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ABSTRACT

Jaggery, commonly known as 'Gur' in the Indian subcontinent, is a traditional
sweetener produced by concentrating the juice extracted from sugarcane or palm trees into a
solid or semi-solid form. The fibrous residue obtained from sugarcane crushing, known as
bagasse, is sun-dried and subsequently used as a primary fuel source in the jaggery production
process. The traditional jaggery production, while culturally significant and accessible, suffers
from low thermal efficiency, high emissions, and excessive bagasse consumption. These
limitations highlight the need for technological interventions aimed at improving energy
efficiency, reducing environmental impact, and optimizing resource utilization in the jaggery
production process. This thesis delves into a comprehensive experimental and numerical
investigation into the thermal performance and gaseous emissions of traditional and modified
four-pan jaggery production units. The present study aims to assess the energy and exergy
efficiencies based on resource consumption and transformations occurring in the sugarcane-
based jaggery manufacturing process. Initially, an exergy analysis of the traditional jaggery
unit is conducted using experimental data, thermodynamic relations, and specific exergy values
for the different system components. This analysis is performed for both summer and winter
seasons. The results revealed that the exergy sustainability scores are low during both seasons,
indicating significant environmental impacts and inefficiencies in the process. The
experimental energy and exergy efficiencies are found to be higher in the summer season
compared to winter. Specifically, the energy efficiency is recorded at 25.72% in summer and
17.62% in winter, while the exergy efficiency of bagasse combustion is 3.69% in summer and
2.89% in winter. These differences are attributed to higher ambient temperatures, lower
moisture content in bagasse, and greater brix content in sugarcane during the summer. The

exergy destruction due to combustion is significant, calculated as 85.28% in winter and 85.77%
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in summer. This is primarily due to thermal irreversibilities in combustion and heat transfer
processes. The operation of the four-pan jaggery unit is found to be more eco-friendly during
the summer due to a higher Exergy-Based Index (EBI). However, the sustainability index
remained low for both seasons, suggesting that although renewable energy sources are used,
the environmental emissions are considerable. To improve exergy efficiency, sustainability
index, and EBI, it is necessary to reduce the destruction number (DN), environmental
destruction coefficient (EDC), and exergy destruction index (EDI). The emissions data for the
traditional jaggery unit showed that carbon monoxide (CO) levels ranged from 23,500 to
65,000 ppm, nitrogen oxides (NOx) from 70 to 855 ppm, and sulphur dioxide (SO7) from 1,720

to 3,350 ppm.

A computational fluid dynamics (CFD) model is developed and validated against
experimental results for traditional unit, demonstrating good agreement in terms of thermal
efficiency and flue gas temperature profiles. Several design variations are analysed
numerically, including changes to the inlet position and area, the application of thermal
insulation, the implementation of a deep-pan strategy, and zig-zag furnace flow design. The
study found that radiative heat transfer is the dominant mode of heat transfer to the pans.
Alterations to the inlet area and location had minimal impact on heat transfer to the pans due
to the minor role of convection in this process. This finding differs from previous literature,
likely due to the higher flue gas temperatures in the present setup. The flow dynamics are not
significantly affected by these geometrical changes. The deep-pan strategy showed significant
potential for enhancing thermal efficiency, which increased to 26%, marking a 30-40%
improvement over the baseline unit. This improvement is mainly due to a larger radiative heat
exchange surface. Additionally, Pan 4, which is the first to receive the flue gases, experienced
increased heat transfer rate due to flow impingement and enhanced turbulence caused by cavity

formations between the pans. Thermal insulation using ceramic blankets is also studied, with



thicknesses ranging from 1 to 4 inches. The analysis found that a 2-inch thickness is optimal,
providing effective thermal retention with no significant gains beyond this point. Insulation at
the top furnace wall near the pan sides is found to be most effective. When combined with the
deep-pan strategy, thermal insulation further improved performance. Specifically, the thermal
efficiency increased to 25.7% with 2-inch insulation and to 26.1% with 4-inch insulation,
compared to the baseline of 18.82%. However, due to cost considerations, 2-inch insulation is
deemed optimal. A zig-zag flow furnace design is also tested, with multiple slot hole
geometries. These changes showed minimal impact on performance in the absence of
insulation. However, when combined with insulation and the deep-pan strategy, the zig-zag
configuration achieved a thermal efficiency of 25.12% without insulation and 26.60% with
insulation. In this design strategy, convective heat transfer became the dominant mode, which

1s a contrast to the baseline case where radiative heat transfer dominated.

