048 19.9 0.4 31.2 80.9 36.3 23.4 21.2 36.2 23.3 79.7 96 4.2 

10:00 1060 20.7 0.6 30.9 83.3 31.5 23.4 20.0 31.1 23.1 79.5 96 4.2 

12:00 1041 21.1 0.5 30.8 84.1 28.7 23.3 20.1 29.1 23.1 79.5 96 4.1 

14:00 1067 19.9 0.5 31.5 36.6 82.3 23.3 20.1 36.1 23.0 79.5 96 4.1 

16:00 1046 20.2 0.6 30.8 33.8 84.6 23.3 20.5 32.9 23.0 79.2 97 4.1 

18:00 1051 20.5 0.4 30.6 30.9 87.7 23.2 21.6 30.5 23.0 79.5 97 4.1 

20:00 1062 21.4 0.5 30.7 61.5 51.3 23.2 21.2 33.0 22.9 79.9 97 4.5 

22:00 1090 20.6 1.1 30.3 85.8 37.0 23.1 20.7 36.6 22.7 80.2 98 4.5 

24:00 1039 19.5 0.8 30.6 88.3 32.4 23.0 21.6 31.2 22.7 80.4 98 4.5 

26:00 1061 20.3 0.8 31.2 51.3 62.1 23.0 21.7 38.0 22.6 80.6 98 4.1 

28:00 1047 19.3 0.5 31.3 35.1 83.0 22.8 20.6 34.9 22.5 80.8 98 4.1 

30:00 1087 18.8 2.1 31.0 32.3 83.9 22.7 20.9 31.9 22.5 81.0 98 4.1 

G.S.R: Global solar radiation [W/m2] 

R.H: Relative humidity [%] 

T amb: Ambient temperature [°C] 

T A OUT: Temperature of the adsorber 

chamber at the adsorption chiller [°C] 

T D OUT: Temperature of the desorber chamber 

at the adsorption chiller [°C] 

T LT IN: Temperature of the chilled water at the 

chiller inlet [°C] 

T LT OUT: Temperature of the chilled water at 
the chiller outlet [°C] 

T MT OUT: Temperature of the cooling water at 

the chiller outlet [°C] 

T LT Ext: Water temperature of the cold 
water storage tank [°C] 

THT Ext: Water temperature of the hot 

water storage tank [°C] 

T1: Collectors outlet temperature [°C] 

dQ LT: Chilling capacity [kW] 
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5.1. Uncertainties Measurement 

The variable y is measured indirectly by measuring the 

independent variables, x1, x2, x3,……..xm, where y is a 

function of independent variables as y = f (x1, x2, 

x3,……..xm). The uncertainties u1, u2, u3,……..um in x1, x2, 

x3,……..xm, respectively, are used to give the total 

uncertainty in y, uy according to equation 7. 

uy = √∑ (
∂y

∂xj
)

2

uj
m
j=1                                                             (7)                                                                                     

Equation 1 and equation 7 are used to give the relative 

uncertainty in the instantaneous thermal power, Q, 

measured according to equation 8. The sum of the 

uncertainties in the instantaneous powers was calculated to 

give the total uncertainty [23]:  

uQ

Q
=  √(

uρ

ρ
)

2
+ (

uv̇

V̇
)

2
+ (

uCp

Cp
)

2

+ 
uT1

2+ uT2
2

(T2−T1)2
                (8) 

where uQ, uρ, uv̇, uCp
, uT1

and uT2
are the uncertainties 

inthe thermal power measured, water density, volume flow 

rate, water specific heat, lower and upper temperatures of 

the water, respectively. 

Figure 5 shows the results of measurements of the 

thermal power measured. The figure contains error bars 

indicating the extents of uncertainties. It is observed that 

the measurements of chilling power, heating power and 

cooling power have high values of uncertainty at an 

average between 5.3% and 9.1%.  

 
Figure 5. Chiller thermal powers and measurement uncertainties 

6. Results and Analysis 

Theoretical simulation was basically carried out using 

TRNSYS simulation software. Figure 6 shows the 

predicted thermal power of the flat plate solar collectors 

with respect to the collector slopes on May20th. 

 

Figure 6. Collector thermal gain for different collector tilts 

(Simulations on May20th) 

Figure 7 displays the different values of the total 

thermal power collected at different collector tilts during 

the  months of May and June. From Figure 5, it is evident 

that the 15° collector slope performs better than all the 

other collector tilts on 20th, May. Precisely, the optimum 

tilt angle during this period is observed from Figure 7 to be 

15°. However, it is also clear that the difference in the total 

thermal power collected between the tilts of 0.0° to 35° is 

very minute, and therefore, any convenient tilt with in this 

range gives an adequate performance during this period. 

 

Figure 7. Thermal power gain for more different collector tilts 

The simulation model was validated for further 

simulation campaigns aiming at defining the best operating 

points of the solar adsorption system and tracing a path 

towards the plant performance improvement. 

Operating temperatures of heating, cooling and chilled 

water influence the chiller performance. The flow rate of 

heated, cooled and chilled water is also one of the 

operating parameters that influence the chiller 

performance. Therefore the effect of operating conditions 

on the performance of simulated chiller is important to 

determine the conditions that can increase the output of the 

chiller. The chiller performance at the design operating 

conditions will be used as the baseline for comparison and 

these listed in Table 4. 

Table 4. Adsorption chiller reference operating conditions at 

design operation 

Operating Condition Value Unit 

Heating water inlet temperature 80 °C 

Cooling water inlet temperature 27 °C 

Chilled water inlet temperature 18 °C 

Heating water flow rate 1531.5 l/h 

Cooling water flow rate 3475.5 l/h 

Chilled water flow rate 1896.1 l/h 

Figure 8 compares the predicted heated, cooled and 

chilled water outlet temperatures and their actual 

analogous values, which were supplied by the 

manufacturer based on the same average inlet conditions. 

Table 5 presents the absolute average percent deviation 

(ABS-PD) for heated, cooled and chilled water outlet 

temperatures for the test results shown in Figure 8. The 

deviation between the predicted COP, heating power and 

chilling capacity are also presented. It is known that the 

predicted values of thermal simulation models can be 

accepted if the ABS-PD is below 30% [21].Table 5 and 

Figure 8 indicate clearly the good agreement between the 

model and experimental results. 
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Table 5. Simulation model deviation analysis (𝐦̇HW = 1600 l/h, 

𝐦̇CW = 3700 l/h, 𝐦̇CHW = 2000 l/h) 

Term ABS-PD [%] Term ABS-PD [%] 

THWout 2.8 QHW 11.5 

TCWout 3.9 QCHW 14.8 

TCHWout 17.4 COP 3.7 

Table 6 presents the ABS-PD for average heating, 

cooling and chilled water outlet temperature in addition to 

heating power, chilling capacity and COP for different 

experimental runs. It can be seen that the maximum 

absolute percent deviation calculated based on steady state 

cycle is 19.3%. 

 

 
Figure 8.Comparison between predicted data and actual data 

 

Table 6. Simulation model deviation analysis at one steady state cycle 

Term RUN-1 RUN-2 RUN-3 RUN-4 Unit 

𝐦̇HW 1531.5 1531.5 1531.5 1531.5 l/h 

𝐦̇CW 3475.5 3475.5 3475.5 3475.5 l/h 

𝐦̇CHW 1896.1 1896.1 1896.1 1896.1 l/h 

THWin,avg 80.5 79.8 80.2 80.3 °C 

TCWin,avg 27.5 27.4 27.2 27.6 °C 

TCHWin,avg 18.1 18.1 18.1 18.2 °C 

Deviation analysis (actual temperature & ABS-PD) 

THWout 74 1.1 73 1.9 73.2 1.4 73.8 1.7 °C & % 

TCWout 32.3 0.8 32.1 1.2 31.9 1.1 32.4 0.5 °C & % 

TCHWout 16.4 13.7 16.3 13.4 16.2 12.7 16.5 14.1 °C & % 

QHW 12 11.1 12.7 11.4 13.1 11.5 12 10.9 °C & % 

QCHW 4 15.1 4.2 15.8 4.5 19.3 4 15.3 °C & % 

COP 0.33 4.1 0.33 4.3 0.34 8.1 0.33 4.2 °C & % 
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Cooling and heating water inlet temperature influences 

adsorption chiller performance. Decreasing cooling water 

inlet temperature not only increases chilling capacity, but 

also enhances the COP adsorption chiller, due to the 

significant increase in adsorption rate. Increasing heating 

water temperature also enhances chiller chilling capacity 

due to enhance desorption rate. However, it negatively 

influences the chiller COP depending on the cooling water 

inlet temperature. As a result, the generation temperature 

lift, defined as the difference between heating and cooling 

water inlet temperatures, was calculated and used in the 

investigation. It is noteworthy to mention that the chilled 

water inlet temperature depends mainly on the application 

and hence it was kept constant at its design value. 

 Figure 9 shows the change in chiller chilling 

capacity versus generation temperature lift at various 

cooling water inlet temperatures. Other operating 

conditions, such as cycle time and secondary fluid flow 

rate, remained constant at their design values. As the 

generation temperature lift increases the chiller chilling 

capacity increases for all cooling water inlet temperatures. 

In Figure 8, the experimental results at the operating 

conditions as shown in Table 6 are presented with good 

agreement with the model. 

 
Figure 9. Generation temperature lift influence on chiller 

performance 

Figure 10 depicts the variation in the chiller COP with 

generation temperature lift. It is observed that at low 

cooling water temperature, the chiller COP decreased with 

increasing the generation temperature lift within the tested 

range. However, at a higher temperature for cooling water 

(TCW>30°C), the chiller’ COP initially increased to a 

certain point and then remained relatively constant with 

the increase in the generation temperature lift. The 

decrease in chiller COP at low generation temperature lift 

and high cooling water temperature is due to the 

insufficient refrigerant circulation required to generate the 

cooling power. On the other hand, the decrease in chiller 

COP at high temperature lift is due to the increase in heat 

losses.  

Figure 10. The influence of generation temperature lift on chiller 
COP 

The variation of chiller COP with the generation 

temperature lift can be used as a load control tool. For 

example, at cooling water temperature of 35°C, the chiller 

chilling capacity increased almost linearly (from 2.9 to 

4.4kW) with increasing the generation temperature lift 

(from 40°C to 65°C). The reduction in chiller COP (from 

0.27 to 0.25) is relatively small. 

7. Conclusions 

In the present work, the performance of solar 

adsorption system under Jordanian climate conditions was 

simulated using TRNSYS and simulation results were 

validated against experimental results. The experimental 

investigation for an 8.0 kW solar adsorption refrigeration 

system installed at the roof of Hamdi Mango center at the 

University of Jordan in Amman shows that the Coefficient 

of Performance (COP) was in the range from 0.14 to 0.34 

which is less than the designed theoretical value of 0.55. 

The measured parameters include the ambient temperature, 

global solar radiation, relative humidity, wind speed and 

the temperatures of the solar adsorption system at different 

locations. The collected data were carried out during two 

months, which are May and June, and further 

measurements were needed to measure the system 

performance during summer time in July and August in 

addition to the system performance during the whole year. 

Also, further investigations for system performance will be 

carried out for different values of the average chilled water 

outlet temperature, cooling water inlet temperature, and 

hot water inlet temperature. 

Also, simulation of the solar adsorption system has 

been carried out using the TRaNsientSYstem Simulation 

software (TRNSYS). All in all, it was found that the actual 

measurements indicate that a chilling power of solar 

adsorption system is on the average of 65% lower than the 

theoretical simulation predictions. This is attributed to a 

number of key reasons such as; high level of uncertainty in 

the hot water energy and cooling water energy 

measurements due to the temperature measuring sensors 

having a low accuracy, and the difference between 

theoretical and actual tank loss coefficient.. The simulation 

model was validated for further simulation campaigns 

aiming at defining the best operating conditions of the 

solar adsorption system and tracing a path towards the 

plant performance improvement. The chilling capacity has 

a maximum absolute percent deviation calculated based on 

steady state cycle of 19.3%. 

In general, it was found that the simulation results 

under predicts the actual ones. This is attributed to a 

number of key errors faced throughout the research, such 

as heat losses in the whole system, water leakage in the 

cooling tower and solar collectors, and high pressure drop 

in circulation the thermal fluid inside the pipes of system, 

adsorption chiller, and collector absorber. Therefore, the 

measured data for solar cooling system needs to be 

collected continuously for longer periods and for different 

hot and cold water temperatures in addition to the 

reduction of the key errors mentioned above and then the 

measured data can be compared again with the simulated 

results to get more agreement results. 
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Abstract 

The present study describes the basic principles, specific features in the implementation and technological capabilities of 

a new method of quench surface turning without separation of chip. The underlying process of this method is process of 

Deformational Cutting (DC) which is based on undercutting and deformation of the surface layers that remain on the 

workpiece. The energy released in the area of deformational cutting is used to heat the undercut layer up to the temperatures 

of structural and phase changes of the material being processed. As a result of processing, a hardened structure is formed on 

the surface which consists of inclined, thin undercut layers tightly fitted to each other. Options are available where the 

undercut layer is fully hardened in its thickness or only partially hardened. Options are presented which show structures 

generated on steels. Samples hardened by DC method showed a higher wear resistance compared to samples with volumetric 

hardening. 

© 2017 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved 
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1. Introduction  

Surface hardening is the most efficient and economical 

way of increasing wear resistance of machine parts [1]. 

This is a real challenge for machines and mechanisms 

operating under high bearing pressure and abrasive wear. 

Currently, there have been dozens of surface hardening 

technologies, most of which require specialized thermal 

equipment to achieve thermo physical impact needed for 

structural and phase transformations during quenching of 

steels [2]. A relatively new method of surface hardening is 

hardening directly on metal-working machines: 

temperatures required for hardening are reached in the 

cutting process thanks to plastic deformation and friction 

in the contact area of tool and workpiece. The combined 

effect of severe deformation, high local temperatures, and 

rapid quenching rates causes the machined surface to 

undergo both physical and metallurgical changes [3].  

2. State of Art 

2.1. Quench Hardening with the Use of Cutting Process 

Quench hardening during mechanical machining can be 

realized both by using edge tools and abrasive processing. 

The effect of increasing surface hardness during lathe 

machining is described in [4]. To [5] enhance friction of 

workpiece and tool, turning with a zero back clearance 

angle was used at work. Hardening of surface was 

observed when cutters with front negative-rake angles [6] 

were used for turning. 

The maximum hardness of the hardened layer 

generated by machining hardening/grind-hardening is 

50...65 HRC while the maximum penetration depth is 2 

mm [3, 7].  

Quench grinding of steels with a carbon content of 

more than 0.3% is based on the use of forced grinding 

modes and has a number of advantages compared to 

hardening based on quench turning. The thickness of the 

hardened layer in consideration of the removed defective 

layer is 0.3...0.5 mm. The heat-affected zone is up to 2 

mm, hardness on the part surface is up to 50...60 HRC. 

Depth of cut when grinding is 0.2...1.2 mm subject to 

longitudinal feed of the grinding wheel 0.3...1.2 m/m. The 

presence of cooling liquids is not necessary since cooling 

is achieved by discharging heat to the underlying 

workpiece layers [8, 9]. Currently, the process of 

hardening by grinding gained momentum. DMG/Mori 

Seiki manufactures CNC milling and grinding machining 

centers which provide for quenching by using a grinding 

wheel. The throughput of a processing operation is 

0.05...0.21 sec/cm2. Once quench grinding is completed, 

the defective surface layer must be removed [10]. 

In the present article, an application of Deformational 

Cutting (DC) technology for surface hardening is 

presented. The main difference of quenching with the use 

of DC method from other methods of hardening based on 

the process of cutting is that chips are not separated from 

the workpiece and remain on the surface thus forming a 

special reinforced structure. Further differences include 

consistency, hardness quenched over its thickness and the 

possibility of generation of a hardened structure of 

composite material with alternating hardened and less 

* Corresponding author e-mail: 
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solid (more plastic) layers. Method of turning by 

hardening without separation of chips is protected by RF 

patent No. 2556897 [11]. 

2.2. Method of Deformational Cutting 

DC technology was invented by Zoubkov (now 

Nikolay Zubkov) and Ovtchinnikov [12]. A DC tool cuts 

and plastically deforms the surface layers of the workpiece 

forming a finned macrostructure since the cut layers are 

connected to the workpiece material (Figure 1). 

The main difference between the traditional cutting 

process and DC is that the chips become fins and remain 

as a functional part of the workpiece.  

 
Figure 1. Concept of deformational cutting: shaping of flat 

surfaces (a), turning of cylindrical surfaces (b) 

The DC machining can increase the surface area up to 

12 times for copper and up to 6 times for steel. The main 

limiting factors for DC are workpiece ductility and 

hardness. A stable DC process can be achieved in 

materials with hardness smaller than HB220 and 

elongation larger than 18%. 

There are a number of different application areas of DC 

technology. The main application area is heat exchange 

intensification [13], for example, finning of tubes for heat 

exchangers [14] including internal finning [15]. DC can be 

used for making boiling surfaces and capillary structures 

for heat pipes [16]. Other DC application areas are 

electrical joints manufacturing [17, 18].  

2.3. Analysis of the Possibility to Use DC Method for 

Surface Hardening 

It is well known that chips when turned may be heated 

up to the temperatures exceeding the temperatures of phase 

transformations in steels which may lead to hardening of 

chips at relevant cooling rates. During turning process by 

cutting, virtually all the power of the main drive measured 

in kilowatts is released in the cutting zone which has a 

volume of several cubic millimetres. Mechanical energy 

applied externally is localized in the plastic deformation 

area and in places where tool is touching the chips and 

workpiece and is converted into heat energy and latent 

energy of deformation. The material of chips is affected by 

such factors as shear strain, shear strain rate, high heating 

rate, high cooling rate and local environmental conditions. 

For example, when workpiece material is turned: C45E 

with speed of cut V=160 m/min the cutting temperature 

may be 1030 °C, shear strain may reach 400%, shear strain 

rate - 104 с-1, heating rate - 106 oС/s, cooling rate - 103 

°С/c, average normal stress - 350 MPa, and average shear 

stress - 250 MPa [19, 20]. 

