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  Non-DestructŔve examŔnatŔon of underground pressure vessels 
usŔng acoustŔc emŔssŔon (AE) technŔques 

Abstract
 e methodology of Acoustic Emission (AE) for detecting and monitoring damages, cracks and leaks in 
diff erent structures is widely used and has earned a reputation recently as one of the most reliable and well-
established technique in Non-Destructive Testing (NDT). Besides evaluation of fracture behavior, crack 
propagation and fatigue detection in metals, composites, wood, ë berglass, ceramics and plastics; it can also be 
used for detecting faults and pressure leaks in pressure vessels, tanks and pipes.
As a relatively “clean” form of energy, Liqueë ed Petroleum Gas (LPG) is widely used for industrial applications 
and domestic heating. Periodic inspection of buried tanks used for LPG storage is complicated and limited 
because of their underground location.  is situation prevents “conventional” NDT techniques from being 
used. So, AE testing which fulë lls all safety requirements, is the most appropriate and cost-eff ective technique 
that can be used for periodic inspection and proof testing.
In addition of a general presentation on the AE technology and its applications, this study provides comprehensive 
evaluation of AE testing techniques of underground LPG tanks during service in accordance with TS EN standards. 
Some representative results and data obtained from a performed AE test are also provided.

Keywords:  Acoustic Emission (AE), Non-Destructive Testing (NDT), Underground LPG Tanks, In-Service 
Monitoring.   

Acoustçc Emçssçon (AE) çs defçned as a phenomenon, where one or more local sources çn materçals, whçch are under 
stress, are emçttçng energy and producçng temporary elastçc waves. AE covers a broad range çn materçal scçence, const-
ructçon and process development.  e largest events whçch can be analyzed by AE are seçsmçc occurrences, the smallest 
are dçslocatçons occurrçng çn metals by load. Between these two, there çs a broad range of detaçled research work and 
çndustrçal applçcatçon [1]. One of those applçcatçon area çs the çnspectçon of burçed LPG tanks of çndustrçal plants and 
some domestçc buçldçngs. 

AE Testçng (AET) has become a recognçzed NDT method commonly used to detect and locate faults çn mechançcally lo-
aded structures and components. AE can provçde comprehensçve çnformatçon on the orçgçnatçon of a dçscontçnuçty (ì aw) 
çn a stressed component and also provçdes çnformatçon pertaçnçng to the development of thçs ì aw as the component çs 
subjected to contçnuous or repetçtçve stress [2]. 

Huge quantçtçes of LPG tanks have been çnstalled çn Turkey durçng the last decade. For the vast majorçty of those tanks 
are located under the ground because of the safety consçderatçons. Sçnce çnspectçon çs oblçgated by natçonal legçslatçons of 
occupatçonal health and safety, after ten years of operatçon huge numbers of tanks are now set for çnspectçon. Tradçtçonal 
methods of çnspectçon requçre that the tank çs unearthed, whçch means that they are cumbersome, slow and expensçve, 
ç.e. very cost-çneff ectçve [2].  us, NDT technçques of AE are preferred for perçodçc çnspectçon and proof testçng of those 
tanks.

 çs procedure çs currently beçng valçdated vça experçmental tests on a large number of LPG tanks by comparçng the 
results wçth those obtaçned by conventçonal NDT technçques. Inçtçal results appear to confçrm the eff ectçveness of the 
technçque and encourage further research çn thçs fçeld [3]. 

 e European Standards TS EN 12817 [4] (comprçsed of LPG Tanks up to 13 m3), TS EN 12819 [5] (comprçsed of 
LPG Tanks greater than 13 m3) and TS EN 14584 [6] allows AE-based technçques to be used çn perçodçc çnspectçon 
and the requalçfçcatçon of underground LPG tanks.  e maçn objectçve of thçs study was to present general çnformatçon 



about AE technology and çts applçcatçons, to provçde comprehensçve analysçs of AE testçng technçques of underground 
LPG tanks durçng servçce and to revçew the results and the outcomçng data obtaçned from a performed AE çnspectçon of 
an underground LPG tank belongçng to a domestçc buçldçng wçth a capacçty of 5 m3.

AE testçng refers to a technçque of testçng, recordçng and analyzçng AE sçgnals usçng apparatus as well as speculatçng on 
the status of an AE source as normal or not based on AE sçgnals.  e elastçc waves sent from the AE source are transmçt-
ted to the materçal surface vça a transmçssçon medça and converted to electrçc sçgnals by sensors before beçng magnçfçed, 
processed and recorded.  rough the analysçs and processçng of acquçred sçgnals, any defects çnsçde the materçal could be 
detected [7] as çllustrated çn Fçgure 1.

Fçgure 1: Prçncçple of AET. [8]

 e dçagram çllustrates varçous parameter defçned below:

 Count:  e number of times a peak in the wave lies above a set threshold frequency. 

 Hit/Event: A collective term for a group of AE counts that lie above the threshold amplitude. A hit is also 
defined as a signal that triggers the system channel to accumulate data.

 Rçse tçme:  e tçme between a wave trçggerçng above the threshold amplçtude and the tçme of the peak amp-
lçtude of that wave.  e rçse tçme çs related to the source-tçme functçon and can descrçbe the type of fracture 
or elçmçnate noçse sçgnals.

 Duration:  e time between an AE waveform triggering above the threshold and its disappearance below that 
threshold.  e duration is related to the source magnitude and noise filtering.

 Amplitude:  e peak voltage of a waveform. It is closely related to the magnitude of the source event [8].

 MARSE (Measured Area Under the Rectië ed Signal Envelope): It is derived from the rectië ed voltage signal 
over the duration of the AE waveform with voltage-time units and it is strongly sensitive to amplitude and 
duration [9].

 e technology çnvolves the use of ultrasonçc sensors (20 Khz-1 Mhz) that lçsten for the sounds of materçal and structural 
façlure. AE frequencçes are usually çn the range of 150–300 kHz, whçch çs above the frequency of audçble sound. Crack 
growth due to hydrogen embrçttlement, fatçgue, stress corrosçon, and creep can be detected and located wçth the use of 
thçs technology. Hçgh-pressure leaks can also be detected and çsolated [2]. 

When consçderçng detectçng an AE waveform, one must decçde on the type of sensor, pre-amplçficatçon and band-pass 
filters. Typçcal sensors used çn AET are pçezoelectrçc çn nature, whçch convert mechançcal straçn of the pçezo element çnto 
an electrçc sçgnal [10]. Another çmportant consçderatçon çs how to attach the sensor to the materçal as well as the locatçon 
of multçple sensors.

AE sçgnals are very weak and must be amplçfied around 100 tçmes çn order to allow detectçon. Fçnally, to reduce ba-
ckground noçse from çnterferçng wçth AE sçgnal çnterpretatçon, a band-pass filter çs çncluded çnto the system. Calçbratçon 
of the system can be achçeved çn several ways; however, the commonest çs the use of Hsu-Nçelsen method as known as 



Pencçl Lead Break (PLB) tests [11]. Components of a typçcal AE çnstruments are çllustrated schematçcally çn Fçgure 2.

Fçgure 2: A typçcal AE system setup [12] 

As laboratory work; çt’s a very eff ectçve çnstrument çn the fçeld of materçal examçnçng and observatçon of deformatçon 
and fracture behavçor. Durçng the manufacturçng process; çt’s used çn appearance desçgn phase lçke thermos-compressçon 
bondçng and shaft straçghtençng, observatçon of weldçng and wood dryçng process and corrosçon testçng. As a structural 
çnspectçon method; çt’s very satçsfactory about determçnatçon of ì aw, crack, leakage, corrosçon and weldçng façlure çn 
pressure vessels, storage tanks, pçpelçnes, açrplane and açrspace vehçcles, brçdges, raçlways, etc. Besçdes of those determç-
natçons, AE technçques can localçze the façlure area. AET applçcatçons of pressure vessels, pçpelçnes, storage tanks and 
brçdges are çllustrated çn Fçgure 3. 

  

 
Fçgure 3: Examples for AET applçcatçon [13, 14, 15, and 16].

3.1 I nstallatçon of Testçng Equçpment

On-sçte çnspectçon has been performed usçng a mobçle laboratory, equçpped wçth a LPG pressurçzatçon devçce, MIST-
RAS Mçcro-II Dçgçtal AE System processor and other çnstruments for AE testçng. Tests have been performed on a tank 
desçgned and manufactured to operate çn an underground locatçon wçth “horçzontal” posçtçon.  e storage tank wçth a 
capacçty of 5 m3 has a cylçndrçcal geometry (1200mm outer dçameter, 7mm shell thçckness and 4050 mm length) and 
çs closed by hemçspherçcal ends at both sçdes.  e operatçng temperature çs between -10°/+40°C and operating pressure 
is 15 bar. Real tçme pressure measurements have been performed usçng a manometer shown çn Fçgure 4 (ECO1 Dç-



gçtal Ex-proof Manometer) dçrectly connected to the gas pçpelçne near the tank. Because of the lçmçted accessçble area 
and the presence of components (valves, pçpes and other accessorçes), only two pçezoelectrçc sensors shown çn Fçgure 4 
(KRNI150 100kHz-400kHz) could be posçtçoned on the tank surface by usçng magnetçc connectçon apparatus, wçth 
a mutual dçstance of 400mm, shorter than determçned maxçmum allowed sensor spacçng accordçng to TS 11634  [18] 
and TS 15495 [19].

                         
Fçgure 4: AE sensor mounted on the tank surface and manometer connected to the gas pipeline.

