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 In  uence of the compress on rat o on the performance and 
em ss on character st cs of a vcr d esel eng ne fuelled w th alcohol 

blended fuels 

Abstract
 e present study is an experimental study that investigates the performance and emission characteristics 
of a variable compression ratio (VCR) diesel engine when the engine is fuelled with diesel, biodiesel, and 
small amount of alcohol blended fuels.  e experimental study was evaluated with a single cylinder, water 
cooled, multi fuel VCR diesel test engine.  e experimental results showed that increasing compression ratio 
improves performance characteristics such as brake thermal effi  ciency and speci  c fuel consumption of the test 
engine for all test fuels. However, increasing compression ratio caused to increase of NOx and CO2 emissions. 
Blending alcohol with diesel fuel showed a slight decrement in the means of brake thermal effi  ciency and 
thus elevated speci  c fuel consumption values.  e maximum increment of speci  c fuel consumption was 
measured as 0,34% for diesel-alcohol blends. But, blending alcohols with biodiesel fuel improved performance 
characteristics of the engine compared to diesel fuel up to 2,65%. Blending biodiesel with alcohols showed 
improvement in the means of NOx emissions up to 6,01%.

Keywords: Compression ratio, Alcohol, Biodiesel, Performance, Emission.

 . INTRODUCTION
 e h gh cost and the hazard of the runn ng out of foss l fuels, also the narrow ng range of env ronmental leg slat ons 
force researchers to nvest gate more eco-fr endly, low cost and renewable energy sources [1, 2]. B ofuel usage s ncrea-
s ng day by day tremendously.  e advantages of b ofuels such as be ng renewable and b odegradable make b ofuels more 
favourable compared to foss l fuel. However, b ofuels have some drawbacks such as lower energy dens ty and h gher cost 
presently [3-5]. 

B od esel s one of the prom s ng b ofuels wh ch s w dely used and has been nvest gated by many researchers. B od esel 
has many advantages such as h gh oxygen content and be ng absence of sulphur, bes des the hav ng the advantages of 
be ng b ofuel. But n contrary, b od esel usage causes to ncrease of NOx em ss ons and sl ghtly ncreases spec f c fuel 
consumpt on [6-8]. One of the b ofuel alternat ves s alcohol usage as energy source. Alcohols (methanol, ethanol, bu-
tanol, propyl alcohol etc.) seem to be a good alternat ve for spark gn t on eng nes and a prom s ng add t ve for d esel 
eng nes.  Alcohols are mostly produced by fermentat on and d st llat on of corns and sugar canes, and starch crops. Also, 
wood, garbage, b omass, natural gas and coal can be used for alcohol product on w th d ff erent methods [9] . 

Alcohols such as methanol and ethanol has the advantage of h gh octane rat ng, extra oxygen content, and lower car-
bon-hydrogen rat o compared to foss l based fuels. Alcohol usage as add t ve for b od esel can mprove the one of the 
most s gn f cant drawbacks of b od esel usage wh ch s relat vely very h gher rate of NOx em ss on caused by h gher 
combust on temperature of b od esels. Alcohols have h gh vapor zat on heat wh ch cools the a r ntroduc ng the cyl nder 
and thus decrease the end-cyl nder temperature. Also cool ng eff ect of the alcohol mproves the volumetr c eff c ency of 
the eng ne and prov des better brake thermal eff c ency [10-12].

Several nvest gat ons have been made by many researchers on the use of alcohols as fuel add t ves n spark gn t on and 
compress on gn t on eng nes [13-16]. Tosun et al., (2014) nvest gated the eff ects of d ff erent alcohols such as methanol, 
ethanol, and butanol on the performance and em ss on character st cs of a d esel eng ne when the alcohols are blended 
w th peanut b od esel [7].  e study showed that, alcohol add t on to peanut methyl ester mproved performance and 
combust on character st cs of the eng ne compared to peanut methyl ester. Accord ng to study, alcohol-b od esel blends 
showed up to 20,53% reduct on n the means of the CO em ss ons. Latt more et al., (2016) nvest gated the eff ects of 



compress on rat o and fuel character st cs on combust on and part culate matter em ss ons n a s ngle cyl nder gasol ne 
eng ne [17].  e authors revealed that, add t on ethanol or butanol decreases the combust on durat on.  e study also 
showed that, blend ng gasol ne w th butanol mproves part culate matter and blend ng w th ethanol mproves NOx 
em ss ons.

 e exper mental study was conducted n Petroleum Research and Automot ve Eng neer ng Laborator es of the Depart-
ment of Automot ve Eng neer ng at Çukurova Un vers ty. False  ax o l (Camel na Sat va) was used as raw mater al for 
b od esel product on. False  ax methyl ester (FFME) was produced v a the transester f cat on method.  e react on was 
performed w th methyl alcohol n the presence of a catalyst (NaOH).  e metox de was obta ned before the react on by 
react on methyl alcohol and NaOH.  e react on was evaluated n a spher cal glass reactor equ pped w th re  ux conden-
ser, st rrer and thermometer.  e react on were performed w th, methanol 20 wt %, sod um hydrox de 0.5 wt %. After 
the obta n ng metox de, the crude false  ax samples and metox de were m xed n the reactor.  e m xture was heated up 
to 65oC and kept at th s temperature for 90 m nutes by st rr ng. After the react on per od, the crude methyl ester was 
wa ted at separat ng funnel for 8 hours. And then, crude glycer ne was separated from methyl ester. F nally, the crude 
methyl ester was washed by warm water unt l the washed water became clear and dr ed at 105 oC for 1 hour. F nally 
washed and dr ed methyl ester was passed through a f lter. At the end of the transester f cat on react on 97% convers on 
of o l was obta ned. Flow d agram of b od esel product on process s shown n F gure 1.

F gure 1: B od esel product on  ow d agram

Table 1 Test fuels
Fuel Compos t on Test Fuel

Low Sulphur D esel 100% D esel D
False Flax B od esel 100% FFME B
D esel-Methanol 95% D esel + 5% Methanol DM
D esel-Ethanol 95% D esel + 5% Ethanol DE
D esel-Butanol 95% D esel + 5% Butanol DBu

B od esel-Methanol 95% FFME + 5% Methanol BM
B od esel -Ethanol 95% FFME + 5% Ethanol BE
B od esel -Butanol 95% FFME + 5% Butanol BBu

In the study, low sulphur d esel fuel (convent onal d esel), false  ax b od esel (false  ax methyl ester), d esel-alcohol, and 
b od esel-alcohol blends were nvest gated n the means of performance and em ss on character st cs. In the study, three 
d ff erent alcohols wh ch are Methanol (CH3OH), Ethanol (C2H5OH), and Butanol (C₄H₉OH) were used.  e alcohols 
were blended w th d esel fuel and b od esel fuel.  e test fuels were g ven n Table 1. Also some psych cal propert es of 
alcohols used n the study were g ven n Table 2.

Table 2 Psych cal propert es of alcohols used n the study
Spec f cat on Un t Methanol 

(CH3OH)
Ethanol

 (C2H5OH)
Butanol

(C4H9OH)
Pur ty (GC) % >=99,8 >=99.0 >=99,8

Dens ty (20 oC) gr/cm3 0,791-0,793 0,791-0,793 0,810
Melt ng Po nt oC -97,6 -116 -89

V scos ty Dynam cal (20 oC) m.Pa.s 0,545 1,2 2,57
Molar Mass gr/mol 32,04 32,04 74,12

Water (K.F.) <=0,1 <=0,5 <=0,5

 e psych cal propert es of the test fuels were measured before test ng them n the test eng ne. Instruments used for 
analys ng the products were; Zeltex ZX 440 NIR petroleum analyser w th an accuracy of ±0.5 for determ n ng cetane 



number; Tanaka AFP-102 for cold f lter plugg ng po nt; Tanaka AKV-202 Auto K nemat c V scos ty test for determ n ng 
the v scos ty; Kyoto electron cs DA-130 for dens ty measurement, Tanaka  ash po nt control un t FC-7 for  ash po nt 
determ nat on and IKA Werke C2000 bomb calor meter for determ nat on of heat ng value.  e fuel qual ty measure-
ments were performed accord ng to EN 14214 and EN 590. 

In the study, a s ngle cyl nder, water cooled, mult  fuel, var able compress on rat o (VCR) d esel eng ne and an eddy 
current dynamometer was used n order to evaluate the performance and em ss on character st cs of the fuels. All of the 
exper ments were conducted under part al load (60%) cond t ons due to full load operat ng cond t ons deter orate the 
accuracy of the exper ments s nce the too v brant operat ng of the s ngle cyl nder eng nes.  e exper ments were evalu-
ated at three d ff erent compress on rat os (12:1, 14:1 and 16:1). Before the exper ments the test eng ne was run for 15 
m nutes to ach eve the stable operat ng cond t ons.  e exhaust em ss on character st cs of the eng ne were also measured 
s multaneously. Table 3 and 4 shows the techn cal spec f cat ons of the eng ne test r g and the exhaust em ss on measure-
ment dev ce. F gure 2 demonstrates the schemat c representat on of exper mental procedure.

Table 3 Techn cal spec f cat ons of the test eng ne and em ss on dev ce
Brand K rloskar O l Eng nes Brand MRU A r Delta 1600 V
Model 240 CO 0-10%

Conf gurat on S ngle Cyl nder CO2 0-20%
Type Four Stroke, Water Cooled HC 0-20000 ppm

D splacement 661 cc O2 0-22%
Bore 87.5 mm NO 0-4000 ppm

Stroke 110 mm NO2 0-1000 ppm
Max mum/M n mum Opera-

t ng Speed
2000/1200 rpm Lambda 0-9.99

Power 3.5 Kw @ 1500 rpm Accuracy Accord ng to OIML-class 1
CR range 12:1-18:1 Amb ent Temperature +5o - +45 oC

Inject on Var at on 0-25 Deg BTDC Exhaust Gas Temperature Max 650 oC
Peak Pressure 77.5 kg/cm2
A r cleaner Paper element type

We ght 160 kg
Combust on Pr nc ple Compress on Ign t on

Lubr cat ng System Forced Feed System

Fuel propert es of low sulphur d esel, false  ax o l methyl ester, and the r blends w th var ous alcohols were g ven n table 
4. It can be seen from the fuel property test results d esel and b od esel fuels used n the study were w th n the d esel and 
b od esel standards. Alcohol add t on to both d esel and b od esel fuels decreased sl ghtly the dens ty values due to lower 
dens ty of alcohols. Also, lower heat ng values of d esel-alcohol and b od esel-alcohol blends were lower than d esel and 
b od esel fuels. Blend ng alcohol resulted n w th lower v scos ty wh ch can cause fuel pump plugs for both d esel and 
b od esel fuels. S nce the blend rat o was a small amount, psych cal propert es of test fuels were not s gn f cantly d ff erent 
compared to d esel and b od esel fuels.

