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Abstract

Kettle reboilers play a vital role in refinery processes, where the operation has a direct impact on overall
system performance. To enhance reliability and minimize operational issues such as liquid carryover, a
comprehensive approach involving mechanical optimization and continuous monitoring is essential. This
optimization process requires careful evaluation of several critical design and operational parameters,
including the entrainment ratio to ensure proper vapor-liquid separation, optimal positioning of inlet and outlet
nozzles to maintain flow efficiency, appropriate shell sizing to facilitate effective heat transfer, and assessment
of current operating conditions to identify potential improvements. By systematically addressing these factors,
refineries can significantly reduce liquid carryover, improve thermal efficiency, and extend the operational

lifespan of kettle reboilers, ultimately leading to more stable and cost-effective refinery operations.

ANSYS Fluent software is used for geometric modeling, meshing, thermal simulation, and post-processing.
Simulations have been done by varying the shell side diameters of the Kettle Reboiler, with the given boundary
conditions as per the problem. The physics of the problem employs a steady-state approach and utilizes a
viscous model, specifically the Realizable k-¢ turbulence model, and the Eulerian phase change model.

Three simulation trials have been conducted in ANSYS Fluent to analyze the effect of reducing the kettle
diameter. The baseline model has a diameter of 1790 mm. And second trial was done with a diameter of 1750
mm, and the third trial was done with a diameter of 1690 mm. The results from the first two trials were
approximately the same, both achieving a vapor quality (dryness fraction) of about 0.997. This indicates that
a reduction of 40 mm is feasible without compromising performance. This size reduction would save
approximately 0.412 feet of sheet metal used in the kettle's fabrication. However, the third trial was conducted
on a 1690 mm diameter, resulting in a lower vapor quality of 0.97, which is not acceptable for the application.
Therefore, we conclude that the diameter cannot be reduced further than 1750 mm.

Keywords: CFD; Heat Transfer; Kettle Reboiler; Shell and Tube Heat Exchanger; Entrainment Ratio



Chapter 1: Introduction

1.1 Background

Thermal energy control in industrial applications depends significantly on the use of heat exchangers. These
systems enable thermal energy exchange across various mediums - including fluids separated by solid walls,
fluid-to-surface interactions, or even direct fluid mixing. Their versatility makes them indispensable in diverse
sectors, including HVAC systems, power generation, chemical processing, oil refineries, and food production
facilities. Among the numerous configurations available, common designs include shell-and-tube, double-
pipe, and plate-type exchangers, with our current project focusing on optimizing a shell-and-tube
configuration.

The primary function of any heat exchanger is to enable thermal energy exchange between media at different
temperatures without external energy input. These systems can handle single substances or complex mixtures,
serving multiple purposes such as fluid temperature regulation, phase change processes (evaporation or
condensation), and thermal energy recovery. Depending on the application, they may also perform specialized
functions like sterilization, distillation, or crystallization. Modern heat exchangers operate on two fundamental
principles: recuperative (where fluids remain separated by a heat transfer surface) and regenerative (where
thermal energy is alternately stored and released from a matrix). While recuperative designs prevent fluid
mixing, regenerative types may experience some cross-contamination between streams due to their operational
nature.[1]

1.2 Classification of Heat Exchangers:

Heat exchangers are categorized through multiple classification systems based on their operational and design
characteristics. These classification approaches mainly account for elements including:

Heat Transfer Process — Distinguishing between direct-contact and indirect-transfer systems.

Construction Type — Including shell-and-tube, plate, and other structural configurations.

Flow Arrangement — Covering parallel, counterflow, and crossflow designs.

Surface Compactness — Differentiating between compact and non-compact heat transfer surfaces.

Number of Fluids — Two-fluid exchangers are the most common, though multi-fluid systems also exist.

Heat Transfer Mechanism — Classifying based on conduction, convection, or phase-change processes.
Visual representations of these classifications can be found in Figures 1.1 (adapted from Shah [1]) and 1.2 [2],
which outline these categories in detail. The following section provides an overview of common heat
exchanger types based on construction, along with key selection criteria. For a more comprehensive, see Refs.
1-4.

Various industries frequently utilize tubular heat exchangers because of their flexible operation and sturdy
build. These systems can be customized to operate under extreme conditions, ranging from high vacuum
environments to ultra-high pressures exceeding 100 MPa (15,000 psig), and from cryogenic temperatures to
elevated thermal conditions approaching 1100°C (2000°F). Their versatility extends to handling challenging
operational scenarios involving vibration, heavy fouling, corrosive or toxic fluids, and even radioactive
materials. Available in various materials including metals, graphite, glass, and Teflon, these exchangers can
be designed in sizes ranging from small units (0.1 m?) to massive installations covering over 100,000 m?. They
find widespread application in petroleum refining, chemical processing, power generation (as condensers,
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evaporators, and feedwater heaters), HVAC systems, and waste heat recovery operations. Despite their
advantages, shell-and-tube exchangers are inherently non-compact, typically offering 50-100 m?/m? of heat
transfer surface area, which results in larger space requirements and higher installation costs compared to
compact alternatives. This has led to increasing adoption of compact heat exchangers in applications where
operational conditions permit. The design and manufacture of these exchangers follow established standards,
including TEMA (Tubular Exchanger Manufacturers Association) classifications, shown in Fig., 1.2,1.3,
European DIN norms, and ASME Boiler and Pressure Vessel Codes. The TEMA system uses a three-letter
designation (such as BEM or AES) to identify specific front-end, shell, and rear-end configurations, though
some specialized designs may not conform to this standardized nomenclature.

Classification according to transfer process
1

| L
Indirect contact type Direct contact type
| ! 1 I T ==
Directtransfertype  Storagetype Fluidized bed Immiscible fluids Gas-liquid Liquid-vapor
i ererm—

Single-phase  Multiphase

Classification according to number of fluids
L

i 1 L]

Two-fluid Three-fluid N-fluid(N>3)

Classification according to surface compactness

| g7 L
Gas—t?-ﬂuid Liquid to liquid o phase change
r 1 T 1
Compact Non-compact Compact Non-compact
(B=700 m%/m?) (B<700 m?/m®) (B=400 m?/m?) (B <400 m?/m?)