When deformational cutting is performed, the cooling 

rates of the fin material necessary for hardening are 

achieved thanks to the conductive heat sink through the fin 

base to a colder workpiece core. A similar method of 

achieving hardening cooling rates without the use of 

cooling mediums is used in the following methods of heat 

treatment: induction and laser hardening. 

Figure 2 demonstrates the principle of quench turning 

by using the method of deformational cutting without 

chips formation. Photograph of the treatment area and 

quenched shaft are shown in Figure 3. 

 
Figure 2. Concept of DC hardening. 1- DC tool, 2-surface to be 

hardened, 3 – hardened surface, 4 - cutting edge, 5 - deforming 

edge 

 

Figure 3. a - Process of DC hardening, b - hardened shaft 

When deformational cutting is performed, the undercut 

layer may remain on the workpiece both with the retained 

interfin gaps and without gaps, i.e., tightly packed. Let us 

consider the case when interfin gaps remain at generation 

of finning. Figure 4 shows the plan view of the DC zone. 

The initial and final positions of the DC tool within one 

spindle revolution are marked as I and II, respectively. The 

cross-section of the future fin ABCD is cut by the cutting 

edge BE and moves on the tool rake surface. The tool 

deforming edge BF determines the final position of the fin 

marked as A1BCC1D1. The slot width b depends on the 

undercutting angle,  bending angle 1, and axial tool 

feed per revolution р. 

      11 sinsinsin   papb         (1) 
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Figure 4. Fin shaping scheme by the deformational cutting 

method 

To analyse the impact of angular parameters of the tool, 

we must transform (1) 
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where Δφ - the difference between the angles of 

bending and undercutting   1 , tool 

wedge approach angle  1180   
.

As can be seen from Equation (2), the value of interfin 

gap, subject to a constant feed p, is affected not only by the 

difference of angles Δφ, but also by the tool wedge 

approach angle  . The morethe lesser is the interfin 

gap all other factors held equal. 

As can be seen from Equation (1) and (2), if  and 1 

are equal, the slot width b will theoretically be zero. This 

means that the method of deformational cutting allows 

obtaining a non-porous, densely packed structure without 

interfin gaps subsequent to treatment. 

Since no chips are removed, one may derive a formula 

for the height h of the obtained finned structure based on 

the principle of material volume retention:  
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For narrow and zero interfin gaps, when ≈1 the 

expression for the microrelief depth will be simplified: 

2

sin 


p
th                                                                 (4) 

For quench hardening it is reasonable to use finning 

with interfin gap equal to zero, i.e., densely packed ribs. 

Modifications of such structures on different steels and 

with different pitches are shown in Figure 5. 

Plastic deformations and friction of the undercut layer 

on the tool working surfaces function as sources of heat 

dissipation in the deformational cutting area. If the 

temperature of undercut layer exceeds the critical value 

and the cooling rate is high, the undercut layer undergoes 

hardening (Figure 6a). The undercut layer has the highest 

temperature in the area which is touching the tool face. 

Such uneven heating may be used to obtain a quenched fin 

partially hardened over its thickness (Figure 6b). 

Alternation of fully hardened layers and softer interlayers 

might be interesting from the point of view of enhancing 

score resistance of the friction knot. 

 

 

 
 

 

 
 

 
 

 

Figure 5. Examples of deformational cutting on steels with a zero interfin. a- steel 30HGSA,  p = 0,4 mm; b – steel 20KH13,  p = 0,2 mm; c 

– steel 35,  p = 0,1 mm; d - Armco iron, p = 0,1 mm. 
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3. Experimental Procedure 

Cylindrical samples with a diameter of 60...80 mm 

made of steel after normalization were processed: steel 

40H (0.4% C, 1.0,% Cr), steel 20, (0.2% C), steel 35, 

(0.35% C), ShH15 (1.0 % C, 1.5 % Cr). 

Screw-cutting lathe 1K62 was used to obtain hardening 

structures. Tool for deformational cutting was turned using 

two tooling materials: oxide ceramic of СМ332 grade 

(Al203+0.8% MgO), cemented carbide T15K6 (79% WC, 

15% TiC, 6% Co), SiAlON of СС6060 grade (Sandvik 

Coromant) and CBN with the major cutting edge angle 

equal to φ=42º and rake angle equal to γ=-18º. The cutting 

speed V ranged from 3 to 5 m/s, advance of tool per shaft 

revolution was S0=0,05...0,4 mm/Rev, cutting depth was 

t=1,0...2,0 mm.  

The main component of the cutting force was measured 

by help of Kistler dynamometer, model 9257 

(Switzerland), measurement data were displayed on the 

PC.  

The cutting force measurement was carried out with a 

Kistler three-component piezoelectric dynamometer, type 

9257B. The dynamometer was placed under the tool 

holder and connected to Kistler charge amplifiers, type 

5011, with a frequency limit of 200 kHz. 

Temperatures in the area of deformational cutting were 

measured by natural thermocouple method. Temperatures 

on the surface of the treatment area were measured by 

IRTIS-2000S thermograph (Russia). 

For metallographic studies and microhardness 

measurement, transverse finning microsections were 

prepared: they were cut from a hardened shaft by using 

EDM processing technique. Metallographic analysis was 

carried out on the Olympus GX51 microscope with 1000x 

magnification on the polished surface of transverse 

sections pre-treated with 4% solution of HNO3 in 

C2H5OH. Microhardness was automatically measured on 

the hardness tester EMCOTEST DuraScan 70 (Germany) 

using an indenter in the form of a diamond pyramid of a 

regular quadrihedral shape with a 100 kg load. The 

microstructure was examined with the help of an optical 

metallographic microscope Olimpus GX51 (Japan). 

4. Results and Analysis 

During machining using oxide cutting ceramics on 

steels 20, 35 and 40H, samples were obtained with a 

through hardened fin. The hardness of a fully quenched 

layer on through-hardened samples on steel 35 for the 

finning pitch p=0.05 mm was 650HV0.1 (58HRC), for 

p=0.15 mm the hardness is 670 HV0.1 (59HRC), provided 

that initial hardness HV is 2170.1 (207HB) (Figure 7a).  

The hardness on steel 40H was 720..800HV0.1 

(61..64HRC) with finning pitch 0.1 mm and on the average 

680HV0.1(59HRC) with finning pitch of 0.05 mm. The 

hardness for low-carbon steel 20 was 438...489HV0.1 

(44...48HRC). 

 

   

Figure 7. Total hardening over the thickness of fin. a- steel 35, pitch of the structure 0.15 mm, 740HV0.1, b - steel 35, pitch 

of the structure 0.05 mm, 650HV0.1 , c - steel 40H, pitch of the structure 0.05 mm, 680HV0.1. 

- initial material of the workpiece 

- fully hardened material of the fin 

- unhardened or partially hardened  

   material of the fin 

 

 

 

b a 

Figure 6. Modifications of structures obtained during quenching deformational cutting: a- fully hardened over the thickness of fin, c - 

partially hardened over the thickness of fin 
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Figure 8. Distribution of microhardness over the thickness of the 

hardened layer. Steel 35, pitch of the structure p=0.05 mm. 

If advance of tool per part revolution S is changed, or 

the cutting speed V and grade of tooling material is 

modified, one may achieve different ratios between the 

thickness of hardening zones and finning interlayers 

without any structural transformations. The ratios of 

thickness of fully hardened layer to the total thickness 1:6 

(Figure 9a), 1:4 (Figure 9b), 1:2 (Figure 9c) and 1:1 

(Figure 9d) were obtained on steel 40H. 

The hardness of a fully hardened interlayer on steel 35 

was 670 HV0,1 (55...59 HRC). Hardness of partially 

hardened fin material is about 40 HRC. Increase in 

hardness can be explained both by partial hardening, and 

strain-hardening under the influence of high deformations 

in the course of deformational cutting. 

During processing of SHKH15 (ShH15) grade steel 

with a pitch p=0.2 mm layers of fully quenched material 

microhardness of the quenched zone of up to 950HV0.1 

(68HRC) considering the initial hardness of the workpiece 

220HB.

 
Figure 9. Hardened structures on steel 35 with various ratios of fully hardened and partially hardened material of fin. a - tool material 

ZM332, p=0.15 mm, b - tool material SiAlON, p=0.1 mm, c - tool material SiAlON, p=0.1 mm, d - tool material CBN, p=0.1 mm, e-
comparison of dimensions of imprints in fully and partially hardened fin area 
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The hardness of a fully hardened interlayer on steel 35 

was 670 HV0,1 (55...59 HRC). Hardness of partially 

hardened fin material is about 40 HRC. Increase in 

hardness can be explained both by partial hardening, and 

strain-hardening under the influence of high deformations 

in the course of deformational cutting. 

During processing of SHKH15 (ShH15) grade steel 

with a pitch p=0.2 mm layers of fully quenched material 

were obtained which were 48 mm thick and had 

microhardness of the quenched zone of up to 950HV0.1 

(68HRC) considering the initial hardness of the workpiece 

220HB. 

Tribotechnical tests of samples which were performed 

with hardening by using the declared method confirmed 

their operational capability in sliding friction knots. We 

compared wear intensity and friction coefficient (Figure 6) 

of samples made of 40H steel with volumetric hardening 

in water and oil and subsequent low tempering (according 

to the modes recommended by reference books) to samples 

which were hardened by deformational cutting method 

without tempering and with low tempering at a 

temperature of 2000C within 40 minutes. The tests were 

carried out on Amsler A135 friction machine according to 

the friction scheme "disc on disc", with slippage velocity 

0.08 m/s and load of 185 N. The material of the 

counterbody is cemented carbide VK8 (92% WC, 8% Co). 

As can be seen from the histogram (Fig. 10), samples 

hardened by the proposed method have a 10 to 40 % 

higher wear-resistance compared to the samples quenched 

by volumetric hardening. 

 
Figure 10. Wear intensity. Steel 40H. 1 – after DC without 

tempering, 2 – after DC with low-temperature tempering, 3 – after 

standard volumetric tempering with low-temperature tempering 

5. Discussion 

Let us analyse the examined option of deformational 

cutting of a cylindrical workpiece made of 40H steel and 

with diameter 48 mm, with advance p=0.1 mm/Rev, 

cutting depth t=1.0 mm, cutting speed V=3 m/s. (rotation 

speed of lathe spindle n=1200 RPM).  Measurement of 

the main component of the cutting force using Kistler 

dynamometer revealed that Pz=800 N. Measurement of the 

temperature in the cutting zone by using natural 

thermocouple method showed that T=1100°C. 

Volumetric flow of metal q passing through the 

treatment area will be: 

 

 smmVptq 33,0                                             (5) 

Mass flowrate of metal passing through the treatment 

area will be: 

sgqG /36,2 
,                                              (6) 

where ρ=7,85∙103 kg/m3 is specific weight of 40H 

steel. 

Power which is released in the treatment area will be: 

kVVPN z 4,2
                                                        (7) 

Assuming that all the heat generated in the treatment 

area is used for heating of the undercut layer, the fin 

temperature will be: 

  CGCNT p

1533
,                                        (8) 

where Cp = 663 J/(kg∙K) - is a mean specific heat 

capacity for the temperature range 20...1500 oC for steel 

40H. 

The calculated temperature value doesn't coincide with 

the temperature measured by using natural thermocouple 

method. This is due to the fact that not all the power 

generated in the treatment area is used for heating of the 

undercut layer. Some part of the heat flow passes into the 

tool, into the surrounding environment thanks to 

convective heat transfer and radiation, some part of heat 

flow goes directly into the workpiece, bypassing the 

undercut layer. When cutting is performed, energy is also 

consumed for elastic deformations, shattering of grains 

(increase in interface boundaries between grains), 

formation of new surfaces, formation of dislocations and 

their motion [21], and phase transformations. 

Time period t during which metal remains in the 

heating area (in the area of contact with tool face) was 

estimated over the length of contact between undercut 

layer and tool face and cutting speed. For processing 

conditions mentioned, the length of the contact zone is 1.2 

mm. Therefore, 

sVlt 4104 
                                                         (10) 

Rate of metal heating in the treatment area up to 

1100°C will be: 

sKtTVheat

6107.2 
                                   (11) 

This value exceeds the heating rates which are typical 

for laser quenching and are up to 106  K/s [22]. 

Energy to volume ratio Q generated in the treatment 

area due to plastic deformations, internal and external 

friction is determined as: 
30.8 cmkJqNQ 

                                       (12) 

Heated layers, as with laser quenching, are cooled 

down through transfer of heat to the workpiece body. The 

cooling rate during quenching deformational cutting was 

assessed based on the temperature difference on the cutting 

area surface which was 900 oC, and on the temperature of 

adjacent fin every other revolution of the workpiece. The 

differential temperature was 450°C. The measurements 

were carried out by using IRTIS-2000S thermograph. If 

frequency of rotation of the workpiece is 1200 rpm, 0.05 s 

is required for one revolution of the workpiece which 

brings a cooling rate Vcool= 9.0∙103 °C/c. This is an 

assessment of the minimum cooling rate since the 
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thermograph recorded the temperature of outer layers. For 

layers located closer to the fin bottom, the cooling rate 

should be even higher. The cooling rate is also higher than 

the cooling rate during laser quenching which is about 103 

°C/c. [23]. 

The authors didn't manage to obtain a defect-free 

surface of the hardened shaft. As it is seen from the 

photographs showing transverse sections of hardened 

surface Figure 7a, the top layer has defects featuring 

delamination and sagging. This fact is still a substantial 

disadvantage since the defective layer needs to be removed 

by hard turning on the same machine which was used for 

hardening or by a separate grinding operation to remove 

about 1/4 of the thickness of the hardened layer.  

The throughput of the operation for the case considered 

- where the shaft with diameter of 48 mm is hardened by 

deformational cutting method - is 0.12 m of the length of 

the hardened shaft surface per minute and the depth of a 

hardened layer is up to 1 mm.  

6. Conclusion 

1. A new method of surface hardening was developed and 

put to an evaluation test: the subject of method is 

machining without formation of chips. 

2. When deformational cutting is made, heating 

temperature, heating and cooling rates are sufficient 

enough to ensure phase transformations of the undercut 

layer material. 

3. Unlike laser quenching, phase transformations occur at 

higher degrees and rates of deformation.  

4. Hardened surface layers showed more uniform 

hardness over thickness compared to other methods of 

surface hardening. 

5. It has been demonstrated that it is possible to obtain 

laminated structures with inclined layers and that is 

also possible to control the ratio of thickness values of 

hardened and unhardened areas.  

6. The adoption of DC hardening method may have 

economical and higher productivity benefit due to its 

increased integration level. The new method improves 

efficiency of the quenching operation, allows 

abandoning transport operations for heat treatment, 

reduces energy intensity of quenching, and makes 

specialized thermal equipment unnecessary. 
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Abstract 

Preparation is the secret to survive in the emergency events whether they are major accidents, car crashes, bombings or 

even a war. Operating rooms are the most important resources in any hospital that should always be improved. The present 

study, therefore, proposes a mathematical model for concurrent optimal patients’ scheduling and sequencing in newly 

opened operating rooms under emergency events. In this model, the objective function is to maximize patient's assignment 

over the empty available rooms. While, the model constraints include operating room, priority, surgeons, equipment, 

additional constraints on start time and precedence, and integrality constraints. Data related to patients (operation start time, 

duration, and due date) operating rooms, and equipment and surgeon availability in each room were collected from a local 

hospital including availability. The proposed model was then implemented to determine optimal scheduling and sequencing 

of operating rooms that maximizes the number of survived patients in emergency cases. The patient-to-room assignment and 

surgery start time are finally obtained for all patients. In conclusions, the proposed model may support hospital 

administration in obtaining concurrent scheduling and sequencing in emergency cases and increasing the utilization of 

operating rooms. 

© 2017 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved 
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1. Introduction  

In order to survive in todays' competitive market place, 

organizations are urged to enhance their performance [1-

3]. Operating Rooms are usually considered as bottleneck 

area in hospitals.  Hence, decision makers always aim to 

obtain better coordination between the available resources 

in the hospital which stimulate the operating rooms to 

meet demand increase, improving the productivity and 

efficiency in addition to increase the number of saved 

lives.  

   Recently, scheduling and sequencing the operating 

rooms have become a real challenge. Scheduling of 

surgeries is considered as the most suitable tool to improve 

the performance of ORs with consideration to the related 

limited constraints [4]. Operating rooms scheduling 

identifies which surgeries to perform and determines the 

assigned resources to each surgery. However in order to 

increase OR efficiency, an accurate expectation of each 

patient's start time for surgery is needed. Therefore many 

studies were developed to obtain operating rooms 

scheduling and sequencing. A two-step methodology was 

proposed by Jebali et al. [5] for a daily operating rooms 

scheduling where in the first step surgeries were allocated 

to operating rooms with the objective function of 

minimizing hospitalization, idle time, and overtime costs 

while in the second step a mathematical model was used to 

sequence the surgeries. Another two models for daily 

scheduling were formulated by Saadouli et al. [6] for 

elective surgery optimization. 

Key elements of surgeries (surgeons, patients and 

rooms) should be taken into account while scheduling 

operating rooms. Surgeons and rooms have limited 

working hours and specialized equipment is not available 

in all rooms. Surgeon should treat one patient at a time and 

one patient should be treated in each room at each time. In 

addition, normally not all operating rooms operate every 

day in the hospitals; however, some of the rooms, which 

are scheduled to be closed in some day, can be utilized in 

emergency events, and this is the case to which scheduling 

and sequencing is optimized in the present paper. 

A smart hospital can react to the unexpected events in 

real time [7]. Therefore, it is essential to have a proactive 

plan that aims to save as many patients' lives as possible. 