Figure 2: Schematic representation of the experimental test rig



Table 4 Fuel propert es of test fuels
Test Fuels

Fuel
Propert es

D EN590 B EN 14214 DM DE DBu BM BE BBu

Dens ty (20 oC) kg/m3 837 820-845 883 860-900 831 832 834 879 879 880
Cetane Number 59,47 M n 51 51,62 M n 51 56,5 57,2 58,1 49,45 50,16 50,75

CFPP  oC -11 - -8 Summer<4
W nter<1

-11 -11 -12 -8 -8 -10

Heat ng Value, MJ/kg 45.-,85 - 38,22 - 44,55 44,99 45,21 37,29 37,74 37,96
K nemat c V scos ty 

(40 oC) mm2 /s
2,76 2,0-4,5 4,29 3.5-5.0 2,68 2,71 2,75 4,07 4,12 4,21

Flash Po nt  oC 79.5 M n 55 >120 M n 120 - - - - - -

F gure 3 shows the brake thermal eff c ency (BTHE) results of the exper ments of test fuels at d ff erent compress on 
rat os. Brake thermal eff c ency can be def ned as the rat o of heat nput to power output of the eng ne. It can be seen 
clearly from the graph that the ncreas ng CR mproves BTHE values of all test fuels s nce the h gher CR mproves the 
combust on character st cs of the eng ne.  e exper ments revealed that alcohol add t on to d esel fuel sl ghtly reduced 
BTHE compared to d esel fuel due to lower calor f c value of the alcohols [18].  e max mum decrement of BTHE was 
occurred w th B95M5 fuel. But, alcohol add t on to b od esel fuel mproved BTHE sl ghtly.  s mprovement may be 
due to extra oxygen content of alcohol. W th the ncrement of compress on rat o spec f c fuel consumpt on (SFC) were 
mproved due to h gher BTHE and better combust on for all test fuels [10]. D esel-alcohol blends showed sl ght ncre-
ment n the means of SFC (F gure 4) compared to d esel fuel.  e mprovement n the means of combust on at h gher 
compress on rat os showed h gher exhaust gas temperature (F gure 5).

F gure 3: BTHE values of test fuels

F gure 4: SFC values of test fuels



F gure 5: EGT values of test fuels

D esel-alcohol blends showed a sl ght decrement n the means of BTHE and a sl ght ncrement of SFC.  e max mum 
decrement of BTHE and the max mum ncrement of SFC was observed as 1,59% and 0,34% , respect vely, compared to 
d esel fuel when the eng ne was fuelled w th D95M5 fuel at 16:1 CR. But, blend ng b od esel w th alcohols showed the 
reverse trend of d esel-alcohol blends.  e max mum mprovement of BTHE for b od esel-alcohol blends was obta ned 
as 2,65% when B95E5 fuel used compared to b od esel fuel. And thus, B95E5 fuel usage resulted n 2,98% mprove-
ment of SFC values.

F gure 6,7,8 show the carbon monox de (CO), carbon d ox de (CO2), and n trogen ox des (NOx) em ss ons of the test 
fuels, respect vely.  e exper ments revealed that ncreas ng compress on rat o decreases CO em ss ons due to better 
combust on for all test fuels but ncrement of compress on rat o causes to ncrement of CO2 and NOx em ss ons. At 
h gher compress on rat os, the more complete combust on occurs and thus, carbon molecules are mostly converted to 
CO2 nstead of CO and unburned hydrocarbons (UHC) em ss ons. Also, the better combust on means h gher n-cyl n-
der temperature wh ch s the ma n reason of NOx format on. So, ncreas ng CR caused to ncrease of NOx em ss ons 
for all test fuels.

F gure 6: CO values of test fuels



Figure 7: CO2 values of test fuels

F gure 8: NOx values of test fuels

Alcohol add t on to d esel fuel, mproved CO em ss ons of d esel-alcohol blends due to extra oxygen content of alcohols 
compared to d esel fuel. Also, b od esel-alcohol blends showed s m lar trend.  e max mum decrement of CO em ss ons 
was occurred as 3,67% for d esel-alcohol blends compared to d esel fuel when eng ne was fuelled w th D95E5 fuel at 
16:1 CR. Also max mum decrement of CO em ss ons was measured as 3,91% for b od esel-alcohol blends when eng ne 
was fuelled w th B95Bu5 fuel compared to b od esel fuel at 16:1 CR. 

 e exper mental results revealed that blend ng d esel and b od esel fuels w th alcohols caused to ncrease of CO2 em s-
s ons.  e max mum ncrement of CO2 em ss ons compared to d esel fuel was occurred as 8,97% when the eng ne fu-
elled w th D95E5 fuel at 16:1 CR for d esel-alcohol blends. For b od esel-alcohol blends, the max mum ncrement was 
observed w th B95E5  fuel as 7,94% compared to b od esel at 16:1 CR.  e ma n reason of these trends may be due to 
mproved combust on of d esel-alcohol and b od esel-alcohol blends [19].

Accord ng to exper mental results, blend ng alcohols w th d esel and b od esel fuels resulted n mproved NOx em ss ons 
wh ch are one of the ma n drawbacks of compress on gn t on eng nes espec ally when the eng ne s fuelled w th b od esel 
fuel. NOx em ss ons were mproved for all d esel-alcohol and b od esel-alcohol blends compared to d esel fuel and b o-
d esel fuel.  e max mum mprovement of NOx em ss ons for d esel-alcohol blends was obta ned as 6,40% compared to 
d esel fuel when the eng ne was fuelled w th D95Bu5 fuel at 16:1 CR.  e max mum mprovement of NOx em ss on for 
b od esel-alcohol blends were observed when the eng ne was fuelled w th B95M5 fuel as 6,01% compared to d esel fuel 
at 16:1 CR.  e ma n reason of NOx mprovements may be due to h gh latent heat of evaporat on of alcohols wh ch 
shows a cool ng eff ect and decreases the combust on temperature. NOx format on s d rectly related w th combust on 
temperature [20, 21]. 



In th s study, performance and em ss on character st cs of alcohol blended fuel were evaluated. Fuel propert es of the test 
fuels, performance and em ss on character st cs of the fuel at d ff erent compress on rat os were stud ed and the follow ng 
conclus ons were obta ned;

• BTHE and SFC values improved at higher compression ratios for all test fuels.

• Alcohol addition to diesel fuel slightly decreased BTHE and thus increased SFC.

• Alcohol addition to biodiesel fuel slightly improved BTHE and SFC values.

• Alcohol addition to both diesel and biodiesel fuels slightly improved CO emissions and caused a slight increment 
of CO2 emissions. Also, alcohol addition improved slightly NOx emissions for both diesel and biodiesel fuels.

 e authors would l ke to thank the Cukurova Un vers ty Sc ent f c Research Project Coord nat on (FBA-2016-5510) 
for f nanc al support to th s project.
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 A hybr d approach for the pred ct on and opt m zat on of cutt ng 
forces us ng grey-based fuzzy log c

Abstract
 is study focused on the Grey-Based Fuzzy Logic Algorithm for the prediction and optimization of multiple 
performance characteristics of oblique turning process. Experiments have been constructed according to 
Taguchi’s L16 orthogonal array design matrix. Cutting speed, rate of feed and depth of cut were selected as 
input parameters, whereas material removal rate, cutting force and surface roughness were selected as output 
responses. Using grey relation analysis (GRA), grey relational coeffi  cient (GRC) and grey relation grade (GRG) 
were obtained.  en, Grey based fuzzy algorithm was applied to obtain grey fuzzy reasoning grade (GFRG). 
Analysis of variance (ANOVA) carried out to  nd the signi  cance and contribution of parameters on multiple 
performance characteristics. Finally, con  rmation test was applied at the optimum level of GFRG to validate 
the results.  e results also show the application feasibility of the grey based fuzzy algorithm for continuous 
improvement in product quality in complex manufacturing processes.

Keywords: Turning process, cutting forces, grey relation analysis, fuzzy logic algorithm, optimization.

Turn ng s a very mportant mach n ng process n wh ch a s ngle-po nt cutt ng tool removes mater al from the surface of 
a rotat ng cyl ndr cal workp ece [1].  e cutt ng tool s fed l nearly n a d rect on parallel to the ax s of rotat on [2,3]. As 
nd cated n F gure 1, turn ng s carr ed out on a lathe that prov des the power to turn the workp ece at a g ven rotat onal 

speed and to feed the cutt ng tool at a spec f ed rate and depth of cut.  erefore, three cutt ng parameters, .e. cutt ng 
speed (V), feed rate (F), and depth of cut (D), should be properly selected for better surface f n sh w th lower cutt ng 
force [2,3].

F gure 1: Schemat c representat on of obl que turn ng process [1]

In a turn ng operat on, t s an mportant task to select cutt ng parameters for ach ev ng h gh cutt ng performance. Usu-
ally, the des red cutt ng parameters are determ ned based on exper ence or by use of a handbook [1]. However, th s does 
not ensure that the selected cutt ng parameters have opt mal or near opt mal cutt ng performance for a part cular mach -
ne and env ronment. To select the cutt ng parameters properly, several mathemat cal models based on stat st cal regress -
on techn ques or neural comput ng have been constructed to establ sh the relat onsh p between the cutt ng performance 
and the cutt ng parameters [1-8].  en, an object ve funct on w th constra nts s formulated to solve the opt mal cutt ng 
parameters us ng opt m zat on techn ques.  erefore, cons derable knowledge and exper ence are requ red for us ng th s 
modern approach [1]. Furthermore, a large number of cutt ng exper ments has to be performed and analyzed n order to 
bu ld the mathemat cal models.  us the requ red model bu ld ng s very costly n terms of t me and mater als [1]. Ba-
s cally, the grey based fuzzy log c s a powerful tool for the des gn of mult var able complex systems. It prov des a robust 
systemat c and eff c ent way n order to model the mult var able complex systems.  erefore, th s study appl ed a Taguch  
L9 orthogonal array to plan the exper ments on turn ng process [2,3].  ree controll ng factors nclud ng cutt ng speed 
(V), depth of cut (d) and feed rate (f ) were selected as nput parameters whereas mater al removal rate, cutt ng force 



and surface roughness were selected as output responses. Us ng grey relat on analys s (GRA), grey relat onal coeff c ent 
(GRC) and grey relat on grade (GRG) were obta ned.  en, Grey based fuzzy algor thm was appl ed to obta n grey fuzzy 
reason ng grade (GFRG). Analys s of var ance (ANOVA) carr ed out to f nd the s gn f cance and contr but on of para-
meters on mult ple performance character st cs. F nally, conf rmat on test was appl ed at the opt mum level of GFRG 
to val date the results.  e results also show the appl cat on feas b l ty of the grey based fuzzy algor thm for cont nuous 
mprovement n product qual ty n complex manufactur ng processes [8-12].

 e cutt ng exper ments were carr ed out on an exper mental lathe setup us ng HSS cutt ng tool for the mach n ng of 
AISI 1050 steel bar wh ch s 30 mm n d ameter and 80 mm n length.  e mechan cal propert es and percent compo-
s t on of workp ece mater al s l sted n Table 1 [2,3].

