NS NS NS NS NS N TN NS N N NS N N N N N N N N AN AN X

=X

it | o ek | S
@ ASUNET

et | i ekl | S
(o pSetel | (i ) G gl

@ ASUNET
HANAA ALY

oA DEAD DA ADEEADEDEAE AN EADE=

SN NN N NN NN NN AN N NN/

Y7
12

N AN AN A AN AN A AN AN NN NN EAEEANEENEAE N




BRSES CSED P EEo N EE0 N STON STON STON SEON SEON ST N STV SEONSEEN SEONSEONSEON SEON SEON SEON STV ST SE0 N

=X

it | o ek | S
@ ASUNET

et | i ekl | S
(o pSetel | (i ) G gl

“|

5
*

* &

Uy

df

| il gdugal

@ ASUNET
le

la

ds2
ol
.

(el
HANAA ALY
ceAEEAEEAEEAEEAEEAEEAEEATE AT AT A A AN

SN NN N NN NN NN AN N NN/

Y7
12

PR AR A A A A A A A A




BRSES CSED P EEo N EE0 N STON STON STON SEON SEON ST N STV SEONSEEN SEONSEONSEON SEON SEON SEON STV ST SE0 N

=X

il o ==
@ ASUNET

et | i ekl | S
(O el 1§ w3 G ol

Al

b

*

b ey

2al) Gal j3Y) sla Jadad

* ® o0

Al Bala) o aglial) Allly

s

19 ol § bl d| ot el
(o=t

»

@ ASUNET
N]
Loy daa

(ol
it

b ogd cane 28 daasal) (ol 31 oda o
HANAA ALY

»

)
A g
i
okl e
—

<

oA DEAD DA ADEEADEDEAE AN EADE=

SN NN N NN NN NN AN N NN/

Yo
12

N AN AN A AN AN A AN AN NN NN EAEEANEENEAE N




Cairo University

EXPERIMENTAL INVESTIGATION OF TURBULENT
PLANAR INHOMOGENEOUS JET FLAMES USING
RAYLEIGH SCATTERING TECHNIQUE

By

Bassem Mohamed Akoush Abdelmohsen

A Thesis Submitted to the
Faculty of Engineering at Cairo University
in Partial Fulfillment of the
Requirements for the Degree of
MASTER OF SCIENCE
in
Mechanical Power Engineering

FACULTY OF ENGINEERING, CAIRO UNIVERSITY
GIZA, EGYPT
2020



EXPERIMENTAL INVESTIGATION OF TURBULENT
PLANAR INHOMOGENEOUS JET FLAMES USING
RAYLEIGH SCATTERING TECHNIQUE

By
Bassem Mohamed Akoush Abdelmohsen

A Thesis Submitted to the
Faculty of Engineering at Cairo University
in Partial Fulfillment of the
Requirements for the Degree of
MASTER OF SCIENCE
in
Mechanical Power Engineering

Under the Supervision of

Prof. Dr. Mohy Saad Mansour Prof. Dr. Abdelhafez Hassanein
Abdelhafez
Professor of Combustion Professor of Combustion
Mechanical Power Engineering Mechanical Power Engineering
Department Department
Faculty of Engineering, Cairo University Faculty of Engineering, Cairo University

Dr. Mohamed Fayed Aly Mohamed

Assistant Professor
Mechanical Power Engineering Department
Faculty of Engineering, Cairo University

FACULTY OF ENGINEERING, CAIRO UNIVERSITY
GIZA, EGYPT
2020



EXPERIMENTAL INVESTIGATION OF TURBULENT
PLANAR INHOMOGENEOUS JET FLAMES USING
RAYLEIGH SCATTERING TECHNIQUE

By
Bassem Mohamed Akoush Abdelmohsen

A Thesis Submitted to the
Faculty of Engineering at Cairo University
in Partial Fulfillment of the
Requirements for the Degree of
MASTER OF SCIENCE
in
Mechanical Power Engineering

Approved by the
Examining Committee

Prof. Dr. Mohy Saad Mansour, Thesis Main Advisor
Prof. Dr. El Sayed Mahdy Mohamed Aly, Internal Examiner
Prof. Dr. Hany Ahmed Moneib, External Examiner

Professor, Faculty of Engineering, Helwan University

FACULTY OF ENGINEERING, CAIRO UNIVERSITY
GIZA, EGYPT
2020



Engineer’s Name:

Date of Birth:
Nationality:
E-mail:
Phone:
Address:

Registration Date:

Awarding Date:

Bassem Mohmed Akoush Abdelmohsen
21/03/1996

Egyptian
bassem.akoush@eng.cu.edu.eq
+201095294644

Home 682, Block 11, Neighborhood 7%,
American Project, Helwan, Cairo, Egypt
1/10/2018.