Classification according to construction
1

1 1 T I
Tubular Plate;type Extended surface Regenerative
I 1 1 1
PHE  Spiral Platecoil Printed
circuit ' ! '
Gasketed Welded Brazed Rotary Fixed-matix Rotating
. 3 Y 1 Plate-fin  Tube-fin hoods
Double-pipe  Shell-and-tube Spiraltube Pipecoils
—_— Ordinary Heat-pipe
Crossflow Parallelfiow separating wall wall

to tubes to tubes

Fig. 1.1: Classification of heat exchangers [1]
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Classlification according to process function

Condensers Liquid-to-vapor Heaters Coolers Chillers
phase-change
exchangers
(a)
Condensers
]
I 1
Direct contact Indirect contact type
| |
| | I | 1 |
Pool Spray and tray Packedcolumn  Shell-and-tube Extended surface Plate-type
J
i T
Power industry Process industry Tube-fin Plate-fin
1 air-cooled cryogenic
| L condersor condenser
Surface condenser Feedwatarheater

I I | I 1 1 Plate Spiral
E G H J X  Totalcondensation

Shells I_I_.._|

Rafhux Knockback
(b)

Liquid-to-vapor phase-change exchangers
1

I 1
Boilars (fired) Vaponzingexchangers (unfired)

|
I T T T 1
Sleam generators for Waste heat boilers Evaporators Reboilers Vaporizers
| ]
| | L | 1
Water Gas Liquid metal Power-plant Chemical
cooled cooled cooled evaporators evaporalors
reactors mactors reactors
| [ | 1
Vertical calandria Bayonet tube Herizontal U-tube Horizontal crossfow

(c)

Fig. 1.2: (a) Classification according to process function. (b) Classification of condensers.
(c) Classification of liquid-to-vapor phase-change exchangers.[1]

Tubular heat exchangers represent one of the most versatile thermal transfer solutions for industrial
applications, offering unmatched flexibility in design and operation. Engineered to withstand some of the most
demanding process conditions, these systems reliably function across an extraordinary range of pressures -
from complete vacuum states to extreme pressures beyond 15,000 pounds per square inch - while maintaining
performance at temperatures spanning from cryogenic levels to nearly 2000°F. Their robust construction
allows them to manage difficult operating environments characterized by severe vibration, corrosive media,
toxic substances, and significant fouling potential. Manufacturers produce these units using diverse materials
ranging from conventional metals to specialized options like corrosion-resistant graphite, transparent glass,
and durable Teflon, with heat transfer surfaces scaling from compact 1 ft> designs to enormous systems
exceeding 1 million square feet. The petroleum and chemical processing industries particularly rely on these
exchangers for critical operations, while power plants utilize them extensively for steam condensation,
feedwater heating, and oil cooling applications. Their implementation extends to climate control systems and
energy recovery projects where maximizing thermal efficiency is paramount. However, the inherent design
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characteristics of shell-and-tube configurations result in relatively low surface area density (15-30 ft* per cubic
foot), necessitating substantial installation space and supporting infrastructure.

This limitation has driven many industries to adopt more space-efficient compact heat exchangers where
process parameters allow. Globally recognized standards, including TEMA specifications, European DIN
regulations, and ASME pressure vessel codes, govern their engineering and fabrication. The TEMA
classification system employs an alphabetical coding method (examples including BEM and AES
configurations) to designate specific mechanical layouts, although certain custom-engineered variants may
not fit within this standardized framework.[5]

Front End Rear End
Stationary Head Types Shell Types Head Types
(el
T
E L
A i I Fixed Tubesheet
One Pass Shell Like *A* Stationary Head
| H -1 T
and Hamovabla F - M

Fixed Tubeshest

L

Two Pass Shell Like "B Stationary Head

with Longitudinal Baffle —

]

B N B
T | =7 ]
G D P ERSEE
| T Fixad Tubeshest

Like "M" Stationary Head

Bonnet (Integral Cover) Split Flow

||’ | =1
H it areene
¢ ] 1 1 Outside Packed Floating Head
Double Split Flow i i
..—--jl =
T s .

Channel Intﬂgfal with Tube-
Sheet and Removable Cover J Floating Head

with Backing Device
L I 5
Divided Flow S— -‘"‘\
T
. T . .
, Pull Through Fioating Head
|§ K !

Channel Integral with Tube- .
Sheet and l;.;gmovabla Cover 1 1 " )
Kette Type Reboilar

U-Tube Bundle
D
x i
T w N\
c Flo
Special High Pressure Closurs foss oW Ff::;::;ll ubS::h[::t

Fig. 1.3: Standard front-end head, shell-type, and rear-end head types, from TEMA [5].
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The Tubular Exchanger Manufacturers Association (TEMA) establishes comprehensive guidelines that define
critical design parameters for heat exchanger fabrication. These standards precisely outline acceptable
manufacturing tolerances across different mechanical classifications, encompassing specifications for tube
dimensions (including diameter and pitch configurations), baffle and support plate arrangements, pressure
rating categories, and computational methods for determining tube sheet thickness that is required. Engineers
must reference these detailed TEMA provisions when designing or evaluating heat exchanger systems to
ensure compliance with industry-accepted mechanical and performance standards.

Table 1.1: Design Features of Shell-and-Tube Heat Exchangers [1]

Return Outside- Qutside- Pull- Inside
Fixed bend packed packed through split
Design features tubesheet  (U-tube) stuffing box laternring bundle backing ring
TEMA rear-head type L M.N U P W E S
Tube bundle removable No Yes Yes Yes Yes Yes
Spare bundles used No Yes Yes Yes Yes Yes
Provides for differential ~ Yes, with Yes Yes Yes Yes Yes
movement between bellows in
shell and tubes shell
Individual tubes can be Yes Yes® Yes Yes Yes Yes
replaced
Tubes can be Yes Yes Yes Yes Yes Yes
chemically cleaned,
both inside and
outside
Tubes can be Yes With Yes Yes Yes Yes
mechanically cleaned special
on inside tools
Tubes can be Yes Yes" Yes® Yes" Yes® Yes®
mechanically cleaned
on outside
Internal gaskets and No No No No Yes Yes
bolting are required
Double tubesheets are Yes Yes Yes No No No
practical
Number of tubesheet Any Any even Any* One or Any* Any*
passes available number two*
Approximate diametral 11-18 11-18 25-50 15-35 95-160 35-50

clearance (mm)
(Shell ID-D,)
Relative costs in 2 1 4 3 S 6
ascending order,
least expensive = 1

#Only those in which outside rows can be replaced without special designs.