Table 1. Chemical and mechanical properties of AISI 1050 medium carbon steel

Chem cal com-
pos t on %

C P S Mn Cr Fe N Cu
0.49 0.02 0.02 0.78 0.08 97.99 0.10 0.26

Mechan cal pro-
pert es

Y eld strength (MPa) Tens le strength
(Mpa)

Elongat on
(%)

V ckers Hardness
(HV)

365 636 24 261

Phyn x TR-100 model surface roughness tester was used to measure the surface roughness of the mach ned samples. Cut 
off  length () was chos en as 0.3 for each roughness measurement. Average of s x measurements of surface roughness was 
taken to use n the mult -cr ter a opt m zat on. Also, mater al removal rate (MRR, mm3/m n) was calculated us ng Eq. 
(1);

      VfdMRR 1000                                          (1)

where f (mm/rev) denotes the feed rate, d (mm) descr bes the cutt ng depth and V (m/m n) presents the cutt ng speed 
of the turn ng operat on.

In full factor al des gn, the number of exper mental runs exponent ally ncreases as the number of factors as well as the r 
level ncreases.  s results huge exper mentat on cost and cons derable t me [11]. So, n order to comprom se these two 
adverse factors and to search the opt mal process cond t on through a l m ted number of exper mental runs Taguch ’s 
L9 orthogonal array cons st ng of 9 sets of data has been selected to opt m ze the mult ple performance character st cs 
of turn ng process [8-12]. Exper ments have been conducted w th the process parameters g ven n Table 2, to obta n 
the mach ned surface on AISI 1050 med um carbon steel.  e feas ble space for the cutt ng parameters was def ned by 
vary ng the cutt ng speed n the range of 110-600 m/m n, the feed rate n the range of 0.2-0.6 mm/m n, and the depth 
of cut n the range of 0.5-1.5 mm.

Table 2. Cutt ng parameters and the r levels
Cutt ng Parameters Notat on Un t Levels of factors

1 2 3
cutt ng speed V m/m n 110* 300 600

feed rate f mm/m n 0.2* 0.4 0.6
depth of cut d mm 0.5* 1.0 1.5

                                    * n t al factor sett ng

In order to prevent the sudden ncrease of cutt ng forces due to the dullness of the cutt ng edge, the HSS tool was chan-
ged after three repet t on of each exper ment. Table 3 shows the selected des gn matr x based on Taguch  L9 orthogonal 
array cons st ng of 9 sets of coded cond t ons and the exper mental results for the responses of F, Ra and MRR. All these 
data have been ut l zed for analys s and evaluat on of opt mal parameter comb nat on requ red to ach eve des red qual ty 
w th n the exper mental doma n [10,11].



Table 3. Orthogonal L9 array of the exper mental runs and results
Run no Parameter level Exper mental results

V f d MRR
(mm3/m n)

F
(N)

     Ra
()

1 1 1 1 0.11 123 0.87
2 1 2 2 0.44 179 2.33
3 1 3 3 0.99 364 6.62
4 2 1 2 0.60 166 1.98
5 2 2 3 1.80 295 3.82
6 2 3 1 0.90 255 3.96
7 3 1 3 1.80 340 0.92
8 3 2 1 1.20 218 1.22
9 3 3 2 3.60 268 5.60

In th s sect on, the constructed grey based fuzzy log c approach for obl que turn ng process opt m zat on s g ven n 
deta ls.

In Grey relat onal analys s, exper mental data .e., measured features of qual ty character st cs are f rst normal zed rang ng 
from zero to one.  s process s known as Grey relat onal generat on. Next, based on normal zed exper mental data, 
Grey relat onal coeff c ent s calculated to represent the correlat on between the des red and actual exper mental data. 
 en overall Grey relat onal grade s determ ned by averag ng the Grey relat onal coeff c ent correspond ng to selected 
responses [13-16].  e overall performance character st c of the mult ple response process depends on the calculated 
Grey relat onal grade (GRG) [14].  s approach converts a mult ple response process opt m zat on problem nto a s ng-
le response opt m zat on s tuat on w th the object ve funct on of overall Grey relat onal grade.  e opt mal parametr c 
comb nat on s then evaluated wh ch would result h ghest Grey relat onal grade.  e opt mal factor sett ng for max m -
z ng overall Grey relat onal grade can be performed by Taguch  method [13,16,17]. In Grey relat onal generat on, the 
normal zed F and Ra correspond ng to the smaller-the-better (SB) cr ter on wh ch can be expressed as g ven n Eq. (2) 
[18,19]:
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MRR should follow the larger-the-better (LB) criterion, which can be expressed as given in Eq. (3) [18]:
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where )(kxi and )(kx j s the value after the Grey relat onal generat on for SB and LB cr ter on respect vely. M n )(kyi  
s the smallest value of )(kyi  and for the kth response, and max )(kyi s the largest value of )(kyi for the kth response 
[18]. An deal sequence s )(0 kx  (k=1,2,…,9) for the responses.  e def n t on of Grey relat onal grade n the course of 
Grey relat onal analys s s to reveal the degree of relat on between the 16 sequences [ )(0 kx and )(kxi , k=1,2,…,9 and 
=1,2,…,9].  e Grey relat onal coeff c ent )(ki can be calculated as g ven n Eq. (4) [13,18]:
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where )()(00 kxkx ii   is difference of the absolute value )(0 kx and )(kxi ;  is the distinguishing 

coef icient 10   (equal 33.0 is used); )()(0
minmin

min kxkxkij j  is the smallest value of 

)(0 ki ; and )()(0
maxmax

max kxkxkij j  is the largest value of )(0 ki . After averaging the Grey 
relational coef icients, the Grey relational grade i  can be computed as given in Eq. (5) [18]:
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where n s the number of process responses.  e h gher value of Grey relat onal grade corresponds to ntense relat onal 
degree between the reference sequence )(0 kx and the g ven sequence )(kxi .  e reference sequence )(0 kx represents 



the best process sequence; therefore, h gher Grey relat onal grade means that the correspond ng parameter comb nat on 
s closer to the opt mal [16].  e mean response for the Grey relat onal grade w th ts grand mean and the ma n eff ect 

plot of Grey relat onal grade are very mportant because opt mal process cond t on can be evaluated from th s plot [18].

In GRA, the use of performance character st cs such as lower-the-better, h gher-the-better and nom nal-the-better re  e-
cts that there s some level of uncerta nty n the obta ned results.  s uncerta nty can be eff ect vely checked by us ng fuz-
zy log c [13,19-29].  e grey-fuzzy method was created and appl ed by L n n 2004 [15]. It takes a fuzzy rules approach 
rather than mak ng a trad t onal GRG est mat on for grey relat onal analys s. For GRG est mat on, two approaches were 
employed to compare output performance. One s the trad t onal GRG funct on wh le the other s the fuzzy nference 
system (FIS) [13,16,28-29].

F gure 2: 3- nputs and 3-outputs fuzzy log c system

In the f rst step, fuzz f er uses the membersh p funct on to fuzz fy nputs wh ch are obta ned before GRG calculat ons. 
Membersh p funct on s used to def ne how the values of the nput and output are mapped to a value between 0 and 1 
[14]. In the next step of the calculat on, n ne fuzzy rules for three nputs and one output are developed us ng Eq. (6) 
based on the results that obta ned from the exper ments for nference.

Rule 1 : if X1 is A1; X2 is B1;and X3 is C1 then y is D1; else

            (6)
Rule 2 : if X1 is A2; X2 is B2;and X3 is C2 then y is D2; else

    
Rule n : if X1 is An; X2 is Bn;and X3 is Cn then y is Dn; else

A , B , C  and D  are fuzzy subsets def ned by the correspond ng membersh p funct ons such as ,iA ,iB iC and 
.iD

 e nference eng ne then performs fuzzy reason ng on fuzzy rules by tak ng max–m n nference (Eq. (7)) to generate a 
fuzzy value [14].
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Where   s the m n mum operat on and,  s the max mum operat on. F nally, n th s study, centro d defuzz f cat on 
method was used n order to convert the fuzz f ed values.  e centro d defuzz f cat on method s g ven n Eq. (8).
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 e  owchart adopted n the present study to determ ne the opt mal comb nat on of ball turn ng parameters for the 
mult  response opt m zat on s shown n F gure 3.

F gure 3: Flowchart of the proposed grey based fuzzy log c method



 e methodology cons sts of a s x forward step approach g ven below [14]:

Step 1: Select ng the Turn ng nput parameters and the r levels as g ven n Table 2. Perform the exper ments accord ng to 
the Taguch ’s orthogonal des gn matr x g ven n Table 3.

Step 2: Normal ze all of the responses us ng Eqs. (2) and (3). Calculate the grey relat onal coeff c ents us ng Eq. (4), and 
followed by calculat on of grey relat onal grade (GRG) us ng Eq. (5).

Step 3: Fuzz fy the grey relat onal coeff c ents obta ned from each response and the overall grey relat onal grade us ng 
membersh p funct on. Also, establ sh the fuzzy rules n l ngu st c form relat ng the grey relat onal coeff c ent and the 
overall grey relat onal grade us ng Eq. (6).

Step 4: Us ng max-m n nterface operat ons g ven n Eq. (7), calculate the value of fuzzy mult  response output (), and 
follow by calculat ng the grey-fuzzy reason ng grade Y0 us ng centro d defuzz f cat on method g ven n Eq. (8). 

Step 5: Select the opt mal comb nat on of parameters through response table and response graph obta ned from grey-fuz-
zy opt m zat on. F nd out the contr but on of each factor and the r nteract ons on the mult  response output us ng 
analys s of var ance (ANOVA) Table.