In the unexpected events, the demand for medical 

treatment usually exceeds the actual treatment capacity for 

the hospital [8]. Thus, methods were developed for optimal 

scheduling of operating rooms in cases of unexpected 

events. Lamiri et al. [9] developed a stochastic model for 

operating rooms where capacity is shared between 

emergency and elective patients with the objective of 

minimizing costs. Nouaouri et al. [10] maximized the 

number of treated patients for a scheduling problem in 

disasters based on integer linear programming model that 

aimed to optimize the operating rooms' scheduling while 

* Corresponding author e-mail: abbas.alrefai@ju.edu.jo 
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maximizing the number of treated patients in the 

unexpected cases. The objective in the unexpected 

circumstances is to save as many lives as possible without 

consideration to the related cost. 

Nevertheless, the models proposed in previous studies 

for scheduling emergency patients did not consider the 

sequencing in the closed operating rooms. Moreover, even 

in the normal circumstances, scheduling and sequencing 

were conducted separately. Concurrent optimization of 

scheduling and sequencing will result in obtaining the 

results in one step and thereby save considerable time and 

effort. In the present study, therefore, a proposed model is 

formulated to optimize the scheduling and sequencing of 

each patient's surgery in the newly operating rooms under 

the unexpected events to maximize the number of treated 

patients while taking into consideration the challenging 

constraints. The remaining part of the present paper 

including the introduction is outlined as follows. Section 2 

presents the proposed optimization model. Section 3 

illustrates the proposed model on a real-life application. 

Section 4 discusses the results of the study. Section 5 

presents the conclusions and recommendations for future 

research.  

2. Proposed Optimization Model 

When operating rooms are scheduled, few empty rooms 

are normally decided inoperable on certain days. Those 

rooms can be utilized to hospitalize the patients in 

emergency cases. The formulated model utilizes the empty 

rooms in order to treat the patients injured from the 

emergency event in addition to determine the start time 

and the sequence of their surgeries. The model is 

formulated under the following assumptions: (i) Available 

operating rooms are the rooms scheduled to be closed on 

the day of the emergency event, (ii) the total duration of 

surgery is divided into three parts: the time required for 

preparation and setup (for both; patient and operating 

room), the time required for surgery act itself, and cleaning 

time, (iii) All time durations are considered as 

deterministic, (iv) number of surgeons is equal to the 

number of rooms such that each surgeon operates in 

certain room and he/she is available in this room during 

working hours, and (v) Due to emergency, regular working 

hours of rooms includes the maximum permitted overtime. 

Further, the amount of overtime and idle time are 

neglected. In order to solve the optimization model, the 

following information is given and deterministic: 

 The disruption time (tv), number of operating rooms 

(O), number of emergency patients (I) and number of 

surgeons (S) in the hospital. 

 Time durations for preparation (pti), surgical act (sti) 

and cleaning (cti) for each patient and his/her due day 

(duei). 

 The start of working time (As) and the end of working 

time (Bs) for each surgeon. In addition, the regular 

opening time (Ro) for an operating room on the day of 

emergency event. 

 Equipment availability matrix on the day of emergency 

event (ωio-Matrix) and the matrix of the assigned 

surgeon to each patient (ρis-Matrix). 

 

Let i denotes the emergency patient index where 

[1,.., ]i I and o denotes operating room index where

[1,.., ]o O . The decision variables are as follows: xio 

is a binary decision variable which identifies which room o 

is assigned to emergency patient i, it equals one if patient i 

is assigned to room o and zero otherwise, τi identifies the 

start time of the surgery of patient i and θij, which 

identifies the precedence of patients’ surgeries in operating 

rooms. The purpose in emergency events is to treat as 

many patients as possible regardless of the related cost. 

Therefore the objective function is to maximize patient's 

assignment over the empty available rooms which can be 

expressed mathematically as follows: 

1 1

O I

io

o i

Max x
 

                                                                 (1) 

The model constraints are: 

2.1. Operating Room Constraints 

 Operating room availability; this means that the total of 

surgery durations for all patients in any day is 

constrained by the regular working duration of room o. 

Let Ro denotes the regular working hours of room o on 

the emergency day (in minutes), pti denotes the time 

duration for preparation, sti denotes the time duration 

for surgical act, and cti denotes time duration for 

cleaning. Then, operating room availability is 

formulated as follows: 

1

( ( )) ,             [1,.., ]
I

io i i i o

i

x pt st ct R o O


      (2) 

 In each operating room at each time, one patient only 

should be treated. Therefore, when patient I precedes 

patient  j in room o, the start time of patient j should be 

greater than the whole time required for the surgery of 

patient i, which includes the time required for 

preparation, the surgery itself and the time required for 

cleaning as expressed by constraint (3). 

      (3) 

2.2. Priority Constraints 

 Some patients should be operated in the same day of 

the emergency in such case the due date equals the 

same day of disruption. Let ioU
be a binary variable 

that reflects the urgent assignment of patient i in room 

o. Eq. (4) ensures that patients in urgent need for 

surgery are assigned on the same day of emergency 

event, where duei denotes due date of emergency 

patient i. 

    (4) 

 Other patients, who are not in urgent need of surgery 

their due date, are treated as second priority as 

expressed in Inequality (5). 
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       (5) 

2.3.  Surgeons Constraints  

 Surgeon's availability which means that the total of 

durations of the surgeries scheduled for surgeon s is 

limited by the availability of this surgeon in hospital as 

stated in Eq. (6). Let As and Bs denote the beginning 

and the end of surgeon s working hours on emergency 

day (in minutes), respectively. Let ρis denotes a binary 

variable that presents the assignment of patient i to 

surgeon s. Then, 

  (6) 

 Each surgeon should complete his/her assigned 

surgeries before the end of his/her working time as 

expressed in Inequality (7). 

 (7) 

 Further, the surgeries assigned to surgeon s should start 

after the beginning of his/her working time as 

expressed in Inequality (8). 

       (8) 

 Each surgeon should operate on one patient at a time. 

Thus, when patients i and j are assigned to the same 

surgeon such that patient i precede patient j, the 

preparation of patient j surgery are completed once the 

surgery of patient i is finished or after that. 

Mathematically, 

             (9) 

2.4. Equipment Constraints  

 Equipment availability is another constraint that should 

be taken into consideration such that the needed 

equipment for patient's surgery should be available in 

the assigned room as expressed in Inequality (10) 

where ωio denotes the availability of the equipment 

required for patient i in room o on emergency day. 

        (10) 

2.5. Additional Constraints on Start Time and Precedence  

 All surgeries should start after disruption time as 

formulated in Inequality (11):  

                                        (11) 

 When the surgery of patient i starts in precedence to the 

surgery of patient j, the start time of patient j should be 

before the start time of patient i as expressed in 

Inequality (12): 

          (12) 

 Surgery precedence is determined between patients 

who are chosen to be treated on the disruption day, as 

presented in Eq. (13). 

    (13) 

2.6. Integrality Constraints 

 The integrality constraints are expressed as follows: 

{0,1}iox                                                                      (14) 

{0,1}ij                                                                         (15)  

Merging the objective function and constraints will 

formulate Model I as follows which is used to assign the 

emergency patients to the empty available operating rooms 

and determine the start time of each patient surgery. 

1 1

O I

io

o i

Max x
 

  

Subject to: 
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1

( ( )) ,             [1,.., ]
I

io i i i o

i

x pt st ct R o O


     
 

[Room 

availability] 

, [1, .., ] /[1, .., ] [1, .., ],

(3 ),   

                                                   

j i ij io joi i i

j I i jo O i I

M x xpt st ct  

   

      
 

[Room is 

occupied by 
one patient at a 

time] 

1

1,                     [1,.., ] / 0
O

io i

o

U i I due


   
   

[Assignment of 

urgent 

patients] 

1

1,                     [1,.., ] / 0
O

io i

o

U i I due


   
 

[Potential 

assignment of 
not urgent 

patients] 

1 1

( ( ) ) ( ),   [1,.., ]
I O

io i i i is s s

i o

x pt st ct B A s S 

 
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[Surgeon 

availability] 

1

(2 )  ,      [1,.., ], [1,.., ]
O

i i i is io s

o

pt st M x B i I s S 


         
 

[Surgeries to 

be within 

surgeon 
working time] 

1

(1 ),        [1,.., ], [1,.., ]
O

i i is s io

o

pt A M x i I s S 
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[Surgeries to 

be within 
surgeon 

working time] 

1 1
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O O
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 
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[Surgeon 
performs one 

surgery at a 

time] 

[1,.., ], [1,.., ],                 io io i I o Ox       
[Equipment 

availability] 

,                        [1,.., ]i vt i I     

[Surgeries to 

start after 
disruption 

time] 

(1 ) ,          [1,.., ], [1,.., ]/j i ijM i I j I i j          

[Respecting 

patient 

precedence in 
room] 

1 1

,         [1,.., ], [1,.., ] /
O O

ij ji io jo

o o

x x i I j I i j 
 

       
 

[Surgery 

precedence] 

{0,1}iox   
[Binary 

Variable] 

{0,1}ij   
[Binary 

Variable] 

 

 

3. Illustrations 

The scheduling and sequencing model was 

implemented in one of the leading private hospitals in 

Jordan. The data were obtained with the assistance of the 

hospital where physician and medical-staff interviews 

were conducted to gather the relevant information. 

Assuming that at 9:20 am, a traffic accident occurs and the 

casualties in urgent need of surgical intervention were 

transferred to the nearest hospital. The twenty casualties in 

need of surgery were admitted around 9:30 am and the 

hospital opened the three operating rooms that were 

scheduled to be closed on that day. One surgeon will take 

over each room of the newly-opened operating rooms. The 

opening duration for each room (Ro) is 480 minutes and 

the time of disruption (tv) is 9:30 am. All surgeons start 

their working hours at 8:00 am (As = 0) and their working 

hours end at 4:00 (Bs =480). Patient-related variables, 

Equipment Availability Matrix and Patient-Surgeon 

Assignment Matrix are presented in Table 1. Priority was 

given to the most urgent cases by stating their latest start 

time (duei) is equal to zero. Since each surgeon works in a 

certain room that is appropriate for surgeon's specialty and 

patient needed surgery, Equipment Availability Matrix and 

Patient-Surgeon Assignment Matrix will be the same. 
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Table 1. Patient-related variables and equipment availability 

Patient 

(i) 

Time durations 

Duei 

(day) 

Equipment 

availability (ωio) 

And Surgeon 

Availability (ρis) in 

each room 

pti sti cti 1 2 

 

3 

1 15 60 10 1 0 1 0 

2 10 30 5 1 1 0 0 

3 10 50 4 0 0 0 1 

4 15 90 15 0 0 1 0 

5 7 25 3 0 1 0 0 

6 4 30 4 1 1 0 0 

7 15 40 10 1 0 0 1 

8 5 30 5 0 0 1 0 

9 10 50 5 1 0 1 0 

10 20 80 10 0 1 0 0 

11 17 35 7 1 0 0 1 

12 5 20 5 1 0 1 0 

13 15 40 10 1 1 0 0 

14 5 25 5 0 0 0 1 

15 10 50 5 0 0 0 1 

16 15 60 10 0 0 0 1 

17 7 40 5 0 1 0 0 

18 6 25 5 1 0 1 0 

19 15 40 10 1 0 0 1 

20 5 30 5 0 1 0 0 

Solving the complete model by using LINGO, 19 

patients out of 20 were scheduled in the three newly 

opened operating rooms. Patients' assignment is presented 

in Table 2. Patient's surgery start times were obtained as 

well and are presented in Table 3. 

Table 2. Patients' assignment 

Patient (i) Room Patient (i) Room 

1 2 11 3 

2 1 12 2 

3 3 13 1 

4 2 14 3 

5 1 15 3 

6 1 16 3 

7 3 17 1 

8 2 18 2 

9 2 19 3 

10 1 20 1 

 Table 3. Patient's surgery start times 

Patient (i) τi Patient (i) τi 

1 90 11 345 

2 128 12 213 

3 420 13 265 

4 308 14 310 

5 345 15 243 

6 90 16 90 

7 - 17 213 

8 428 18 177 

9 243 19 178 

10 380 20 173 

4. Results   

The proposed model efficiently scheduled and 

sequenced patients to newly opened operating rooms. 

Patients' assignment, sequence and start times are 

illustrated in Fig. 1. It is clear that the proposed model 

efficiently assigned the patients to operating rooms and 

determines the start time for each operation. It is observed 

in Fig. 1 that all patients; except patient 7, are assigned 

operation's start time to meet the stated model objectives.  

 

 

Figure 1. Illustration of Patients' assignment, sequence and start times 
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The model is a good approach for concurrent 

scheduling and sequencing, because it takes into account 

the availability of surgeons and equipment distribution in 

operating rooms, effectively utilizes the closed operating 

rooms and saves considerable time and effort in obtaining 

results. Such advantages are highly beneficial especially in 

emergency cases in which patients' accommodation plan 

must be determined as soon as possible. 

5. Conclusion 

The present study developed an optimization model for 

concurrent scheduling and sequencing operating rooms 

during emergency events. Data for twenty casualties in 

need of surgery were collected from a local hospital. The 

proposed was then utilized for obtaining the optimal 

number of patients to be treated, patient-to-room 

assignment matrix, and operation start times. The obtained 

results revealed that the proposed model is efficient in 

maximizing the number of treated patients and improving 

the utilization of operating rooms in emergency cases. In 

conclusions, the developed model provides a proactive 

model to maximize number of treated patients in case of 

emergency events and to increase the utilization of 

hospital's available resources, and thereby reduces 

administration time and effort. This model can be further 

extended to include additional constraints, such as nurses' 

availability and their working time. Moreover, surgeons' 

utilization can be studied as well by a detailed study of 

patients' assignment to surgeons. 
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Abstract 

Painting process is critical in the manufacturing process of commercial vehicle  to provide both protection and decorative 

elements. Good quality coating is important to reduce cost and concurrently achieve customer satisfaction. A systematic 

approach and applications of the basics and advanced management tools and techniques are used to improve the quality of 

the coated body. One of the proposed approach is to utilise the PDCA-cycle to reduce the defects on the electrodeposited 

body. In the present study, the bits defect on the electrodeposited automobile bodies is investigated. Within the multilayer 

coating on bodies, the iron filing leads to the bits defect that appears on the electrodeposited coating surface. The iron filings 

arised from the metal assembly process carried out in the bodyshop, remained on the body during the painting process in 

paint shop.The defected surface can be removed  through the process of sanding which is  high in cost and requires extensive  

production time. Therefore, the best method  to prevent the bits defects is by removing or reducing the iron filing through 

filtration, magnetic separation and surface adjustment process. The implementation of filtration system, magnetic separation 

and surface adjustment process  improved 36% of bits and reduced 42% of sanding man hour with a total saving of RM40.00 

per unit. 

© 2017 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved 
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1. Introduction  

The goal of the painting process in the commercial 

vehicle assembly is to provide a uniform coating for  

protection and decorative purposes. Therefore, to 

successfully achieve the goal of painting, the process is 

segmented  into a number of parts. These parts, or ‘layers’, 

are applied in a specific order and although the function of 

each ‘layers’ are unique, somehow there is interaction 

between the parts to achieve the desired balance of 

properties [1]. The multilayer coatings in the current 

technology include pre-treatment, electrodeposition (ED) 

primer, primer surfacer and wet on wet technology of top 

coat that consists of both base coat and clear coat. The 

functions of multi layers coatings are corrosion protection 

for primers, smoothness and chip resistances for primer 

surfacers, and colour and weather resistances for the final 

top  coat.  

The processes that carried out in the paint shop are pre-

treatment and ED, sealing, ED sanding, primer coating, 

primer sanding and top coating. The pre-treatment of car 

bodies manufactured using differen metals critically 

require the state of the art corrosion protection and also 

provides the best adhesion for electrodeposition coating.  

The ED process is a special coating method where the 

ED paint that is dispersed in water is electrically deposited 

on the surface of substrate to form a uniform and water-

insoluble film. The primary process for ED is electrolysis 

[2], [3]. The fundamental aspect of ED is reported by Beck 

[4], whereby the ED process forms a uniform coating on 

the bodies for protection of corrosion. There are two types 

of electrodeposition processes, namely anodic and 

cathodic electrodeposition. The anodic ED relies  on  

carboxyl  groups, while  the  cathodic  relies on  amine 

groups. The disadvantages of anodic system is that it 

induces some dissolution to the metal ions of the parts that 

being coated. As a result, the resistance towards corrosion 

obtained coatings is limited and discoloration can occur 

due to the presence of the iron in the anodic films. On the 

other hand, cathodic ED  was developed back in  1970s 

with several advantages, including high throwing power, 

superior corrosion protection, and virtually no  absence of 

dissolution of metal occurring on the coated articles [5].  

The ED process started with pre-treatment stage, 

namely are pre-cleaning, pre-degreasing, degreasing, water 

rinsing, surface conditioning, phosphating, final water 

rinsing and deionized water rinsing. After the pre-

treatment stage, the ED process takes place; it includes 

ED, ultrafiltration and final deionized water rinsing. After 

* Corresponding author e-mail: nabiilah.abrahim@gmail.com. 
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the ED process, the coated unit is dried through oven 

baking process. 

1.1. Quality improvement 

A poorly cleaned body contributes negatively to the 

quality of the electrodeposited body. It is commonly 

known in the automobile industry that, many surface 

defects arise from  the poorly cleaned surface after the ED 

process. As a solution, the defected surface on the body is 

required to be removed by sanding process before 

proceeding to next coating process which is the  primer 

coating. Since the process of sanding is costly, it is very 

important to provide a good quality surface of the 

electrodeposited body. The good quality surface can be 

achieved by reducing the defects during the ED process. 

The common defects of the electrodeposited surface are 

bits, pinhole, cissing, sludge, grind mark and line mark. 

Due to the criticalness of having the defects, many studies 

have been conducted on the applications of reducing 

defects in automotive painting process.  

One of the major defect from ED process is the bits. 

Accumulation of remaining particles within dipping tank is 

the root cause for producing the bits. Removal of these  

particles is possible by utilizing a set of a micro hydro 

cyclons combined with pressurised paper band filters and 

magnetic separation [6]. The commonly used method in 

the industry for the filtration system of pre-treatment and 

ED is by inserting the filter bag inserted into the filter 

housing for the particle removal. Standard filter types is 

the bag filters with particle retention ability of up to  25 or 

50 µm. The polypropylene material in a needle is the 

common filter material. The filter bags are normally 

placed in a stainless steel basket, followed by placing this 

basket in a stainless steel filter vessels where the numbers 

of baskets could be between two and eight within a vessel. 