® Outer Area mechanical cleaning possible with square or rotated square pitch, or having a wide triangular
pitch.

¢ Axial nozzle is required at the rear end for an odd number of passes.

4 Tube-side nozzles should be at the stationary end for two passes.

¢ odd number of passes requires a packed gland or bellows at the floating head.

14



1.3 Schematic Illustration of Shell-And-Tube Heat Exchanger Construction:

Shellside fluid
irilet

Tubesheet l Tubes Tubesheet

Pass ™] r'[ —

dinider 1
Tubeside
flug
riket

Fig. 1.4: Schematic illustration of shell-and-tube heat exchanger construction [ 8]

1.4 Kettle Reboilers and Vaporizers:

Kettle reboilers and vaporizers employ a specialized design featuring an enlarged shell section, as described
in Figure 1.5. This distinctive configuration serves the critical function of facilitating eftective vapor-liquid
phase separation. The dimensional parameters of the shell are carefully determined through established
engineering correlations that account for the required phase separation efficiency. [9]

T ¥

Fig. 1.5: TEMA K-type shell. [5]

To achieve maximum efficiency in kettle reboilers (FIG 1.5), industry standards recommend a shell diameter
approximately 1.6-2 times larger than the tube bundle diameter. Critical design considerations must account
for three key factors: (1) permissible liquid droplet carryover in the vapor stream, (2) necessary liquid level
height above the overflow weir, and (3) adequate freeboard space to accommodate potential foaming
conditions. These specifications maintain effective phase segregation and system dependability. [8]
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A kettle reboiler, illustrated in (Fig. 1 .6), is a horizontal heat exchanger featuring a TEMA K-type shell that
houses either U-tube or straight-tube bundles, which may incorporate finned tubes for enhanced heat transfer.
The design utilizes a pull-through floating head (T-type) for ease of maintenance and tube cleaning. Liquid
enters through the bottom nozzles via gravity feed from the distillation column's sump, flowing upward across
the tube bundle where boiling occurs on the tubes' external surfaces. The oversized shell provides sufficient
space above the bundle for effective vapor-liquid separation, with vapor returning to the column while liquid
exits over an adjustable weir as bottom product.

This configuration offers several operational advantages, including reliable performance across extreme
pressure ranges (from vacuum to near-critical conditions) and effective operation with small temperature
differentials through optimized tube spacing. Kettle reboilers outperform thermosyphon designs in extreme
pressure environments owing to their natural circulation characteristics and horizontal tube arrangement.

However, the low fluid velocities increase susceptibility to fouling, and the large shell size results in higher
capital costs compared to more compact heat exchanger designs. These characteristics make kettle reboilers
particularly suitable for services where operational reliability is critical, though proper consideration of fouling
potential and initial investment is essential during the design and selection process [10].

Vapor

Level
g control l

Bottoms

Fig. 1.6: Typical configuration for a kettle reboiler [10]
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1.4.1 Reboiler Selection:

The selection of reboiler type is often application-dependent, with certain process conditions favoring specific
designs. Severely fouling fluids or highly viscous liquids typically necessitate forced-flow reboilers due to
their ability to handle challenging flow conditions. When processing moderately fouling materials with a dirty
or corrosive heating medium, horizontal thermosyphon reboilers often emerge as the preferred option.
However, many applications present multiple technically viable reboiler configurations, requiring engineers
to evaluate alternatives based on key factors including capital and operating costs, operational reliability,
process controllability, and demonstrated performance in comparable services. Industry experts like Palen [10]
have developed comprehensive selection guidelines (summarized in Table 1.2) that assist in this decision-
making process, while Kister [11] provides additional comparative analysis of reboiler types and their optimal
application ranges. These resources collectively offer valuable insights for determining the most appropriate
reboiler configuration for specific process requirements.

Table 1.2: Guidelines For Reboiler Selection

Reboiler Type
Kettle or Horizontal Shell-Side Vertical Tube-Side Forced

Process Conditions Internal Thermosyphon Thermosyphon Flow
Operating pressure

Moderate E G B E

Near critical B-E R Rd E

Deep vacuum B R Rd E
Design AT

Moderate E G B E

Large B R G-Rd E

Small (mixture) F F Rd P

Very small (pure component) B F P P
Fouling

Clean G G G E

Moderate Rd G B E

Heavy P Rd B G

Very heavy P P Rd B
Mixture boiling range

Pure component G G G E

Narrow G G B E

Wide F G B E

Very wide, with viscous liquid F-P G-Rd P B

Category abbreviations: B: best; G: good operation; F: fair operation, but a better choice is possible; Rd:
risky unless carefully designed, but could be the best choice in some cases; R: risky because of insufficient
data; P: poor operation; and E: operable but unnecessarily expensive. Source: Ref. [10]
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Chapter 2: Literature Review

2.1 Literature Review:

2.1.1. CFD Modeling of Reboilers

Developed an advanced CFD algorithm for forced recirculating fired reboilers using Fire Dynamics
Simulator (FDS) and Large Eddy Simulation (LES) to analyze crude oil boiling. Validated nucleate boiling
heat transfer with Chen and Mostinski correlations (error: 10.5%) [12]

Applied a two-fluid CFD model for kettle reboilers, emphasizing interfacial friction effects in two-phase
flow across tube bundles. Used porous media approaches for bundle flow resistance [13]

Early CFD work on nuclear evaporators, adapted for reboilers. Highlighted challenges in modeling slip
between phases in tube bundles [13]

2.1.2. Thermal-Hydraulic Analysis

Experimental study on kettle reboiler performance, linking void fraction distributions to heat flux (>10
kW/m?) and recirculation rates [12] [14]

Measured boiling regimes in tube bundles, showing rapid void fraction increases with heat flux. Noted
limitations of 1D models for lateral flow prediction [12] [14]

Derived empirical correlations for void fraction and slip in two-phase flow, critical for shell-side thermal-
hydraulics [12]

2.1.3. Diameter Optimization & Geometric Effects

Used Aspen EDR® to optimize kettle reboiler diameter (25.4 mm) and material (cast iron), improving
efficiency by 28.27% [15] [28]

Studied foam formation in reboiler bundles, noting disengagement challenges at high heat fluxes (30
kW/m?) and implications for diameter selection [12]