2020

Degree: Master of Science
Department: Mechanical Power Engineering

Supervisors:
Prof. Dr. Mohy Saad Mansour
Prof. Dr. Abdelhafez Hassanein Abdelhafez
Dr. Mohamed Fayed Aly Mohamed

Examiners:
Prof. Hany Ahmed Moneib (External examiner)
Professor, Faculty of Engineering, Helwan University
Prof. EI Sayed Mahdy Mohamed Aly  (Internal examiner)
Prof. Mohy Saad Mansour (Thesis main advisor)
Title of Thesis:

Experimental investigation of turbulent planar inhomogeneous jet flames using Rayleigh
scattering technique

Key Words:
Inhomogeneous; Mixing field; Stability; Regime diagram; Rayleigh scattering

Summary:

The objective of this work is to study the mixing field of inhomogeneous jets flames using
highly resolved measurements of non-reacting free jets of air and fuel in a concentric flow
slot burner, CFSB, using Rayleigh scattering technique. The impact of the mixing length,
equivalence ratio, Reynolds number, velocity ratio between the air and the fuel and the fuel
type on the mixing field were investigated. The data are then analyzed statistically and
classified using the regime diagram of partially premixed flames. The stability characteristics
of inhomogeneous jet flames are studied experimentally at different velocities of co-flow air.
The aim is to study the correlation between the mixing field structure and flames stability.
This work provides a massive dataset with high quality for the mixing field of
inhomogeneous jet flames which can be used in numerical modeling of these flames in the
future.


mailto:bassem.akoush@eng.cu.edu.e

Disclaimer

| hereby declare that this thesis is my own original work and that no part of it has been
submitted for a degree qualification at any other university or institute.

| further declare that | have appropriately acknowledged all sources used and have cited
them in the references section.

Name: Bassem Mohamed Akoush Date:

Signature:



Acknowledgement

First and foremost, | would like to express my deep gratitude to my thesis advisors Prof.
Mohy Mansour, Prof. Abdelhafez Hassanein and Dr. Mohamed Fayed for their support,
guidance inspiring remarks and wise suggestions. Without their assistance and encouragement,
I could not have done this research work or written my M.Sc. thesis. | really appreciate all their
contributions of time and ideas to gain a fruitful and productive research experience.

| am extremely grateful to Prof. Mohy for giving me the opportunity to join his research group.
His dedication to his research group and passion for research is really impressive. On an
academic level, he pushed my mind to its limits, enhanced my technical writing and
presentation skills, and taught me how to develop new interesting research ideas. Working
alongside him, I have picked up much relevant skills as well as gained valuable insights into
the field of combustion and laser diagnostics. | would like also to extend my gratitude to Prof.
Abdelhafez for always giving me the confidence to conquer and advance. | am deeply indebted
to Dr. Fayed for being a friend and a mentor during this journey before being an advisor. I still
remember the day when you came and helped me wrap up the stability measurements as we
had only two days before the deadline of the 38" International Symposium in Combustion and
we managed to do it after 24 hours of continuous work.

I am also grateful to Prof. Assaad Masri and his research team in University of Sydney,
Australia for giving us the opportunity to conduct the Rayleigh scattering measurements and
use different available facilities in the clean combustion laboratory. Besides, | would like to
thank Dr. Ayman Elbaz at KAUST University for his collaboration in conducting the
measurements in Australia. Furthermore, | would like to thank my examining committee
members, Prof. EI Sayed Mahdy and Prof. Hany Moneib, for accepting to serve in my
committee, reviewing the thesis’s manuscript and their feedback. I’'m truly thankful to Eng.
Alaa Khedr, Ph.D. candidate, for his collaboration in developing the processing code from
scratch and keep encouraging me for more achievements. | also would like to thank Hazem Al-
Bulgini for helping me in the stability measurements.