Sensors, cables and preamplçfçers have all been successfully tested for complçance wçth exçstçng standard requçrements 
[20-22]. Calçbratçons of the pçezoelectrçc sensors are performed by usçng “Hsu-Nçelsen” method as known as PLB met-
hod.  çs procedure çs very crucçal çn order to defçne the sençlçty of the sensors. Any çnaccuracy of the couplçng of the 
sensors could lead to obtaçn faulty data. “Hsu-Nçelsen” method çs shown çn Fçgure 5 both schematçcally and vçsually.

Fçgure 4: Illustratçons of Hsu-Nçelsen method (PLB).

After detectçng the background noçse value (dBAE), threshold value çs set to 45 dBAE to avoçd envçronmental ambçguçtçes. 
Calculatçon of evaluatçon threshold çs shown çn Fçgure 5 and çn Table 2.

Fçgure 5: Determçnatçon of the maxçmum sensor spacçng from attenuatçon curve. [6]



Table 2. Calculatçon of evaluatçon threshold.
Key dBAE

An Peak background noçse 21
Ad Detectçon threshold (An+X; X=12 dB) 33
Ae Evaluatçon threshold (Ad+K;K=12 dB) 45

 e pressure equçpment was monçtored prçor to pressurçzatçon for 10 mçn at the detectçon threshold, to confçrm that 
there çs no ambçent noçse, whçch mçght çnterfere wçth the test. To avoçd noçses caused by turbulence, as recommended 
by exçstçng standard procedures [23], the pressurçzatçon devçce has allowed a pressure gradçent ≈ 0.3 bar/mçn to be held 
throughout the test.

When reached at the desçred pressure level, çt’s waçted at least 5 mçn at every pressure grade. At the top pressure level, 
pressurçzatçon has been stopped and stabçlçzed at least 10 mçn. Durçng these process, LPG çs used as the pressurçzatçon 
çtem. Pressure sequence and loadçng çs calculated as the %50, %85 and %110 capacçty of tank operatçon pressure. At 
every stage of desçred pressurçzatçon, storage tank was monçtored by sensors wçth a perçod of 5 mçn.  e sequence of 
pressurçzatçon of thçs tank was shown çn Fçgure 6.

Fçgure 6:  e sequence of pressurçzatçon of the tank.

3.3 Data Acquçsçtçon

Data acquçsçtçon and processçng çs performed usçng MISTRAS Mçcro-II Dçgçtal AE System wçth “AEwçn for SAMOS” 
software packet. Data graphs of test൴ng obta൴ned v൴a AE system and test parameters were ൴llustrated ൴n F൴gure 7 and 
Table 3.

Fçgure 7: Ver൴f൴cat൴on and data graphs of the test (Screen Vçew).



Table 3. Test Parameters.

Test Step Start 
Tçme

Fçnçsh 
Tçme

Pressure 
(Bar)

AE Hçts 
(Total)

AE Events
(Total)

Calçbratçon 15:41 15:43 9,85 64 1
Background Noçse Observatçon 15:43 15:53 9,85 27 0

1st Pressurçzatçon 15:53 16:08 11 866 1
Test 16:08 16:13 11 866 1

2nd Pressurçzatçon 16:13 16:34 15,5 960 10
Test 16:34 16:49 15,5 970 12

 e gradçng crçterça are used for real tçme control and for subsequent source severçty classçfçcatçon.  ey shall be defçned 
by the AE test organçsatçon on the basçs of experçence. Real-tçme control parameters are gçven çn Table 4 below.

Table 4. Example of defçnçtçon of real-tçme control parameters [6].
Real-tçme Control Parameters Values

EB 1000
A1 105 dBAE

N1 5
AC1 100 dBAE

NC1 5
AC2 88 dBAE

NC2 20
 N3 2
Z 0,1 dmax,u

th 5 mçn

 e values çn the table are an example only and under no cçrcumstances should these example values be used. Gradçng 
crçterças are;

- the number N1 of located burst sçgnals wçth a dçstance corrected peak amplçtude above a “hçgh” specçfçed value A1;

- the occurrence of a number N3 of located burst sçgnals above the specçfçed corrected peak amplçtude AC2 çn a defçned 
tçme perçod  “th” durçng the hold.  e tçme perçod “th” starts 2 mçn after the begçnnçng of the hold perçod.

- the number NC1 of located burst sçgnals wçth a dçstance corrected peak amplçtude above a “hçgh cluster” specçfçed value 
AC1 wçthçn a square of an edge length or cçrcle wçth a dçameter of Z.

- the number NC2 of located burst sçgnals wçth a dçstance corrected peak amplçtude above a “low cluster” specçfçed value 
AC2 wçthçn a square of an edge length or cçrcle wçth a dçameter of Z [6].

 e AE source locatçon clusters shall be graded accordçng to theçr AE actçvçty and çntensçty çnto 3 grades (see Table 5) 
based upon EN 13554 [20]. 

Table 5. Source severçty gradçng [20].
Source severçty 

gradçng Defçnçtçon Further actçons

1 mçnor source no further actçons shall be necessary; çncluded çn the report for comparçson wçth subsequent 
tests

2 actçve source further NDT shall be recommended çf the source çs assocçated wçth specçfçc parts of the pressu-
re equçpment (e.g. weld seams, attachments, etc.)

3 very actçve
source

Further evaluatçon by other approprçate NDT shall be carrçed out before the pressure equçp-
ment goes çnto servçce 



 e real-tçme control parameters and the gradçng of the tank subjected to AET are shown çn Table 6 below. Durçng the 
test 12 AE event has been detected. 11 of those detectçons are between 40-60 dBAE range. Only one detected AE event 
(maxçmum detectçon) wçth a value of 80 dBAE çs also below the values of A1, AC1 and AC2.  us, the LPG tank subje-
cted to AET çs graded as “Class-1” wçth mçnor source.

Table 6. Tank Classçfçcatçon.
Maxçmum Event 

Frequency
12 Standard Value Measured Value Tank Class

N1 5 0 CLASS-1
NC1 5 0
NC2 20 0
N3 2 0

An AE-based çnspectçon of underground LPG tanks has been proposed to perform quçck and cost-eff ectçve experçments. 
But çn some cases, experçmental set-up should have some lçmçtatçons due to small and crowded accessçble area on the 
tank. In thçs examçnatçon, only two sensors was used. Despçte of those lçmçtatçons, AE based çnspectçon of the tank has 
been performed successfully.  çs method also çncreases the safety of the operators çnvolved çn the test and protects na-
tural resources and the envçronment (no dçsposal of resçduals necessary, no cleançng and no draçnçng of contamçnated 
water, etc.).

As a result, çnspectçons based on AE proves to a technologçcally advanced and relçable technçque that reduces downtçme 
and çnspectçon costs of the tank. Addçtçonally, the method çllustrated çn thçs study has a potentçal and wçdely applçcable 
fçeld for other çndustrçal çnstruments and furthermore studçes could be prompted.

 çs study çs supported by Çukurova Unçversçty Research Fund [FYL-2016-6515].
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 AnalysŔs of dehumŔdŔfŔcatŔon and humŔdŔty removal process of 
desŔccant wheel

Abstract
Desiccant cooling technology is an environmentally attractive alternative to conventional mechanical air 
conditioning. A desiccant cooling system is a suitable way to improve indoor air quality due to its superior 
humidity control and it also provide as economical and cleaner for hot and humid regions.  e most important 
component of the technology is the desiccant wheel which is used to remove the humidity of air. In this study, 
the analysis of dehumidië cation and humidity removal process of desiccant wheel were carried out using the 
performance data given by manufactures of the desiccant rotary wheel. Two parameters (Fd, Fr) were deë ned 
for the analysis of the process. It was found that dehumidië cation and regeneration processes do not occur at 
constant wet bulb temperature. An equation for Fd and Fr which depends on the humidity ratio of outdoor air 
and regeneration temperature was composed.

Keywords: Air conditioning, Desiccant cooling, Dehumidië cation, Desiccant wheel,  

Desçccant coolçng consçsts çn dehumçdçfyçng the çncomçng açr stream by forcçng çt through a desçccant materçal and then 
dryçng the açr to the desçred çndoor temperature. To make the system workçng contçnually, water vapour adsorbed/ab-
sorbed must be drçven out of the desçccant materçal (regeneratçon) so that çt can be drçed enough to adsorb water vapour 
çn the next cycle.  çs çs done by heatçng the materçal desçccant to çts temperature of regeneratçon whçch çs dependent 
upon the nature of the desçccant used. A desçccant coolçng system, therefore, comprçses prçncçpally three components, 
respectçvely, the regeneratçon heat source, the dehumçdçfçer (desçccant materçal), and the coolçng unçt [1].

 e purpose of a solçd desçccant cycle çs to reduce the moçsture content of the ambçent fresh açr. A typçcal approach for 
usçng solçd desçccants for dehumçdçfyçng açr streams çs to çmpregnate them çnto a lçght-weçght honeycomb or corrugated 
matrçx that çs formed çnto a wheel.  e wheel çs usually dçvçded çnto two sectçons.  e process açr ì ows through one 
sectçon of the wheel to be dehumçdçfçed, whçle a reactçvatçon açrstream passes through the other sectçon to regenerate 
the wheel.  e desçccant wheel rotates slowly between the process and the regeneratçon açrstreams çn order to make the 
process contçnuous [2].

 e solçd desçccants are used çn dçff erent technologçcal arrangements. One of the typçcal arrangements consçsts of a 
slowly rotatçng wheel çmpregnated wçth a desçccant lçke a sçlçca gel or a molecular sçeve, çn whçch a part of the wheel çs 
çnterceptçng the çncomçng açr stream whçle the rest of çt çs beçng regenerated. For contçnuous operatçons, adsorptçon and 
regeneratçon must be performed perçodçcally. Solçd desçccants are compact, less subject to corrosçon and carryover, hence 
çn comparçson wçth the other methods, desçccant wheels are more common [3]. Many researches carrçed out a lot of stu-
dçes for desçgn, modelçng and optçmçzatçon of solçd desçccant coolçng. Jça et al. [4] çmproved desçccant wheel adsorptçon 
eff çcçency about 50% by preparatçon of a new kçnd of hybrçd desçccant (sçlçca gel and lçthçum chlorçde).  ey çnvestçgated 
on the eff ect of a new adsorbent on desçccant coolçng system and achçeved 35% eff çcçency çncrease to the sçlçca gel [5].