Investigated pitch-to-diameter ratios in tube bundles, showing staggered arrangements enhance heat
transfer [12]

2.1.4. Two-Phase Flow & Boiling Mechanisms

Seminal work on nucleate boiling correlations (e.g., Forster-Zuber, Dittus-Boelter), widely used in reboiler
CFD studies [12]

Experimental data on hydrocarbon boiling regimes, foundational for critical heat flux (CHF) predictions
in reboilers [14]

Developed two-fluid models for interfacial drag in boiling flows, later adapted for reboiler CFD [12] [32]
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2.1.5. Advanced Numerical Approaches

Applied PHOENICS CFD with two-fluid models, revealing sensitivity to interfacial drag coefficients in
void fraction predictions [14]

Early CFD work on two-phase flow, influencing later reboiler simulations [14]

Integrated CFD with field data for boilers, validating heat transfer parameters (emissivity, fouling) relevant
to reboiler design [16] [19]

2.2 Research Gap:
Research Gaps in Kettle Reboiler Diameter Optimization
Lack of CFD Studies on Diameter-Dependent Flow Maldistribution

Most CFD studies (Rahman et al, 1996) focus on tube bundles but neglect how kettle
diameter affects shell-side flow uniformity, especially in large-diameter designs.

Limited Data on Vapor Disengagement Efficiency vs. Diameter

While King & Jensen (1995) studied foam formation, no systematic CFD/experimental work
correlates kettle diameter with vapor escape velocity to prevent liquid entrainment.

Insufficient Models for Vapor Quality Prediction at Different Diameters

Empirical correlations (Chen, 1966) predict heat transfer but lack diameter-specific vapor quality models,
critical for distillation column feed.

Over-Reliance on 2D Simulations for 3D Phase Separation

Many studies (Edwards & Jensen, 1991) use simplified 2D models, ignoring 3D vortex formation in large-
diameter kettles that disrupt phase separation.

Neglect of High-Viscosity Fluid Behavior in Diameter Optimization

Existing work (Alsaemre et al., 2022) optimizes diameter for water/light hydrocarbons but not for high-
viscosity fluids, where flow regimes differ.

No Universal Criteria for Optimal Diameter-to-Length Ratio

While Dowlati et al. (1992) optimized tube pitch, no guidelines exist for kettle aspect ratio (D/L) balancing
heat transfer vs. vapor disengagement.

Inadequate Validation of CFD with Real-Scale Kettle Data

Most validations (Davidy, 2020) use lab-scale setups; industrial-scale experimental data for diameter
effects are scarce.

Gap in Coupling Thermal Performance with Mechanical Constraints

Studies rarely address how diameter changes impact structural stress (e.g., ASME code compliance)
alongside thermal efficiency.
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2.3 Research Objectives:

To analyze the effect of kettle diameter on fluid flow distribution and heat transfer.
To optimize the shell-side vapor disengagement area for efficient phase separation.
To determine the quality of the vapor at the outlet for a given kettle diameter.

To minimize the cost of the kettle reboiler

b=
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Chapter 3: Methodology

3.1 Problem Statement

The design and operation of kettle reboilers must ensure optimal entrainment ratio, nozzle, shell sizing, and
vapor-liquid separation efficiency to maintain performance while minimizing costs. In this study, the current
reboiler diameter (1790 mm) is compared after reducing the reboiler diameter (1750 mm) to evaluate whether
downsizing affects vapor quality (dryness fraction ~0.997) and liquid carryover. Despite the reduction,
simulations in ANSY'S Fluent show nearly identical performance, suggesting potential material savings (0.412
feet of sheet metal per reboiler). However, further validation is needed to confirm that the smaller diameter
does not compromise fluid dynamics, heat transfer, or long-term operational stability.

There is no direct formula to derive the kettle reboiler diameter. In the HTRI manual, there is an iterative
procedure to derive the kettle diameter on the basis of tube bundle diameter and engineering experience.

In Table 3.1, take an HTRI sheet to perform the simulation, and the data of the kettle reboiler.

Table 3.1: HTRI Thermal data sheet of a kettle reboiler

1 HEAT EXCHANGER RATING DATA SHEET

2 Released to the following HTRI Member Company: Air Products Units
3 ISGEC

4 NITISH

Service of Unit MP Steam Generator Item No. 201-E313

6||Type CKU Orientation Horizontal Connected In 1 Parallel 1 Series
7||Surf/Unit (Gross/Eff)  210.57 / 190.82 m2 Shell/Unit 1 Surf/Shell (Gross/Eff) 210.57 / 190.82 m2

G| PERFORMANCE OF ONE UNIT

Fluid Allocation Shell Side Tube Side

10||Fluid Name Water/Steam Syngas
11||Fluid Quantity, Total kg/hr 11114 463201
12|| Vapor (In/Out) wt% 0.00 97.00 100.00 100.00
13|| Liquid wit% 100.00 3.00 0.00 0.00
14{|Temperature (In/Out) C 110.60 257.02 317.50 294 .20
15||Density kg/m3 952.58 22534 V/L 788.26 19.652 20.450
16||Viscosity mN-s/m2 0.2544 0.0178 V/L 0.1030 0.0248 0.0239
17||Specific Heat kJ/kg-C 4.2209 42150 VIL 4.9441 2.3953 2.3991
18||Thermal Conductivity W/m-C 0.6839 0.0533 V/L 0.6093 0.1205 0.1160
19|[Critical Pressure bar
20||Inlet Pressure bar 44.800 62.800
21||Velocity m/s 0.14 37.70
22||Pressure Drop, Allow/Calc  bar 0.125 0.887
23||Average Film Coefficient W/m2-K 9514.4 3928.4
24]IFouling Resistance (min) m2-K/W 0.000176 0.00022
2S| Heat Exchanged 7.0440 MegaW atts MTD (Corrected) 492 C Overdesign 38.75 %
26||Transfer Rate, Service 750.53 W/m2-K Calculated 1041.3 W/m2-K Clean 1953 W/m2-K
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Table 3.2: Nozzle Data

Shell Inlet Dia 76.200 mm
Shell Outlet Dia 101.60 mm
Inlet Nozzle Height 89.375 mm
Outlet Nozzle Height 104.38mm
Table 3.3: System Information
Application Fluent
Settings 3d, double precision, pressure-based, Eulerian,
realizable k-epsilon
Version 22.1.0-10213
Source Revision 91b44bc38e
CPU 11th Gen Intel(R) Core (TM) 17-1115G4 @
5.00GHz
OS Windows