Step 6: Carry out the conf rmat on tests to ver fy the results obta ned and compare the results determ ne the mprove-
ments and percentage error.

 e pre-processed data of the normal zed exper mental results, grey relat onal coeff c ents and the overall grey relat onal 
grade for each comb nat on of parameters s tabulated n Table 4, Table 5 and Table 6.  e grey-fuzzy reason ng grade s 
obta ned by us ng MATLAB v7.10.0 (R2010a) fuzzy log c tool box.

Table 4. Grey relat onal generat on of each performance character st cs
Run no MRR F Ra

Larger-the-better Smaller-the-better Smaller-the-better
Ideal sequence 1.000 1.000 1.000

1 0.000 1.000 1.000
2 0.095 0.768 0.746
3 0.252 0.000 0.000
4 0.140 0.822 0.807
5 0.484 0.286 0.487
6 0.226 0.452 0.463
7 0.484 0.100 0.991
8 0.312 0.606 0.939
9 1.000 0.398 0.177

Table 5. Evaluation of i0 for each of the responses

      Run no MRR F Ra
Ideal sequence 1.000 1.000 1.000

1 1.000 0.000 0.000
2 0.905 0.232 0.254
3 0.748 1.000 1.000
4 0.860 0.178 0.193
5 0.516 0.714 0.513
6 0.774 0.548 0.537
7 0.516 0.900 0.009
8 0.688 0.394 0.061
9 0.000 0.602 0.823

Table 6 shows the calculated Grey relat onal coeff c ents (w th the we ghts of 33.0MRR , 33.0F  and 33.0Ra ) 
of each performance character st c us ng Eq. (4).



Table 6. Grey relational coef icient and grey relational grade of each performance characteristics
Run no       MRR           F       Ra Grey relat onal grade

     Ideal sequence 1.000 1.000 1.000
1 0.248 1.000 1.000 0.711
2 0.267 0.587 0.565 0.468
3 0.306 0.248 0.248 0.264
4 0.277 0.649 0.631 0.513
5 0.390 0.316 0.391 0.362
6 0.299 0.376 0.380 0.348
7 0.390 0.268 0.974 0.538
8 0.324 0.456 0.844 0.536
9 1.000 0.354 0.286 0.541

 e Grey relat onal coeff c ents, g ven n Table 6, for each response have been accumulated by us ng Eq. (4) to evaluate 
Grey relat onal grade, wh ch s the overall representat ve of all the features of cutt ng process qual ty.  us, the mult -c-
r ter a opt m zat on problem has been transformed nto a s ngle equ valent object ve funct on opt m zat on problem 
us ng the comb nat on of Taguch  approach and Grey relat onal analyses. H gher s the value of Grey relat onal grade, 
the correspond ng factor comb nat on s sa d to be close to the opt mal [3,10,11]. 

Tr angular shaped membersh p funct on, shown n F gure 4(a), s used for fuzzy model ng of the nput and output data. 
 e f ve l ngu st c membersh p funct ons such as LOWEST, LOW, MEDIUM, HIGH and HIGHEST are used to rep-
resent the GRC of the nput var ables.

(a) (b)
Figure 4: Constructed membership functions for (a) input parameters, (b) output parameter

GRG s represented by the n ne membersh p funct ons such as LOWEST (L), VERY LOW (VL), MEDIUM LOW 
(ML), LOW, HIGH (H), MEDIUM HIGH (MHIGH), HIGHEST (H), MEDIUM, HIGHEST (MH) and ULTRA-
HIGHEST (UH). Also, the tr angular shaped membersh p funct on used for GRG as shown n F gure 4(b). e values 
of GFRG and GRG obta ned for n ne exper ments are shown n Table 7. It s ev dent that the exper ment number 1 and 
9 exh b t the best mult ple performance character st cs w th the h ghest GFRG. Based on the grey-fuzzy calculat ons, the 
absolute average percentage error between the GRG and GFRG was calculated as 6.05%. Also, as shown n F gure 5 h gh 
correlat on coeff c ent of R2=0.987 nd cates the close relat onsh p between GRG and GFRG. 

Table 7. Comparison of GRG and GFRG 

Exper ment no Grey relat onal grade
(GRG)

      Grey-fuzzy        
    reason ng grade

         (GFRG)

Rank           Absolute 
            Error %

1 0.711             0.699 1 1.755
2 0.468 0.444 6 5.440
3 0.264 0.286 9 7.746
4 0.513 0.460 5 11.522
5 0.362 0.325 7 11.323
6 0.348 0.319 8 9.064
7 0.538 0.525 3 2.476
8 0.536 0.525 4 2.095
9 0.541 0.525 2 3.048

Average percentage 
error=6.05%



Figure 5: Comparison of experimental and fuzzy predicted GRG and GFRG

Table 8 shows the response table for the mean of GFRG. H gher s the value of GFRG, the correspond ng factor com-
b nat on s sa d to be close to the opt mal [13,14]. Analys s of the means s performed for the GRFG. Based on the 
max-m n stat st cs the mult ple performance response s l sted n Table 8.  e response graph of the obl que turn ng 
parameters s plotted n F gure 8. Greater the slope of the response graph larger s the eff ect of the parameter on the 
mult ple performance response [14]. 

Table 8. Response table for the mean Grey relational grade 
Factors Grey fuzzy relat onal grade

Level 1 Level 2 Level 3 max-m n
V 0.48 0.37 0.52 0.15
f 0.56 0.43 0.38 0.18
d 0.51 0.48 0.38 0.13

Total mean Grey fuzzy relat onal grade= 0.46

As nd cated n F gure 6, above the mean grey fuzzy relat onal grade wh ch s shown by dashed l ne, the opt mal cond -
t on for the turn ng process obta ned as V3f1d1.

Figure 6: Response graph of GFRG for turning parameters

Analys s of var ance analys s (ANOVA) s carr ed out to nvest gate wh ch obl que turn ng parameters s gn f cantly aff ect 
the performance character st c [13].  e results of ANOVA are shown n Table 9.  e analys s s done at a s gn f cance 
level of  0.05 (conf dence level of 95%). Also, the stat st cal test ng for the exper mental data was carr ed out us ng 
F sher’s F test for ANOVA [19]. Larger the F-value shows that the change of process parameter have more strong n  uen-
ce on the performance character st c [14,25]. Accord ng to the contr but on eff ect of the parameters, feed rate (39.13%) 
s found to be the major factor aff ect ng mult ple performance responses, whereas cutt ng speed (28.20%) and depth of 
cut (21.01%) are found to be the second and th rd rank ng factor on the surface roughness, mater al removal rate and 
cutt ng force respect vely. Also, the same contr but on order s seen from the F test column of the Table 9. 

Table 9. ANOVA results for GFRG
Parameter Degree of 

Freedom
Sum of 
Square

Mean
Square

F Contr but on (%)

V 2 0.039 0.019 2.39 28.20
f 2 0.054 0.027 3.34 39.13
d 2 0.029 0.015 1.82 21.01

Error 2 0.016 0.008 11.59
Total 8 0.138 100

After evaluat ng the opt mal parameter sett ngs, the next step s to pred ct and ver fy the enhancement of qual ty charac-
ter st cs us ng the opt mal parametr c comb nat on.  e est mated grey-fuzzy reason ng grade 



 us ng the opt mal level 
of the des gn parameters can be calculated as: g ven n Eq. (9) [13,14].
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where m s the total mean GFRG, 
i


 s the GFRG at the opt mal level, and o s the number of the ma n des gn para-

meters that aff ect the qual ty character st cs of turn ng process. Table 10 summar zes the results of conf rmat on test and 
opt mum levels.

Table 10. Conf rmat on test results
In t al factor sett ngs Opt mal process cond t on

Pred ct on Exper ment
Factor levels V1f1d1 V3f1d1 V3f1d1

                  MRR (mm3/m n)     0.11         0.30
                  F (N)      123         115

                 Ra ( m )      0.87         0.65
Grey fuzzy reason ng grade (GFRG)   0.64 0.68 0.70

Improvement n grey fuzzy reason ng grade=0.06

At the opt mal sett ng (V3f1d1) the est mated GFRG s 0.68 and that obta ned from the exper ment s 0.70 wh ch s 
also larger than the GFRG result of n t al factor sett ng (0.64).  us, a ga n of 0.02 n GFRG means that the grey fuzzy 
log c can be successfully ut l zed for mult  character st cs opt m zat on problems of all the mach n ng process [13,14].

 s study has concentrated on the grey based fuzzy log c mult  response opt m zat on n the obl que turn ng process. 
 e follow ng conclus ons can be drawn from th s study.

•  e grey-fuzzy algorithm is suitable for optimizing the complicated multi response machining processes,

• Output turning parameters such as surface roughness, material removal rate and cutting force  are greatly improved 
by using grey based fuzzy logic optimization,

• ANOVA analysis showed that, table feed rate has the highest contribution (39.13%) on the multiple performance 
characteristics followed by the cutting speed (28.20%) and depth of cut (21.01%),

•  e grey fuzzy optimization results of parameters for turning process of AISI 1050 medium carbon steel are 
summarized as  600 m/min cutting speed, 0.2 mm/min feed rate and 0.5 mm depth of cut. 
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 Fuel propert es, performance and em ss on character zat on of 
waste cook ng o l (WCO) n a var able compress on rat o (VCR) 

d esel eng ne

Abstract
 e current study investigates the fuel properties, performance and emission characteristics in a variable 
compression ratio (VCR) diesel of the biodiesel produced from the waste cooking oil (WCO).  e WCO 
samples were collected from the university and converted to biodiesel fuel with a two-step transesteri  cation 
reaction.  e fuel property tests showed that the properties of the WCO biodiesel were within the biodiesel 
standards. Diesel, WCO biodiesel and diesel-WCO biodiesel blend (B20) was used as fuel in a VCR engine. 
 e performance and emission characteristics of the engine were measured at two diff erent compression ratios 
(14:1 and 16:1) under partial load conditions.  e experimental results showed that WCO biodiesel slightly 
decreased the brake thermal effi  ciency and thus increased speci  c fuel consumption. Biodiesel usage improved 
CO emissions up to 21,75% compared to diesel fuel. But, biodiesel usage increased CO2 and NOx emission 
due to higher combustion temperature and extra oxygen content of the biodiesel.