Most importantly, | feel blessed to have my family for their endless love, encouragement,
sacrifices and support. I couldn’t have finished this novel research in short time without their
support which made completing my M.Sc. little bit easier.



Table of Contents

ACKNOWLEDGEMENT ...ttt ettt et e s e et e ae e saee s aeenneeere e I
TABLE OF CONTENTS ..ottt ettt sttt et e e e e sraenneenne e I
LIST OF TABLES ...ttt et e e e e e e s b e e te e areeenes v
LIST OF FIGURES ... .ottt ettt ettt st e e be e raeareeaneas \
NOMENCLATURE ...ttt et e st et esaa e teenaesneenneans VIl
AB ST R A CT ettt e bttt e et e e Re e te et e te e raeateeaneeanres IX
CHAPTER 1: INTRODUCTION ...ttt sttt ettt na e srae e sneeenne e 1
1.1 COMBUSTION MODES.....ccuiiiiitieiteeiesteesieeite st e steete e sta e steesteetesnaesaeeteensesteenteaneesreas 1
1.1.1  Premixed COMDUSLION.......ccciiiiiiiie ettt e b e sre e sreeenreesnne s 1
1.1.2  Non-premixed COMBUSTION.........c.coiiiiiiiieieiee e 2
1.1.3  Partially Premixed COmMBUSTION .......ccooiiiieiiiic e 2
1.1.4  Stratified COMDBUSTION .......ccviiiiiiic et 2

1.2  COMPOSITIONALLY INHOMOGENEOUS COMBUSTION ....cciuviieiiiieesiieeesiieeesnneeensenesnsneennns 3
1.3 METHODOLOGY ..cuviiuieitieiieiesteesteastessaesteassesseesteassessesssaassesssesseessessaessaensesssesseensesnsessens 3
1.3.1  Rayleigh Scattering TEChNIQUE .........coviiiieieiecre e 4
1.3.2  Regime Diagram ClasSifiCation ...........cccoveiiiiiiiiniiieieeee e 4

1.4 AUTHOR CONTRIBUTION ...uttiiittieeitiieasteeesieeessisessseessnseessssesssssesssssesssssssssssessnssssssesssnns 5
1.5 RESEARCH AIMS ...otiiiiiiieiitie e sitte e sitte ettt et a e e st e ssbe e e asbe e e snb e e e anb e e e ssbe e e beeeanseeeanseeennes 5
1.6 RESEARCH OBJIECTIVES....c.ttiiitieeitieeasttreasteeeastteeansesesnseeessseeesssesesssesassssesssssssssssssnsesennns 6
1.7 THESIS OUTLINE iutvteititeittieesttteesiteeasteeestaeesteeeasteeesnbeeessbeeesnbeeessbesessseesnsesanseeeansneeanes 6
CHAPTER 2: LITERATURE REVIEW ..ottt 7
2.1  BURNERS DEVELOPMENT FOR INHOMOGENEOUS COMBUSTION.......ccoivreeiieesineesneenns 7
2.2 FLAME STABILIZATION IMETHODS. ....cciititiiiiieiiieesieeesieeesieesssseessssessssnessnssessnsnessnsnnens 8
2.3 STABILITY OF INHOMOGENEOUS FLAMES.......ccciuiiiiiieiiieeiiieesiieessineessssessnssesssnesssnnens 9
2.4 MECHANISM OF THE STABILITY ENHANCEMENT .....ooiiiiiieiieeeiiee e ctre e e st e e e 9
2.5 LASER DIAGNOSTICS TECHNIQUES FOR MIXING FIELD STUDIES.........oooeeveeieiiiiieee. 10
2.6 REGIME DIAGRAMS CLASSIFICATION ...uvuieiiieeisiieesiieeessteesssseesssseessssesssssesssssessnsnsssnsees 11
2.6.1 Regime Diagram for Premixed COMBUSEION..........cccouviiriiriiiiniierisceeeeeieen 11
2.6.2  Regime Diagram for Non-Premixed Combustion ...........ccccccvevveiiiiiieeiiecnnnnn, 11
2.6.3  Regime Diagram for Inhomogeneous Combustion ............ccccccevveviiiiiieiie e, 11