3.2 Numerical Simulation:

3.2.1 Geometry modeling:

[Free outine
E---,@ A: 1790 new
= XYPlane
<y ¥ ZXPlane
«* YZPlane
<) Import1
- @ Extrude3
,,‘ Boolean3
oy Mergel
@ Merge2
,,‘ Booleanf
-/ & 1Part, 2 Bodies

Sketching  Modeling

Fig. 3.1: Geometry Modeling [Design modular]

In Design Modular, the Extrude, Boolean, and Merge commands that as shown in (Fig. 3 .1), are powerful
tools for transforming and manipulating 3D geometry in architectural and modular design.
The Extrude command is used to give depth to 2D shapes, such as turning a floor plan into walls or a flat
sketch into a 3D object by pulling it along an axis. The Boolean operations—Union, Subtract,
and Intersect—allow designers to combine, cut, or retain overlapping sections of 3D objects, enabling the
creation of complex structures like custom-built cabinetry or openings in walls. Meanwhile,
the Merge command simplifies models by seamlessly joining separate objects into a single mesh, which is
useful for refining modular components or preparing designs for fabrication. Together, these commands
streamline workflows, enhance precision, and enable the creation of intricate, customizable designs in Design
Modular.
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3.2.2 Mesh modeling:

Fig 3.2: Mesh Generation

1.000 (m)
]

0.750

Table 3.4: No of Elements with Kettle Diameter 1790mm

Domain Nodes Elements
Part 2 289727 1070554
Domain

Part 2 hs 314640 298930

All Domains 604367 1369484

Table 3.5: No of Elements with Kettle Diameter 1750mm

Domain Nodes Elements
Part 2 288576 1065232
Domain

Part 2 hs 316440 300541
All Domains | 605016 1365773

Table 3.6: No of Elements with Kettle Diameter 1690 mm

Domain Nodes Elements
Part 2 288576 1065232
Domain

Part 2 hs 316440 300541
All Domains | 605016 1365773
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3.3 Physics:
3.3.1 Model:

Table 3.7: Physics Setup

Model Settings

Space 3D

Time Steady

Viscous Realizable k-epsilon turbulence model
Wall Treatment Scalable Wall Function

Multiphase k-epsilon Mixture k-epsilon

Models

Heat Transfer Enabled

Multiphase Eulerian

Viscous Model “Realizable k-epsilon turbulence model”:

The Realizable k-¢ turbulence model is an improved version of the standard k-¢ model, designed to provide more

accurate predictions for complex flows, including those with strong streamline curvature, vortices, and
separation. Unlike the standard k-¢ model, the Realizable variant introduces a variable turbulent viscosity
formulation and a modified transport equation for the dissipation rate (€) to ensure physically realistic results,

particularly in regions of high strain rates and rotating flows. [37]

1. Turbulent Kinetic Energy (k) Equation:

Ok

d(pk) O(pku;) 8 1w\ Ok

. 3 i K
ot ! oz, oz, p o, FGr + Gy — pe— Yy
where:

G = Turbulence production due to mean velocity gradients
G» = Buoyancy turbulence production

Yy = Contribution from comnressihilitv effects

e = Turbulent viscosity (1, = pC), LTD)

2. Dissipation Rate (¢) Equation (Modified for Realizability):

ot " om, = om; |\P 1) Bay| T POSE 0O

EA

k+ +/ve

- Cle %CHEGLI

O¢

Where:

C1 = max [[].4& ﬂr—q]
n= S%

ZS.ngL.,- (mean strain rate tensor)
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The Eulerian multiphase model in ANSYS Fluent is a powerful computational method for
simulating interacting phases (gas-liquid, liquid-solid, etc.) where each phase is treated as a continuous
medium with its flow field. This approach is particularly useful for analyzing kettle reboilers, bubble columns,
fluidized beds, and other multiphase systems. Accurate Phase Interaction Modeling. Each phase has its
velocity, temperature, and volume fraction equations. Captures momentum exchange (drag, lift, virtual mass
forces) and heat/mass transfer between phases. Essential for predicting boiling, condensation, and vapor-
liquid separation in reboilers.

3.3.2 Material Properties: Table 3.8: Material Properties

= Fluid
= water-liquid
Density polynomial
Cp (Specific Heat) polynomial
Thermal Conductivity polynomial
Viscosity polynomial
Molecular Weight 18.0152 kg/kmol
Standard State Enthalpy 0
Reference Temperature 298.15 K
Thermal Expansion 0
Coefficient
Speed of Sound none

= water-vapor

Density

23.75 kg/m”3

Cp (Specific Heat)

4221 J/(kg K)

Thermal Conductivity

0.0528 W/(m K)

Viscosity 1.79¢-05 kg/(m s)
Molecular Weight 18.01534 kg/kmol
Standard State Enthalpy 29923000 J/kgmol
Reference Temperature 298.15 K
Thermal Expansion Coefficient | 0
Speed of Sound none

= air
Density 1.225 kg/m"3
Cp (Specific Heat) 1006.43 J/(kg K)
Thermal Conductivity 0.0242 W/(m K)

Viscosity 1.7894e-05 kg/(m s)
Molecular Weight 28.966 kg/kmol
Standard State Enthalpy 0
Reference Temperature 298.15 K
Thermal Expansion Coefficient | 0
Speed of Sound none

= Solid

— steel

Density 8030 kg/m"3
Cp (Specific Heat) 502.48 J/(kg K)
Thermal Conductivity 16.27 W/(m K)
= aluminum
Density 2719 kg/m”"3
Cp (Specific Heat) 871 J/(kg K)
Thermal Conductivity 202.4 W/(m K)
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3.3.3 Cell Zone Conditions:
Table 3.9: Cell Zone Condition

= Fluid

= part_2-hs (mixture)
Specity source terms? no
Specify fixed values? no
Frame Motion? no
Laminar zone? no
Porous zone? yes
Porosity 0.4975
Enable Relative Permeability? yes
Maximum Capillary Pressure [Pa] le+07
Equilibrium Thermal Model (if no, Non- yes
Equilibrium)?
Solid Material Name steel
3D Fan Zone? no