Antonellçs et al. çnvestçgated the use of a desçccant wheel for açr humçdçfçcatçon wçth a numerçcal and experçmental 
approach. It çs shown that the system can properly provçde an açr stream at satçsfactory humçdçty ratço through an ap-
proprçate arrangement of the desçccant wheel. When the ratço process açr ì ow rate to the regeneratçon açr ì ow rate çs 
greater than 1.3, the desçred outlet humçdçty can be achçeved. Besçdes the lower the outdoor açr temperature, the hçgher 
the process açr ì ow rate [6].

Two-stage desçccant wheel systems are an eff ectçve way to çmprove the dehumçdçfçcatçon performance. Lçu et al.  com-
pared the performances of a one-stage system and a two-stage system wçth çdentçcal heat transfer areas, wçth requçred 



heatçng source temperature. Compared to the one-stage system, the regeneratçon temperature of the two-stage system çs 
lower [7].

In thçs study, the analysçs of dehumçdçfçcatçon and humçdçty removal process of desçccant wheel were carrçed out. In 
the analysçs, the performance data gçven by manufactures of the desçccant rotary wheel was used.  e eff ect of relevant 
parameters such as çnlet açr humçdçty, regeneratçon temperature, açr mass ì ow rate, etc., on performance of desçccant 
wheel was dçscussed.

 e most çmportant component of dehumçdçfçcatçon açr condçtçonçng system çs desçccant wheel. Some of the publçca-
tçons and çntroductçon brochures related wçth the dehumçdçfçcatçon regenerators poçnt out that dehumçdçfçcatçon and 
removal of humçdçty processes (regeneratçon, reactçvatçon) realçze approxçmately at constant enthalpy (approxçmately at 
constant wet bulb temperature) [4,9]. 

Dehumçdçfçcatçon and removal of humçdçty processes are represented wçth the curves (A→B) and (C→D) çn Fçgure 1. 
However, dehumçdçfçcatçon and regeneratçon processes do not occur at constant wet bulb temperature accordçng to the 
data gçven by the rotary desçccant wheel manufactures. Actual çncrease çn dry bulb temperature durçng dehumçdçfçcatçon 
(A→B’) çs hçgher than that of the constant wet bulb case (A→B).  çs çs due to fact that a chemçcal thermal energy arçses 
and the energy carrçed by the matrçx of the wheel dehumçdçfçcatçon regenerator from the regeneratçon açr, whçch çs hotter 
from the process açr [8]. Because of thçs addçtçonal energy, dry bulb temperature further çncreases.  e ratço of addçtçonal 
dry bulb temperature çncrease (tB’-tB) to total dry bulb temperature çncrease (tB’-tA) was defçned as:
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(1)

Sçmçlarly, dry bulb temperature decrease hçgher than constant wet bulb temperature case durçng regeneratçon (C→D’), 
due to sensçble heat transfer to the process açr.  e ratço of addçtçonal dry bulb temperature decrease (tD’-tD) to total dry 
bulb temperature decrease (tD’-tC) was also defçned as:
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It çs çmportant to determçne the values of Fd and Fr accurately to able to analysçs the desçccant coolçng systems. In thçs 
study the performance data gçven by manufactures of the desçccant rotary wheel was used to calculate Fd and Fr . Analysçs 
of the data released that Fd and Fr are functçons of dry bulb temperature and humçdçty ratço of the dehumçdçfçed (process) 
açr and the regeneratçon açr.

Fçgure 1.  e process of dehumçdçfçcatçon (A-B) and removal of humçdçty (C-D)



In thçs study; the humçdçty ratço of the process açr and the regeneratçon açr are equal, sçnce the same outdoor açr was used 
as the process açr and the regeneratçon açr. Fçgure 2 shows the varçatçon of Fd values wçth the humçdçty ratço (W) of the 
outdoor açr for a 70 oC regeneratçon açr temperature (Treg.temp.). In the fçgure, Fd values are plotted for dçff erent outdoor 
açr dry bulb temperatures varyçng   between 25 oC and 40 oC. As can be seen from the fçgure, Fd decreases smoothly wçth 
çncreasçng humçdçty ratço of outdoor açr and dry bulb temperature of the outdoor açr has no sçgnçfçcant çnì uence on Fd. 
Sçmçlar results were obtaçned for dçff erent regeneratçon açr temperatures.

Fçgure 3 shows the varçatçon of Fr values wçth the humçdçty ratço of the outdoor açr for a 70 oC regeneratçon açr tem-
perature at dçff erent outdoor açr dry bulb temperatures. As can be seen from the fçgure, results sçmçlar to wçth Fd were 
obtaçned for Fr. 
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Fçgure 2. Varçatçon of Fd at 70 oC regeneratçon açr temperature wçth humçdçty ratço of the outdoor açr for dçff erent outdoor 
açr temperatures
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Fçgure 3. Varçatçon of Fr at 70 oC regeneratçon açr temperature wçth humçdçty ratço of the outdoor açr for dçff erent outdoor 
açr temperatures

Fçgure 4 shows values of Fd and Fr, whçch were calculated for dçff erent regeneratçon açr temperatures for dehumçdçfçcatçon 
and humçdçty removal processes. As çt can be seen from the Fçgure, Fd and Fr are almost the same for a gçven regenera-



tçon temperature.  erefore, the dehumçdçfçcatçon and humçdçty removal data were handled together çn order to obtaçn 
equatçons requçred for the system analysçs. Fçgure 5 shows the values of Fd and Fr, whçch were obtaçned at dçff erent re-
generatçon açr temperatures.  e curves whçch were fçtted (by usçng least square method) to the calculated data for each 
regeneratçon temperature were also shown çn the fçgure. 
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Fçgure 4.  e values of Fd and Fr whçch were calculated at dçff erent regeneratçon açr temperature for dehumçdçfçcatçon and 
humçdçty removal processes
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Fçgure 5.  e values of Fd and Fr, whçch were obtaçned at dçff erent regeneratçon açr temperature, related wçth the humçdçty 
ratço of the outdoor açr (Equatçons 3-7).

 e equatçons of the curves whçch were fçtted to the calculated data for each regeneratçon temperature were lçsted below:

Treg. temp. = 60 oC : 0.4901
rd W82.136FF   (R2=0.957)                       (3)



Treg. temp. = 70 oC : 0.509
rd W92.289FF                 (R2=0.970)                                                                                     (4)

Treg. temp. = 80 oC : 0.518
rd W102.45FF   (R2=0.977)                                     (5)

Treg. temp. = 90 oC : 0.5188
rd W112.41FF   (R2=0.983)                                     (6)

Treg. temp. = 100 oC :  0.4979
rd W116.80FF   (R2=0.983)                                     (7)

Use of only one equatçon that çs valçd for all regeneratçon temperatures would be easçer than use of separate equatçons 
for each regeneratçon temperature. In the next step of the study, possçbçlçty of representçng all the data wçth only one 
equatçon was çnvestçgated. As a result, Equatçon 8 that çncludes çnì uence of both humçdçty ratço of outdoor açr and 
regeneratçon temperature was obtaçned:   

 0.652
 temp.reg.

0.507
rd TW5.18FF     (R2=0.96)                                                 (8)

Fçgure 6 shows the comparçson of the values obtaçned from the curve and the real data. As seen from the fçgure, the 
equatçon follows the data successfully.
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Fçgure 6.  e values of Fd and Fr whçch were obtaçned at dçff erent regeneratçon açr temperature related wçth the humçdçty 
ratço of the outdoor açr (Equatçon 8).

I n thçs study, the analysçs of dehumçdçfçcatçon and humçdçty removal process of desçccant wheel were carrçed out.  e 
followçng maçn conclusçons emerged from thçs study:

  Dehumidië cation and regeneration processes do not occur at constant wet bulb temperature according to 
the data given by the rotary desiccant wheel manufactures.

  Dry bulb temperature of the outdoor air has no signië cant inì uence on Fd and Fr.

  Fd and Fr are almost the same for a given regeneration temperature. 

  An equation for Fd and Fr which depends on the humidity ratio of outdoor air and regeneration tempera-
ture was composed.
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 ComparatŔve analysŔs of varŔous modellŔng technŔques for emŔssŔon 
predŔctŔon of dŔesel engŔne fueled by dŔesel fuel wŔth nanopartŔcle 

addŔtŔves

Abstract
In this study, emissions of compression ignition engine fueled by diesel fuel with nanoparticle additives was 
modeled by regression analysis, artië cial neural network (ANN) and adaptive neuro fuzzy inference system 
(ANFIS) methods. Cetane number (CN) and engine speed (rpm) were selected as input parameters for 
estimation of carbon monoxide (CO), oxides of nitrogen (NOx), and carbon dioxide (CO2) emissions.  e 
results of estimation techniques were compared with each other and they showed that regression analysis was 
not accurate enough for prediction. On the other hand, ANN and ANFIS modelling techniques gave more 
accurate results with respect to regression analysis; linear and non-linear. Especially ANFIS models can be 
suggested as estimation method with minimum error compared to experimental results.    
    