2.7  RESEARCH GAPS AND AIMS .....utiieiiieeiitieeiieeesieeesteeessteeesnteeessseessnseesssseessssaeansneeanses 12
CHAPTER 3: EXPERIMENTAL TECHNIQUES .......ccocoiiie e 13
3.1 BURNER DESIGN ..citiiiiitiieiitiie sttt st see st e sttt e ssb e nna e e s ns e e snnaeeanteaeannns 13
3.2 STABILITY MEASUREMENTS ..c.utiuttitteteaseesteesseeseesseesseassesseesssassessesssesssessesssesssessesssenns 15



3.3 RAYLEIGH SCATTERING t.tiittttittieititesieeessteeessbeessnteesssbeesssbeesssseessssessssesssssessnseessnseas 17

CHAPTER 4: RESULTS AND DISCUSSIONS ......cooiiiiiiiieiie e 21
4.1 MIXING FIELD STRUCTURE ....ccctiiiiiiiie ittt eieesiieesieesieeabeesieeesteesieesbeesisesnessanaaneessneas 22
4.1.1  Effect of the Mixing Length ..........cov oo 25
4.1.2  Effect of the Overall Equivalence Ratio ...........ccccooviviieiiieicieseeee 28
4.1.3  Effect of Reynolds NUMDE .........cccooiiiiiiiece e 31
4.1.4  Effect of the Air to Fuel Velocity RatiO.........c.cccevvvieiieiiiic e 34
415  Effect of Type of Hydrocarbon FUelS ... 39

4.2  QUANTITATIVE ANALYSIS OF THE MIXING FIELD .....cooiuiiiiiiiieiieeiee e 42
4.3  MIXING FIELD CLASSIFICATION USING THE REGIME DIAGRAM ......cccoviiiiiiiiiniiniinnn,s 45
4.3.1  Effect of the MixXing LENGtN .......cccooiiiiiiiie e 46
4.3.2  Effect of Reynolds NUMDET ..........ccoiiiiiiieeee e 47
4.3.3  Effect of the Overall Equivalence Ratio ............cccccvvieiieieiiie i 48
4.3.4  Effect of the Air to Fuel VeloCity RatiO..........c.coocvviiiiiiiiecce e 49

4.4 STABILITY CHARACTERISTICS IN CFSB ......oiiiiiiiiiii e 52
CHAPTER 5: CONCLUSIONS AND FUTURE WORK ........cccoiiiiiiiieienee e, 56
5.1 CONCLUSIONS ....eteuteeiuteesteeesteestte e bt e steeesbeesaeeasbeesse e sbeesab e e be e eaeeesbeessbeenbeeanbeesaeeanbeenseean 56
5.2 FUTURE WORK ....eiitiiitieitie ettt ettt ettt ettt ettt st e b et e et e enbe e naeeanbeennee s 59
BIBLIOGRAPHY ...ttt bbbttt ettt sttt enn e s et e e e 60
APPENDIX A: PUBLICATIONS ...ttt ettt 66
APPENDIX B: BURNER DRAWINGS .......cco it 67
APPENDIX C: IMAGE PROCESSING PROCEDURE...........ccccoeiiiiiine e, 68
APPENDIX D: IMAGE PROCESSING ALGORITHM ....ccccoviiiiiiiiee e, 71
APPENDIX E: INVESTIGATED MIXING CASES INBURNER A ..o, 79
APPENDIX F: INVESTIGATED MIXING CASES IN BURNERB........ccooviiiniiicienee, 90



List of Tables

Table 3-1: Slot width of air and fuel passages in burner A and B. ........ccccocoiviiiiiiiiicieen, 14
Table 3-2: Relative Rayleigh cross-section of different gases [32,93]......ccccccovvvveviveieiiinnnn, 17
Table 3-3: Composition of the Australian natural gas. ..........c.ccooveiriiiiieniee e, 19
Table 4-1: The selected cases for studying the mixing field in burner A with Australian
NALUFAL JAS. .eteeeeeiie ittt st e te et eebesseesbeeteeneeabeebeeneenneas 23
Table 4-2: The selected cases for studying the mixing field in burner B with Australian
natural gas and PrOPaNE. ..........oooiiiiiiiiieee s 24
Table 4-3: Regime diagram limits by Mansour [5]. ...cccocoeiieiiiiiicsece e 45