= part_2-hs (phase-1)
Conical porous zone? no
X-Component of Direction-1 Vector 1
Y-Component of Direction-1 Vector 0
Z-Component of Direction-1 Vector 0
X-Component of Direction-2 Vector 0
Y-Component of Direction-2 Vector 1
Z-Component of Direction-2 Vector 0

Relative Velocity Resistance Formulation? yes

Direction-1 Viscous Resistance [m”-2] 0
Direction-2 Viscous Resistance [m”-2] 46.6
Direction-3 Viscous Resistance [m”"-2] 46.6
Choose an alternative formulation for no
inertial resistance?
Direction-1 Inertial Resistance [m”-1] 0
Direction-2 Inertial Resistance [m”-1] 452
Direction-3 Inertial Resistance [m”"-1] 452
CO0 Coefficient for Power-Law 0
C1 Coefficient for Power-Law 0
Relative Viscosity 1

= part_2-hs (phase-2)
Conical porous zone? no
X-Component of Direction-1 Vector 1
Y-Component of Direction-1 Vector 0
Z-Component of Direction-1 Vector 0
X-Component of Direction-2 Vector 0
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3.3.4 Boundary Conditions:

1320 1D

Vapor outlet

@100

o B R S I

*

q”=2281.81 kW/m?

tob 44

>

1790 ID

VoY v

Heat generation rate:

f

|
vov e vov v v

Water inlet (110C and 44.08 bar)

Fig. 3.2: Boundary Condition

Total heat generation (Q) = 7.044 MW = 7.044 x 10 W

2N EEE

<

Diameter of the cylinder (D) = 1.1 m — Radius (r) = 1.12=0.55 m21.1=0.55m

Length of the cylinder (L) =3.25 m

Calculate the Volume of the Cylinder

The volume Vv of a cylinder is given by:

V=nr’L

V=r (0.55)2(3.25)

~3.

088 m’

Compute the Heat Generation Rate per Unit Volume

Q _ 7.044%x10°

2281817.78W/m?
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Momentum Equations (Navier—Stokes Equations)

These equations describe the motion of the fluid under the influence of pressure, viscous forces, and

body forces

p (BV/ot+V - V) =-VP + uv?V + F

Where:
p = fluid density
p = dynamic viscosity
P = pressure
F =body forces (e.g., gravity)
V= fluid velocity
t = time
Energy Equation (Heat Transfer Equation)

(3.3)

Used to model heat transfer, including boiling and condensation phenomena:

pCp (AT/3t+V - VT) =V - (k VT) + Q

Where:

Cp = specific heat capacity

T = temperature

k = thermal conductivity

Q = heat source term (e.g., from heated walls)

(3.4)

Table 3.10: Boundary Condition

= Inlet

= inlet (mixture)
Reference Frame
Supersonic/Initial Gauge Pressure [Pa]
Direction Specification Method
Coordinate System
Turbulent Specification Method
Turbulent Intensity [%]
Hydraulic Diameter [m]

= inlet (phase-1)
Mass Flow Specification Method
Mass Flow Rate [kg/s]
Total Temperature [K]
Component of Flow Direction (X, y,z)

= inlet (phase-2)
Mass Flow Specification Method
Mass Flow Rate [kg/s]
Total Temperature [K]
Component of Flow Direction (x,y,z)
Slip Velocity Specification Method
Phase Velocity Ratio
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Absolute

0

Direction Vector

Cartesian (X, Y, Z)

Intensity and Hydraulic Diameter
1

0.2

Mass Flow Rate
1.54361

383.15

(0,1,0)

Mass Flow Rate
0

530.55

(0,1, 0)
Velocity Ratio

1



= Outlet
= outlet (mixture)
Gauge Pressure [Pa] 0
Pressure Profile Multiplier 1
Backflow Direction Specification Method Normal to Boundary
Turbulent Specification Method Intensity and Hydraulic Diameter
Backflow Turbulent Intensity [%] 1
Backflow Hydraulic Diameter [m] 0.2
Radial Equilibrium Pressure Distribution no
= outlet (phase-1)

Backflow Total Temperature [K] 530.55
= outlet (phase-2)
Backflow Total Temperature [K] 530.55
Volume Fraction Specification Method = Backflow Volume Fraction
Backflow Volume Fraction 1
= Symmetry

symmetry-part 2-hs (mixture)
symmetry-part 2-hs (phase-1)
symmetry-part 2-hs (phase-2)
symmetry-part 2-domain (mixture)
symmetry-part 2-domain (phase-1)
symmetry-part 2-domain (phase-2)
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= Wall

= wall-part_2-domain (mixture)
Wall Thickness [m] 0
Heat Generation Rate [W/m"3] 0
Material Name steel
Thermal BC Type Heat Flux
Heat Flux [W/m"2] 0
Enable shell conduction? no
Wall Motion Stationary Wall
Wall Roughness Height [m] 0
Wall Roughness Constant 0
Convective Augmentation Factor 1

wall-part 2-domain (phase-1)
wall-part 2-domain (phase-2)

= side face-part 2-hs (mixture)
Wall Thickness [m] 0
Heat Generation Rate [W/m”3] 0
Material Name steel
Thermal BC Type Heat Flux
Heat Flux [W/m"2] 0
Enable shell conduction? no
Wall Motion Stationary Wall



3.3.5 Solver Settings:

The Coupled solution method in ANSYS Fluent is a pressure-based solver algorithm that solves
the momentum and pressure-based continuity equations simultaneously (strongly coupled) instead of
sequentially (like the SIMPLE or PISO methods). This approach is particularly useful for complex, high-
speed, or multiphase flows.

Improved Performance for Multiphase Flows (Eulerian Model)

Since this study involves vapor-liquid separation (Eulerian multiphase), the Coupled solver helps
maintain phase interaction stability.

Reduces oscillations in volume fraction calculations

Table 3.11: Solver Settings

= Equations

Flow True
Volume Fraction True
Turbulence True
Energy True
= Numerics
Absolute Velocity Formulation True
= Pseudo Time Explicit Relaxation Factors
Density 1
Body Forces 0.5
Vaporization Mass 0.5
Volume Fraction 0.3
Turbulent Kinetic Energy 0.3
Turbulent Dissipation Rate 0.3
Turbulent Viscosity 0.5
Energy 0.6
Explicit Momentum 0.3
Explicit Pressure 0.3
= Pressure-Velocity Coupling
Type Coupled

Pseudo Time Method (Global Time Step)  True
= Discretization Scheme

Pressure PRESTO!