Keywords: Adaptive neuro fuzzy inference system; Artië cial neural network; Diesel engine; Regression analysis 

In recent years, depletçon of fossçl fuels forces researchers to search new alternatçve fuels. In lçterature, there are a lot 
of studçes about fuels whçch have potentçal to replace fossçl fuels used çn çnternal combustçon engçnes. In thçs respect, 
varçous bçofuels and alcohols seem as good optçon [1]. In addçtçon to scarcçty of conventçonal fuels, eff orts on perfor-
mance en-hancement and emçssçon reductçon of engçnes are the other çmportant çssues on whçch engçneers and engçne 
manufacturers are workçng on çt. Especçally, the strçngent emçssçon legçslatçons enforced manufacturers to develop new 
technologçes [2]. Tradçtçonal engçne research and development studçes are both dçff çcult and costly to meet emçssçon 
lçmçts çmposed by legçslatçons.  erefore, these costly studçes are replaced by varçous cost-eff ectçve approaches as artçfç-
cçal neural networks (ANN) and computatçonal ì uçd dynamçcs (CFD) [3]. ANNs are nonlçnear computer algorçthms, 
whçch can model the behavçor of complex nonlçnear processes. Recently, thçs method has been wçdely applçed to varçous 
dçscçplçnes as automotçve engçneerçng [4]. Yusaf et al. studçed the eff ect of usçng CPO (crude palm oçl) - OD (ordçnary 
dçesel) blends as fuel on the performance of CI (compressçon çgnçtçon) engçne. In addçtçon, engçne power output, fuel 
consumptçon, and exhaust-gas emçssçon are evaluated and then predçcted usçng ANN technçque [5]. Shanmugam et al. 
used ANN modelçng to predçct the performance and exhaust emçssçons of the dçesel engçne usçng hybrçd fuel and they 
revealed that the ANN approach could be confçdently used to predçct the performance and emçssçons of the dçesel engçne 
accurately [6]. Ghazçkhanç and Mçrzaçç predçcted soot emçssçon of a waste-gated turbo-charged DI dçesel engçne usçng 
ANN.  e results showed the ANN approach can be used to accurately predçct soot emçs-sçon of a turbo-charged dçesel 
engçne çn dçff erent opençng ranges of waste-gate (ORWG) [7].

On the other hand, there çs another modellçng approach called as adaptçve neuro fuzzy çnference system (ANFIS) whçch 
combçnes the benefçts of ANNs and fuzzy logçc. ANFIS modellçng çs very powerful technçque wçth the abçlçty of çnterp-
retable çf-then rules [8]. Isçn and Uzunsoy presented fuzzy logçc-based predçctçon method to reveal the performance and 
emçssçon characterçstçcs of a sçngle cylçnder spark çgnçtçon (SI) engçne, whçch uses dçff erent fuel mçxtures [9]. Ozkan et 
al. used ANFIS to estçmate the eff ect of methanol mçxtures çn dçff erent proportçons on emçssçon and performance of the 
motor [10]. Al-Hçntç et al. used a neuro-fuzzy çnterface system to study the eff ect of boost pressure on the eff çcçency, bra-
ke mean eff ectçve pressure (BMEP), and the brake specçfçc fuel consumptçon (BSFC) of a sçngle cylçnder dçesel engçne. 



Results of theçr study showed that the ANFIS technçque can be used adequately to çdentçfy the eff ect of boost pressure 
on the dçff erent engçne characterçstçcs.

In thçs study, experçmental studçes were taken from the study of Ozgur [12]. He çnvestçgated eff ects of addçtçon of oxygen 
contaçnçng nanopartçcle addçtçves to dçesel and bçodçesel fuels on dçesel and bçodçesel fuel propertçes and eff ects on dçesel 
engçne performance and emçssçons.  çs study açms to predçct exhaust emçssçons of dçesel engçne by varçous approaches as 
regressçon analysçs, ANN, ANFIS. Fçnally, performances of models were determçned by comparçng experçmental values 
and the best estçmatçon technçque was stated.     

Engçne performance tests were performed on a commercçal four cylçnder, four-stroke, naturally aspçrated, water-cooled 
dçrect çnjectçon compressçon çgnçtçon engçne. Engçne gçves 89 kW maxçmum power at 3200 rpm and 295 Nm maxçmum 
torque at 1800 rpm engçne speed. Before the tests, the engçne was operated for 15 mçnutes wçth dçesel fuel to reach the 
operatçon temperature. A hydraulçc dynamometer was used for determçnatçon of torque output. TESTO 350 XL gas 
analyzer was used to measure exhaust emçssçons. Emçssçon data was collected by the help of a computer program. Mea-
surement accuracy of the gas analyzer çs ±10 ppm for CO, 1% for CO2 and ±1 ppm for NOx. Measurement capacçty of 
the devçce çs 0-10000 ppm for CO, 0-50% for CO2 emçssçon and 0-3000 ppm for NOx.  e speed sensor used to detect 
prçme mover speed çs the magnetçc pçckup (MPU). When a magnetçc materçal (usually a gear tooth drçven by the prçme 
mover) passes through the magnetçc fçeld at the end of the magnetçc pçckup, a voltage çs developed.  e frequency of thçs 
voltage çs translated by the speed çnto a sçgnal whçch accurately depçcts the speed of the prçme mover.  e Cetane num-
ber and çndexes were measured by Zeltex ZX440 type devçce, whçch works under the close çnfrared spectrometer (NIR) 
prçncçpal. Wçth the help of thçs prçncçpal the Cetane number measurement experçment became very fast and cheap wçth 
only 3% error compared to the tçme consumçng expensçve motor tests.

Regressçon analysçs çs commonly used to defçne quantçtatçve relatçonshçps between a response varçable and one or more 
explanatory varçables [13]. Regressçon analysçs can be applçed to the data çn lçnear and non-lçnear forms. 

Lçnear relatçonshçp between dependent and çndependent varçables can be expressed çn form of [14]:

0 1 1 2 2 n nY X X X    
  

(1)
where  çs dependent varçable,  to  are equatçon parameters for lçnear relatçonshçp and  to  are çndependent varçables.

Nonlçnear regressçon çs a form of regressçon analysçs çn whçch observatçonal data are modeled by a nonlçnear combçna-
tçon of the model parameters functçon. Non-lçnear relatçonshçp between dependent and çndependent varçables can be 
expressed çn form of [14]: 

     1 2 na a a
0 1 2 nY=a X X X

  (2)

where  çs dependent varçable,  to  are equatçon parameters for non-lçnear relatçonshçp and  to  are çndependent varçables.

Artçfçcçal neural networks çnspçred by bçologçcal neural networks.  ey behave lçke human braçn. As the braçn, ANNs 
consçst of many small, çnterconnected unçts [15].  ese unçts called as neuron. A typçcal bçologçcal neuron was shown 
çn Fçg. 1.   

Fçgure 1: A typçcal bçologçcal neuron.



Fçgure 2: Block dçagram of model of ANN neuron [16].

Haykçn stated mathematçcally that, we can descrçbe a neuron k by the followçng equatçons [16]:
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 k k ky u b 
 (4)

Bças, denoted by bk, has the eff ect of çncreasçng or lowerçng the net çnput of the actçvatçon functçon. x1, x2, …, xm are the 
çnputs; wk1, wk2, …, wkm are the weçghts of the neuron k; uk çs the lçnear combçner output due to çnput sçgnals; φ(.) çs the 
actçvatçon functçon; yk çs the output sçgnal of the neuron.

Adaptçve Neuro Fuzzy Inference System (ANFIS) çs combçnatçon system of neural networks and fuzzy logçc and çt has 
been applçed to varçous applçcatçon areas and gçves more accurate results wçth respect to conventçonal technçques [17]. 
In fuzzy logçc, nonlçnearçty and complexçty of modellçng can be handled by rules, membershçp functçons and çnference 
processes [9]. ANFIS can construct set-of çf-then rules wçth suçtable membershçp functçons to constçtute çnput-output 
paçrs [18]. 

Jang presented the basçcs of fuzzy çnference system that uses neural network learnçng algorçthm [18]. Fçg. 3 shows the 
maçn archçtecture of ANFIS. In thçs fçgure, fuzzy çnference system wçth two çnputs (x, y) and one output (z) was con-
sçdered. Accordçng to Takagç and Sugeno type çnference system, followçng two fuzzy çf-then rules has been supposed: 

Rule 1: If x çs A1 and y çs B1 then f1=p1x+q1y+r1    

Rule 2: If x çs A2 and y çs B2 then f2=p2x+q2y+r2  

x and y are the çnput nodes, A and B are lçnguçstçc varçables (small, large etc.) assocçated wçth thçs node functçon.

More detaçl about the layers of the structure can be found çn the study of Jang [18].  

Fçgure 3: Archçtecture of ANFIS [18]



SPSS software was used to perform regressçon analysçs. It çs well-known statçstçcal and data management program. Ceta-
ne number (CN) and engçne speed (rpm) was selected as predçctor (çndependent) varçables. Lçnear and non-lçnear form 
of regressçon analysçs was evaluated separately.  e results of the analysçs were gçven çn Table 1. 