An experimental evaluation of a burner-integrated modified jaggery unit, insulated with
a 2-inch ceramic blanket, showed substantial improvement in thermal performance. The
thermal efficiency ranged from 42% to 45%, while emissions are significantly reduced. The
CO emissions dropped to 120-300 ppm, NOx to 171-785 ppm, and SO to 1.50-121 ppm.
Numerical simulations for this modified unit showed strong agreement with experimental data
in terms of both thermal efficiency and slot hole temperature profiles. Like the zig-zag furnace,
the modified unit exhibited a dominance of convective heat transfer. Further numerical studies
on the modified jaggery unit incorporating deep-pan and mixed-pan strategies revealed
remarkable thermal performance improvements. The deep-pan strategy increased thermal
efficiency to 53.1%, while the mixed-pan strategy achieved a peak efficiency of 63.27%,

underscoring the effectiveness of combining structural optimization with thermal management.
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AR

Te, o/ yRdg IUHRTE & IHHId: T8 HEl ST 8, Uh URURS HaTs § o
T2 7 18 & Us § fRpTal U 39 &1 el b 319 a1 31d-319 U § dgR fosar S
g1 T3 1 IS 4 U RIGR AR, fS= S 8T o1l §, ! YU H FETax IS SdieH

UfehdT § TR 549 & U § IuAN fohdT SITal g1 gTliieh URURS TS IdTe RSP IAH
FU 9§ HEdYU! 3R A g, Al SUH AT G&fdl HH BT 5, Scdor 311 gidl & 3R
T B AHARIE WD Bt & 1 37 SH13M Bl T/ §U, Sl G&dl SgT, TRl FHIat
I HH B AR JAIYH! & TAH IUINT & [T Tebeiich! GIA&U B TGl § | TG
MYy B} IRURS 3R uRafdd TR-FeE) I TS sHEal 31 adig yeei iR i

JoH! BT U HTIH TANTTHS Ud TBATHD (numerical) ET TR BT & | S7eqT

BT I T R 3niRd s Fafor ufrar & o1t iR wawsif gerdrait &1 I woud

3R B T FUIRUT & YR R Jedihd &A1 gl URH H URURS TS IHIg &1
TRl oy feear o, fO9H gaEd s, SSHRIA®! (Thermodynamic)
iU SR fafte yomelt gesw! & fore fafky wesll w4 &1 Iud faan manl ug
fazayr fwera ik 2Rawra gt Fqasit & forg farar war| oot & uar = fa gt
A # Tagsl RIRIG TR (Exergy Sustainability Score) ®H T, forGd UdT =aar g fb
TfehdT H TataRuNg UHTT SR ST&HdTd BB SHUd & | TATEd ¥ ¥ Holl 3R Taeif
gerdry it # fdht Bt gor & oiftie s v | it § Foif e 25.72% 3R gy
H 17.62% &S P T8, Tefch S &g BT TRl G&fal TRl H 3.69% SR afdal o
2.89% 1| TG SR I URAR AHH, T H HH TH 3R T 7 31 fodd e &
PRU UT| T8 &b BRI TRASH Y BT HIBI 3 U1 — Hiddl H 85.28% 3R Al
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85.77% — S TG g MR ST RFaRl ufbarsff & ardig sramad=ioarsti &
BRI UT| IR-Felal WUNel &1 Farad AeAerd d e Taiarul-3ged rar 71,
Fifr 390 I=d TIgel MUTNG gadbid (EBI) gol g3l gTalids, G Jadbid
(Sustainability Index) Gl TE § &H g1, g T § b AABONT Holl Al &
SYIRT & Saulg Yafarufiy I Ui &1 TSl qafdl, RId ga&id 3R EBl §