Thereafter the paint flows from top to bottom under 

pressure, however  maintained as low as possible for best 

filtering effect. For best results, the filters are flushed and 

cleaned every week. Any damage filter can be identified 

by monitoring the pressure differences between the input 

and the output of the filter cartridges. The operation of the 

filter bag must stopped in the case of the presence of heavy 

particles and consequently the filter bags have to be 

replaced. The filter bags should be replaced to the coarser 

mesh-size that is > 100µm. The performance of the bag 

filter can be enhanced significantly by innovatively 

applying  magnetism concept through the magnetic pre-

filters [7]. An innovative novel filter is introduced due the 

inefficiency of the filter bag [8]. In the case of improving 

the defect that is occurring  from the characteristic of the 

structure, the optimal location of supporting bonnet 

structure of automobile bodies was studied [9].  The 

quality problems frequently occurred due to accumulated 

dirt that supposed to be cleaned with cleaning agents. As a 

solution, the implementation of  ON/OFF confirmation 

logic control based spray was carried out to ensure that the 

body passes through proper cleaning process [10].  

The PDCA-cycle is a dynamic model and an intergral 

part of the process management which is designed to be 

used as a dynamic model because one cycle represents one 

complete step of improvement [11]. In order to coordinate 

the contionuous improvement effort, the PDCA-cycle is 

utilized. In the plan-stage the problem is identified using 

Pareto-chart and subsequently the root cause is analysed  

through cause and effect diagram. The Pareto-chart a 

special type of bar charts in which the categories of 

responses are listed on the X- axis, the frequencies of 

responses (listed from largest to smallest frequency) are 

shown on the left side Y-axis, and the cumulative 

percentages of responses are shown on the right side of Y-

axis. The cause and effect diagram is is a tool used to 

organize the possible factors that could be negatively 

impact the stability, centre, spread, and shape of a critical 

to quality (CTQ) characteristics measure [14]. A 

brainstorming session is conducter to identify the main 

rootcause item [13]. Following to that, in the do-stage the 

implementation of the filtration and magnetic separation,  

there will be measurement on the effect of the 

implementation in the check-stage. Finally in the act-stage, 

the results of the implementation is interpreted and the 

PDCA-cycle is restarted again to sustain and improve 

process further. 

2. Problem Analysis 

In the plan-stage the major problems are analysed 

based on the collected data on defects occurred after the 

ED process, where  these defects are detected on the 

coated surface after the baking process through visual 

inspection. In more details, the bright lights and the 

associate  reflections measured through visual inspection  

are used for locating and evaluating any defects. Some of 

the defects found are bits, grind mark, rough surface, line 

mark, sludge, pinhole, mapping mark and sanding mark. 

As a method to identify the main problem, the defects are 

plotted in a chart as depicted in Figure 1. Based on the 

chart, it can be observed that the main problem is the bits 

that accounts for  93 % of the overall defects. 

 

Figure 1. The electrodeposition defects 

Therefore, bits are selected as the main defects that 

critically requires a solution. Bits are basically foreign 

materials that are found to be sticking  on the coated 

surface. By using microscope, the bits can be observed to 

be iron filing, phosphate bits and electrodeposition paint 

bits. In terms of characteristics, the shining and rusty 

particles are the iron filings and the whitish and powdery 

particles are both the phosphate bits and ED bits as 

depicted in Figure 2.  
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Figure 2. Depiction of  bits 

Defects categorizations based on percentile are shown 

in Figure 3 where the highly occurring bit defect  is iron 

filing with up to 55% of occurance bit. 

 
Figure 3. Bits categorization chart 

The iron filings originate from the body assembly 

process at the Body shop, where the process consists of 

spot welding, welding, grinding, and sanding process of 

the assembly of the metal part. The actual iron filings 

found on the body in white is shown in Figure 4.  

 
Figure 4. Iron filings on body in white 

The root cause of bits  is analysed by using Ishikawa 

diagram as shown in Figure 5. The analysis is divided into 

four main factors, namely man, method, machine and 

material. 

 

 
Figure 5. Bits rootcause analysis 
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2.1. Rootcause through Man  

In terms of the man factor, an operator’s skill towards  

spot welding, welding, grinding, and sanding process 

directly influence the defect volume of the iron filing. The 

operator’s skill is controlled by a skill chart and is 

evaluated each month. However, specially for the welding 

operation, only  a certified skilled  operator  is allowed to 

perform the welding process.  

2.2. Rootcause through Method  

The processing methods in a Body shop that produces  

the iron filings are spot welding, welding, sanding and 

grinding. The spot welding and welding processes are  the 

steps taken  to assemble the metal parts to build a complete 

body. Additionally, during the assembly process both spot 

welding gun and welding machine are used and followed 

by grinding process through portable hand grinder to grind 

the sputter that are produced during the spot welding 

process. Finally,  in order     to 

produce a smooth and good surface for the subsequent  

painting process, defects including dent and scratches on 

unit are smoothened by using the sanding machine. The 

methodologies for removing iron filings in every processes 

are discussed. In the case of iron filing reduction in spot 

welding process and welding process  is conducted by 

periodical checking of the current parameter once in every 

three months. For the sanding and grinding processes, the 

defects including sputter, dent, and scratch are controlled. 

Furthermore, a cleaning method is established to clean the 

body to clear off the iron filings before delivery to paint 

shop. The body is then vacuumed with high pressure 

vacuum and cleaned with sew rag and subsequently stored 

at the White Body Storage (WBS) area. In order to prevent 

the accumulation of iron filing inside body during storage 

in WBS, the buffer quantity at WBS is controlled. 

However, there are still iron filings remaining  on the body 

which are carried over to the paint shop. Some of the 

remaining iron filings on the body may settle inside the 

dipping tanks during the pre-treatment and ED processes. 

The dipping methods are half dip or full dip. Therefore, it 

is very important to note that minimising the iron filings at 

the body shop stage itself is critical to reduce any 

accumulated defetcs that are carried over to the paint shop. 

2.3. Rootcause through Machine  

Some of the the machine used in the processes are 

inclusive of filter, pump and nozzle. The iron filings 

removal inside a tank depended on the filter size and 

number. The left over foreign materials must be reduced 

through this filtration system. In the case of the pump,  the 

workabilities of spraying pump and circulation pump are 

involved. The spraying nozzle type determined the 

spraying efficiency on the body whereas the spraying 

angle ensured the nozzle is sprayed at the correct angle to 

remove the iron filings on the body.  

2.4. Rootcause through Material  

The substrate, ED paint and phosphate paint are 

material factors that contribute to the bits. The paint 

formula, bath paint and pigment particle size  within ED 

paint that leads to the generation of bits. The paint formula 

is the paint formulation that include resin composition, ash 

content and additive. For bath paint, the contents that 

contribute to defect are solid content, pH and bath 

temperature. These parameters are unequivocally 

controlled according to the  standard specifications 

provided by the paint supplier. Furthermore, the paint 

supplier would provide weekly reports of the parameters 

control. The grinding condition affect the pigment particle 

size where the phosphate paint factors are in the form of 

sludge and crystal sized. The phosphate sludge is 

generated after the chemical reaction with body and is 

filtered through filtration system. Besides, the substrate 

position during the dipping also influenced the bits count 

on units.  

For initial countermeasure, it is proposed to remove the 

iron filings inside the dipping tank by filtration system and 

magnetic separation. In filtration system, smaller sized 

filter is used to trap the iron filing, while magnet bar 

utilized in magnetic separation to attract the iron filings. 

By applying these two countermeasures, the amount of 

iron filings inside the dipping tank is expected to be 

reduced. 

3. Experimental condition 

In the first cycle of do-stage cycle, a filtration system is 

installed in the dipping tank to trap the iron filings within 

the dipping tank itself. There are ten dipping tanks for the 

Pre-treatment and ED processes. The filters are installed in 

the Pre-treatment tanks that consist of both circulation and 

spraying systems. The circulation system is used for the 

liquid circulation inside tank where the body is dipped 

into,where else, the spraying system is located in upper 

portion of the spraying tank to rinse the body after the 

dipping process. The size and quantity of the filters 

installed in the tanks are described in Table 1. The filter 

bags are placed in the stainless steel basket and together 

positioned inside the stainless steel filter vessel. In the 

filter bag, there are magnets with 9000 gausses strength to 

capture the iron filing through magnetic separation 

method. 

Table 1. Filter quantity and size for according to tank functional areas 

Tank No and Name 

Spraying filter Circulation filter 

Quantity 
(unit) 

Filter size 
(micron 

Quantity 
(unit) 

Filter size 
(micron) 

1- Pre degreasing 2 25 8 50 

2- Degreasing 2 25 8 50 

3- Water Rinse 1 2 25 3 50 

4- Surface Conditioning 2 25 3 50 

6- Water Rinsing 2 2 25 3 50 

  



 © 2017 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 11, Number 1  (ISSN 1995-6665) 31 

The material of the filter is based on the  nylon, which  

can be washed and re-used for repeatable filtrations. The 

complete filtration system is shown in Figure 6. 

 
Figure 6. Filtration system with filter bag and magnet 

In the second cycle of do-stage, the position of the 

bonnet is changed by modifying the bonnet stand, where 

the bonnet stand is designed to hold the bonnet during the 

ED process. The specification of the bonnet stand is 

modified from 315 mm to 730 mm in length, while its 

position is adjusted from 25° to the highest, 70°. Figure 7 

(a) shows the position prior to the bonnet adjustment and 

Figure 7 (b) shows the bonnet position after the 

adjustment. Finally, the bits count on the bonnet area is 

measured after the oven baking process. 

(a) Before adjustment 

 
(b) After adjustment 

 

Figure 7. Repositioning of the bonnet 

 

4. Results and Discussion 

The iron filings are trapped inside the filter after the  

installation of the filtration system. The trapped iron filing 

inside filter bag is shown in Figure 8. 

 
Figure 8. Iron collection inside the filter bag 

The quantity of the bits on the coated surface is shown 

in Figure 9. The amount of bits that can be seen and felt by 

hand are counted in a 100 millimetres square outside of the 

coated body.  The measurement is taken at the three 

surface areas, namely roof surface, bonnet surface and 

door surface. The bits count before the experiment are 

recorded and presented as depicted in Figure 10. The bits 

counts on the roof surface, bonnet surface and door surface 

are 58, 45, and 7, respectively. Most of the bits are 

accumulated on the roof area as compared to door and 

bonnet due to the difference in  the surface orientation. 

The roof is in horizontal orientation, while the bonnet is 

25° and the door is in vertical orientations.  

Figure 9. Bits counts on the unit before the experiment 

The bits counts are improved 25%, 27%, and 29% at 

the roof, bonnet and door surfaces, respectively, after the 

filtration system and magnetic separation. Details of bits 

counts comparison before and after the installation of 

filtration and magnetic separation methods are  illustrated 

in Figure 10. 

 
Figure 10. Comparison of  bits counts before and after filtration 

and magnetic separation 
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Before the application of the filter, iron filing size in 

the range of more than 125 µm was found on the coated 

surface. However, with the filter application, the size of 

iron filing detected on the surface area became much 

smaller to only 56 µm. The filter is effective in trapping 

the iron filing that is size bigger than 56 µm. The iron 

filings that sized more than 125 µm escaped and less than 

56 µm remained and sticked onto the unit. The size of the 

bits is identified by microscope as shown in Figure 11. 

 
Figure 11. Bits size on the unit 

Since the bits count on the vertical area is very low, the 

PDCA cycle two is conducted and implemented by 

slanting  the vertically positioned bonnet. To reduce the 

bits on the bonnet surface, the bonnet position was shifted 

from 25° to 70°. The adjustment of the bonnet position 

improved the bits counts on the bonnet surface by 34% as 

illustrated in Figure 12. 

 
Figure 12. Bits count on unit after bonnet adjustment 

By the implementation of the new bonnet stand, 

another quality problem related to the ED process was 

improved,  which is the air pocket issue. The air pocket is 

formed due to the air trapped at the inner part during the 

coating process. The surface area with air pocket exposes 

the surface area to corrosion due to not having ED paint on 

that surface area. There is no formation of air pocket found 

after changing the bonnet position. The bonnet’s inner 

surface area with the air pocket formation is shown in 

Figure 13 (a) and the bonnet inner surface area without the 

air pocket formation is shown in Figure 13 (b) 

 
Figure 13. Bonnet’s  inner surface comparisons after bonnet 

adjustment 

By applying the filtration and magnetic separation 

methods into the dipping tank, the rework activity of 

sanding on the  surface area was reduced. Therefore, the 

man hour, manpower and sanding disc consumption are 

reduced. The reduced items are illustrated in Table 2. The 

man hour is reduced from 0.45 to 0.26, while the  

manpower is reduced from 8 persons to 6 persons. The 

sanding disc consumption for sanding activity is also 

reduced from 8 to 5 pieces per unit. By translating these 

figures into cost, this activity contributes to the saving of  

RM 3.00 on sanding disc consumption and RM 37.00 on 

man hour cost. 

Table 2. The reduced items before and after the countermeasures 

Item Before After 

Manpower 8 persons 6 persons 

Man hour 0.45 0.26 

Sanding disc 

consumption 
8 pieces 5 pieces 

5. Conclusion 

The main defect of the electrodeposited surface was the 

generation of bits. The major contribution of the bits was 

iron filing that was generated from welding, sanding, 

grinding, and spot welding processes at body shop during 

the metal assembly process. The iron filings were carried 

over to paint shop and accumulated inside the dipping 

tank. By introducing the filtration and magnetic separation 

methods into the pre-treatment system resulted in being 

successfully reducing the iron filing inside the tank. 

Through the proposed method, the number of bits 

improved by reducing up to 25%, 27%, and 25% on roof 

surface, bonnet surface and door surface, respectively. The 

number of bits is further reduces by 34% after the 

adjustment of the bonnet stand. The average number of 

bits reduced was by 36%. In the perspective of the 

operational expenditure, the sanding man hour used to 

improve the electrodeposited surface is reduced by 42% 

with a total saving of  RM40.00 per unit.  
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Abstract 

The purpose of the present study is to present a clear fundamental thought for designing and investigating straight bevel 

gear made of composite material. Application of composites in modern engineering includes gear-drive components, such as 

robotic arms, and this is especially evident when metallic gears are incapable of coping with the vigorous requirements of 

the machines. The presentwork demonstrates an actual form of the straight bevel gear that is made out into a set of equation 

rearranged and derived from the classical theory of gearing. The gear is then modeled using CAD commercial software in 

order to generate the whole gear in three dimension coordinates. This analytical calculation was constructed to allow us to 

calculate the straight bevel gear profile points, which are crucial for modeling and fabricating the composite gear model and 

to numerically analyze this model using finite element method. The results were extensively compared. This comparison 

attempted to study the composite bevel gear teeth problem. The focus in this work is on how much the divergence in 

behavior between orthotropic material and isotropic material such as steel can be reduced. The results prove the capability or 

potential for composite materials to be used as component materials in power transmission gearing in robotic arms 

applications. 

© 2017 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved 
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1. Introduction  

Many researchers have studied and discussed the 

behavior of composite gears as a polymer matrix and 

glasses or graphite fiber, which named a Polymer Matrix 

Composite (PMC) used in engineering applications as gear 

due to their medium level strength and low density.  

Nozawa [1] studied the tribology of a metal spur gear and 

a hybrid gear, in order to reduce noise with greaseless 

metal gear and plastic gear with smaller rate of tooth 

failure. The test was at rotation speeds of 1000 rpm, and a 

torque range of 13–8 Nm. They discovered that the noise 

is suddenly amplified when a single polymer sheet was 

spontaneously removed from the gear’s surface; this is 

probably due to its low adhesive strength against a shear. 

Kozo [2] investigated the effect of different types of 

composite material on the strength of plastic gears. They 

used glass and carbon fibers in the gear tooth surfaces as 

reinforcement in order to improve bending strength, epoxy 

resin as the matrix material. Experimental static and 

dynamic tests were carried out to evaluate the effect of 

fiber reinforcements, and it shows the reinforcement is 

effective in improving the strength of plastic gears.   

Ezhil and Paul [3] reported on the corrosion 

characteristics of Al 7075/ basalt short fiber metal matrix 

composites as a function of percentage of reinforcement.  

The matrix Composites Al 7075 alloy demonstrated a 

higher corrosion rate compared to MMCs under the 

corrosive atmosphere. Al-Shhyab and Ahmet Kahraman 

[4] studied the torsional dynamic behavior of a multi-mesh 

gear train and reported that, the torsional stiffness of the 

shaft is influencing the modal characteristics of the system 

and the nonlinear response. 

In 2007, Melick [5] examined the effect of steel and 

plastic gear transmission with numerical and analytical 

methods by studying the influence of the stiffness of the 

gear material on the bending of the gear teeth, the 

consequences on contact path, load sharing, stresses and 

kinematics. Mao [6] carried out experimental 

investigations and modeled polymer composite (glass fiber 

reinforced nylon with PTFE). The design method is based 

on the relationship between polymer composite gears wear 

rate and surface temperature. A similar test was conducted 

on non-lubricated metal gears, and it was discovered that 

the polymer gear wear rate dramatically increased when 

the load reaches a critical rate for a specific geometry. 

Furthermore, Zhu and Li in 2011 [7] established a finite 

element model on a straight bevel gear by drilling holes in 

gears to reduce its weight. Nevertheless, they concluded 

that straight bevel gears with holes would weaken the 

mesh impact beneath the vibration compared to the normal 

straight bevel gear under the same loading and 

environment conditions [8]. Simon [9] presents an optimal 

tooth modification for a spiral bevel gear that improves 

* Corresponding author e-mail: haidar.fa@curtin.edu.my. 
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load distribution and decreases the maximum tooth contact 

pressure.  