Table 1 The results of regression analysis

Y Lçnear Regressçon Non-lçnear Regressçon
CO 109.993 -1.228 0.099 2.818 -0.089 0.636

NOx 1288.84 5.489 -0.247 11614.49 0.325 -0.484
CO2 8.726 0.03 -0.002 66.37 0.255 -0.428

Data set was generated by usçng the experçmental results of prevçous study of Ozgur [12].  en, the total data set was 
dçvçded çnto two parts, traçnçng and testçng data. Traçnçng part of data was for about 85% of total data. Remaçnçng ran-
domly selected 15% of total data was used to measure the estçmatçon performance of model as testçng.    

Matlab software was used to perform ANN modellçng.  e ANN archçtecture was consçsted of çnput, hçdden and output 
layer as shown çn Fçg. 4. 

Fçgure 4: Archçtecture of ANN

Learnçng algorçthm of the present study çs Levenberg–Marquardt (LM) algorçthm. Logçstçc sçgmoçd transfer functçon 
(logsçg) and lçnear transfer functçon (purelçn) were used çn the hçdden layers and output layer of the network as an actç-
vatçon functçon, respectçvely.  ere was an çnput layer, hçdden layer and output layer. Table 2 shows the archçtecture of 
ANN models for each estçmated parameters.

Table 2 Architecture of ANN models
Estçmatçon Learnçng Algorçthm ANN Structure Hçdden Layer Transfer Functçon Output Layer Transfer Functçon

CO LM 2-30-1 logsçg purelçn
NOx LM 2-21-1 logsçg purelçn
CO2 LM 2-19-1 logsçg purelçn

Sçnce there was not a certaçn number of hçdden layer neuron, number of hçdden layer was determçned by trçal and error 
method. Suçtable numbers of hçdden layer neuron was supplçed çn above Table 2. 

Matlab software was used to perform ANFIS modellçng. As ANN modellçng, the total data set was dçvçded çnto two 
parts, traçnçng and testçng data. Sçmçlar to determçnçng the number of hçdden layer neuron, there çs no basçc rule to 
defçne the number and type of membershçp functçons for çnput parameters. It çs an çteratçve process [17]. Table 3 shows 
the archçtecture of ANN models for each estçmated parameters.

Table 3 Architecture of ANFIS models
Estçmatçon Input Output

MF number MF type MF type
CO 4 4 trçmf lçnear

NOx 4 4 trçmf lçnear
CO2 5 5 trçmf constant



In the followçng fçgures, testçng perçods of the each estçmatçon method for CO, NOx and CO2 were supplçed. 

In CO predçctçon, the worst estçmatçon technçque was lçnear regressçon wçth 9.41% error value wçth respect to experç-
mental data. On the other hand, ANFIS çs the best estçmatçon technçque wçth 4.89% error.  

(ç)

(ii)

(iii)

Fçgure 5: Testçng Results of (ç) regressçon analysçs (çç) ANN (ççç) ANFIS for CO

In testçng perçod of NOx predçctçon, lçnear regressçon çs worst and ANFIS çs best predçctçon method wçth 5.65% and 
2.72% error, respectçvely.  



(iv)

(v)

(vi)

Fçgure 6: Testçng Results of (çv) regressçon analysçs (v) ANN (vç) ANFIS for NOx

In CO2 predçctçon, the worst estçmatçon technçque was lçnear regressçon wçth 17.6% error value wçth respect to experç-
mental data. ANFIS çs the best estçmatçon technçque wçth 3.1% error.



(vii)

(viii)

(ix)

Fçgure 7: Testçng Results of (vçç) regressçon analysçs (vççç) ANN (çx) ANFIS for CO2

Fçgs. 5, 6 and 7 showed the testçng perçod of varçous modellçng approaches for CO, NOx and CO2 emçssçons, respe-
ctçvely. All predçctçons were compared wçth experçmental values. Table 4 reveals the performance of both traçnçng and 
testçng perçod of each model for each estçmatçon parameter. Mean absolute percentage error (MAPE) was used as per-
formance parameter. 



Table 4 MAPE values of models for both training and testing
MAPE (%)

Traçnçng Testçng
CO LR 16.19 9.41

NLR 14.94 9.16
ANN 14.81 5.39

ANFIS 1.5 4.89
NOx LR 8.87 5.65

NLR 9.84 5.59
ANN 9.58 4.6

ANFIS 1.82 2.72
CO2 LR 16.61 17.6

NLR 13.33 10.63
ANN 7.86 3.91

ANFIS 4.12 3.1

 e purpose of thçs paper çs to estçmate emçssçon of dçesel engçne by usçng cetane number of fuel and engçne speed. In 
thçs respect, three dçff erent methods called as regressçon analysçs, ANN and ANFIS were developed for predçctçon. Data 
were dçvçded çnto two parts, traçnçng and testçng. In traçnçng sectçon model detaçls were çdentçfçed by usçng experçmental 
data. In testçng sectçon, the accuracy and performance of the models were tested. For both emçssçons, LR and NLR gave 
worst results. It can clearly be seen from the Table 4. ANN models were more acceptable than regressçon results. Further-
more, ANFIS approach provçded better performance then both regressçon analysçs and ANN. 
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  e lateral ŔnhŔbŔtŔon as condŔtŔonal entropy enhancer
 

Abstract
 ree kinds of redundant sensing have appeared to be utilized by the majority of living beings. Of these, the 
most remarkable feature of distributed sensor networks is the lateral inhibition (LI), where sensors output in 
proportion to its own excitation and each sensor negatively inì uences its nearest neighbors.  is brings about 
local eff ects such as contrast enhancement, two-point discrimination, and funneling. 
In information theory, entropy is a measure of the uncertainty related to a random variable. Shannon entropy, 
quantië es the anticipated value of the information included in a message, usually in units such as bits. 
 e purpose of this study is to analyze lateral inhibition mechanism in the light of the Shannon entropy. 
 is biological mechanism can be adapted to any artië cial system such as sensory networks. With the aim of 
adapting this biological mechanism to the sensory networks it is desired to create an information ë lter with 
the beneë ts of information ë lter feature of lateral inhibition mechanism.  e information has to be quantië ed 
in order to ë lter. In this point, the Shannon entropy concept is intended to be used. 

Keywords: Lateral inhibition, mutual information, Shannon entropy, sensory network.

 e system, whçch çs defçned as a dçstrçbuted sensory network (DSN) and consçsts of a set of geographçcally scattered 
sensors, çs utçlçzed çn order to collect data from çts envçronment. DSN can be adapted to many advanced systems such 
as robotçcs, automatçon, aerospace etc. Although thçs system çs very practçcal çn applçcatçons, çt has some drawbacks. In 
DSN, the redundancy çs the most çmportant problem to be solved sçnce çt çs the maçn cause of long processçng tçme and 
extreme processçng energy. In hçghly redundant sensçng, redundancy means that transferred çnformatçon vça dçff erent 
sensors or the same sensor at dçff erent tçmes overlaps [1]. At that poçnt, Lateral Inhçbçtçon (LI) wçth çts sçmplçcçty and 
ubçquçty çs one way to overcome redundancy wçth the benefçts of çts low pass fçlter feature. 

Ernst Mach was the fçrst person havçng attempted to descrçbe the lateral çnhçbçtçon based on hçs experçments. Hartlçne 
et al. çntroduced lateral çnhçbçtçon by analyzçng the facetted compound eye of Horseshoe crab (Lçmulus)[2]. Barlow was 
a student of Hartlçne contçnued hçs study on Horseshoe crab and çnvestçgated çnì uence of lateral çnhçbçtçon on çts beha-
vçor[3]. Georg von Békésy found a large spectrum of çnhçbçtory çncçdents çn sensory systems, and explaçned them çn the 
sense of sharpençng. He explored methodçcal eff ects of lateral çnhçbçtçon çn all aspects of human sensçng, especçally on 
hearçng[4]. Brooks dçscussed that lateral çnhçbçtçon may be adapted to robotçcs[5].

Informatçon could be defçned as a representatçon of knowledge. Informatçon beçng transferred vça sensor sçgnals conta-
çns also noçse and unnecessary data. For an eff çcçent transmçssçon, çt requçres to be fçltered. An çnformatçon fçlter could 
be used to fçlter the undesçred çnformatçon. To fçlter the çnformatçon, fçrst of all, çt needs to be quantçfçed. Claude E. 
Shannon çntroduced entropy, an evaluatçon of uncertaçnty concerned wçth random varçables, çs used to measure the 
antçcçpated value of the çnformatçon. Entropy can be used çn order to quantçfy çnformatçon[6].

Harry Nyquçst explaçned that communçcatçon channels had maxçmum data transmçssçon rates, and formulated a met-
hod to compute those rates çn fçnçte bandwçdth noçseless channels[7]. Nyquçst’s colleague Ralph V.L. Hartley used the 
çnformatçon word as a measureable amount and establçshed the fçrst mathematçcal foundatçons for the çnformatçon 
theory[8]. Claude E. Shannon, consçdered father of çnformatçon theory, descrçbed entropy as the fundamental measure 
of çnformatçon[6]. 

 e present paper concerns wçth the formulatçon of lateral çnhçbçtçon mechançsm as an çnformatçon fçlter. By applyçng 
lateral çnhçbçtçon mechançsm to sensory network, çt çs focused on fçlterçng the unnecessary çnformatçon thanks to the 



low pass fçlter feature of lateral çnhçbçtçon çn the lçght of Shannon entropy concept.  e maçn purpose çs to get eff çcçent 
noçseless çnformatçon by usçng çnferçor qualçty cheap sensors through lateral çnhçbçtçon, çnstead of expensçve and qualçty 

sensors. 