JUR & fill Destruction Number (DN), Environmental Destruction Coefficient (EDC) 3R

Exergy Destruction Index (EDI) Bl HH BT 3MAUD %l URURS s W’s‘ & 1%1?
IS STl & IR BIa- AAISHIERIZS (CO) 23,500 T 65,000 ppm, TRCISH HFAES

(NOx) 70 ¥ 855 ppm, 3R TeWhR SZIHRIZS (SO2) 1,720 ¥ 3,350 ppm b &of {747

UH URUR® PR & (o8 faemRid fear T Hgeeqd g SHAHa (CFD)
ATed TS URumH ¥ 3rdt aig Bd Wil g, faRwex g qemr iR oy 19
oA UidTsd & e H1 &5 [SeT Jaard! &1 Seids faReyur foar T — o
f% g7aie @t fRUR SR &8F & Seame, yia SYARE &1 IuANT, SU-U oM 3R -
T Yt yarg feemeA| sreggd ¥ g uran T f 9 bl e iR # fafevuig
SOAT (Radiative Heat Transfer) W& HEbT AU 31 30e & iR f&ufd & sgoma @

3™ RYFIARUN R A=Y gUTd 781 U< Riifdh Hag (Convection) T ARG gAdH TR
a1l 78 ey Uee wified ¥ SierT g, YHad: aaH Junet # 3w T I diIaH &
SR Y-8 U 3 arda e § Icore-a GUR fR@mn, S 9gR 26% 81 T8 —
S {6 STATR SHTs Bt a1 A 30-40% F g1 SHHT TH BRI g1 g5 fafpruita
w1 faf i Tag g1 3% Sifalkad, T 4 — St Ja9 Ugd Ty I Ul Rl & — |
Hfadt AU 3R FaT8 THRId & HRUN HIAT RIMIRU &R e 51| Rifie side 3
YIS SYARM (1 ¥ 4 59 Alers) F1 H faweivor foear man| 2 9 &1 Ales & Ja9 Suga
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T T 1o SO TAft ST TREUT T 3fR S99 e Hes ¥ His Hgdyul ard
TI Q| 09 o U SR Mg IR TR SR I99 THTET X811 91d §9 S19-U7 XU
& 1Y ST T, @) i gerar § SR GUR §of: 2-59 SHATE & 1Y GefdT 25.7% 3R

43T D 1Y 26.1% Bl TS, STaid STaTS T 18.82% T gTdifes ANT &1 ¢@d U 2-59
$YARE &I IUgad AT AT RET-S vt fese &1 ot uliern frar ma, o @
Wie g Samd wfid oY1 Frad forT-onT Seara § W a8l fAre, dfed 99 39
YAYH 3R SU-07 IUFT & Iy ST T, o 9T SgeRE & e 25.12% 3R

SYARE & Y 26.60% dH Ugd T8 | 59 Some & Hag ST RIMIARUl THE §- 7T,

S for sargA fufa & fausia g Siet fafasvofla ®midRor o |

TP SR-ga RN TS 3018 (2-59 R S Ifed) & Tammes qedie
o i UekF # Iceaid GUR /T AT SUGt dTUi Gl 42% ¥ 45% @1 3R
IoH 7 ot Ui S 31 co IS 120-300 ppm, NOx 171-785 ppm 3R SO2 1.50—
121 ppm d% AR AT TN SHE & g fHU U TeEH SIHN (Simulation)
AR SHibs! U 3! avg Hd WId ¢ | FoFT-9 Ygl &1 ave 81, 39 sois 4 off Haga
ST RYHIR YA U 7| G0 ghbls § S19-U9 ok fAag-U urifaat &1
iHe PR fopT MU sifafvad Terere sieramt 3 ok +f SgaR ardig UexiF feeman| Eo-
U9 UG & AT &l 53.1% dd Ugdl, Sidid Hag-U9 UM = 63.27% d& Pt

&/l BRI 1, S I8 <WidT & b WRad® Srdpad 3R yHd Ueed &1 9gad gHE
3AfIH YU B |
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NOMENCLATURE