Keywords: Compression ratio, Alcohol, Biodiesel, Performance, Emission 

Foss l fuels wh ch are the ma n energy source for transportat on of people and goods are deplet ng as t s known w dely 
and the pr ce of the fuel s ncreas ng due to demand and supply facts [1]. Also, env romental eff ects of the foss l fuels 
threaten the human heallt and nature of all world.  e exhaust em ss ons of the nternal combust on eng nes are formed 
by the combust on fuels and these gases nclude tox c pollutants such as carbon monox de (CO), carbon d ox de (CO2), 
ox des of n trogen (NOx), unburned hydrocarbons (UHC), sulphur d ox de (SO2), and etc.  ese tox c gases are dange-
reosly harmful for human healt and the nature [2].

 e known facts force researchers to look for alternat ve energy sources for nternal combust on eng nes. B od esel, wh ch 
can be der ved from vegetable o ls and an mal fats has a potent al of be ng a subst tute s nce b od esel fuels are less tox c 
and renewable [3]. Many raw mater als have been stud ed by many researchers [1, 4-11]. Also, b od esels are not s gn f -
cantly worse than foss l fuels n the means of eng ne performance. B od esels are mostly der ved w th transester f cat on 
react on or thermal crack ng methods.  e ma n raw mater al of b od esel are mostly non-ed ble vegetable o ls, an mal 
fats and waste o ls.  e necess ty of large agr cultural areas and the h gh eff ort for product on of vegetable o ls are one of 
the most mportant drawbacks of b od esel usage. But, tonnes of o ls are used all over the world for d ff erent purposes. 
Espec ally, the food ndustry produce a h gh amount of waste fry ng o l.  e waste of food ndustr es and even the waste 
o ls used n the houses are hazardous for env roment unless the wastes are managed properly.  e trend of renewable 
processes have been started to spread recently. Even the local c ty corporat ons are aware of the huge amount of o l wastes 
and have some eff orts on th s part cular subject. Recycle of waste mater als s a popular research subject. Reproduct on 
processes from the waste mater al are eco-fr endly and econom cally useful s nce the raw mater als are already used up 
and the un t reproduct on cost can be pulled down of the or g nal product on cost n some cases. 

In l terature, there are many nvest gat ons on the product on, performance, em ss on and combust on character st cs of  
b od esels [12-19]. Hwang et al., (2016) publ shed an art cle that nvest gates eff ects of b od esel usage produced from 



waste cook ng o l on a compress on gn t on eng ne.  e authors reported that waste cook ng o l (WCO) b od esel usa-
ge decreased the CO, hydrocarbon (HC) and smoke em ss ons, and also  WCO b od esel caused a sl ght decrement of 
n-cyl nder pressure [20].  Man et al., (2016) reported a study that stud es the eff ects of WCO-d esel blends on em ss on 
character st cs of a d esel eng nes.  e study revealed that, WCO-d esel blend usage caused to ncrease of NOx em ss ons. 
But, CO, HC and part culate matter em sss on were decreased by WCO-d esel blends usage [21]. P ker et al., (2016) 
stud ed the on the b od esel product on from the  waste o l bu us ng egg shells as catalyst.  e authors reported that fatty 
ac d methyl ester y eld of 97 wt.% was obta ned after 11 h at amb ent temperature and pressure w th egg shells [22]. In 
th s study, fuel propert es of waste cook ng o l b od esel and the eff ects of the b od esel produced from waste fry ng o l 
that collected from the un vers ty on the performance and em ss on character st cs of a var able compress on rat o (VCR) 
d esel eng ne were nvest gated.

 e exper mental study was conducted n Petroleum Research and Automot ve Eng neer ng Laborator es of the Depart-
ment of Automot ve Eng neer ng at Çukurova Un vers ty. Waste cook ng o l (WCO) samples were used as raw mater al 
for b od esel product on. WCO b od esel was produced w th two-step transester f cat on react on. F rst, the collected 
o l samples were f ltered pr or to react on n order to clean the contam nants.  e free fatty ac d (FFA) value of the 
cleaned o l was measured w th the standard t trat on method.  e FFA of the WCO was measured as 1,93 wt. %. Tran-
sester f cat on react on was performed tw ce the FFA of WCO s h gh.  e f rst react on was performed at 65oC for 60 
m nutes by st rr ng. Methanol 20 wt. % and 0,5 wt. % sod um hydrox de was used as reactant and catalyst, respect vely. 
 e methox de was obta ned before transester f cat on react on by m x ng methanol and sod um hydrox de.  e second 
transester f cat on react on was performed w th methanol 10 wt. % and 0,25 wt. % sod um hydrox de under same 
cond t ons. After the react on per od, the m xture were batched n a separat ng funnel for 8 hours and at the end of the 
batch ng per od the glycer ne was separated from the m xture. After the separat ng the glycer ne from the m xture, crude 
WCO b od esel samples were obta ned.  en, the crude b od esel was washed w th warm water and dr ed at 105 oC for 
one hour. F nally, n order to pur fy and to ref ne b od esel the crude b od esel was f ltered.  e b od esel product on 
 ow d agram was shown n F gure 1.   

F gure 1: B od esel product on  ow d agram

In the study, low sulphur d esel fuel (convent onal d esel), WCO b od esel (waste cook ng o l methyl ester), d esel-b od e-
sel blend B20 (80% d esel + 20% WCO) were used as fuel n a var able compress on rat o (VCR) d esel eng ne n order 
to nvest gate the eff ects of waste cook ng o l b od esel on the performance and em ss on character st cs of a VCR d esel 
eng ne at d ff erent compress on rat os.

 e psych cal propert es of the test fuels were measured before test ng them n the test eng ne. Instruments used for 
analys ng the products were; Zeltex ZX 440 NIR petroleum analyser w th an accuracy of ±0.5 for determ n ng cetane 
number; Tanaka AFP-102 for cold f lter plugg ng po nt; Tanaka AKV-202 Auto K nemat c V scos ty test for determ n ng 
the v scos ty; Kyoto electron cs DA-130 for dens ty measurement, Tanaka  ash po nt control un t FC-7 for  ash po nt 
determ nat on and IKA Werke C2000 bomb calor meter for determ nat on of heat ng value.  e fuel qual ty measure-
ments were performed accord ng to EN 14214 and EN 590. 

 e performance and em ss on measurements were performed w th a s ngle cyl nder, mult  fuel, and var able compres-
s on rat o d esel eng ne. In order to prov de the accuracy of measurements, the exper ments were done at part al load 
cond t ons (60% load). An eddy current dynamometer was used to measure performance character st cs of the eng ne. 
Brake thermal eff c ency (BTHE), spec f c fuel consumpt on (SFC) and exhaust gas temperature (EGT) results of the 
eng ne for test fuels were stud ed at two d ff erent compress on rat os (14:1 and 16:1). Also, the exhaust em ss ons of 



the eng ne were measured s multaneously. Carbon monox de (CO), carbon d ox de (CO2), and n trogen ox des (NOx) 
em ss ons were stud ed for all test fuels. Table 1 and 2 shows the techn cal spec f cat ons of the VCR test eng ne and 
exhaust gas analyser.

Table 1 Techn cal spec f cat ons of the test eng ne 
Brand K rloskar O l Eng nes
Model 240

Conf gurat on S ngle Cyl nder
Type Four Stroke, Water Cooled

D splacement 661 cc
Bore 87.5 mm

Stroke 110 mm
Max mum/M n mum Opera-

t ng Speed
2000/1200 rpm

Power 3.5 Kw @ 1500 rpm
CR range 12:1-18:1

Inject on Var at on 0-25 Deg BTDC
Peak Pressure 77.5 kg/cm2
A r cleaner Paper element type

We ght 160 kg
Combust on Pr nc ple Compress on Ign t on

Lubr cat ng System Forced Feed System

Table 2 Techn cal spec f cat ons of  the em ss on dev ce
Brand MRU A r Delta 1600 V
CO 0-10%
CO2 0-20%
HC 0-20000 ppm
O2 0-22%
NO 0-4000 ppm

NO2 0-1000 ppm
Lambda 0-9.99
Accuracy Accord ng to OIML-class 1

Amb ent Temperature +5o - +45 oC
Exhaust Gas Temperature Max 650 oC

Some mportant phys cal fuel propert es test fuels were measured.  e fuel propert es of the d esel, WCO and B20 fuel 
were g ven n table 3.  Fuel property tests shows that dens ty of WCO and B20 was h gher than the d esel fuel, but the 
values were w th n the b od esel standards EN 14214.  e tests showed that WCO b od esel has a h gher k nemat c v s-
cos ty than d esel fuel. H gh v scos ty can damage fuel pump but, the v scos ty of WCO b od esel and B20 were w th n 
the standards and t can be used d rectly w thout any mod f cat on. Heat ng value of the WCO b od esel and B20 was 
sl ghtly lower than d esel fuel. Flash po nt of the WCO b od esel was over 120 oC wh ch s safer compared to d esel fuel. 
Also, blend ng WCO b od esel w th d esel fuel ncreased the  ash po nt value of the d esel fuel wh ch s an mportant 
cr ter a for storage of the fuel.  Cold f lter plugg ng po nt of the WCO was measured h gher than d esel fuel.

Table 4 Fuel propert es of test fuels
Test Fuels

Fuel Propert es D esel EN590 WCO B od esel B20 EN 14214
Dens ty (20 oC) kg/m3 837 820-845 889 847 860-900

Cetane Number 59,47 M n 51 51,62 53 M n 51

CFPP  oC -11 - -5 -10 Summer<4
W nter<1

Heat ng Value, MJ/kg 45,856 - 39,48 44,32 -
K nemat c V scos ty (40 oC) 

mm2 /s 2,76 2,0-4,5 4,75 3,18 3.5-5.0

Flash Po nt  oC 79.5 M n 55 >120 93 M n 120



Brake thermal eff c ency (BTHE) can be def ned as the rat o of power output to heat nput. BTHE values are also related 
w th heat ng value of the fuels. H gher BTHE value nd cates the better combust on of fuel wh ch means h gher cyl nder 
pressure and h gher power output for un t fuel used. Spec f c fuel consumpt on (SFC) s a measure of how eff c ently 
fuel s used and th s value s d rectly related w th BTHE [23]. F gure 2 and 3 shows the BTHE and SFC results of test 
fuels. It can be seen from the graphs ncreas ng CR from 14:1 to 16:1 ncreased BTHE and decreased SFC values for 
all test fuels due to better combust on of fuels. Increas ng CR from 14:1 16:1 ncreased BTHE values 2,29%, 6,75%, 
and 2,37% for d esel fuel, WCO b od esel and B20 fuel, respect vely. H gher compress on rat o exper ments resulted 
n 7,06%, 10,13%, and 9,92% lower SFC for d esel fuel, WCO b od esel, and B20 fuel respect vely. WCO b od esel 
usage sl ghtly decreased BTHE values compared to d esel fuel. BTHE results of WCO b od esel were 8,62% and 4,64% 
lower compared to d esel fuel , at 14:1 and 16:1 compress on rat os, respect vely. Exhaust gas temperature (EGT) s an 
mportant cr ter a for nternal combust on eng nes and t s related w th combust on parameters such as compress on 
rat o and fuel propert es [24]. EGT results are shown n F gure 4. It can be seen from the graph WCO usage ncreased 
EGT compared to d esel fuel due to h gher oxygen content of b od esel. Also, ncreas ng compress on rat o ncreased 
EGT s gn f cantly for all test fuels.