List of Figures

Figure 2-1: Various burner designs proposed in literature for developing inhomogeneous
JEETIAMES. ..o e nes 8
Figure 3-1: A detailed diagram of the concentric flow slot burner CFSB. (A) 3-D view of
the burner illustrating the inlets of air and fuel streams and the mixing length,
L. (B) top view of the slot. (C) front and side view of the developed planar

TIAIMIE. Lo s 14
Figure 3-2: Detailed schematic of the burner exit for A and B configurations. ...................... 15
Figure 3-3. Detailed schematic of the test rig used in conducting the stability

MEASUIEIMENTS. ....eiitiieiiie et ie ettt ettt e e s e e et e e asb e e e sbb e e e beeeebneesnbneeas 16
Figure 3-4: The experimental arrangement for Rayleigh scattering measurements. ............... 18
Figure 3-5: Camera array and area of interest in the recoded images. .........c.ccoceevrevnirieeiienn. 19

Figure 4-1: Sample of instantaneous single shots of the mixture fraction, odd rows, and the
two-dimensional gradient of Z, even rows, at different values of normalized
mixing length, L/D =2, 3 and 7, equivalence ratios, ® = 1.0 and 3.0, and Re
Z 10000, ...ttt ettt a et e re e re e e e e e ens 25

Figure 4-2: The scatter graphs of the pdfs of the instantaneous single shots. Z and dz/dl
for all collected shots at different values of normalized mixing length, L/D =
2, 3 and 7, equivalence ratios, ® = 1.0 and 3.0, and Re = 10000. ..............ccve...e. 27

Figure 4-3: Samples of instantaneous single shots of the mixture fraction and the two-
dimensional gradient of Z at equivalence ratios, ® = 0.8, 1.0, 2.0 and 3.0,
normalized mixing length, L/D = 2 and 3 and Re = 10000. ...........ccccvrvvrvrvennnn, 29

Figure 4-4: The scatter graphs of the pdfs of the instantaneous single shots. Z and dZ/dl at
normalized mixing length, L/D = 2 and 3, equivalence ratios, ® = 0.8, 1.0, 2.0
and 3.0, and Re = 10000. .........eeuiirieieieierie st sie et 30

Figure 4-5: The mixture fraction field illustrated by single shots for different Reynolds
number, Re = 3000 and 10000 at normalized mixing length, L/D =2, 3 and 7
and equivalence ratios, @=1.0. .........cccccriiiriiriiri e 31

Figure 4-6: The scatter graphs of the pdfs of the instantaneous single shots Z and dz/dl for
all collected shots at different values of normalized mixing length, L/D =2, 3
and 7, equivalence ratios, ® = 1.0, and Re = 3000 and 10000. ............cccevrrnneene. 32

Figure 4-7:(A-F) The pdfs of the mixture fraction and its two-dimensional gradients; the
effects of @, L/D and Re are illustrated in (a and b), (¢ and d) and (e and f),
TESPECTIVEIY. ..ttt 33

Figure 4-8: The mixture fraction field and its two-dimensional gradient illustrated by
instantaneous shots for comparison between burner A and B at normalized
mixing length, L/D = 2, 3 and 7, equivalence ratios, ®=2.0 and Reynolds
NUMDBET, REZ5000. ...iiiiiviiie ettt e et e st e e e s b e e e s ebbee e e s sbeeeeeans 35

Figure 4-9: The scatter graphs of the pdfs of the instantaneous single shots Z and dZ/dl for
all collected shots of burner A and B at different values of normalized mixing
length, L/D =2, 3 and 7, equivalence ratios, ® = 2.0, and Re = 5000. ................ 36

Figure 4-10: The mixture fraction field and its two-dimensional gradient illustrated by
instantaneous shots for comparison between burner A and B at equivalence
ratios, ®= 1.0, 2.0 and 3.0, normalized mixing length, L/D = 3, and Reynolds
NUMDEr, RE=5000. ... oot e 37

Figure 4-11: The scatter graphs of the pdfs of the instantaneous single shots Z and dz/dl
for all collected shots of burner A and B at different values of equivalence

\Y



ratios, ® = 1.0, 2.0 and 3.0, normalized mixing length, L/D = 3 and Re = 5000.