Ebagasse
Ty

Exg

E] aggery
EAsh

EFlue

ESen

E Unburnt
Nenergy
EEvap
EWall—loss
E Xdest

E Xwall-loss
Nexergy
Exy

E Xair
EXpag

E Xchemicals
Exp,

E XFlue

Ex Juice

E xVapour

Exout

mbagasse
Mriye

Myaggery

Bagasse heat input (MJ)

Boiling temperature of water (K)
Chemical exergy (MJ)

Energy content in jaggery (MJ)
Energy due to ash (MJ)

Energy due to flue gas (MJ)

Energy due to sensible heating (MJ)
Energy due to unburnt (MJ)

Energy efficiency (%)

Energy for evaporating water (MJ)
Energy lost through wall (MJ)

Exergy destruction (MJ)

Exergy due to heat lost through wall (MJ)
Exergy efficiency (%)

Exergy input (MJ)

Exergy of air (MJ)

Exergy of bagasse (MJ)

Exergy of chemicals (MJ)

Exergy of floating residue (MJ)
Exergy of flue gas (MJ)

Exergy of juice (MJ)

Exergy of water vapour (MJ)

Exergy output (MJ)

Generation of turbulent kinetic energy
Initial juice temperature (K)

Initial temperature (K)

Latent heat of vaporization of water (kJ/kg)
Mass of bagasse (kg)

Mass of flue gas (kg)

Mass of jaggery (kg)
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Myyice Mass of juice (kg)

myyy Mass of water (kg)
myy Mass of water evaporated (kg)
L Mean optical path length (m)
NCV Net calorific value (kJ/kg)
I(7,5) Radiant intensity at position 7 in the direction of § (m]g_lsr)
O Scattering coefficient
hy Specific enthalpy at ambient temperature (kJ/kg)
h Specific enthalpy of water vapour (kJ/kg)
So Specific entropy at ambient temperature (kJ/kgK)
S Specific entropy of water vapour (kJ/kgK)
Cojagg Specific heat of jaggery (J/kgK)
Cow Specific heat water (J/kgK)
EXch.co, Standard chemical exergy of carbon dioxide (kJ/mol)
EXchn, Standard chemical exergy of nitrogen (kJ/mol)
EXchmy0 Standard chemical exergy of water vapour (kJ/mol)
f‘g Stress tensor in gaseous phase
T Striking temperature of jaggery (K)
Triye Temperature of flue gas (K)
Er Total emissivity
&g Turbulent dissipation rate in gaseous phase
Ci¢s and Turbulence model constants
Cae
Nk Turbulent Prandtl number for kinetic energy
U Turbulent viscosity
Vg Velocity vector in gaseous phase
Symbols
a Absorption coefficient
u Average velocity
p Density
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8 8 & 3 D>

Abbreviations

APEDA
ATC
BSS
CvV
CO2
CcoO
CFD
DN
EBI
EDI
EDC
GVA
HTC
HTF
HCV
IR
MOSPI
MT
MP
NCV
NOx
NCS
NWER
PM
PMFME
RTE

Difference

Efficiency

Thermal conductivity

Ratio of the chemical exergy to the net calorific value

Source term

Agricultural & processed food products export development authority
Automatic temperature compensation

British standard sieve

Calorific value

Carbon dioxide

Carbon monoxide

Computational fluid dynamics

Depletion number

Environmental benign index

Environmental degradation Index

Environmental destruction coefficient

Gross value added

Heat transfer coefficient

Heat transfer fluid

Higher calorific value

Infrared radiation

Ministry of statistics and programme implementation
Million ton

Modified plant

Net calorific value

Nitrogen oxides

Non-centrifugal cane sugar

Non-reusable waster exergy ratio

Particulate matter

Pradhan Mantri formalization of micro food processing enterprises

Radiative transfer equation
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RTD
RANS
SH

SO2

SOx

SI

UDF
WER
WSGGM

Resistance temperature detector
Reynolds-Averaged Navier-Stokes
Slot hole

Sulphur dioxide

Sulphur oxides

Sustainability index

User defined function

Waste exergy ratio

Weighted sum grey gas model
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