F gure 2: Brake thermal eff c ency results

F gure 3: Spec f c fuel consumpt on results

F gure 4: Exhaust gas temperature results



 roughout the study; CO, CO2 and NOx em ss ons of the test eng ne were measured. F gure 5, 6 and 7 shows the 
CO, CO2 and NOx results of all test fuels, respect vely.  e study showed that ncreas ng CR mproved CO em ss ons 
for all test fuels due to better combust on of fuels [25]. But, CO2 and NOx em ss ons were ncreased when compress on 
rat o was elevated. H gher compress on rat os enhance the combust on and thus n trogen ox des em ss ons s gn f cantly 
elevates due to h gher n-cyl nder temperature and h gher  ame veloc ty. B od esel usage usually mproves CO em ss ons 
and ncreases CO2 and NOx em ss ons due to h gher combust on temperature and extra oxygen content n the chem cal 
compos t on [26].

Increas ng CR from 14:1 to 16:1 mproved CO values 34,42%, 42,03% and 34,63% for d esel fuel, WCO b od esel 
and B20 fuel, respect vely. But, ncreas ng compress on rat o ncreased CO2 values 9,41%, 15,18%, and 9,40% for 
d esel fuel, WCO b od esel and B20 fuel, respect vely. Also, 16:1 compress on rat o exper ments resulted n 4,83%, 
12,5%, and 9,19% h gher NOx for d esel fuel, WCO b od esel, and B20 fuel, respect vely. B od esel usage mproved 
CO em ss ons 11,47% and 21,75% for 14:1 and 16:1 compress on rat os, respect vely, compared to d esel fuel. But n 
contrary, b od esel usage ncreased CO2 and NOx em ss ons compared to d esel fuel for both compress on rat os. WCO 
b od esel ncreased CO2 em ss ons 10,56%, and 16,39% compared to d esel fuel for 14:1 and 16:1 compress on rat os, 
respect vely. Also, WCO b od esel ncreased NOx em ss ons 40%, and 50,23% compared to d esel fuel for 14:1 and 16:1 
compress on rat os, respect vely.

F gure 5: CO em ss on results

F gure 6: CO2 em ss on results



F gure 7: NOx em ss on results

In th s study waste cook ng o l was converted to b od esel by us ng transester f cat on react on and the eff ects of d esel, 
waste cook ng b od esel and d esel-b od esel blend usages were nvest gated at two d ff erent compress on rat os n a var -
able compress on rat o d esel eng ne.  roughout the study follow ng conclus ons were obta ned;

• Waste cooking oil has a high FFA value and thus two-step transesteri  cation was performed.

• Fuel properties of waste cooking oil and its blend with diesel fuel were within the biodiesel standards.

• Increasing compression ratio improved BTHE and SFC values, and increased EGT for all test fuels.

• Increasing compression ratio improved CO emissions but caused to increase of CO2 emissions and NOx emissions.

• Waste cooking oil biodiesel usage slightly decreased BTHE and SFC values and increased EGT.

• Waste cooking oil usage improved CO emissions and caused to increase of CO2 emissions and NOx emissions.

 e authors would l ke to thank the Cukurova Un vers ty Sc ent f c Research Project Coord nat on (FBA-2016-5509) 
for f nanc al support to th s project.
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D str ct heat ng and power generat on based  ue gas waste heat 
recovery

Abstract
In this study, integration of appropriate renewable methods are going to be applied on conventional coal  red 
steam power plant which has 660 MW full load capacity and including 4 Turbines (1 HP, 1 IP and 2 LP), one 
Benson type boiler and having multi pre heater stages for each unit. Steam parameters are 177 Bar and 541 
oC super-heater section and 50 bar 539 oC for re-heater section. Primary fuel is coal except for startup and 
shut down operations. It is aimed by retro  tting some renewable energy methods on existing power plant, 
thus eliminating conventional type power plants adverse eff ects on thermodynamically, environmental and 
economic issues.  
One of the most important issue of conventional steam power plant operation is waste heat recovery 
management. A widespread techniques has been developed on this topic. It’s possible to handle low grade heat 
by considering thermodynamic and environmental facts and also dealing with restrictions and opportunities 
after ful  lled feasibility study. In this study, it is being proposed waste heat recovery by combining Organic-
Rankine Cycle (ORC) with steam-Rankine cycle at available section. Brief summary of operation is ORC 
takes place after regenerative air preheater section and the target is to utilize waste heat of  ue gas either 
via district heating or power generation up to few MW values. Depending upon the calculation and results 
additional modi  cations can further be needed as well.

Keywords: Waste heat recovery,  ue gas, steam power plant

Energy s the power and v tal part of l fe. In the future, we must have a susta nable, aff ordable and env ronment fr endly 
energy supply. Convent onal foss l energy sources w ll be replaced by renewable sources, gradually. Renewable techno-
log es are cons dered as clean sources of energy and opt mal use of these resources m n m ze env ronmental mpacts, 
produce m n mum secondary wastes and are susta nable based on current and future econom c and soc al needs. [1].

A major challenge for the future electr c gr d s to ntegrate renewable power sources such as solar, w nd and b omass [2]. 
Such sources are var able and nterm ttent, unl ke trad t onal sources that prov de a controllable, steady stream of power. 
Instead of fully replac ng renewable by convent onal systems, t’s better to mplement part al ntegrat on of renewable 
methods on such convent onal power plants already n operat on. 

Renewable energy systems are ncreas ngly be ng used for electr c ty generat on, e ther at small-scale decentral zed sys-
tems w th capac ty n the kW scale or even med um-scale systems (often called ut l ty-scale) w th capac ty of afew MW. 
However, the large-scale systems w th capac ty of some hundreds of MW are st ll us ng convent onal technolog es based 
on foss l fuels.

One of the most mportant d sadvantages of convent onal technolog es s the env ronmental mpact.  e combust on 
of foss l fuels leads to the nev table product on of carbon d ox de (CO2), wh le most of the t mes harmful em ss ons are 
produced, such as carbon monox de (CO), n trogen ox des (NOX), sulfur ox des (SOX), unburned hydrocarbons (HC), 
and sol d part cles. Another cr t cal d sadvantage of convent onal technolog es s that they need cont nuous fuel supply 
to operate, wh ch contr butes to the operat ng costs.

On the other hand, renewable energy technolog es do not requ re any foss l fuel dur ng normal operat on.  e r opera-
t on s based on the explo tat on of natural resources, such as the sun and w nd, hav ng relat vely lower operat ng costs, 



although they st ll requ re some ma ntenance.  e most mportant d sadvantage of renewable energy technolog es s the 
 uctuat on of the r power output [5].

Figure 1: Additional Installed Capacity by years

It s generally expected that coal w ll cont nue to play a key role n the future energy m x as t s the most abundant and 
cheapest foss l fuel source.Such sol d foss l fuels are combusted nsteam power plants, where the power cycle s based on 
the steam-Rank ne thermodynam c cycle, us ng a steam turb ne.

F gure 2: Electricity Generation Distribution Depend on Energy Sources (2016)

F gure 2: A path of A r/Flue-gas



Add t onally, pulver zed coal f r ng system, ntegrated w th ts components, n the steam generator (bo ler) s to prov de 
through the combust on of certa n b tum nous coals the necessary thermal energy for the generat on of steam wh ch n 
turn s requ red for dr v ng the downstream turb ne w th downstream generator for power generat on.  Flue gases leav ng 
the bo ler combust on chamber pass over the convect on banks of the super-heaters, re-heaters and then enter regene-
rat ve a r heater.  ere the gases exchange the r thermal energy w th the pr mary and secondary a r.  e temperature 
of the gas enter ng the a r heater s reduced from about 400 oC to 150 oC.  e cooled gases then pass to electrostat c 
prec p tator where most of the dust s removed. V a nduced draft fan, the cleaned gases then pass to the FGD plant for 
desulfur zat on and then to atmosphere v a the stack [4].

It s poss ble to see several stud es that deal w th renewable energy ntegrat on to convent onal systems related to ther-
modynam c analys s.

Gang Xu et al. (2014) stud ed ntegrat on of waste heat recovery system on  ue gas path. To ach eve extra work, nstalled 
low temperature econom zer after ESP takes place. Exergy analys s and econom c analys s have been done and d scussed 
on results [6].

C. L  et al. (2016) nvest gated on generated waste heat quant t es dur ng ndustr al product on. In order to max m ze 
net power output, an opt mal comb nat on of cycle conf gurat on,  u d and cycle parameters under d ff erent heat sour-
ce cond t on, the follow ng researches have been performed. To sum up, results nd cate that the regenerat ve organ c 
trans-cr t cal cycle produces the max mum power output at source temperatures up to about 500 oC, and d ff erent opt -
mum work ng  u ds are obta ned under d ff erent heat source temperature [7].

Chengyu L  et al. (2016) has been stud ed for waste heat recovery from  ue gas n a w de range temperature.  e study 
also deal ng w th opt mum relat onsh p between selected  u d and heat source n order to ach eve better thermal eff c en-
cy. Evaluat on, opt m zat on compar son of many cycles has been evaluated.

X aoqu Han et al. (2016) stud ed on  ue gas waste heat recovery method by extract ng water from h gh mo sture l gn te 
coal thus y eld ng ncrease of bo ler eff c ency. Energy sav ng potent al has also been evaluated. To ach eve th s, d ff erent 
opt ons take nto cons derat on l ke econom zer or spray tower.  ermodynam c and econom c performance of system 
are nvest gated for each scheme [8].