Fiber reinforcement results in high specific strength 

and stiffness compared to metal matrix composite, 

depending on different types of fiber and their arrangement 

in the matrix when acting as laminates, which are mostly 

used in weight-sensitive industry gear applications, 

offering the highest specific strength and stiffness. Pihtili 

[10] investigated the wear resistance and behavior of 

woven glass fiber and composite materials under different 

loads, speeds and sliding distances. Antonio and Marcos 

[11] used a polyethylene terephtalate to replace a spur 

gear. The module of the spur gear equals to 2 mm/tooth, 

with a pitch diameter 34mm, and a pressure angle of 20º 

and the width of 18 mm.  Enormous efforts have been 

made by previous investigators to relate tensile fillet 

stresses observed in statically and dynamically loaded gear 

teeth to the geometric appearance of the tooth.   There is a 

number of approaches used in the past to verify the 

stresses and deflection in the gear's teeth, Wilfred Lewis 

made where the first effort to find the tooth root stresses. 

He based his analysis on a cantilever beam, and assumed 

that failure will occur at the weakest point of the beam, 

with him assuming it to be at the cross-section at the base 

of the gear.  At the same time, Heinrich Hertz researched 

the contact pressures of the teeth, and his study was based 

on the elastic contact of two cylindrical bodies that 

determines the contact pressure between a gear and a 

pinion. With this tendency and experimental studies on 

bending stress analysis for the gears, the American Gear 

Manufacturers Association (AGMA) published their own 

standards based on Lewis’s equation [12-15]. It is more 

accurate, and calculates all the geometrical factors, which 

are important in calculating the bending stresses for the 

gears. These geometrical factors take into account the 

loading position and the fillet radius tooth of the tip and 

base. Hasan [16] analytically studied the elastic–plastic 

stress analysis on an orthotropic rotating annular disc. The 

disc is made from metal matrix curvilinear reinforced steel 

fibers, and they used different angular velocities to enable 

them to see the separation of the plastic region. The results 

showed that the radial displacements and the plastic flow 

at the inner surface have higher values than those at the 

outer surface. Huali and Ahmet [17] proposed two 

dynamic models in order to study the interaction between a 

gear’s surfaces wear and its dynamic response. Arafa and 

Megahed [18] constructed an FEA model of a spur gear to 

gather more information on the gear’s mesh stiffness. The 

analysis involves quasi-static meshing conditions, where 

its compliance is evaluated at discrete meshing positions; 

with it assumed to be homogeneously isotropic. However, 

there are very few studies reported on a straight bevel gear 

by using different types of orthotropic material. In the 

present study, the theoretical and numerical methodologies 

are discussed. The theoretical results are compared to the 

numerical results. In the numerical stage we used finite 

element method to solve the gear tooth problem. 

2. Methodology and Procedures  

2.1.  Theoretical procedure (Analytical Calculation)  

The development of designing gear teeth is a bit 

arbitrary as far as the specific applications in which the 

gear is used to determine several design parameters. As 

stated in previously the basis for the bending stress 

analysis of gears was founded by Wilfred Lewis using his 

own formulation. His formulation for the bending stress 

started with the basis that a gear can be as basic as a beam 

which is subjected to tension and compression effects. 

However, this equation was not applicable to nearly all 

types of gears and not accurate because he didn’t include 

the relevant geometrical parameters which influence the 

bending stress. As a result we used the AGMA standard 

2005-D03, Design Manual for Bevel Gear Teeth. It is a 

design standard that illustrates all aspects of bevel gear 

tooth design, starting from the preliminary design 

standards and moving towards to complete the design and 

to be ready for analysis.  

The torque application to a bevel gear mesh brings on 

tangential, radial, and separating loads on the bevel gear 

teeth. To make it easy, these loads are assumed to operate 

as point loads applied at the middle of the width gear tooth 

face, while only the tangential load is to be considered. 

The radial and separating loads are dependent upon the 

direction of rotation, pressure angle and pitch angle. The 

tangential loads (Wt), radial loads (Wr) and the separating 

loads (Ws) are defined as, 

sin/2 FdpTWt                                                  (1) 

                                             (2)  

                                            (3) 

where dp is considered as the pitch diameter, T is the 

torque, F is the face width,  is the pitch angle, and  is 

the pressure angle. In the present study, we use a straight 

bevel gear with a ratio of 1:1 so the pitch diameter and the 

pitch angle are the same for the gear and the pinion. To 

calculate the pitch angle, we apply the equation: 

 where;  

for the straight bevel gear. Table 1 shows the gear 

parameters.  

Design for pitting resistance is mainly administered by 

a failure form of fatigue on the gear teeth surface because 

of the influence of the contact stress between the mating 

gears. Design for bending strength ability is based on a 

failure form of breakage in the gear teeth caused by 

bending fatigue. Pitting resistance is allied to Hertzian 

contact (compressive) stresses flanked by the two mating 

gear teeth surfaces. The formulas were developed based on 

Hertzian theory of the contact pressure between two 

curved surfaces and load sharing between adjacent gear 

teeth as well as load concentration that might be a 

consequence from uncertainties in the built-up procedure. 

The contact stress is generally a function of the square root 

of the applied tooth load. The equation to calculate the 

compressive stress (pitting resistance) in a straight bevel 

gear tooth is given by: 
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             (4) 

where Cp is the elastic coefficient, Wt is the lateral 

tooth load, Ko is the overload factor, Kv is the speed 

factor, Ks size factor, F is gear face width, dp pitch 

diameter, Km load distribution factor, and I is the 

geometry factor. Cf is the surface condition factor has not 

been evaluated and it’s always equal to 1. The elastic 

coefficient can be calculated by using the equation below:  

   

(5) 

where E and v stands for the Young’s modulus and 

Poisson’s ratio of the material correspondingly. 

Bending strength capacity ratings in bevel gear teeth 

are developed using a simplified approach to cantilever 

beam theory. This method accounts for a variety of factors 

including: the compressive stresses at the tooth roots 

caused by the radial component of the tooth load; stress 

concentration at the tooth root fillet; load sharing between 

adjacent contacting teeth; and lack of smoothness due to 

low contact ratio. Calculating the bending strength rating 

determines the acceptable load rating at which tooth root 

fillet fracture should not occur during the entirety of the 

life of the gear teeth under normal operation. The basic 

equation for bending stress in a bevel gear is given by: 

                                       (6) 

Wt is the tangential load applied on the tooth as 

discussed previously, F symbolizes for the face width, Ks 

symbolizes for the size factor, Km is the load distribution 

factor, and J is the geometry factor. P stands for the 

diametric pitch and can be calculated from equation (7): 

                                                       (7) 

The dynamic factor or velocity factor Kv, used in the 

calculation of the pitting resistance factor, accounts for 

quality of gear teeth while working at a particular speed 

and load conditions. It is typically influenced by design 

effects, manufacturing effects, transmission error, dynamic 

response, and resonance. In a broader sense, the velocity 

factor makes allowance for high-accuracy gearing, which 

requires low-accuracy gearing and, at the same time, 

makes allowance for heavily loaded gearing, which 

requires less derating than lightly loaded gearing. When 

gearing is manufactured using very harsh processes and 

controls, resulting in very accurate gearing, typical values 

of Kv between 1.0 and 1.5 are used. For our industrial gear 

application, Kv value of 1.3 is used. This value based on 

AGMA equations. The overload factor, Ko, accounts for 

quick peak loads that are much higher than the normal 

operating conditions. The overload factor (Ko) and load 

distribution factor are extremely qualitative in nature. For 

the load distribution factor, Km, is a function of the rigidity 

of the mounting and reflects the degree of misalignment 

under load. It modifies the rating formulas in order to 

capture the non-standardized distribution of the load along 

the length of the gear tooth. The amount of the non-

uniformity of the load distribution (Km) is a function of the 

gear tooth manufacturing accuracy, tooth contact and 

spacing, alignment of the gear in its mounting, bearing 

clearances, and face width of the gear teeth, and therefore 

all are considerations which affect the load distribution 

factor. Therefore, based on this current study for the 

straight bevel gear is supported by two ball bearings. The 

size factor (Ks) is a reflection of non-uniformity of 

material properties and is a function of the strength of the 

material. In addition to material properties, it depends 

primarily on tooth size, diameter of the part, face width, 

and ratio of tooth size to diameter of the part. The size 

factor can be quickly calculated using: 

𝐾𝑠 =
1

𝑝0.25
                (8) 

The geometry factor for resistance to pitting, I, 

evaluates the effects that the geometry of the gear tooth 

has on the stresses applied to the gear tooth. More in 

particular, it evaluates the relative radius of curvature of 

the mating tooth surfaces and the load sharing between 

adjacent pairs of teeth at the point on the tooth surfaces 

where the calculated contact pressure will reach its 

maximum value. The geometry factor may be calculated 

from. Successful minimization of this distance will result 

in the smoothest stress distribution across the gear tooth: 

                                                                           (9) 

where r1 and r2 symbolized for the radius of the tooth 

surfaces curvature at the contact point and in the present 

study r1 equals r2. 

                                                                          (10) 

The geometry factor for bending strength (J) is also 

concerned with gear tooth geometry but it gives more 

consideration to the tooth shape and the concentration of 

the stress due to the root fillet geometric shape.  

Table 1. Standard gear parameter 

NO. Design Parameter Value Options 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

Pressure angle 

Module  

Face width 

Addendum 

Dedendum 

Shaft angle 

Root fillet radius 

Number of teeth 

20o 

6 

28.5m 

1m 

1.25m 

90o 

0.3m 

24 

Material model 

 

Glasses/Epoxy 

Carbon/Epoxy 

Jute/Epoxy 

Steel 

 

2.2. Numerical Procedure (FEA) 

The boundary conditions of any finite element problem 

need to be determined, and in the present work, the 

boundary conditions that we used are similar to what we 

do in the experimental phase. A torque is applied on one 

side of the gear, while all the points along the second gear 

are fixed in all the directions and have zero degrees of 

freedom. All the points and displacement in the first gear 

can move in the circumferential direction, which is the X-

axis that we fixed the translation onto and make it rotate 

around while fixed in the radial directions (Y-axis=0, Z-
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axis=0) in order to have five-degrees of freedom. The 

pinion is fixed in all six directions (DoF=0), while the load 

condition looks to be an external torque applied on the 

gear. The magnitude of the applied torque is (17640 N.m), 

which is used in the present work, and is equal to the 

tangential force of the gear’s tooth surface (245N). The 

damping ratio in the gears does not seriously affect the 

dynamic stress, so it is considered to be 0.004, based on 

literature.  The liner bulk viscosity and the quadratic bulk 

viscosity are taken as default, with values of 0.06 and 1.2, 

respectively. All the discussions are built on the standard 

parameter for a straight bevel gear shown in Table 1. 

3. Results and Discussion  

3.1.  AGMA 

The analysis begins with calculation of the gear loads 

generated by the bevel mesh. Using Equation 1, Equation 

2, and Equation 3, the tangential load (Wt), radial loads 

(Wr), and separating load (Ws), are calculated. After 

solving the three equations, the values of the gear tooth 

loads are shown in Table 2. Once the design of the gear is 

verified and calculating the applied load of the teeth is 

carried out, the Hertz stresses calculation is performed in 

order to gauge the ability of the gear teeth to resist pitting.  

Table 2. Calculated bevel gear tooth load 

Wt (N) 245 

Wr (N) 63.05 

Ws (N) 63.05 

Equation 9 is employed to calculate the geometry factor 

for pitting resistance (I), which is then used to find the 

value for compressive stress acting on the gear teeth. 

Calculation of the geometry factor involves solving 

Equation 10 to find the curvature tooth surfaces radius at 

the contact point. Once the geometry factor calculated, the 

other factors required to calculate the Hertz stresses could 

also be finalized. After calculating all the factors based on 

the AGMA standard, AGMA 2005-D03, Design Manual 

for Bevel Gears, the value of the Hertz stresses in the gear 

teeth were calculated using Equation 4 and the values are 

shown in Table 3. 

3.2. Comparison between FEA model and Analytical 

Calculation 

Static analysis calculates the effects of steady loading 

conditions on a structure can be determined using static 

analysis. It is still effective even if the dynamic effects 

caused by time and inertia are ignored. It is a simple 

analysis, wherein the effect of an immediate change in the 

model is calculated without taking into account the longer-

term response of the model to that change. The main 

advantage of static analysis is the fact that it can discover 

initial errors in the material, which sves time and effort 

due to the fact that beginning dynamic analysis directly 

takes time and a considerable amount of skills. The static 

analysis is only the first step in solving a finite element 

problem, with the next step being the dynamic analysis. In 

FEA, static analysis means fixed and ignoring runtime 

environment, while dynamic means action and change. 

The dynamic analysis involves the testing and evaluation 

of a straight bevel gear, and we applied static analysis to 

determine the stress and strain of the tooth’s surface of the 

straight bevel gear. 245N was applied on the tooth’s 

surface of the gear to satisfy the static loading condition. 

The FEA results, obtained from the present study, are 

compared to the analytical calculation, along with the 

static behavior and stress strain curves. The stress-strain 

curves of the theoretical calculation and the finite element 

is drawn in the same Figure, in order to compare it to the 

Figures below. From the Figures below, it is clear that the 

curves have similar trends. The major reason is that we 

used the same gear dimensions and boundary conditions. 

The analytical calculation and the finite element results of 

the straight bevel gear, and the results between the two 

stages show a good match. The theoretical results show a 

linear behavior, while the finite element model of the steel 

shows nonlinearity. The values of the results are very close 

to each other, and we concluded that the FEA model is 

correct, and can be used for further simulation. 

For the composite material model, we used engineering 

constrains in order to add the orthotropic mechanical 

properties for the glass/epoxy, carbon/epoxy and 

jute/epoxy. The parameters and conditions applied on the 

steel model used for the orthotropic models are similar, 

and it is assumed that the direction of the material is one 

direction in the finite element model. After running the 

simulation in the ABAQUS solver stage, the stress-strain 

behavior of the models was compared to the analytical 

calculation shown in the Figures below (Figure 2 to Figure 

4), and the behavior of all the models shows good match 

with the theoretical phase. The results of the glass fiber are 

almost the same, and it is very near to the transverse 

direction results, similar for jute fiber, but the results of the 

carbon fiber model shows lower values than the analytical 

calculation. Its behavior, however, is the same. 

 
Figure 1. FEA and theoratical Stress Strain curve of straight bevel 

gear made from steel 

Figure 2. FEA and theoratical Stress Strain curve of 

straight bevel gear made from glass fiber 
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Figure 3. FEA and theoratical Stress Strain curve of straight bevel 

gear made from carbon fiber 

 
Figure 4. FEA and theoratical Stress Strain curve of straight bevel 

gear made from jute fiber 

 
Table 3. Numerical and analytical results of the straight bevel gear for different type of materials 

 

Stress/Material 

Steel Glass/Epoxy Carbon/Epoxy Jute/Epoxy 

FEA AGMA FEA AGMA FEA AGMA FEA AGMA 

(Mpa) 
 

236.497 

 

 

263.34 

 

 

347.367 

 

261.652  

 

361.712 

 

358.219  

 

233.809 

 

184.025 

(Mpa) 295.527 343.125 285.516 

(Mpa) 253.991 266.981 221.724 

4. Conclusions 

We derived an analytical model based on the AGMA 

standard, as has been discussed. We studied the standard 

straight bevel gear made of different type of materials 

(glasses/epoxy, Carbon/Epoxy, Jute/Epoxy and Mild steel) 

analytically by conventional approach. It considers the 

tooth as cyclic symmetry sector. We analyzed the stresses 

and deflection in a single point in the midpoint of the gear 

tooth surface where it is useful to verify the stresses and 

deflections that we determined and measured the present 

work. We studied the model numerically by running the 

straight bevel gear generation built using a commercial 

software to create points that describe the whole gear 

body, these points with composite mechanical properties 

are the input data for ABAQUS program to draw the bevel 

gear domain and contour the principle stresses inhabited in 

its teeth made of composite material, and draw the mode 

shape present due to the same load conditions. The validity 

of the FEM achieved by comparing its results (ABAQUS) 

for (steel, glass/epoxy, carbon/epoxy, jute/epoxy) with one 

analytical calculation load applied at the midpoint of the 

gear tooth surface. The comparison shows that there is a 

good agreement; therefore, the validity of the FEM is 

satisfied. Static stress analysis of these glass/epoxy, 

carbon/epoxy, jute/epoxy and mild steel materials gears 

are performed and their normal stresses in X, Y, Z 

directions are obtained. The same load of 245.25 N per 

mm length of face width of gear tooth was applied in all 

the cases. 
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Abstract 

The present study is carried out to examine the combined effects of Hall current and chemical reaction on flow model. The 

model consists of unsteady flow of a viscous, incompressible and electrically conducting fluid. The flow is along an 

impulsively started inclined plate with variable wall temperature and mass diffusion. The magnetic field of uniform strength 

is applied perpendicular to the flow. The model contains equations of motion, diffusion equation and equation of energy. The 

Governing equations involved in the present analysis are solved by the Laplace-transform technique. The velocity profile is 

discussed with the help of graphs drawn for different parameters, like thermal Grashof number, mass Grashof number, 

Prandtl number, chemical reaction parameter, Hall parameter, the magnetic field parameter and Schmidt number. The 

numerical values obtained for skin-friction were tabulated. We found that the values obtained for velocity, concentration and 

temperature are in concurrence with the actual flow of the fluid. 