Lateral çnhçbçtçon çs the most çmportant feature of the bçologçcal dçstrçbuted sensory network. In thçs mechançsm each 
sensor eff ects çts nearest neçghbors negatçvely resultçng çn contrast enhancement, two-poçnt dçscrçmçnatçon and funne-
lçng. Fçg. 1 shows schematçc of lateral çnhçbçtçon mechançsm[5].

x1(t) x2(t) x3(t) x4(t) x5(t)

e1(t) e2(t) e3(t) e4(t) e5(t)

l12 l21 l23 l34 l43 l45 l54l32

Fçgure 1: Lateral çnhçbçtçon schematçc

 e strengths of the connectçons, as shown above, are generally put çn order as excçtant among adjacent receptors and 
çnhçbçtory among further receptors. To state the matter dçff erently, çf one sensor sçgnal çs consçdered, contrary to what the 
excçtatory connectçons try to do, çnhçbçtory connectçons try to decrease çts sçgnal. As a result, all sensors çn the network 
receçve a mçxture of çnhçbçtory and excçtatory sçgnals from theçr neçghbors. Hence dçstçnctçon between sçgnals of the 
sensors whçch have the strongest output and sçgnals of the sensors whçch have the weaker output become hçgher due to 
thçs competçtçve work[9].

In the Fçg. 1, the çmpulse of the sensor before the lateral çnhçbçtçon çs çllustrated as e, the result of competçtçve work çs 
demonstrated by I whçch çs called eff ect of lateral çnhçbçtçon.  e çmpulse of the sensor after the lateral çnhçbçtçon çs 
çllustrated by x whçch çs weaker than e. Due to the çnhçbçtory and excçtatory coeff çcçents and number of neçghbors’ x can 
vary all the network.

 e mathematçcal formulatçon of LI was obtaçned from experçments based on Hartlçne study on the vçsual system of 
Horseshoe Crab[2].  e results are summarçzed consçderçng two neçghbor sensors A and B çn the followçng mathematçcal 
formulas:

where xAand xB are after çnhçbçtçon mechançsm çmpulses, eA and eB are çndçvçdual çmpulses and xA
0 and xB

0 are threshold 
frequencçes of A and B respectçvely. Also βAB çs çnhçbçtçon coeff çcçent of B on A and βBA çs çnhçbçtçon coeff çcçent of A on 
B.  ese results can be extended to cases where one sensor has two or more neçghborçng sensors. For example sensors 
mentçoned before(A and B) have another neçghbor C, three equatçons should be requçred to determçne the responses of 
each sensor. Each equatçon must contaçn two çnhçbçtçon terms as:

Here βçj are çnhçbçtçon coeff çcçents among A, B and C.When equatçons are extended to defçne the eff ect of lateral çnhçbç-
tçon mechançsm on n number of sensor and self-excçtatory çnì uences are consçdered, they are transformed çnto followçng 
form;



where;  α çs the self-excçtatçon coeff çcçent of sensors, p=1,2,3,...,n; j ≠ p and α>0 and β>0 All threshold frequencçes are 
assumed zero for sçmplçcçty [9].

Informatçon could be defçned as a representatçon of knowledge. Entropy was çntroduced as a measure of the uncertaçnty 
related to a random varçable whçch quantçfçes the expected value of the çnformatçon contaçned çn a message, usually çn 
unçts such as bçts or nats[6]. Shannon entropy concept measures çnadequate çnformatçon and defçne the uncertaçnty[10]. 
Formulatçon of Shannon entropy, the entropy of a random varçable X, çs çllustrated below;

where P(x) denotes probabçlçty of x. If the entropy of the sçgnal çs low, çt means that probable quantçtçes are abundantly 
obtaçned.

Mutual çnformatçon, çs a dçmensçonless quantçty wçth unçts of bçts, measures the çnformatçon of one random varçable 
about another random varçable. It can be consçdered as the reductçon çn uncertaçnty about one random varçable gçven 
knowledge of another[11].  çs phenomenon can be descrçbed wçth Fçg. 2. çllustrated below. 

H(XY )

H(Y)
H(X)

H(Y |X )H(X |Y ) I(X ;Y )

Fçgure 2: Descrçptçon of mutual çnformatçon

In thçs fçgure,  I(X;Y) depçcts the mutual çnformatçon of X and Y, and can be calculated as below:

where H(X)  çs uncertaçnty of X and H(X|Y) çs uncertaçnty of X gçven knowledge of Y.

If one system has a LI mechançsm, mutual çnformatçon certaçnly exçsts çn thçs system and only sensors whçch have mutual 
çnformatçon are actçve. Note that amount of mutual çnformatçon depends on posçtçon of the sensor.

 e lateral çnhçbçtçon mechançsm fçlters the mutual çnformatçon hence there are some çmportant factors to be consçdered 
whçle fçlterçng the çnformatçon çn the sensor networks. Fçrst of all, frequency of the obtaçned çnformatçon should be taken 
çnto consçderatçon as the frequency çs related to mutual çnformatçon. And also characterçstçc of the desçred or undesçred 
çnformatçon çs one of the çmportant factors. For the relçabçlçty, dçstance of the sensor to the source çs çmportant and 
mutual çnformatçon mçght be desçred to be hçgh. 



Fçgure 2: Sçmulatçon of the lateral çnhçbçtçon eff ect çn the sensory network (wçth 4 neçghbors)

In Fçg.2 green lçne represents the sensor sçgnals before the LI and blue lçne represents the sensor sçgnals after applçed LI. 
As shown above, the lateral çnhçbçtçon fçlters the amount of çnformatçon and çncreases the contrast.  e lateral çnhçbçtçon 
çs consçdered to be fçlterçng the mutual çnformatçon. 

To sçmulate eff ect of the LI on the sensory network, çt çs consçdered that there çs a group of a scattered photodçodes whçch 
çs schematçcally çllustrated below and there çs a one lçght source above the central photodçode. 

Table 1. Schematic illustration of the simulated sensory network

S    S    S    S    S

S    S    S    S    S

S    S    S    S    S

S    S    S    S    S

S    S    S    S    S

In the sensory network çt çs assumed that all photodçodes have 8 neçghbors except located on the borders.  e response of 
the sensors çs defçned logçcally as the photodçode whçch çs on the center of the group has maxçmum strength.  e defçned 
sensor strengths wçthout LI are seen from the Table 2 below.

Table 2. Schematic illustration of the deϐined sensor strengths without LI

7     8     10     8     7

8    14    15    14    8

10  15    17    15   10

8    14    15    14    8

7     8     10     8     7

In thçs sçmulatçon, çnhçbçtçon coeff çcçent (β) was chosen as 0.05 and the excçtatçon coeff çcçent (α) was chosen as 0.15.  e 
results after applçed the LI on the system can be seen çn Table 3.  After the çmplementatçon, the strength of the sensors 
wçth and wçthout the LI was compared çn Fçgure 3. 



Table 3. Schematic illustration of the sensor strengths after LI

6.5500    6.5000    8.5500      6.5000     6.5500

6.5000   11.6000   12.2000   11.6000    6.5000

8.5500   12.2000   13.7500   12.2000    8.5500

6.5000   11.6000   12.2000   11.6000    6.5000

6.5500    6.5000    8.5500      6.5000     6.5500

Wçth the çncrease of the number of neçghbors, maxçmum amplçtude çncreases as well.  çs results çn contrast enhance-
ment hence dçscrçmçnatçon of a desçred object can be easçer.  

Fçgure 3: Eff ect of the lateral çnhçbçtçon (wçth 8 neçghbors and examçned only central sensors)

If çt çs assumed that two sensors do not work and one of the broken sensor çs neçghbor of the examçned sensors, sçmula-
tçon results can be seen çn Table 5 and Fçgure 4.

Table 4. Strength of the sensor group (two sensors broken)

7     0     10      8     7

8    14    15     14    8

10   15    17    15   10

8    14    15     0     8

7     8     10     8     7

Table 5. Simulation results of a sensor strengths (two sensors broken, shown bold)

6.9500   -2.7000    8.9500    6.5000    6.5500

  6.9000   12.0000   12.6000   11.6000    6.5000

  8.5500   12.2000   14.4500   12.9000    9.2500

  6.5000   11.6000   12.9000   -4.5000    7.2000

6.5500    6.5000    9.2500    7.2000    7.2500



Fçgure 4: Eff ect of the lateral çnhçbçtçon (two sensors broken)

From the Fçg. 4, çt çs seen that there çs a decrease from the contrast on the rçght sçde of the network therefore çt does not 
prevent all the system to work. Also there çs no decrease from the maxçmum contrast.

It çs assumed that thçs sensory network consçdered as a group of thermal receptors. Even though a problem occurs on one 
of the sensors of the group, çt stçll operates well. Also çt should take çnto consçderatçon that constant maxçmum contrast 
çs crucçal part of thçs advantage.

Lateral çnhçbçtçon provçdes a serçes of advantages to fçlter undesçred çnformatçon, as well as emphasçzçng the desçred one. 
Maxçmum sçgnal çntensçty decreases after beçng processed wçth LI and detected sçgnal sharpens. LI mechançsm reduces 
the number of actçve sensors and çt causes a reductçon of the system cost. After LI çs applçed sçgnal processçng speed çnc-
reases for the same processor and çn the case of çnformatçon storage, memory requçrement çs reduced. It may even reduce 
the costs and çncrease the relçabçlçty.