J ax  X a et al. (2016) performed thermo - econom cal analys s of comb ned system wh ch s named comb ned cool ng 
and power system for eng ne waste heat recovery. V tal part of the system thermodynam cally based were stud ed. Exer-
go-econom c evaluat on s another branch of th s study.  V a the s ngle-object ve opt m zat on, the lowest average cost 
per un t of exergy product for the overall system s obta ned [9].

Nav d Nazar a et al. (2016) proposed mult  object ve opt m zat on of comb ned steam& ORC based on exergy and exer-
go-econom c analys s of waste heat recovery appl cat on. Comb ned cycle has been performed n terms of exergo-econo-
m c and exergy eff c ency.  Total product cost rate and exergy eff c ency were cornerstone of th s study.  ree d ff erent 
type  u d select on has been mon tored to perform system character st c as well [10]. 

Zheny ng Wang et al. (2016) has been presented evaluat on of  ue gas waste heat and water recovery from a foss l fuel 
bo lers. Several parameters  has been stud ed l ke  eff c ent heat and water recovery for var ous k nds of foss l fuel bo lers, 
heat recovery dependency parameters l ke mo sture content [11].

X l ng Zhao et al. (2016) presented another waste heat recovery method, known peak shav ng heat pump.  s study 
cons st of mprov ng  transm ss on network  and d str but on capac ty, Also study proposed by heat ng capac ty, and 
reduced heat ng energy consumpt on. As such, the proposed system s advantageous n terms of energy sav ng, em ss on 
reduct on, and econom c benef ts [12].

In th s study, ntegrat on of appropr ate renewable methods are go ng to be appl ed on convent onal coal f red steam 
power plant wh ch has 660 MW full load capac ty and nclud ng 4 Turb nes (1 HP,1 IP and 2 LP), one Benson type 
bo ler and hav ng mult  pre heater stages for each un t. Steam parameters are 177 bar and 541 o C super-heater sect on 
and 50 bar 539 o C for re-heater sect on. Pr mary fuel s coal except for start up and shut down operat ons. It s a med by 
retrof tt ng some renewable energy methods on ex st ng power plant, thus el m nat ng convent onal type power plants 
adverse eff ects on thermodynam cally, env ronmental and econom c ssues. 

One of the most mportant ssue of convent onal steam power plant operat on s waste heat recovery management. A 
w despread techn ques has been developed on th s top c. It’s poss ble to handle low grade heat by cons der ng thermod-
ynam c and env ronmental facts and also deal ng w th restr ct ons and opportun t es after fulf lled feas b l ty study. In 



th s study, t s be ng proposed waste heat recovery by comb n ng Organ c-Rank ne cycle w th steam-Rank ne cycle at 
ava lable sect on. Br ef summary of operat on s ORC takes place after regenerat ve a r preheater sect on and the target 
s to ut l ze waste heat of  ue gas e ther v a heat ng or power generat on up to few MW values. Depend ng upon the 

calculat on and results add t onal mod f cat ons can further be needed as well.

However, the a m of an ORC mach ne s the power generat on and as secondary purpose cogenerat on or tr  generat on 
w th hot water product on for heat ng/cool ng.

As seen below f gure waste heat recovery s the h ghest temperature recovery ORC appl cat on.  e h gher temperature 
ava lable the h gher convers on capab l ty means the h gher eff c ency of cycle thus reduct on of waste energy and heat. 

F gure 3:  ORC Appl cat ons

 e temperature of the  ue gas upstream of the absorbers s around 140-150 °C and the volumetr c  ow s ~760m3/s. 
 erefore there s cons derable heat potent al, f t can be ut l sed n an appropr ate and eff c ent way. It s assumed that 
the temperature at the outlet of the absorber ( nlet of the stack) doesn’t change or change marg nally because of water / 
steam saturat on eff ect. Indeed f the  ue gas nlet temperature of the absorber s lower, then less heat energy s prov ded 
nto the FGD system and less amount of water w ll be vapor zed.

F gure 4: Flue gas heat recovery system

As it known that steam power plant have waste energy, it should be decreased to enhance effi  ciency so ORC will be 
placed out of boiler to recover energy, proper  uid selection which is used as refrigerant in ORC, is very important sec-
tion while dealing with relatively lower energy conversion studies. Although there is considerable heat potential, it can 
only be of feasible usage if there is a continuous consumer. Evaluation both internal and external consumer options will 
also be considered in this study. Internal options can be accounted  rst feed water preheating or to heat primary air that 
will increase combustion effi  ciency in the air/  ue gas system. Besides, it is possible to heat clean gas in the stack in order 
to prevent visible plume and it can also help to create additional vacuum in the stack which may help IDF. 



In th s chapter, t s go ng to be evaluated a potent al of res dual  ue gas temperature wh ch s around 400 OC med um 
temperature before a r heater sect on. In order to ut l ze that great potent al waste heat after combust on process, rege-
nerat ve a r pre-heater has been settled down to handle heat transfer between  ue gas and fresh a r. Normal operat on 
cond t ons descr bed as follows: 

Mult   ow des gns l ke tr  and quart sector shaped a r heater allow preheat ng of pr mary and secondary a r n one a r he-
ater. Spec ally w th respect to the h gh pressure d ff erence between pr mary a r and  ue gas double seal system m n m ze 
leakage of pr mary a r nto the  ue gas.

Instead us ng regenerat ve a r pre heater alternat ve recovery method can be mplemented at ava lable  ue gas path. Power 
generat on based ORC ntegrat on s ma n dea of th s study that s proposed convert ng a great waste heat of  ue gas nto 
electr c generat on v a ORC. A proper  u d select on, ORC equ pment (ORC pump, evaporator, turb ne, condenser), 
exergo - econom c analys s, data table, graphs are ma n study cases.  us depend ng on cycle eff c ency up to a few MW 
can be obta ned by  ue gas waste heat recovery.

F gure 4 : A r / Flue gas system ntegrat on w th power generat on based  ue gas waste heat recovery v a ORC

In th s chapter, t s go ng to be d scussed the expectat ons on waste heat recovery benef ts, expend tures and losses, heat 
ga ns and compar son between convent onal type systems and renewable ntegrated systems. All parameters needed to 
calculate thermodynam c laws wh ch are actually f rst law of thermodynam c and second law of thermodynam c, s taken 
from coal f red steam power plant.  ose are ma nly  ow rate of  ue gas, temperature of  ue gas, pressure of  ue gas and 
whatsoever needed. Bas c expectat ons are descr bed as follows: 

H gher eff c ency

Reduct on wastes

Lower operat ng costs

Decreas ng adverse env ronmental eff ect of ma n fuel ( coal ) 

 e calculat ons and d scuss on top cs are go ng to be performed are below: 

Energy analys s : F rst Law of  ermodynam c



Exergy analys s : Second Law of  ermodynam c

Exergo econom c analys s: Cost analys s of exergy loss & annual sav ng, nvestment opt ons for necessary part. 

Env ronmental analys s :  Impacts  n em ss on (CO2 em ss on ) 

To sum up, one of the weaken part of convent onal type power plant s waste heat regenerat on that ex st on  ue gas 
path. By us ng ORC comb ned w th Steam Rank ne Cycle, total losses w ll be m n m zed v a ntegrat ng waste heat reco-
very system on  ue gas path thereby energy convers on takes more eff c ently nto e ther heat ng or power based theory. 
Depend ng upon the consumer opportun t es, heat ng based project s go ng to be just f ed wh le dec s on procedure. 
Consumer opt ons are seem to be external as d str ct heat ng or nternal opt ons as feed water preheat ng, combust on 
a r preheat ng or clean gas preheat ng.
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  ermodynam c Analys s of Bus A r Cond t oner Work ng w th 
Refr gerant R600a

Abstract
Refrigerant R134a (tetra  uoroethane) is widely used in automotive air conditioners and has a good 
performance. However, since refrigerant R134a still has a high global warming potential (GWP), this 
refrigerant must be replaced with environmentally friendly refrigerants such as R600a (isobutane), which 
is a natural  uid, no eff ect on the climate, inexpensive and readily available. In this study, thermodynamic 
analysis of a bus air conditioner working with refrigerant R600a was performed. Adana province of Turkey 
was chosen as the study region. Firstly, a bus used for inter-city passenger transportation with a passenger 
capacity of 56 persons was selected. Cooling Load Hourly Analysis Program (HAP) was used to determine the 
hourly cooling load capacity of the selected inter-city bus model. Useful and reversible works of compressor, 
coeffi  cient of performance (COP), exergy effi  ciency and exergy destructions of the bus air conditioning system 
were obtained and evaluated in detail.

Keywords: Air-conditioning, refrigerant R600a, air mixing ratio, exergy, exergy effi  ciency, intercity bus.

Today, the development of industrialization and technology has brought many advantages, such as effi  cient production, 
cheaper price and thus improved quality of life. On the other hand, global energy demand has shown a signi  cant 
increase due to rising technological and population growth, and at the same time, unfortunately, fossil fuels have been 
sharply declining. In this respect, the global warming being the threat of climatic change, effi  cient usage of energy sourc-
es and greenhouse-gas (GHG) emissions based on fossil energy consumption have become most attractive issues in the 
present decade [1].

With steady temperature increase throughout the years, the importance of air-conditioning (AC) systems is becoming 
more important part of our lives day by day. AC systems have great importance in transportation as well.  e comfort 
of the passengers is as important as the energy effi  ciency of vehicles. An ideal automobile air-conditioning (AAC) system 
reduces temperature and humidity which can impact on our thermal comfort and air quality.  e system also reduces 
dehydration level and thus excessive sweating [2].  e importance of AC becomes clearer, especially when hot tempera-
tures being experienced. On the other hand, AAC systems and most of their components, regardless of their bene  ts, 
consume great amounts of energy. 

 e number of buses and total vehicles is increasing rapidly in Turkey and the world. With growing numbers of vehicles, 
energy effi  ciency becomes more important in public transportation. It is worthwhile to mention that buses are one of 
the most important  gures of public transportation and they are designed to carry many passengers. Automotive air 
conditioning (AAC) systems are the second largest energy consumers in vehicles including buses [3]. To reduce fuel con-
sumption of an inter-city bus, increasing the energy effi  ciency of inter-city bus AC system should take into consideration.

 ere are several available refrigerants for AC systems. R404a, R410a, R502, R507, R22, R290, R134a, R500 and, 
R600a refrigerants are some of them. Refrigerant R134a (tetra  uoroethane) is widely used in automotive air condition-
ers and has good performance. However, since refrigerant R134a still has a high global warming potential (GWP), this 
refrigerant must be replaced with environmentally friendly refrigerants such as R600a (isobutane), which is a natural 
 uid, no eff ect on the climate, inexpensive and readily available. In this study, thermodynamic analysis of bus air con-

ditioner working with refrigerant R600a was performed. Total exergy destruction and overall exergy effi  ciency of system 
were obtained and evaluated in detail.