© 2017 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved 
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1. Introduction  

MHD flow problems associated with heat and mass 

transfer plays important roles in different areas of science 

and technology, like chemical engineering, mechanical 

engineering, biological science, petroleum engineering and 

biomechanics. Such problems frequently occur in petro-

chemical industry, chemical vapor deposition on surfaces, 

cooling of nuclear reactors, heat exchanger design, forest 

fire dynamics and geophysics. The influence of magnetic 

field on viscous, incompressible and electrically 

conducting fluid is of great importance in many 

applications such as magnetic material processing, glass 

manufacturing control processes and purification of crude 

oil. Attia along with Ahmed [1] studied the Hall effect on 

unsteady MHD Couette flow and heat transfer of a 

Bingham fluid with suction and injection. Further, Attia 

[2] considered the effect of variable properties on the 

unsteady Hartmann flow with heat transfer considering the 

Hall effect. Effect of mass transfer on flow past an 

impulsively started infinite vertical plate with constant 

heat flux and chemical reaction was investigated by Deka 

et al. [3]. Chemically reacting MHD boundary layer flow 

of heat and mass transfer over a moving vertical plate with 

suction was investigated by Ibrahim and Makinde [4]. The 

effect of Hall current on the magneto hydrodynamic 

boundary layer flow past a semi-infinite fast plate was 

studied by Katagiri [5]. Muthucumarswamy [6] considered 

effect of chemical reaction on a moving isothermal vertical 

surface with suction. Further, Muthucumarswamy along 

with Ganesan [7] investigated first order chemical reaction 

on flow past an impulsively started vertical plate with 

uniform heat and mass flux. Maripala and Naikoti [8] 

analyzed Hall effect on unsteady MHD free convection 

flow over a stretching sheet with variable viscosity and 

viscous dissipation. MHD oscillatory channel flow, heat 

and mass transfer in a physiological fluid in the presence 

of chemical reaction was developed by Misra and 

Adhikary [9]. Pop [10] investigated the effect of Hall 

current on hydromagnetic flow near an accelerated plate. 

Pop and Watanabe [11] further studied Hall effect on 

MHD boundary layer flow over a continuous moving flat 

plate. Viscous flow over a non-linearly stretching sheet in 

the presence of a chemical reaction and magnetic field was 

studied by Raptis and Perdikis [12]. Raptis and Kafousias 

[13] studied flow of a viscous fluid through a porous 

medium bounded by a vertical surface. The study of MHD 

flow past an impulsively started vertical plate with variable 

temperature and mass diffusion was done by Rajput and 

Kumar [14]. Further, Rajput and kumar [15] worked on 

effect of chemical reaction on free convection MHD flow 

through a porous medium bounded by vertical surface. 

Ziyauddin and Kumar [16] investigated MHD heat and 

mass transfer free convection flow near the lower 

stagnation point of an isothermal cylinder imbedded in 

* Corresponding author e-mail: rajputgauravlko@gmail.com. 
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porous domain with the presence of radiation. Combined 

effects of radiation and Hall current on MHD flow past an 

exponentially accelerated vertical plate in the presence of 

rotation was studied by Thamizhsudar and Pandurangan 

[17]. Tripathy et al. [18] analyzed chemical reaction effect 

on MHD free convective surface over a moving vertical 

plate through porous medium. Earlier, we [19] studied 

unsteady MHD flow past an impulsively started inclined 

plate with variable temperature and mass diffusion in the 

presence of Hall current. The main purpose of the present 

investigation is to study the effects of chemical reaction on 

unsteady MHD flow past an impulsively started inclined 

plate with variable wall temperature and mass diffusion in 

the presence of Hall current. The results are shown with 

the help of graphs and table. 

2. Mathematical Analysis 

The geometrical model of the problem is shown in 

figure-A 

 

 
Figure A. Physical model 

The x axis is taken along the vertical plane and z 

normal to it. Thus the z axis lies in the horizontal plane. 

The plate is inclined at an angle α from vertical. A 

transverse magnetic field B0 of uniform strength is applied 

on the flow. The viscous dissipation and induced magnetic 

field was neglected due to its small effect.  Initially it has 

been assumed that the plate and the fluid are at the same 

temperature . Further, the species concentration is  

everywhere in the fluid in stationary condition. At time t > 

0, the plate starts moving with a velocity u0 in its own 

plane and temperature of the plate is raised to ; also the 

concentration level near the plate is raised linearly with 

respect to time.  Due to the Hall effect there will be two 

components of the momentum equation. The flow model is 

as under: 

3. Equations of motion 
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Equation of energy 

2

2

z

T
k

t

T
Cp









                                                              (4) 

The initial and boundary conditions are  
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where u is the primary velocity, v - the secondary 

velocity, g- the acceleration due to gravity, β - volumetric 

coefficient of thermal expansion, t-time, m  - Hall 

parameter, T-temperature of the fluid, β*- volumetric 

coefficient of concentration expansion, C- species 

concentration in the fluid,  - the kinematic viscosity,  - 

the density, Cp - the specific heat at constant pressure, k- 

thermal conductivity of the fluid, D- the mass diffusion 

coefficient, wT - temperature of the plate at z = 0, Cw - 

species  concentration at the plate z = 0, B0 - the uniform 

magnetic field, Kc - 
chemical reaction and   is electrical 

conductivity. Here eem   with e - cyclotron 

frequency of electrons and e - electron collision time. 

The following non-dimensional quantities are 

introduced to transform equations (1), (2), (3) and (4) into 

dimensionless form: 

)T(T

)T(T
θ ,

u

)C(Cgβ
G

,
υ

tu
t 

u

K
K ,

u

TTg
G

,
k

μc
P,

)C(C

)C(C
C ,

ρu

υσB
 M

  ρυ,μ ,
D

υ
 S,

u

v
v  ,

u

u
u  ,

υ

zu
z

w

3

0

w

*

m

2

0C
0

w
r

p

r

w

2

0

2

0

c

00

0



































,

)(
2

0

3

0

(6)    

The symbols in dimensionless form are as under:  

u  - the primary velocity, v - the secondary velocity, 

t - time, θ - the temperature, C - the  concentration, rG - 

thermal Grashof number, mG - mass Grashof number, μ- 

the coefficient of viscosity, K0  the chemical reaction 

T C

wT
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parameter, Pr- the Prandtl number, Sc- the Schmidt 

number,  M- the magnetic parameter. 

The flow model in dimensionless form is 
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The corresponding boundary conditions (5) become: 

0,C  0,θ  0,v  0,u:0t  for every
z , 

,tC  ,tθ  0,v  ,u:0t  1   at z =0,           
(11) 

 0,C  0,θ  0,v  0,u   as  z . 

Dropping bars in the above equations, we get: 
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The boundary conditions become 

0,C  0,θ  0,v  0,u:0t    for all z, 

t,C  t,θ  0,v  ,u:0t  1
   

at z=0,        (16)  

0,C  0,θ  0,v  0,u 
 
as z . 

Writing the equations (12) and (13) in combined form 

qaC CosαGθ CosαG
z

q

t

q
mr2

2










   (17) 

CK
z

C

St

C

c

02

21










                                 (18)          

2

21

zPt r 






 
                                             (19) 

Finally, the boundary conditions become 

0,C 0,θ 0,q:0t    for every z, 

t,C t,θ ,q:0t  1        at z=0,          (20) 

0,C  0,θ  0,q    as z . 

Here q= u + i v,  21
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The dimensionless governing equations (17) to (19) 

subject to the boundary conditions (20) are solved by the 

usual Laplace transform technique. The solution obtained 

is as under: 
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The expressions for the symbols involved in the above 

equations are given in the appendix. 

 

4. Skin Friction  

The dimensionless skin friction at the plate is 

yx

z

i  
dz

dq
 









0

 .  

The numerical values of 𝜏x and 𝜏y, for different 

parameters are given in table-1.  
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5. Results and Discussion  

In the present paper, we studied the effects of Hall 

current and chemical reaction on unsteady MHD flow. The 

velocity profile for different parameters, like thermal 

Grashof number Gr, magnetic field M, Hall parameter m, 

chemical reaction K0, Prandtl number Pr, Schmidt number 

Sc and time t are shown in figures from 1.1 to 2.9. The 

concentration profile for different parameters, like 

chemical reaction, Schmidt number and time are shown in 

figures from 3.1 to 3.3. The numerical values of skin-

friction are presented in Table–1.  Due to gravity 

component gCosα, the fluid flows with higher velocity 

when plate is vertical as compared to flow when plate is 

horizontal. It is observed in figures 1.1 and 2.1 that the 

primary and secondary velocities of fluid decrease when 

the angle of inclination ( ) is increased.  From figures 1.2 

and 2.2, we observe that if mass Grashof number is 

increased then the velocities got increased. From figures 

1.3 and 2.3 it is deduced that when thermal Grashof 

number Gr is increased then the velocities are increased. If 

Hall current parameter m is increased then u is increased 

and v is decreased (figures 1.4 and 2.4). The influence of 

magnetic field on flow is observed from figures 1.5 and 

2.5. It is seen that the effect of increasing values of the 

parameter (M) results in decreasing u and increasing v. It 

is in agreement since the magnetic field establishes a force 

which acts against the main flow resulting in slowing 

down the velocity of fluid. If K0 the chemical reaction 

parameter is increased then the velocities are increased 

throughout the boundary layer region (figures 1.6 and 2.6). 

Further, it is observed that velocities decrease when 

Prandtl number is increased (figures 1.7 and 2.7). When 

the Schmidt number is increased then the velocities get 

decreased (figures 1.8 and 2.8). Further, from figures 1.9 

and 2.9 it is observed that velocities increase with time. If 

reaction parameter and Schmidt number are increased then 

concentration is decreased (figures 3.1 and 3.2). 

Physically, the increase of Sc means decrease of molecular 

diffusivity (D). That is the process of diffusion will 

decrease. It is observed that velocities increase with time 

(figures 3.3). 

Skin friction is given in table1. The value of τx 

increases with the increase in angle of inclination of plate, 

thermal Grashof number, and Hall currents parameter; and 

it decreases with angle of inclination of plate, mass 

Grashof Number, magnetic field,
 

chemical reaction 

parameter, Prandtl number, Schmidt number and time. The 

value of τy
 

increases with the increase in angle of 

inclination of plate, thermal Grashof number and the 

magnetic field; and it decreases with mass Grashof 

number, Hall current parameter,
 

the chemical reaction 

parameter, Prandtl number, Schmidt number and time.  

 

  
Figure 1.1: velocity u for different values of α          

 
Figure 1.2: velocity u for different values of Gm 

 

Figure 1.3: velocity u for different values of Gr 

 

 
Figure 1.4: velocity u for different values of m 
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Figure 1.5: velocity u for different values of M 

 

 
Figure 1.6: velocity u for different values of K0 

   
Figure 1.7: velocity u for different values of Pr 

  

 
Figure 1.8: velocity u for different values of Sc 

 

Figure 1.9: velocity u for different values of t 

  

 
Figure 2.1: velocity v for different values of α 

 

Figure 2.2: velocity v for different values of Gm 

         

 
Figure 2.3: velocity v for different values of Gr 
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Figure 2.4: velocity v for different values of m 

 

Figure 2.5: velocity v for different values of M 

Figure 2.6: velocity v for different values of K0 

          

 
Figure 2.7: velocity v different values of Pr 

 

Figure 2.8: velocity v for different values of Sc 

 

Figure 2.9: velocity v for different values of t 

  

 
Figure 3.1: c for different values of Ko     

 
Figure 3.2: c for different values of Sc  
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Figure 3.3: c for different values of t 

 

 

Table1: Skin friction for different Parameters. 

(α in degree) 
 

 

 

 
  

c

z

t 0.2, 0.3, 0.4

Sc 2.01

K0 1

0.2 0.4 0.6 0.8 1.0

0.1

0.2

0.3

0.4

  M m Pr Sc Gm Gr 
0K  t x  

y  

15 02 0.5 0.71 2.01 100 10 01 0.2 -18.8529 -6.69686 

30 02 0.5 0.71 2.01 100 10 01 0.2 -170596 -5.97981 

45 02 0.5 0.71 2.01 100 10 01 0.2 -14.2068 -4.83916 

60 02 0.5 0.71 2.01 100 10 01 0.2 -10.4889 -3.35263 

30 01 0.5 0.71 2.01 100 10 01 0.2 -11.3213 -8.64095 

30 03 0.5 0.71 2.01 100 10 01 0.2 -19.0148 7.66727 

30 02 2.0 0.71 2.01 100 10 01 0.2 -10.0720 -7.42215 

30 02 3.0 0.71 2.01 100 10 01 0.2 -8.74910 -9.98736 

30 02 0.5 7.00 2.01 100 10 01 0.2 -17.2109 -5.98460 

30 02 0.5 0.71 3.00 100 10 01 0.2 -4.55355 -7.52869 

30 02 0.5 0.71 4.00 100 10 01 0.2 -1.06865 -4.92974 

30 02 0.5 0.71 2.01 010 10 01 0.2 -2.78945 -0.37961 

30 02 0.5 0.71 2.01 050 10 01 0.2 -9.13173 -2.86859 

30 02 0.5 0.71 2.01 100 50 01 0.2 -15.8221 -5.95394 

30 02 0.5 0.71 2.01 100 100 01 0.2 -14.2752 -5.92160 

30 02 0.5 0.71 2.01 100 10 02 0.2 -0.63278 -4.87585 

30 02 0.5 0.71 2.01 100 10 0.5 0.3 -23.8595 -8.99461 

30 02 0.5 0.71 2.01 100 10 1 0.4 -30.4292 -11.9803 
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6. Conclusion 

The conclusions of the present study are as follows: 

 Primary velocity increases with the increase in thermal 

Grashof number, mass Grashof Number, Hall current 

parameter and time. 

 Primary velocity decreases with the angle of inclination 

of plate, the magnetic field, chemical reaction 

parameter, Prandtl number and Schmidt number.   

 Secondary velocity increases with the increase in 

thermal Grashof number, mass Grashof Number, the 

magnetic field and time. 

 Secondary velocity decreases with the angle of 

inclination of plate, Hall currents, chemical reaction 

parameter, Prandtl number and Schmidt number. 

 x increases with the increase in angle of inclination 

of plate, Gr, and m; and it decreases with angle of 

inclination of plate, Gm, M,
 

,0K  Pr , Sc and t.    

 
y increases with the increase in angle of inclination 

of plate, Gr and M, and it decreases with Gm,  m,
 

,0K  

Pr, Sc and t.  

 Concentration of the fluid near the plate increases with 

time and it decreases with ,0K and Sc. 
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Abstract 

The aim of the present study is to evaluate the reduction in energy use in terms of consumption and cost in the Jordanian 

residential sector resulting from applying energy efficiency measures. A baseline model for houses in Jordan has been 

developed to represent the average dwelling unit in terms of construction and energy consumption using the outcome of 

governmental surveys. Three energy efficiency measures were introduced individually and simultaneously in five scenarios. 

The energy savings from each scenario were simulated using Hourly Analysis Program (HAP) software and then quantified 

by comparison with the energy consumption in the baseline. It was found that using enhanced building envelop material can 

save 24% in energy consumption and 22% in energy cost. Replacing conventional lighting fixtures with efficient fixtures can 

save 7% of consumption and 10% of cost while the savings from replacing electric water heaters with solar heaters can be 

8% in consumption and 13% in cost. If all measures are applied simultaneously, the realized savings were estimated to be 

39% in consumption and 41% in cost. Finally, applying the practically viable measures (efficient lighting and solar heaters) 

can achieve 15% savings in consumption and 22% in cost. 

© 2017 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved 
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1. Introduction  

Jordan is considered one of the poorest countries in the 

primary energy sources not only in the region but also in 

the world, unlike its neighboring countries in the Arabic 

Gulf area. This makes the search for clean, sustainable, 

and cheap energy sources a serious need. Another 

objective of engineers and researchers is to find the 

optimum way of energy utilization in terms of production 

and efficiency. 

One of the measures that indicate the bad energy 

situation in Jordan is the huge amount of imported energy 

sources which represents 97% of the country's needs. In 

2013, the electrical consumption in the residential sector 

was 5666 GWh which represents 40% of the total 

electrical consumption for all sectors (industrial, street 

lighting, water pumping, commercial buildings) [1]. In 

2014, this ratio increased to 43 % and can be increased to 

51% if water pumping and street lighting are excluded. 

Residential sector energy consumption share in addition to 

electrical energy represents 23 % of all energy 

consumption with different sectors in Jordan [2]. 

Since the residential sector consumes more than third 

of the total electrical consumption of the country and 

quarter of all energy sources , the potential of energy 

saving in this sector sounds to be significant and 

promising. This fact fueled the enthusiasm of researchers 

to start seeking for energy saving in the residential 

buildings by means of buildings simulation and 

considering building envelope smart designs, and other 

engineering approaches which would allow for satisfying 

the utilities needs and maintaining the energy consumption 

at its least. 

Jordanian researchers described the energy situation in 

Jordan in terms of available sources, renewable energy 

sources, consumption attitudes, and potential of saving, 

such as the study which was carried out in [3] where the 

researchers developed two empirical models based on 

multivariate linear regression analysis as well as the 

impact of adopting some of the energy efficiency measures 

(solar heating, efficient lighting) were analyzed. It was 

found in [4] that the energy and exergy efficiencies in 

Jordan are equal to 48.2 and 23.2%, respectively. In 

addition, the study provided an insight to energy analysts 

and decision makers in Jordan when considering the 

process of implementing energy policy measures, such as 

energy efficiency standards in Jordan. 

Some of the research focused on specific type of 

energy source where it has been shown that on percentage 

basis, the cost to benefit ratio of wind heating system is 

4.3% and 3.9% as obtained by fuzzy sets and by AHP 

method, respectively, compared to 28.5% and 18.6% for 

electric heating devices, under identical operating 

* Corresponding author e-mail: mohdsami.ashhab@aurak.ac.ae 
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conditions [5]. The results of [6] showed that 18% of 

country total energy was consumed by residential sector, 

while urban residential sector consumes 84% of the total 

residential energy consumption. Also, 27% of urban 

houses were using solar water heaters. According to [7], 

space heating in Jordan accounts for 61% of the total 

residential energy consumption with Kerosene being the 

most popular fuel used and followed by Liquefied 

Petroleum Gas (LPG). At the time of published results, 5% 

of houses wall constructions have thermal insulation and it 

was found that space heating load can be reduced by about 

50%, when using thermal insulation materials in the 

building envelope. 

While using passive and climatic design (like building 

orientation, optimum size of windows and shading devices 

and optimum insulation thickness), studying a typical 

residential building in Jordan shows that the reduction in 

annual energy consumption of 27.59% using TRNYSIS 

software and life cycle cost is reduced by 11.94% [8]. A 

villa in Tunisia is studied and analyzed including the 

following feature: orientation, window location and size, 

glazing type, wall and roof construction, lighting fixtures, 

appliances and efficiencies of heating and cooling systems 

[9]. It was found out that implementing energy measures 

can cost-effectively reduce the annual energy use by 50% 

compared to the current design practices in Tunisia. 