LI has also some dçsadvantages çn practçce. LI mechançsm çs applçcable to çn multç-sensor networks.   çs poçnts to the 
use of a multçtude of sensors. Cost of çnçtçal çnvestment and overhaul are expected to be hçgh.  LI further çncreases weçght 
and volume of the system. 

But the system possesses fault-tolerant structure, çn that even one or more sensors break down çn the sensory network the 
system can contçnue çts normal operatçon wçthout major trouble.  çs çs because mutual çnformatçon çs shared by every 
çndçvçdual sensor çn the network.

[1] Coskun, A., Sevçl, H.E., and Ozdemçr, S. (2011). Cost eff ectçve localçzatçon çn dçstrçbuted sensory networks. Engçneerçng 
Applçcatçons of Artçfçcçal Intellçgence, vol. 24, no. 2, pp. 232-237. 10.1016/j.engappaç.2010.10.006

[2] Hartlçne, H.K., Wagner, H.G., and Ratlçff , F. (1956). Inhçbçtçon çn the eye of Lçmulus.  e Journal of general physçology, vol. 
39, no. 5, pp. 651-673. 

[3] Barlow, R.B. (1969). Inhçbçtory fçelds çn the Lçmulus lateral eye.  e Journal of general physçology, vol. 54, no. 3, pp. 383-
396. 

[4] Von Bé ké sy, G., (1967) Sensory çnhçbçtçon ( e Herbert Sçdney Langfeld memorçal lectures,, no. 1965). Prçnceton, N.J.,: 
Prçnceton Unçversçty Press, pp. x, 265 p.



[5] Brooks, M., “Hçghly redundant sensçng çn robotçcs—analogçes from bçology: dçstrçbuted sensçng and learnçng,” çn Hçghly 
Redundant Sensçng çn Robotçc Systems: Sprçnger, 1990, pp. 35-42.

[6] Shannon, C.E. (2001). A mathematçcal theory of communçcatçon. ACM SIGMOBILE Mobçle Computçng and Communç-
catçons Revçew, vol. 5, no. 1, pp. 3-55. 

[7] Nyquçst, H. (1924). Certaçn factors aff ectçng telegraph speed. Transactçons of the Amerçcan Instçtute of Electrçcal Engçneers, 
vol. 43, pp. 412-422. 

[8] Hartley, R.V. (1928). Transmçssçon of çnformatçon. Bell Labs Technçcal Journal, vol. 7, no. 3, pp. 535-563. 

[9] Coşkun, A. (2006) Contrast enhancement by lateral çnhçbçtçon çn a sensory network, M.Sc., İzmçr Instçtute of Technology.

[10] Haykçn, S.S., (2001) Neural networks: a comprehensçve foundatçon. Tsçnghua Unçversçty Press.

[11] Erdogmus, D., Agrawal, R., and Prçncçpe, J.C. (2005). A mutual çnformatçon extensçon to the matched fçlter. Sçgnal Proces-
sçng, vol. 85, no. 5, pp. 927-935. 10.1016/j.sçgpro.2004.11.018



European Mechanical Science 2017, Vol. 1(1): 31-38

PulsatŔng Ę ow and heat transfer Ŕn wavy channel wŔth zero degree 
phase shŔ 

Abstract
In this study, heat transfer enhancement of laminar pulsating ì ow in wavy channel is investigated numerically. 
 e wavy channel has constant wall temperature and its geometric parameters are ë xed. Finite volume method 
based on SIMPLE technique is used to solve governing equations. Simulations performed for Reynolds 
numbers in the range of 200≤Re≤800.  e eff ects of pulsation frequency is investigated for Strouhal numbers, 
(St)  of 0.05, 0.15 and 0.25.  e diff erences between ì ow structures of pulsating and steady ì ow are discussed. 
Results indicate that the pulsating ì ow signië cantly enhances heat transfer. 

Keywords: Convection heat transfer, internal ì uid ì ow, ì uid mixing,  pulsating ì ow, wavy channels, 

Pulsatçng ì ow has attracted the attentçon of many researchers from vçew poçnt of çts eff ect on heat transfer.  ere are 
many numerçcal and experçmental studçes that çnvestçgate the heat transfer performance of pulsatçng ì ow through the 
dçff erent geometrçes. Sçnce çnternal forced convectçon phenomena has great çmportance çn numerous engçneerçng applç-
catçons, studçes about pulsatçng ì ow and heat transfer çn channels, ducts and tubes came çnto promçnence.

Researches about heat transfer çn ì at channels and pçpes under pulsatçng ì ow condçtçon poçnts out that the eff ect of 
pulsatçng ì ow çs lçmçted çn these geometrçes [1-5]. Dependçng on ì ow parameters, heat transfer can be enhanced or 
reduced. Guo and Sung [1] numerçcally çnvestçgated heat transfer çn pçpe for the Reynolds number value of 500.  eçr 
results showed that for small pulsatçon amplçtude values  both heat transfer augmentatçon and reductçon was obser-
ved dependçng on a pulsatçon frequency. But when pulsatçon amplçtude was large, heat transfer was always enhanced. 
Chattopadhyay et al. [2] conducted numerçcal çnvestçgatçon for lamçnar pulsatçng ì ow çn a tube.  ey concluded that 
pulsatçng ì ow has no consçderable eff ect on heat transfer for çnvestçgated amplçtude and frequency values. Another nu-
merçcal analysçs performed by Rahgoshay et al. [3] for çnvestçgatçon of the eff ect of ì ow pulsatçon on heat transfer çn the 
çsothermally heated pçpe. In thçs study nanoì uçd was used as workçng ì uçd.  ey obtaçned only small amount of çncrease 
çn heat transfer wçthçn the range of chosen parameters. Pulsatçng turbulent ì ow çn pçpe was numerçcally çnvestçgated by 
Wanh and Zhang [4].  ey observed sçgnçfçcant heat transfer enhancement wçth large pulsatçon amplçtude values.  ey 
also showed that there çs an optçmum Womersley number (Wo) value that maxçmçzes the heat transfer enhancement. 
Mehta and Khandekar [5] experçmentally çnvestçgated pulsatçng lamçnar ì ow çn square mçnç-channel. 

In theçr study pulsatçon amplçtude (Ap) and the Reynolds number kept constant and change of heat transfer rate wçth 
pulsatçon frequency was observed. It was found that the low frequency values deterçorates heat transfer and hçgher frequ-
encçes cause a slçght çmprovement çn heat transfer.

Unlçke çts lçmçted  performance at ì at channels and tubes, thçs type of ì ow provçdes notable heat transfer enhancement 
for coolçng of blunt bodçes çn channels [6-8]. Moon et al. [6] carrçed out experçmental study to show how ì ow pulsa-
tçon eff ects heat transfer from heated blocks çn a channel. Imposçng ì ow pulsatçon causes consçderable çncrease çn heat 
transfer from blocks and çt çs observed that rate of heat transfer çs dependent on the pulsatçon frequency and çnter block 
spacçng. Jç et al. [7] dçscussed heat transfer from a square cylçnder çn pulsatçng ì ow.  çs study revealed the emergence of 
lock-on regçme  and çts eff ect on heat transfer for pulsatçng ì ow. Results showed that when pulsatçon frequency çs doub-
led the natural frequency, heat transfer enhancement becomes maxçmum. Kçm et al. [8] numerçcally sçmulated coolçng 
of electrçcal components çn channel by usçng pulsatçng ì ow.  ey stated that there çs an optçmal frequency value and çt  
depends on the cooled geometry. 



Another eff çcçent use of pulsatçng ì ow çs seen at heat transfer from corrugated channels. Studçes about corrugated chan-
nels are çmportant çn terms of çnvestçgatçon the eff çcçency of pulsatçng ì ow çn heat exchangers.  In the experçmental study 
of Jçn et al. [9] characterçstçc of pulsatçng ì ow çn trçangular channel was observed.  ey showed the mechançsms that 
cause heat transfer enhancement çn thçs channel.  Nandç and Chattopadhyay [10] performed a numerçcal study for wavy 
mçcro channel.  ey reported that even at the low Reynolds number value, pulsatçng ì ow causes notçceable heat transfer 
augmentatçon çn thçs channel. Akdağ et al.[11] numerçcally çnvestçgated heat transfer enhancement capabçlçty of lamçnar 
pulsatçng ì ow wçth use of nanoì uçd.  eçr study çndçcated that hçgh volume fractçon of nanoì uçd and a low frequency 
of pulsatçon enhances heat transfer performance. An extensçve numerçcal study about pulsatçng ì ow çn wavy channel 
presented by Jafarç et al. [12].  ey çnvestçgated eff ect of two dçff erent nanoì uçds, pulsatçon frequency, amplçtude and 
the Reynolds number.  ey reported that pulsatçng ì ow çs more eff ectçve for pure ì uçd than nanoì uçd and ì ow oscçlla-
tçon gçves better performance at hçgher Reynolds numbers.  ey also observed that there çs a lçnear relatçonshçp between 
amplçtude of pulsatçon and heat transfer enhancement.  Alawadhç and Bourçslç [13] studçed perçodçc vortex sheddçng 
caused by pulsatçng ì ow çnsçde wavy channel.  ey stated that when the frequency of pulsatçon çs close to vortex shed-
dçng frequency, heat transfer çs peaked.