A schematic view of the inter-city bus AC system is presented in Figure 1. As seen from the  gure, the outside fresh air 
is  rstly mixed with re-circulated air to satisfy the ventilation requirement.  en, the mixed air  ows through a cooling 
coil (evaporator), and it is supplied to the cabin by the evaporator fan. Standard inter-city bus AC system components 
are compressor, evaporator, expansion valve and condenser. 

F gure 1. Schemat c v ew of the nter-c ty bus AC system

 e mass  ow rate of outdoor air, om , and the mass  ow rate of indoor air, jm , are mixed at a constant pressure and 
certain rate.  e value of air mixing ratio, MR is de  ned by:

   

o

j

m
MR=

m




                                                                        
(1)

From the mass balance of dry air and water vapor:

s o i mm m m m     
                                                            (2)

m o im o im mw mw w                                                   (3)

From the energy balance:

m o im o im mh mh h      
                                           (4)

 e sensible cooling load, sensible,busQ , and the latent cooling load, latent,busQ , on the inter-city bus are given by:

sensible,bus s p i oQ m c (T T )                                     (5)

latent,bus s fg i oQ m h (w w )                                     (6)

By-pass factor, BPF can be calculated as:

s ADP

m ADP

T T
BPF=

T T


               

(7)

where Ts, TADP and Tm are the supplied air temperature, the coil apparatus dew-point temperature and the mixed air 

temperature, respectively.  e optimum capacity of the cooling coil, evaporatorQ , can be obtained from energy balance 
across the cooling coil [4]:



evaporator s m s w wQ m (h h ) m h      
                              (8)

where wh  and wm are the enthalpy of condensate leaving the cooling coil (evaporator) and mass  ow rate of condensate 

on the cooling coil, respectively. wm  can be calculated as follows: 

w s m sm m (w w )   
                                                        (9)

 e general exergy balance is written as:

in out destEx Ex Ex   
                                                                          (10)

where in outEx Ex   is the rate of net exergy transfer by work, heat and mass. Moreover, the rate of net exergy destruc-

tion is indicated with destEx in the equation above.  e general exergy balance can also be written in the rate form as [5]:

heat work mass,in mass,out destEx Ex Ex Ex Ex                                                (11)

Besides, the rate of formation of the general exergy balance is evaluated as:

0
k in in out out dest

k

T
(1 ) Q W+ (m ex ) (m ex ) Ex

T
           

        
(12)

where  and  are the work rate and the  ow (speci  c) exergy, respectively. Additionally, the properties at the reference 

(dead) state of 0P and 0T are shown as subscript zero.  e speci  c  ow exergy of refrigerant or air can be calculated from 
the following equation: 

ref,air 0 0ex (h h ) T (s s )    
                                                             (13)

 e exergy rate is calculated as:

Ex m (ex)                                                                                          (14)
 e exergy effi  ciency of various steady-  ow devices,  , can also be expressed as:

out

in

Ex Exergy recovered

Ex Exergy supplied
  




         (15)

refCOP  which is an energy-based effi  ciency measure of the refrigeration unit is calculated from the following equation:

evap
ref

comp

Q
COP

w





        (16)

 e revers ble power, revW  , can be def ned as:

rev comp dest out,comp in,compW W Ex Ex Ex       
                                       (17)

where diff erence between minimum required power to be supplied to the compressor (useful work) is compW  and the 

exergy destruction is destEx .

Adana province of Turkey was chosen as the study region. In calculation of the cooling load of the inter-city bus cabin, 
climate data such as dry bulb temperature, wet bulb temperature and solar radiation of the Adana province were used. 
 e selected bus, which has a passenger capacity of 56 persons, was used for inter-city passenger transportation in the 
United States and Turkey. Dimensions of the TS 45 type inter-city bus belonging to TEMSA are presented in Figure 2. 
Dry bulb temperature and wet bulb temperature of outdoor air was accepted as 36.8 °C and 25.7 °C, respectively.  e 
inter-city bus cabin was maintained at 24.4 °C dry bulb temperature and 50% relative humidity. It was assumed that the 
inter-city bus was traveling to north direction at a speed of 120 km/h for the cooling load calculation. 



Cooling Load Hourly Analysis Program (HAP) was used to determine hourly cooling load capacity of the intercity bus. 
Accordingly, maximum cooling load values were computed to be nearly 25-26 kW and obtained at 17:00, while the 
minimum values were acquired at times when atmospheric air temperature and solar radiation were low. Maximum 
cooling load value was obtained as 25.96 kW at 17:00 in July. It was also the peak cooling load and peak time.  erefore, 
the energy and exergy analysis of the inter-city bus AC system were made considering the calculated peak load values. 
 e MR value was considered to be between 0.05 and 0.5.  e inter-city bus cabin was considered at 24.4 °C dry bulb 
temperature and 50% relative humidity, while the outside design conditions were obtained 36.8 °C dry bulb temperature 
and 25.7 °C wet bulb temperature.  e supplied air to the conditioned space was assumed to be 10 °C lower than the 
inside temperature, and thus determined as 14.4 °C. 

Dimensions of inter-city bus in mm (TEMSA)

Length Width Height Wheelbase
Front Exten-

sion
Rear Extension

13716 2590.8 3505.2 7894.3 1925.3 1925.3

Inter-city bus engine (CUMMINS)

Model CUMMINS ISX EPA13 345 HP
Type Diesel
Number of Cylinders 6 in line

Figure 2. Dimensions of the TS 45 type inter-city bus [6]

 e bus sensible cooling load  ( sensible,busQ ) value and the bus latent cooling load value ( latent,busQ ) were determined as 
22.808 kW and 3.154 kW.  e thermodynamic properties of refrigerant R600a were determined using the CoolPack 
V2.85 software. In the calculations of the refrigeration cycle, value of the evaporation temperature of the refrigerant was 
considered to be equal to the apparatus dew point temperature. Condensation temperature of the refrigerant was con-
sidered to be 15 °C above the atmospheric air temperature. In addition, superheated and subcooling temperature values 
were de  ned as 10 °C.  e dead-state temperature (T0) was considered to be environment temperature, 36.8 °C.  e 
dead-state pressure (P0) was considered to be 101.325 kPa. 

 e eff ect of MR on COP values of the inter-city bus AC system and the compressor input powers is shown in Figure 3. 
Maximum useful work and reversible power values were obtained as 9.57 kW and 8.08 kW for MR=0.5, while mini-
mum useful work and reversible power were found as 5.62 kW and 4.73 kW for MR=0.05, respectively. Determined 
COP values varied from 5.12 to 5.36, resulting in up to 4.6% diff erence. It was observed that useful work and reversible 
power increases signi  cantly with increasing MR, thus resulting in reduction in COP.



F gure 3.  e eff ect of MR on COP values of the nter-c ty bus AC system and the compressor nput powers 

Figure 4 shows the heat transfer rates at condenser and evaporator with respect to MR. As seen from the  gure, mini-
mum heat transfer at condenser was observed as 35.79 kW at MR=0.05, while maximum heat transfer value was calcu-
lated as 58.59 kW at MR=0.5, causing 63.70% more energy consumption. On the other hand, minimum heat transfer 
at evaporator was 30.17 kW and obtained at MR=0.05, while maximum heat transfer at evaporator was 49.03 kW and 
obtained at MR=0.5, causing 62.51% more energy consumption. It is worthwhile to mention that increasing MR causes 
increment in the temperature and absolute humidity of air mixture. In this regard, it is the main reason for higher heat 
transfer rates.

F gure 4.  e heat transfer rates at condenser and evaporator w th respect to MR  

Figure 5 presents exergy destruction values of the inter-city bus AC system equipment with respect to MR for R6 00a. 
As presented in the  gure, exergy destruction values of each system equipment increases with increasing MR. Maximum 
exergy destruction values of evaporator, condenser, compressor and expansion valve at MR=0.5 are 2.75 kW, 1.87 kW, 
1.48 kW and 0.89 kW, while minimum exergy destruction values of these components at MR=0.05 are 1.15 kW, 1.32 
kW, 0.88 kW and 0.51 kW, respectively. 

F gure 5. Exergy destruct on values of the nter-c ty bus AC system equ pment w th respect to MR 

Figure 6 shows exergy effi  ciency values of the inter-city bus AC system equipment with respect to MR. As demonstrat-
ed in the  gure, exergy effi  ciency values of the each system component varies indistinctly with respect to MR. Exergy 
effi  ciencies of expansion valve, compressor, evaporator and condenser at MR=0.5 are 92.05%, 84.46%, 74.16% and 
31.43%, whereas exergy effi  ciencies values at MR=0.05 are 92.52%, 84.18%, 83.36% and 19.64%, respectively. It is 
observed that expansion valve has the highest exergy effi  ciency values and condenser has the lowest exergy effi  ciency 
values for all MR values.



F gure 6. Exergy eff c ency values of the nter-c ty bus AC system equ pment w th respect to MR 

Figure 7 presents overall exergy effi  ciency and total exergy destruction values of the inter-city bus AC system with respect 
to MR for R600a. As can be observed from the  gure, total exergy destruction values increase signi  cantly in parallel 
with MR values, while overall exergy effi  ciency values do not change excessively. Maximum overall exergy effi  ciency and 
total exergy destruction are 46.45% and 7.02 kW, and minimum overall exergy effi  ciency and total exergy destruction 
are 45.67% and 3.88 kW, respectively.

F gure 7. Overall exergy eff c ency and total exergy destruct on values of the nter-c ty bus AC system w th respect to MR 

 Total exergy destruction values increase signi  cantly in parallel with MR values,
 Maximum useful work and reversible power values were obtained as 9.57  kW and 8.08 kW for 

MR=0.5, while minimum useful work and reversible power were found as 5.62 kW and 4.73 kW for 
MR=0.05, respectively.

 According to the results for MR=0.5, exergy destruction values of the inter-city bus AC system were 
calculated to be 1.5 kW, 1.88 kW, 0.90 kW and 2.76 kW for the compressor, condenser, expansion 
valve and evaporator, respectively. 

 Also, exergy effi  ciency values in these components were respectively found as 84.46%, 31.43%, 
74.16% and 92.05%. 

 Total exergy destruction and overall exergy effi  ciency of the system were obtained as 46.45% and 7.02 
kW, respectively.
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