Solar energy systems have attracted a lot of attention in 

Jordan in recent years due to the promising energy savings 

both in residential and solar sectors. The decreasing solar 

systems prices are setting the grounds for increased usage 

of solar energy in Jordan where the solar intensity is high. 

An adaptive solar tracking system was designed in [10] 

where simulation results showed accurate system 

performance. The feasibility of a PV solar system in 

Jordan was studied in [11]. An experimental solar system 

including water heater collectors with the circulating pump 

operated by a PV module was studied towards achieving 

optimum efficiency of the system [12]. The results relied 

on the prediction of the system performance done in [13] 

using the system neural network model developed in [14]. 

A single-axis tracking parabolic collector for moderate 

temperature applications was designed and constructed in 

Jordan [15]. Adaptive neural networks were successfully 

applied to solar tracking [16]. Similar neural networks 

techniques have been previously applied to camless 

engines [17-18] where they showed excellent capabilities.  

The aim of the present study is to evaluate the energy 

use reduction in terms of consumption and cost in the 

Jordanian residential sector resulting from applying energy 

efficiency measures. A baseline model for houses in 

Jordan has been developed to represent the average 

dwelling unit in terms of construction and energy 

consumption using the outcome of governmental surveys. 

Three energy efficiency measures were introduced 

individually and simultaneously in five scenarios. The 

energy savings from each scenario are simulated using 

Hourly Analysis Program (HAP) software and then 

quantified by comparison with the energy consumption in 

the baseline.  

2. Residential Model 

A comprehensive survey and study was carried out in 

2013 by the Jordanian Ministry of Energy and Mineral 

Resources (JMEMR) to investigate energy consumption in 

residential sector in Jordan [1]. The results of the present 

study are utilized to construct a baseline model that 

represents the current construction and energy 

consumption of a typical dwelling unit in Jordan which is 

used to assess energy savings resulting from applying 

different energy efficiency measures on the residential 

sector. 

The dwellings in Jordan are basically divided into three 

categories: villa, house and apartment. According to the 

study, the percentages of the categories for Jordan of 

twelve governorates are 40.5% apartments, 54.1% houses 

and 4.8% villas. Therefore, the model takes the form of the 

category with highest percentage which is the detached 

house [1]. 

In order to evaluate the performance of energy 

efficiency measures in the house model, the parameters of 

the dwelling that affect energy consumption are defined. 

These parameters are: 

1. A. House characteristics. 

2. B. Building envelope. 

3. C. Cooling and heating systems. 

4. D. Electric appliances. 

5. E. Hot water consumption. 

6. F. Weather data. 

7. G. Electric bill 

8. H. Lighting 

9. I. Energy Prices 

The house layout which represents the baseline model 

is shown in Figure 1 and is adopted to reflect the 

construction and energy consumption parameters of the 

house model. Table 1 provides area breakdown for the 

individual spaces. The parameters that are used in the 

calculations of the model under consideration are 

summarized in Table 2.   
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Figure 1.  House layout (Baseline model)
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Table 1. Area of spaces in the house model 

Room  Gross Area (m2)  

Master Bedroom  20  

Bedroom 1  16  

Bedroom 2  16  

Living Room  23  

Kitchen  17  

Dining Room 14  

Living Room  23  

Corridor  6 

Maid Room 6 

Master Bathroom 6 

Child Bathroom 5 

Guest Bathroom 3 

Total 155 

Table 2.  Summary of all house model parameters and characteristics 

House Characteristics  
 

Type  House model  

Area (m
2
)  155 

Size of family  6 

Building Envelope  

 

Wall 

U-Value (Overall Heat Transfer Coefficient) 1.74 W/m
2
.K 

Roof 

U-Value  1.372 W/m
2
.K 

Ratio %  46  

Floor  

U-Value  1.055 W/m
2
.K 

Ratio %  46 

Glass 

U-Value  5.52 W/m
2
.K 

SHGC  (Solar Heat Gain Coefficient) 0.73  

Ratio %  30 

Infiltration  

ACH (Air Change per Hour) 0.25  

Cooling and Heating Systems  

 

Systems 

DX (Direct Expansion) 2 spaces  

LPG (Liquefied Petroleum Gas) 5 spaces  

Seasons  

Heating  6 months  

Months  November-April  

Cooling  4 months  

Months  June-September 

Operating Time  

Cooling  6 hours 

Heating  5 hours 

Set Temperature 

Summer  23 
o
C 

Winter  19 
o
C 

Hot Water  

 

Type  Electric  

Coil Load  9.7 kWh  

Operating Time  5.87 h/day  

Design Weather Data  

 

Summer Temperature 37 
o
C 

Winter Temperature 0 
o
C 

Location Amman - Jordan 

Electric Bill  

 

Summer Consumption 466 kWh  

Winter Consumption 504 kWh  

Annual Cost  433 JD  

Lighting  

 

Intensity  W/m
2
  

Master Bedroom  4.61  

Bedroom 1  5.53  

Bedroom 2  5.72  

Living Room  3.86  

Kitchen  5.19  

Dining Room 6.69  

Guest Room 7.55  

Corridor  6.86  

Maid Room 8.4  

Master Bathroom 11.11  

Child Bathroom 13.33 

Guest Bathroom 26.09  

Operating Time  6 hours 

Energy Prices  

 

Electric  2015 

LPG  8.2 JD/cylinder  
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3. Methodology and Simulation 

This section describes the methodology of evaluating 

the amount of energy saving that results from applying 

different energy efficiency measures on the house model 

given in the previous section which represents the average 

dwelling unit in Jordan in terms of construction and energy 

consumption. The house model is the baseline against 

which different scenarios are compared. In each scenario, 

pre-defined energy efficiency measures in residential 

buildings are applied to the house model. Hourly energy 

simulation is carried out for the baseline and five scenarios 

which results in certain energy consumption and cost 

amounts. The consumption and cost of each scenario is 

then compared with that of the baseline to have a 

quantified assessment for each scenario. 

There are various methods for the estimating energy 

use in buildings which can be classified according to the 

purpose of the simulation [19] as follows: 

1. Forward modeling: modeling for energy consuming 

systems design and design optimization. 

2. Data-driven modeling: modeling energy use of existing 

buildings for establishing baselines and calculating 

retrofit savings. 

Energy simulation, in the present study, uses the data-

driven modeling to identify and complete the simulation 

input in order to match the simulation results with the 

energy use in the house model (baseline) described in 

section 2. On the other hand, the forward modeling is used 

to estimate the energy consumption for different scenarios 

explained in this section. This approach is called the 

calibrated simulation approach where simulation program 

is used to tune or calibrate the various inputs to the 

program so the actual energy consumption matches with 

the simulation results. The simulation program can be used 

then to predict savings from individual retrofits. 

The Hourly Analysis Program (HAP) is used to carry 

out the energy simulation of the different scenarios. It is 

one of the simulation software recognized by the US 

Green Building Council (USGBC) for proving the 

achievements of green building energy credits for 

Leadership in Energy Environmental Design and it is 

widely used in the cooling and heating load calculations all 

over the world. 

HAP estimates annual energy use and energy costs for 

HVAC and non-HVAC energy consuming systems in a 

building by simulating building operation for each of the 

8,760 hours in a year. Results of the energy analysis are 

used to compare the energy use and energy costs of 

alternate HVAC system designs so that best design can be 

chosen. Specifically, HAP performs the following tasks 

during an energy analysis: 

1. Simulates hour-by-hour operation of all heating and air 

conditioning systems in the building. 

2. Simulates hour-by-hour operation of non-HVAC 

systems including lighting and appliances. 

3. Uses results of the hour-by-hour simulations to 

calculate total annual energy use and energy costs. 

Costs are calculated using actual utility rate features, 

such as stepped, time-of-day and demand charges, if 

specified. 

4. Generates tabular and graphical reports of hourly, 

daily, monthly and annual data.    

Five energy efficiency scenarios recruiting three energy 

efficiency measures are simulated and compared with the 

baseline. The scenarios and the associated energy 

efficiency measures are summarized as follows: 

1. Scenario 1: Enhanced building envelope characteristics. 

2. Scenario 2: Efficient Lighting fixtures. 

3.  Scenario 3: Solar water heaters. 

4. Scenario 4: Total measures. 

5. Scenario 5: Solar water heaters and efficient lighting 

fixtures. 

4. Results and Discussion 

The results of the energy simulation for the house 

model (baseline scenario) and the enhanced scenarios are 

illustrated and discussed. Then a comparison in terms of 

annual energy consumption and annual cost for each 

scenario is conducted. For each scenario, the following 

results are illustrated: 

1. The house components share in the annual energy 

consumption (kWh). 

2. House model annual energy cost (JD). 

After discussing each scenario results, comparisons 

between the different scenarios are conducted in terms of 

their annual energy consumption and the annual energy 

cost. 

The house model components share in the annual 

energy consumption (kWh) and the annual energy costs for 

the baseline scenario are shown in Figures 2 and 3, 

respectively. The annual energy consumption for the house 

model (baseline) equals 7783 kWh, and the heating system 

represents maximum system energy consumption which is 

equal to 2245 kWh. Cooling equipment, lighting fixtures, 

and fans in the air conditioning equipment, are not 

considered major energy consumption systems since they 

consume 795, 690, and 184 kWh, respectively. The 

miscellaneous electrical equipment consumes 

approximately the same amount of energy which is 

consumed by the heating system and equals 2234 kWh. 

Amongst all systems, it is anticipated that the heating 

system will have the maximum potential for energy saving 

when considering the enhanced scenarios. 

 
Figure 2. House model components share in annual energy 

consumption (kWh) for the baseline scenario. 

As shown in Figure 3, the annual energy cost for the 

house model (baseline) equals 542 JD. The heating system 

represents the maximum energy consumption system 

which costs 120 JD. Since the cooling equipment, lighting 

fixtures, and fans in the air conditioning equipment are not 
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considered major energy consumption systems, they cost 

65, 52, and 14 JD, respectively. It is observed that, the 

heating system and the miscellaneous appliances have 

similar energy consumption in kWh, yet different energy 

cost which is justified by the fact that the heating system is 

operated by two sources of energy which are the electricity 

and the LPG. Hence, the use of LPG in operating the 

heating system lead to a reduced energy cost, which means 

that converting the heating energy source from electricity 

to LPG is considered one of the areas of enhancement. 

This should be considered by energy analysts and decision 

makers. 

In the enhanced building envelope characteristics 

scenario 1, annual house energy consumption and cost are 

shown in Figures 4 and 5, respectively. The annual energy 

consumption equals 5,931 kWh, and the heating system 

consumes 623 kWh which was an anticipated result when 

the building envelope was enhanced in terms of its design 

parameters. It is obvious that none of the electrical 

appliances, electrical equipment, lighting fixtures, and 

fans, is affected by enhancing the building envelope, hence 

no energy savings were observed in any of these systems.  

As shown in Figure 5, the annual energy cost for the 

model scenario 1 equals 423 JD and the heating system 

was the most governing factor in the cost reduction 

between scenario 1 and the house model. Since the cooling 

system is considered dependent on the building envelope, 

its annual cost was decreased from 65 JD to 44 JD when 

the building envelope was enhanced. The cost of the rest 

of energy consumption systems which were not affected 

by enhancing the building envelope was not reduced. 

In the efficient lighting fixtures scenario 2, annual 

house energy consumption and cost are plotted in Figures 

6 and 7, respectively. As shown in Figure 6, it is obvious 

that the annual energy consumption was decreased due to 

the enhancement in the lighting efficiency by 500 kWh, in 

addition to the decrease in the lighting energy 

consumption. Heating system energy consumption was not 

reduced as a result of enhancing the lighting efficiency 

because the simulation software does not incorporate the 

heat emitted by solar sun and by any electrical lighting or 

appliances in the heating load calculation. 

 

Figure 3.  House model (baseline) annual energy cost 

Figure 4.  House model components share in annual 

energy consumption (kWh) for scenario 1 

 
Figure 5.  House model's annual energy cost for scenario 1 

 
Figure 6.  House model components share in annual energy 

consumption (kWh) for scenario 2 

In Figure 7, the annual energy cost for scenario 2 and 

how it is distributed between the house energy 

consumption systems are shown. The annual energy cost 

for scenario 2 equals 486 JD, and since the heating system 

was not affected by enhancing the lighting efficiency, its 

annual cost remains 120 JD. The same result is observed 

for the rest of systems which were not affected in terms of 

their annual energy cost except the lighting which was 

reduced from 52 JD to 29 JD and this is considered a 

major energy cost saving. 
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Figure 7.  House model's annual energy cost for scenario 2 

In the solar water heater scenario 3, annual house 

energy consumption and cost are represented in Figures 8 

and 9, respectively. The annual energy consumption for 

scenario 3 equals 7151 kWh, and the effect of installing a 

solar water heater is obvious when observing the reduction 

in the annual energy consumption in the miscellaneous 

electrical items, which include the electrical water heater. 

Adding the solar water heater reduces the need for 

operating the electrical water heater Therefore none of the 

energy consumption systems such as air conditioning 

systems and lighting fixtures was affected by this 

enhancement . 

 
Figure 8.  House model components share in annual energy 

consumption (kWh) for scenario 3 

In Figure 9, the annual energy cost for scenario 3 and 

how it is distributed between the house energy 

consumption systems are shown. The annual energy cost 

for scenario 3 equals 472 JD, and since the energy saving 

was due to the adoption of  a solar water heater, the saving 

in the annual energy cost was observed in the 

miscellaneous electrical appliances which include the solar 

water heater as the governing factor in the total cost 

saving. Minimal saving in the cost of operating the cooling 

system was observed to be 7 JD annually. 

The annual house energy consumption and cost for the 

total measures scenario 4 are shown in Figures 10 and 11, 

respectively. Adopting scenario 4 (which implies 

combining all different scenarios in enhancing the house 

model) was anticipated to result in significant annual 

energy consumption reduction, and the results shown in 

Figure 10 are consistent with this anticipation. The total 

annual energy consumption was decreased from 7783 to 

4778 kWh, as well as each individual system was 

decreased in terms of its energy consumption expect the 

air fans and the electrical equipment systems which were 

not enhanced in any of the scenarios. 

As shown in Figure 11, the annual energy cost for 

scenario 4 equals 321 JD, and the cost saving represents 

40%. This major saving was from combining all scenarios 

simultaneously. As mentioned earlier, air fans and 

electrical equipment were not taken into consideration 

while proposing systems enhancement. Therefore, none of 

them have participated in the total cost savings. 

 
Figure 9.  House model's annual energy cost for scenario 3 

 
Figure 10.  House model components share in annual energy 

consumption (kWh) for Scenario 4 

In scenario 5, namely the solar water heaters and 

efficient lighting fixtures scenario, the corresponding 

annual house energy consumption and cost are shown in 

Figures 12 and 13, respectively. As shown in Figure 12, 

the annual energy consumption for scenario 5 equals 6629 

kWh. As described in section 3, this scenario was 

proposed for the existing buildings since it is applicable in 

both new constructed and existing buildings. Combining 

the lighting efficiency enhancement measure in addition to 

adopting solar water heaters resulted in a significant 

energy saving which represents 15% of the annual energy 

consumption. The non-enhanced systems such as the 

electrical equipment and the heating system (which are not 

affected by the lighting and the solar water heater) were 

not affected here as well. 

As shown in Figure 13, the annual energy cost was 

decreased from 542 JD to 425 JD which represents 22% 

reduction. Lighting energy cost decreased from 52 JD to 

28 JD, and the electrical appliances energy cost decreased 

from 168 JD to 98 JD which represent 46% and 41%, 

respectively. Other systems did not participate in the 

annual energy cost since none of them was enhanced in 

this scenario. 
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Figure 11.  House model's annual energy cost for scenario 4 

The illustrated results above are summarized to enable 

a comparison between different scenarios as well as to 

assess each scenario share as an energy saving approach. 

Annual house energy consumption comparison for all 

scenarios is shown in Figure 14. The highest energy 

consumption is for the baseline model and equals 7,783 

kWh. The scenario with lowest energy consumption is 

scenario 4 and its consumption is equal to 4,778 kWh. 

Scenario 2 has the highest consumption of 7,261 kWh. For 

reduction ratios from baseline model, best scenario is 4 

with 38.6% reduction followed by scenario 1 with 23.8% 

reduction, whereas scenario 5 scored 14.8% reduction and 

the remaining two scenarios, namely scenarios 2 and 3 

with reductions of 6.7% and 8.1%, respectively. 

 
Figure 12.  House model components share in annual energy 

consumption (kWh) for scenario 5. 

The results for annual cost comparison of all scenarios 

are shown in Figure 15. The scenario with highest annual 

cost is scenario 2 with 486 JD annual cost and 

corresponding reduction of 10.3%. Scenario 3 annual cost 

and reduction are 472 JD and 13%, respectively. The 

scenario with the least annual cost is scenario 4 with 321 

JD annual cost and an associated reduction percentage of 

around 41%. Scenario 5 has annual cost of 425 JD and 

savings on annual cost from baseline model of 21.6%. 

Similarly, scenario 1 annual cost and reduction are 423 JD 

and 22%, respectively. Thus, using solar water heaters and 

efficient lighting give similar results as using enhanced 

building envelope. 

 
Figure 13.  House model's annual energy cost for scenario 5 

 
Figure 14.  Annual house energy consumption comparison 

 

Figure 15.  Annual cost comparison for all scenarios 

5. Conclusions 

A baseline model was defined using statistics, 

calculations and assumptions to represent the current 

energy use of the residential sector in Jordan. Three energy 

saving measures were introduced in five scenarios to 

assess their individual and collective impact on energy 

consumption. Hourly energy simulation was performed for 

the baseline and the five scenarios using HAP software. 