Studçes above shows that the structure of geometry where pulsatçng ì ow passes through çs  a key parameter for the rate 
of  heat transfer. Complex geometrçes lçke grooved surfaces provçde better heat transfer performances under pulsatçng 
ì ow condçtçons.  e present study çs motçvated to çnvestçgate heat transfer enhancement potentçal of pulsatçng ì ow çn 
a sçnusoçdal grooved channel when there çs 0o phase shçft between sçnusoçdal walls. In order to achçeve thçs numerçcal 
sçmulatçons are performed by solvçng the governçng equatçons usçng fçnçte volume approach. 

Schematçc vçew of the channel geometry used çn the present study çs gçven çn Fçgure 1.  e channel çs consçst of adçabatçc 
ì at sectçons and constant temperature wavy sectçon. Temperature of wavy sectçon (Ts) çs dçff erentçally hçgher than çnlet 
temperature of ì uçd (Tç).

Fçgure. 1. Schematçc vçew of channel.

Dçstance between channel walls (H) çs consçdered as 2 cm and profçles of wavy wall defçned by:
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Here xe and  xs represent the startçng and endçng posçtçon of wavy sectçon. Amplçtude of wavy wall (Ac) kept constant 
and çts value çs 0.2. γ çs undulatçon number.

In thçs study the ì uçd çs taken to be Newtonçan, çncompressçble and çts Prandtl number (Pr) çs equal to 6.93.  e ì ow 
çs lamçnar, two dçmensçonal and unsteady. Addçtçonally, gravçty eff ect and thermal radçatçon are neglected. Under these 
cçrcumstances non-dçmensçonal form of governçng equatçons becomes,

Contçnuçty equatçon:
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Local, space-averaged, space and perçod tçmed-averaged Nusselt numbers  (Nu) are used for estçmatçon of convectçon rate 
from wavy wall. For calculatçon of the Nusselt number (Nu) çnstead of bulk temperature, çnlet temperature çs chosen as 
a reference parameter [14]. 

Fully developed Poçseuçlle ì ow wçth added sçnusoçdal pulsatçon term çs applçed at the channel çnlet. Inì ow temperature 
çs unçform and steady. Non-dçmensçonal form of çnlet velocçty profçle çs presented as:

  
(9)

In equatçon (9) Ap çs non-dçmensçonal amplçtude, St çs the Strouhal number whçch represents non-dçmensçonal frequen-
cy and çt çs defçned as St =fH/uo.  e no-slçp boundary condçtçon avaçlable for channel walls U = V = 0. Straçght sectçons 
of walls are adçabatçc, wavy walls has constant temperature. At the exçt of the channel, temperature and velocçty gradçents 
are equal to zero , , .

 Fçnçte volume method çs employed for dçscretçzatçon of governçng equatçons. Dçscretçzatçon çs second order 
accurate and SIMPLE algorçthm used for velocçty-pressure couplçng. Tçme step sçze çs set as 0.001 second. For grçd 
çndependency, grçd densçtçes of 60x180, 72x198, 84x252 and 96x288 are tested. Results showed that varçatçon of space 
averaged Nusselt number () çs around 3%  between 84x252 and 96x288.  erefore 84x252 grçd used çn wavy channel. 
 e convergence crçterçon for contçnuçty, momentum and energy equatçons çs determçned as 10-5.  e numerçcal proce-
dure çs valçdated by applyçng çt for the problem defçned çn the study of Wang and Chen [15]. Agreement between results 
çs presented çn Fçg. 2.



Fçgure 2. Dçstrçbutçon of Nusselt number (Nu) along bottom wavy wall for Re = 500 and Ac = 0.2.

 Fçgure 4 shows velocçty vectors for steady ì ow and four dçff erent phase angle of pulsatçng ì ows. Dçmensçonless 
form of  çnlet mean velocçty that corresponds these phase angles   can be observed çn Fçgure 5. From the velocçty vectors 
çt can be seen that there are vortçces trapped çnsçde of grooves. For steady ì ow, çnteractçon between these vortçces and 
maçn stream çs poor, çn other words, mçxçng between ì uçd çnsçde grooves and ì uçd çn core regçon çs not eff ectçve. In thçs 
case hçgh temperature ì uçd trapped çnsçde grooves.

 As çt çs shown çn Fçgures 4b,c,d and e, ì ow structures çn pulsatçng ì ow are quçte dçff erent from a steady case. 
At the begçnnçng of the pulsatçon perçod (ωt=0), the ì ow çnsçde grooves çs not domçnated by  a vortçcçty concentratçon. 
 ere çs ì uçd transfer between the regçon of grooves and maçn stream. Afterwards, a complete vortçces are developed and 
rotatçonal speeds raçse dependçng on the ì ow pulsatçon perçod shown çn Fçgures 4c and d. Fçnally, vortçcçty concentratç-
ons reach theçr maxçmum sçze when phase angle becomes 3п/2, at thçs state velocçty magnçtude of ì ow çnsçde groove çs 
hçgher as compared to steady ì ow. As çt can be seen çn Fçgure 4e these vortçces çntensely dçsturb the maçn stream.  en 
they dçssçpate and ì ow returns theçr çnçtçal state gçven çn Fçgure 4a.  çs sçtuatçon successçvely repeats and provçdes better 
ì uçd mçxçng also prevents trappçng of hot ì uçd çnsçde of grooves. 

 Temperature dçstrçbutçon çn wavy channel for pulsatçng and steady ì ow çs gçven çn Fçgure 6. From the fçgure çt 
can be clearly seen that there çs a consçderable temperature dçff erences between grooves and area close to central axçs for 
the steady ì ow. But çn pulsatçng ì ow hot ì uçd çnsçde grooves dçff uses to the cold regçon. Consequently, the temperature 
gradçent between channel walls and ì uçd çs çncreased and heat transfer çs enhanced. 

 Varçatçon of çnlet dçmensçonless velocçty (U) wçth respect to the tçme causes that the space averaged Nusselt 
number () varçes perçodçcally. For dçff erent Strouhal numbers (St), the varçatçon of space averaged Nusselt number for 
wavy walls çs demonstrated çn Fçgure 7. As çt çs seen çn the fçgure there çs a strong relatçonshçp between pulsatçon dçmen-
sçonless velocçty (U) profçle and the Nusselt number (). Just lçke a pulsatçon of çnlet ì ow, the Nusselt number () reduces 
at deceleratçon phase and çt çncreases at acceleratçon phase. It çs obvçously seen çn fçgure 7 when Strouhal numbers (St) 
are equal to 0.15 and 0.25 even the smallest value of the Nusselt number () çs hçgher than the steady case. But for the 
Strouhal number (St) the value of 0.05, the  Nusselt number () becomes lower than the steady case when the çnlet velo-
cçty decreases; even so, the space and tçme-averaged Nusselt number () çs stçll hçgher than the steady case.



Fçgure 4. Velocçty vectors (V) for steady and pulsatçng ì ow at Re = 400 and St = 0.25.



Fçgure 5 Varçatçon of dçmensçonless çnlet velocçty (u/u0) over a perçod of cycle

Fçgure 6 Temperature dçstrçbutçon çnsçde channel for steady and pulsatçng ì ow at Re = 400, St = 0.25

Fçgure. 7. Varçatçon of the Nusselt number () wçth tçme at dçff erent Strouhal numbers (St) and      Re = 400



 In order to çnvestçgate heat transfer performance of pulsatçng ì ow, the tçme averaged Nusselt number values are 
obtaçned and presented çn Fçgures 8 and 9. Tçme-averaged Nusselt numbers are calculated when the ì ow regçme reaches 
the perçodçc state. Heat transfer enhancement ratço of pulsatçng ì ow (St >0) can be seen from Fçgure 8 by comparçng the 
Nusellt number () value wçth the steady case (St =0).

Fçgure. 8 Tçme-averaged Nusselt number (Nu) values at varçous strouhal numbers (St).

Enhancement of heat transfer çs noteworthy for the Strouhal number (St) value of 0.05. At thçs value of the Strouhal 
number (St), an çncrease of heat transfer rate çs around 6% and the Reynolds number does not cause bçg dçff erence.  çs 
sçtuatçon can also be observed from Fçgure 9.  ere are not a wçde range dçff erences between  Nusselt numbers () based 
on strouhal numbers, St =0 and St=0.05.  e eff ect of pulsatçng ì ow on heat transfer becomes more evçdent when the 
Strouhal number (St) çs equal to 0.15. Heat transfer enhancement rate whçch goes upto 65% as comparçng to the steady 
ì ow case and after that the  eff ect of Reynolds number becomes çmportant. As çt çs seen çn Fçgure 9 enhancement  heat 
transfer ratço çs reduced when the  Reynolds number çs lower than 400. Wçth the further çncrease of Strouhal number (St) 
the heat transfer enhancement ratço contçnues to çncrease. When the Strouhal number (St) çs equal to 0.25 the Nusselt 
number () value çncreases  up to 82%.  

Fçgure 9. Tçme-averaged Nusselt number () values at varçous Reynolds numbers.

Pulsatçng ì ow and heat transfer through wavy channel numerçcally sçmulated for  and . Varçatçon of çnlet dçmensçonless 
velocçty (U) wçth respect to tçme causes that the Nusselt number () varçes perçodçcally. Tçme-averaged Nusselt numbers 



(St) show that pulsatçng ì ow has posçtçve contrçbutçon on the heat transfer rate for the geometry used çn thçs study.  e 
rate of heat transfer çs strongly aff ected by the Strouhal number (St). Heat transfer enhancement çs not sçgnçfçcant and 
the eff ect of the Reynolds number çs lçmçted for the Strouhal number of St=0.05.  çs sçtuatçon changes wçth çncreasçng 
the Strouhal number (St); heat transfer enhancement gets better and the role of the Reynolds number becomes more 
domçnant. 
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