Momentum Second Order Upwind
Volume Fraction Modified HRIC
Turbulent Kinetic Energy First Order Upwind
Turbulent Dissipation Rate First Order Upwind
Energy Second Order Upwind
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Chapter 4: Results and Discussion

We conducted a study with three test cases to evaluate the effect of kettle diameter on vapor quality. The
diameters analyzed were 1790 mm (the baseline from the operational data), 1750 mm, and 1690 mm. The
objective was to determine if and how this geometric change impacts the quality of the generated vapors. The
following section compares and analyzes the results from these simulations.4.1 Case 1 (Kettle Diameter
1790mm):

1790 1D

1320 1D

4.1.1 Effect on Pressure:

The color legend in Fig. 4.2 indicates
absolute pressure from 4,478,673 Pa
(~44.79 bar) to 4,493,262 Pa (~44.93
bar).

This is a very small pressure drop (only

. . 448434650000
~14.5 kPa) across the entire domain, 4483536.00000
4482725.50000 |
.. e 4481915.00000 !
Pressure gradient is vertical indicating 4481104.50000

4480294.00000 .

i 4479483.50000 b
natural convection or phase Change 447867300000 ﬁ

behavior (liquid-vapor interface or [Pl
stratification)

Fig. 4.2: Effect on Pressure
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4.1.2 Effect on Temperature:

Subcooled liquid enters at ~383 K and is
heated via the reboilers tube bundle.

Boiling occurs in the yellow-orange
zone, with vapor rising to the top.

Superheated  vapor  forms  and
accumulates in the top chamber (red
region). That is shown in Fig. 4.3

The system is functioning as expected:
heating — boiling — superheating —
vapor exit.

4.1.3 Effect on Density:

Bottom Region (green—yellow—red):
High density — liquid phase

Top Region (blue—cyan): Low density
— vapor phase in (Fig. 4.4)

A clear interface (transition zone from
green to blue) marks the liquid-vapor
boundary, which is typical in boiling
simulations.

4.1.4 Effect on Volume Fraction of Phase-
2 (water vapor):

Phase 2 Volume Fraction varies from
0.0 (blue) to 1.0 (red):

0.0: 100% liquid phase (no vapor)

1.0: 100% vapor phase (no liquid)

Intermediate (Fig.4.5) colors
(green/yellow/orange): mixture
regions (boiling interface or foam-like
zones)

448.55554
432.20398
415.85245
399.50092

383.14938

Fig. 4.3: Effect on Temperature

384.34943
294.19958
204.04979
113.89998

23.75017
[kg m*-3]

0.30000
0.20000
0.10000
0.00000

Fig. 4.5: Effect on Volume Fraction of Phase-2(vapor)
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4.1.5 Graph of mass-weighted Average of phase-2:

e ozl e 4
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Fig. 4.6: Graph of mass-weighted Average of phase 2(vapor)

The simulation has likely converged, as indicated in Figure 4.6, or is very close to convergence. The vapor
fraction has stabilized at approximately 0.99766, indicating that the domain is now predominantly filled with

vapor, particularly near the outlet region.

This result is consistent with the previous Volume of Fluid (VOF) contour plot, which showed that vapor
occupies the majority of the upper section. The data confirms that the reboiler is operating effectively,

achieving a very high vapor quality by converting the incoming liquid into vapor.

4.2 Case 2 (Kettle Diameter 1750mm):

@100

1320 ID

1750 ID

Fig 4.7: 2d Drawing of Kettle Reboiler with 1750mm Diameter




4.2.1 Effect on Pressure:

The system shown in Fig-4.8

Subcooled liquid enters under high
pressure Boils inside the vessel

Vapor rises and exits at low pressure

The pressure gradient is smooth and
physically consistent, indicating
numerical stability and good mesh
quality

4.2.2 Effect on Temperature:

Subcooled liquid enters, absorbs heat,
boils, and exits as superheated steam

Temperature stratification and
distribution is physically accurate

Interface between liquid and vapor
zones is clear and realistic in Fig-4.9

Top region holds stable superheated
vapor, confirming effective phase
separation

4.2.3 Effect on Density:

Liquid water enters from the bottom,
heats up in the lower region
(orange/yellow)

Boiling occurs in the mid-layers
(green-yellow) in Fig 4.10

Steam rises due to buoyancy and
collects at the top (blue region)

The flow develops clear thermal and
density stratification inside the
vessel

4483968. 0:
4483112.00000" |
4482255.50000
4481399.00000 *

4480542.00000 . ! *
447968550000
447882900000

[Pa]

Fig. 4.8: Effect on Pressure

432.38129
415.96967
399.55804
383.14642

Fig. 4.9: Effect on Pressure

294.20660 |
204.05724
113.90784

23.75843
[kg m”-3]

Fig. 4.10: Effect on Pressure
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4.2 .4 Effect on Vapor Fraction of Phase-2(vapor):

Inlet at the bottom: Subcooled/
saturated liquid enters (blue zone)

Heat transfer in the lower shell/tube

region causes boiling (green/yellow). ’g‘;:::
Vapor rises due to buoyancy, forming '

o 059999

a vapor-liquid 049900

Vapor accumulates at the top dome [ 0.39999

and exits at high qualit  0.30000

s Y 0.20000

I 0.10000

0.00000

Fig. 4.11: Effect on Vapor Fraction of Phase-2(vapor)

4.2.5: Graph of mass weighted Average of phase-2 (vapor):

—
I
report-def-1
— 1.0000
P= H
— 0.9000
) 0.8000
4 H 0.7000
B 0.6000
Mass-Weighted 0.5000
Average
ok 0.4000
phase-2-vof 23000
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2892 6.6870e-03 7.4241e-04 3.4821e-04 8.5221e-04 4.0473e-04 4.7608e-04 3.3694e-04 8.1847e-26 0.0000e+00 8.7444e-04 1.0454e-03 1.4140e-03
2.6469e-01 9.9159e-01 3:53:06 756

\" 0.99159

Fig. 4.12: Graph of mass-weighted Average of phase 2(vapor)

As shown in Figure 4.12, the simulation has achieved convergence for the vapor phase distribution. The
final mass-weighted average vapor volume fraction (VOF for Phase-2) is approximately 0.9915. This
value indicates that vapor constitutes roughly 99.15% of the total mass within the domain.