Figure 4-12: The mixture fraction field and its two-dimensional gradient illustrated by
instantaneous shots of burner B with natural gas and propane at equivalence
ratio, @ = 2.0, and Reynolds number, Re = 3000. ..........ccccevviviiiiiiiiiiiiie e, 40
Figure 4-13: The scatter graphs of the pdfs of the instantaneous single shots Z and dz/dl
for all collected shots of burner B with natural gas and propane at equivalence
ratio, @ = 2.0 and Reynolds number, Re = 3000. ..........cccceeriiiiiiiiiniic e 41
Figure 4-14: The effect of L/D on the range of mixture fraction AZ for burner A and B at
@), (d) ® = 0.8, (b), (e) ® = 2 and (c), (f) & = 3 and different values of Re....43

Figure 4-15: The relation between AZn and L/D. ........ccccooviieiieieiie e 44
Figure 4-16: Scatter plot of RZ versus RA in burner AatL/D=2,3,7and 12at® = 1 and

Re = 10000 within the mixing field regime diagram...........ccccceveiirinininincniennn, 46
Figure 4-17: Scatter plot of RZ versus RA in burner A at Re = 3000, 5000 and 10000 at

L/D=2, 3, and 7 and ® = 1 within the mixing field regime diagram................... 47
Figure 4-18: Scatter plot of RZ versus RA in burner Aat ® =0.8,1,2and 3at L/D =3

and Re = 10000 within the mixing field regime diagram. ...........c.ccccecoevvvevvenenne. 48
Figure 4-19: Scatter plot of RZ versus RA for burner AandBatL/D=2,3,and 9, ® = 2

and Re = 5000 within the mixing field regime diagram. .........c.cccceeveveieerrenene. 49
Figure 4-20: Scatter plot of RZ versus RA for burner AandBat® =1,2,and3,L/D =3

and Re = 5000 within the mixing field regime diagram. .........c.ccccoecvevvieevveinenne. 51
Figure 4-21: Scatter plot of RZ versus RA for burner Aand Bat® =5, 6, 8,and 9, L/D =

7 and Re = 5000 within the mixing field regime diagram............ccccccevveviereennenn, 51

Figure 4-22: The stability limit of inhomogeneous jet flames in L/D-space and RA-space
for wide range of equivalence ratio and co-flow velocity, VcF =1, 5 and 10

TN S ettt R Rt bRt E Rt Rt Rt et et enbeebeeReere e e e et 53
Figure 4-23: The maximum stability limit of Re in RA space for the three co-flow

121 (o Tod (=T USSR 55
Figure B- 1: Details of the bUrner deSign...........oooeiiniiie e 67
Figure C-1:Image processing sequence from raw images to the mixture fraction field. ......... 69
Figure C-2: The two-dimensional gradient calculations..............ccccccevveviiiciiece e 70

Vi



Nomenclature

Latin
Symbol Description
A Cross-section area of flow
D Hydraulic Diameter
dz/dl Two-dimensional gradients of the mixture fraction
fl Focal length
(F/A) g Stoichiometric fuel to air ratio
F/A Actual fuel to air ratio
Iiaser Laser energy
(L/D) max Maximum limit of L/D for stable flames
(L/D)min Minimum limit of L/D for stable flames
L Mixing length
m Number of carbon atoms
m Mass flow rate
MW Molecular weight
n Number of hydrogen atoms
Re Reynolds number
U Stream velocity of fluid
Z Mass Mixture Fraction
N Total molecular number density
R, The normalized range of mixture fraction, the ratio between AZ
and AZ;
R, The normalized mean of mixture fraction, the ratio between
Zm and Z; r
Srayleigh Rayleigh scattering intensity
Ver Velocity of co-flow
Z, Mixture fraction at lean flammability limit
Zir Arithmetic mean of the flammability limits mixture fraction
g Mixture fraction at rich flammability limit
Z max Maximum mixture fraction
Z in Minimum mixture fraction
Z.m Arithmetic mean of the min and max mixture fraction
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