The savings were introduced and discussed for each 

scenario and a thorough comparison with the baseline was 

conducted. The best scenario for new houses before 

construction is the total measures scenario with 39% 

reduction in energy consumption and 41% reduction in 

annual energy cost. On the other hand the best scenario for 

existing houses is the solar water heaters and efficient 

lighting fixtures scenario with reduction percentages of 
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15% and 22 % for energy consumption and annual energy 

cost, respectively. 
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Abstract 

Micromixer has been drawing upon various branches of engineering science and allied areas within biology and 

biomedicine. In the present study, an easy and fast fabrication method on hydrophilic micromixer using Optically Clear 

Adhesive (OCA) double-sided tape together with glass is proposed. Different experiments on types of planar hydrophilic 

micormixers with baffle structures are designed for hydrophillic microchannel. Flow is driven by capillary action using 

surface tension and flow tests are carried out to show that the double-sided OCA tape-glass micromixer can achieve the 

mixing result of 71% in gray level image analysis. 

© 2017 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved 
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1. Introduction  

Microfluidic systems have shown a wide application to 

biomedical science and are well-received in medical 

examination. In some special cases, micromixers have 

demonstrated promising practices to the area of bio-

technology field such as application of RNA/DNA and 

PCR amplification [1, 2]. In general, micromixers can be 

featured in two categories, namely the active micromixers 

and passive micromixers. An active mixer required 

external powers to effect the mixing of fluids [3, 4], while 

a passive mixer can only handle the fluid by splitting and 

recombining the stream in the device [5, 6, 7, 8].  

There are many ways to produce the microchannels in 

the experiment and it is by virtue of the use of MEMS 

devices. For example, the mechanism of pumping the 

fluids in MEMS devices is developed and shown in [9] 

where the authors undertake the work to provide the best 

solution in the application of micropumping. Other 

progress has made the use the chemical and biological 

knowledge [10] which is focused on the development of 

the pumping technique and controling of fluid delivery. 

The establishments of the pumping technique are very 

important in applications such as thermal, light, magnetic 

and electrical mechanisms, and micropumps such as 

electroosmotic, electrophoretic, opto-electrowetting, 

electrochemical, optically-driven, and gravity-driven 

pumps all use the mechanism of electro- or kinetically- 

driven continuous flow to drive fluids in the MEMS where 

three different kinds of miscible solutions (phosphate-

buffered solution, gold nanocolloids and 20% glycerol), 

with Rhodamine 6G aqueous solution, were used as 

sample fluids [11]. In addition, there is a fabrication 

method for single glass microchannels which uses 

conventional photolithographic and chemical etching 

process [12], and the fabrication of glass chips by using 

electrophoresis mechanism with capillary phenomenon is 

shown in [13]. It is well known that the device is produced 

by glass substrates using thermal bonding method. 

Moreover, for the PDMS microchannels using SU-

8/PMMA moldings and polystyrene substrate, the 

microfabrication method was reported in [14]. In addition, 

the method of using O2 plasma to change the PDMS 

characteristics and creating different profiles of 

microchannels was shown in [15]. In recent years, the use 

of  negative photoresist JSR and PMMA polymer as a 

substrate is employed for the formation of microchannel 

structures [16] and an interesting approach that integrates 

the method of photoresist and soft lithography with 

circular microchannels was proposed in [17]. 

The present study introduces an fast yet easy 

experiment in fabricating hydrophilic micromixers. We do 

the fabrication by using the double-sided optically clear 

cohesive tape together with glass substrates and laser 

machining technique. The double-sided cohesive tape is of 

OCA8187 from 3M Company, which has high strength of 

adhesion to different glass surfaces with weatherable and 

water-resistant ability. We would like to combine the 

finished hydrophilic glass substrates and engrave 

microchannels to drive the fluid streams using surface 

tension. The finished micromixer is designed as Y-shaped 

* Corresponding author e-mail: scat1440@yahoo.com. 
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with baffled structures extended for 18 mm long, and the 

width of channel is 600μm with the width of the baffle to 

the channel wall as 150μm. Water-assisted CO2 laser 

machining is applied to cool down the glasses during the 

manufacturing process and cohesive tape-glass 

microchannel pattern was carved out with bounded 

glasses. 

It is shown in literature that microchannel with PDMS 

requires a length of 15-20 mm to achieve an uniform 

mixing [18, 19], but it is found the channel suffers low 

transport velocity for liquids and poor hydrophobic 

recovery for substrates [20, 21]. To fix the situation, a 

Liquid Crystal Polymer (LCP) with glass chip was 

introduced to improve the hydrophobic recovery property 

but still shows difficulty in fabrication when using CO2 

laser machining [22]. As far as we understand, most 

microchannels can be done with glass or PDMS materials 

for mixing purpose, but it still shows the fact that the 

PDMS with glass is unstable and can suffers poor thermal 

bonding. Out main idea of using tape-glass microchannel 

materials stays with the advantage properties of the 

hydrophilic, and thermal bonding of the material. The 

cohesive tape-glass features good hydrophilic 

characteristic and require less complexity of fabrication 

process. The present paper aims to introduce a novel 

process of fabrication tape-glass mixromixer with 

hydrophilicity. 

We aimed to place a number of baffles periodically in 

the microchannels in an alternating fashion. The chip for 

baffle structures and that without baffles are shown in Fig. 

4 and Fig. 5. The baffle structures in microchannel can be 

seen in Fig. 7 and Fig. 8. Notice that the baffle gap is fixed 

at 90μm while baffle space was fixed at 150μm. Fig. 8 

shows the details of the chip with baffle space and gap. 

The baffles in microchannel will allow interfacial contacts 

for liquids at low Reynolds number and we conducted a 

series of flow tests to study the mixing performance. The 

Reynolds number in the capillary channel is less than 

around 0.2 and the tape-glasses structure has the property 

of hydrophilic stability. It is not only an easy 

manufacturing process but also avoids annoying etching 

and depositing process. 

2. Experimental Procedures 

Our experiment adopted tape of 3M, OCA8187, with 

high strength of adhesion and water resistance. It is also 

humidity- and UV light-resistant when applied on optical 

device material. 

We use laser machine to fabricate the microchanel with 

cohesive tape and glasses. The glass is a microscope slide 

(FEA) with size of 1”× 3”and thickness of 1-1.2 mm. By 

cleansing with isopropyl alcohol, we are able to wash 

substrate with Deionized (DI) water and dried it with 

compressed-air gun. Then we can attach the double-sided 

OCA cohesive tape onto the microscope slide and tear off 

the protective layer during the process (Fig. 1(a)). The 

double-sided OCA tape has high cohesion and durability 

and easy application to different surfaces. Moreover, the 

laser power of 5 Watts and scan speed of 11.4 cm/s were 

used to drill holes with carved channel pattern (Fig. 1(b)). 

The water-assisted CO2 laser is used to cool down the 

glass during the carving process. Finally, we bond the 

cohesive tape-glass pattern with another substrate by 

matching the inlet and outlet (Fig. 1(c), Fig. 1(d)). 

As from Fig. 1(d), the glass slides were bonded on top 

and bottom sides of surfaces with cohesive tape for 

carving microchannels. Therefore the bonding and 

contacting surfaces of microchannel are on the glass with 

OCA cohesive tape attached on the left and right 

contacting phase. Notice that the double-sided cohesive 

tape has high durability and water resistance, which make 

tape-glass microchannel hydrophilic to be able to drive 

fluids on the substrate. Fig. 2(a) shows the contact angle of 

DI water on PDMS for comparison, and Fig. 2(b) shows 

the contact angle of DI water on OCA-glass slide. The 

flow chart of fabrication procedure is shown in Fig. 3. 

As the baffled structure in microchannel is considered, 

we use the software CorelDRAW(R) 12 to draw the 

channel pattern and laser machining to carve the channel 

in micro-scale size. In our experiments, the baffled 

structure and microchannel was set with length of 1800 μm 

and width of 600 μm. Moreover, the space between the 

baffled channel wall was 150 μm and the depth was set as 

175 μm. Fig. 4 shows the graph of micromixer without 

baffle structure, while Fig. 5 demonstrates the graph of 

micromixer with baffle structure. The finished work of 

double-sided cohesive tape-glass micromixer is shown in 

Fig. 6. 

 

 
Figure1. Fabrication procedure for Optically Clear Adhesive 

(OCA) double-sided tape-glass microchannel 

 

 

 

 

 
Figure2. Contact angle of DI water (5μl) on material surface; (a) 

PDMS substrate; (b) OCA-glass slide.. 
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Figure3. Flow chart of fabrication procedure for double-sided 

tape and glass microchannel. 

 

Figure 4.Schematic diagram of CorelDRAW graph for OCA tape-

glass micromixer without baffle structure.. 

 

Figure 5. Schematic diagram of CorelDRAW graph for OCA 

tape-glass micromixer with baffle structure.

 

Figure 6. The finished work of double-sided OCA tape-glass 

baffled micromixer.. 

 

Figure7. Detailed schematic diagram of microchannel with 

baffles.. 

 

Figure 8. Flow direction and design of baffles for microchannel. 

3. Governing Equations and Theory 

The physics for capillary-driven flow in the 

microchannel relies on the driving force Δp, and the 

Laplace-Young equation as follows [23]: 

 2 cos
,

h w
p

wh

 
                                                (1) 

where Δp is the pressure drop across the interface, σ the 

surface tension of the fluid, θ is the contact angle, w the 

width of the microchannel, and h is the height of the 

microchannel. Notice that if the contact angle is less than 

900, then the driving force across the interface will be 

positive and the fluid will be driven along the channel. As 

the width of channel is much larger than its height, the 

driving force will be expressed as the following form: 

 

2 cos
.p

h

 
                                                                  (2) 

Our work focuses on the rectangular microchannel with 

its geometric dimension w>>d, which it will make the 

surface and the capability of capillary action to be 

activated to drive the fluids in the microchannel. We also 

note that in such a small dimension, the capillary action 

will drag the liquid where the adhesion of liquid molecules 

will attach onto the surface of glass substrates. 

In our idea, the use of the OCA cohesive tape on 

glasses provides the wetting stability in microchannels. In 

theoretical analysis, since the OCA tape- microchannels is 

small in dimension to allow the pressure drop across the 

air/liquid meniscus and will be assumed to have the 

following expression [24]: 
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1 22 cos 2 cos
,

w h
p

wh

   
                               (3) 

where θ1 is the contact angle of both the upper and 

bottom walls,θ2 is the contact angle for left and right walls 

and h the height of the microchannel. Moreover, by taking 

the depth of the channel into account, the factor to control 

the fluid behaviour in the microchannel can be expressed 

as follows [25]: 

1
,

F

p
Q

R


                                                                            (4) 

where η is the viscosity of the liquid, Δp the difference 

in pressure inside and in front of the liquid, Q the flow rate 

and RF is the flow resistance of geometry with the 

following [25] 
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                                       (5) 

Here w is the width of channel, h is the depth of 

channel, L is the length of channel, RH=hw/(h+w) is the 

hydraulic radius for rectangular channel. By Eq. (5), we 

also notice that the longer the channel length, the bigger 

the flow resistance. Detailed mechanism of the physics and 

dynamics of capillary flow, including the the governing 

equations of the capillary flow are represented as follows: 

0,V                                                                                (6) 

  2 ,V V P V                                          (7) 

0,
F

VF
t


 


                                                              (8) 

where V is the velocity, ρ the density of fluid, P the 

pressure, μ the viscosity and F is the liquid volume 

fraction. The above equations will give the physics and 

movement of meniscus of capillary flow in a microchannel 

and numerical calculation will require the nonlinear 

coupling equations (6)-(8). 

4. Results and Discussions 

The present study addresses a special method of 

fabrication for hydrophilic microchannel using the double-

sided cohesive tape with glasses. We carried out the 

procedure for microchannels with baffle structures. The 

fabrication procedure is performed through the laser 

machining and image capture device and the flow 

behaviour is captured by digital CCD optical microscope 

(MORITEX MLZ-07545). The mixing results of the 

cohesive tape-glass mixer without baffles are shown in 

Fig. 9, while the mixing behaviour for micromixer with 

baffle structure is illustrated in Fig. 10. It is seen that the 

mixing performance can be significantly improved if one 

adds the baffle structure in the channel. 

 
Figure 9. Mixing tests for OCA double-sided tape-glass straight 
microchannel; (a) upstream area; (b) downstream area. 

 
Figure 10. Mixing tests for OCA double-sided tape-glass baffled 

microchannel; (a) upstream area; (b) downstream area. 

In order to quantity the degree of mixing, the mixing 

efficiency is calculated by the following formula: 

2

1

1
1 ,

n
i

i

n n
M

n n

 
   

 
                                          (9) 

where M is the mixing efficiency, n is the total number 

of sampling points, ni  the mole fraction over the whole 

cross section at the outlet of the micromixer and n  the 

average mole fraction. Mixing efficiency is calculated 

from 0.00 (0% mixing) to 1.00 (100% mixing). 

We calculate the mixing results at the inlet-structure 

(entrance) and outlet-structure (exit) of the baffled channel 

of Y-shaped chip. Our idea was focused on the mixing 

behaviour at in- and out- of the baffled structure as well as 

its mixing results. 

The mixing efficiency for OCA double-sided tape-glass 

micromixer without baffle is recorded as 19% at the 

entrance and 30% along the length of 18mm downstream, 

while the mixing efficiency for micromixer with baffles at 

the same condition is recorded as 21% in the inlet-

structure, and 71% at the outlet (Fig. 9, Fig. 10 and Table 

1).   
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It is seen that the mixing is improved because the 

baffles help increase the contacting areas for fluid streams. 

Moreover from Fig. 11, we see that it is likely to generate 

a bubble at the corner of the channel during the mixing 

experiment. Such a rare phenomenon is found due to the 

use of special material and fabrication process. However, 

we still point out that the most advantage for tape-glass 

microchannel is that it is easy to fabricate, fast-adapting 

and cost-saving for lab procedure, and convenient for 

quick integration of chip. 

With careful investigation in the process, the tape-glass 

microchannel is as hydrophilic stable as the JSR-glass, 

PMMA or PDMS microchannels. This shows that the tape-

glass structure can easily achieve a long term capillary-

driven characteristic as other materials. 

 
Figure 11. The air bubble in the OCA tape-glass microchannel. 

We also test and compare the capillary flow in straight 

PDMS microchannels using conventionnal 

photolithography, molding and oxygen plasma bonding. 

These PDMS materials were stored at different storing 

times after fabrication, namely 12 min, 25min and 50min 

and flow were tested out with DI water and is shown in 

Fig. 12. It is seen that PDMS microchannel of storing time 

of 12 min can have the meniscus interface move down the 

channel at an elapsed time of 4.6 sec. For PDMS of storing 

time of 25 min, the flow time will increase with decreasing 

moving velocity. The lowest moving velocity of meniscus 

interface was observed at the storing time of 50 min, 

which takes around 18 sec to run through the channel. 

Experimental results show that traditional PDMS chip is 

easily affected by the storing time of the finished work, 

which not only destroys the hydrophilic feature but also 

suffers inefficient fabrication process. 

 
Figure 11. Relationship between the fluid traveling time and 

distance of PDMS channel at different storing time. 

By comparison, the same capillary-driven tests of fluids 

were carried out on straight tape-glass channels. Fig. 13 

recorded the test results of the OCA tape-glass 

microchannels at different storing time. It is shown that at 

storing time of 0 day, the meniscus interface moves 

downstream to the channel at an elapsed time of 3.6 sec, 

while for the tape-glass of storing time of 45 days takes the 

elapsed time as same as those above. This shows that our 

finished work is made from intrinsic hydrophilic materials. 

 
Figure 13.Relationship between the fluid traveling time and 

distance of OCA tape-glass channel at different storing time. 

the present paper addresses the fabrication method of 

glass-tape chip with baffle structures installed so as to 

bring an interesting experiment for the capillary-driven 

micromixer. Here two fluids of ethanol marked by 5 wt% 

deep blue ink (Quink Co.) and DI water were used to 

demonstrate the fluid mixing results. The baffle structure 

indeed helps improve the mixing results at the exit of the 

downstream area.  

The related data regarding the mixing performance are 

recorded in Table 1 where we have listed the mixing 

efficiency for tape-glass micromixer. From the results we 

see the mixing efficiency at entrance of baffled structure is 

only 21% while 71% is obtained at exit of the baffled 

structure. We conclude that the mixing results of tape-

glass microchannel is improved due to its implemented 

baffle structure and easy fabrication, cost-saving process 

compared to the PMMA chips [14, 15, 16, 17] and PDMS 

chips [18, 19]. Here we point out that smaller baffle spaces 

will also increase the interfacial contact areas and decrease 

the diffusive distances in length. 

Table 1. Mixing efficiency test for OCA double-sided adhesive 

tape at inlet- and outlet-structures 

Baffle/Mixing Inlet-structure Outlet-structure 

No Baffles 19% 30% 

Baffle 

structures 

21% 71% 

. 
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5. Conclusion 

The tape-glass microchannel is simple and easy in 

fabrication and takes the advantages of cost-saving feature 

in the procedure. The mixing result (71%) is acceptable 

when considering the efficiency of chip manufacturing. 

 We also compare the capillary tape-glass chip with 

conventional PDMS microchannel to obtain a relatively 

acceptable mixing efficiency and performance. We note 

that there are some reports for the applications of PDMS 

microchannels but the introduction of double-sided 

cohesive tape microchannel on glass is still of interest in 

the applications. In particular, we implemented a number 

of baffle structures in the channels and studied the mixing 

performance. Our experiment shows the idea of tape-glass 

hydrophilic structure not only simple in fabrication but 

also the cost-saving in product manufacturing. Our design 

of the chip with baffle gap of 90μm and baffle space of 

150 μm shows a well-established structure for effective 

mixing to reach 71% in gray level image analysis. The 

advantage of hydrophilic micromixer design in terms of 

the use of double-sided cohesive tape has its values in not 

only providing with an interesting idea of capillary 

micromixer but also emphasizing an important fabrication 

method in Engineering apart from the widely-adopted 

PDMS hydrophilic chips. Our experiment shows that the 

double-sided tape-glass micromixer with baffle structure is 

very suitable in generating capillary flows and for 

achieving good mixing results. 
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