This result is consistent with the previously observed contour plot, which depicted extensive vapor regions
occupying the upper section of the kettle.
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4.3 Case 3 (Kettle Diameter 1690mm):

—

1320 1D

\
1690 id

1.

Fig. 4.13: 2d Drawing of Kettle Reboiler with 1690 mm Diameter

4.3.1 Effect on Pressure:

In Fig-4.14 Fluid enters from the
bottom port (red = high pressure),

Fills the vessel, and exits from the
top nozzle (blue = low pressure),

The vessel maintains a relatively
uniform internal pressure, with small
gradients likely due to flow friction
or elevation effects.

4.3.2 Effect on Density:

The vessel contains a multiphase
fluid or gas-liquid mixture.

A heavy fluid is introduced from
the bottom, and a lighter fluid exits
from the top. Shown in Fig- 4 .15

There's clear density stratification,
with a gradual transition zone
showing partial mixing.

4483112.00000 ]
4482255.50000 ',
4481399.00000

4480542.00000 | |
4479685.50000
4478829.00000

[Pa]

Fig. 4.14: Effect on Pressure

204.35397 \
114.24222

24.13046
[kg m*-3]

Fig. 4.15: Effect on density
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4.3.3 Effect on Temperature:

In Fig-4.16 The simulation suggests
thermal stratification, with hotter
fluid accumulating at the top and
cooler at the bottom. This behavior is

478.79813

typical in natural convection-driven
systems or systems with heat sources
at the top.

462.85669
446.91528
430.97388
415.03247
399.09103
383.14963

Fig. 4.16: Effect on Temperature

4.3.4 Effect on Vapor Fraction of
Phase-2(vapor):

This figure-4.17 shows the local
volume fraction of Phase 2, which
typically means a secondary fluid 0.60511
. o . 0.55010
phase like gas in a liquid, or vapor in .
liquid, or vice versa.

Fig. 4.17: Effect on Vapor Fraction Phase-2(vapor)

4.3.5: Graph of mass weighted Average of phase-2 (vapor):
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The outlet mass-weighted average Volume of Fluid (VOF) for Phase-2 is 0.9708, confirming that vapor
constitutes 97.08% of the flow at the outlet. This indicates successful phase separation and a dominant
presence of the vapor phase at the exit.

However, this vapor quality of 97.08% does not meet the customer's specification. A 3% liquid fraction,
primarily composed of water droplets, is unacceptably high. This entrained liquid can cause significant
damage to downstream equipment that utilizes this steam. Consequently, a further reduction of the kettle
diameter is not feasible, as it would likely exacerbate this issue by increasing liquid carryover.

4.4 Discussion:

A comparison of both cases reveals that the vapor quality remains nearly identical. The weighted average
Volume of Fluid (VOF) for Phase-2 (water vapor) is approximately 0.99 in both scenarios, as evidenced in
Figures 4.6 and 4.11.

Therefore, the kettle diameter can be reduced by 40 mm without any adverse effect on system performance.
This modification would yield significant material savings in the manufacturing of the kettle.

Acc to this calculation;
Decrease in diameter = 40mm
Circumference = nd
=3.14*40 = 125.6 mm
=0.412 ft

So, we can save up to 0.412 ft of sheet length that is used to make the kettle diameter, without any change in
results or other parameters.

Based on the CFD simulation results (Figures 4.6 and 4.11), the Mass-Weighted Average of Phase-2 (water
vapor) reaches approximately 0.99 in both kettle designs, indicating comparable vapor quality. Therefore, the
kettle diameter can be reduced by 40 mm without compromising performance. This change results in a
reduction of 125.6 mm (0.412 ft) in the sheet metal required for the kettle’s circumference, contributing to
material and cost savings while maintaining operational efficiency.

The current CFD analysis reveals that the outlet mass-weighted average of Phase-2 (steam) volume fraction
is approximately 0.9707, indicating that around 3% of the mass flow at the outlet still consists of Phase-1
(liquid water). While this reflects a generally effective phase separation, it does not meet customer
requirements for high-purity steam, as even a small percentage of entrained water can damage downstream
equipment, reduce its efficiency, and lead to customer dissatisfaction. Consequently, further reducing the
diameter of the kettle is not advisable, as it could increase flow velocity, reduce residence time, and exacerbate
droplet carryover. To address this issue, several engineering modifications are recommended: increasing the
steam space or volume to allow more time for phase separation, incorporating internal demister pads or baffles
to mechanically remove entrained droplets, relocating the outlet pipe to a higher or calmer zone within the
steam region, reducing inlet turbulence using diffusers or flow distributors, or adding a steam dome or dryer
section to enhance droplet removal. For more accurate optimization, advanced CFD techniques such as droplet
tracking or Eulerian-Lagrangian models can be employed, along with parametric studies of outlet geometry
and internal design. To meet the typical industry target of 99.9% steam purity, the outlet volume fraction of -
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Phase-2 should ideally be greater than 0.999, ensuring minimal moisture content and safe, efficient

downstream operation.

4.5 Comparison

Table 4.1: Comparison of Parameters

Parameter: Case 1 (1790 mm) Case 2 (1750) Case 3 (1690)
Pressure 44.8 44.8 44.8
Inlet water temperature | 383k 383k 383k
Heat energy is supplied | 7.0440 Mega Watt 7.0440 Mega Watt 7.0440 Mega Watt
to the water
Vapor Fraction at outlet | 0.99766 0.99159 0.970767
4.6 Cost Estimation:
. 2150mm
@100
]
|
(=] —— - - - - - - E
= —-—

For Case 1:

Diameter = 1790mm

Circumference = D

=7 (1790)
=5623.4 mm

Length (L) =2150mm
Thickness(t) = 45mm

Shell material = SA516Gr.70
SA 516 GR 70 PLATE = 60% (price /kg) [36]
Weight = 4379 kg
Total Price = 262740

1.

A

2150mm




For Case 2:

For Case 3:

Diameter = 1750mm
Circumference = D
=7 (1750)

A

=5497.78 mm
Length (L) =2150mm
Thickness(t) = 45mm

Shell material = SA516Gr.70

SA 516 GR 70 PLATE = 60% (price /kg) [36]
Wight = 4276.5kg

Total Price = 256000

Diameter = 1690mm
Circumference = D
=7 (1690)
=5309.4 mm
Length (L) =2150mm

2150mm

Thickness(t) = 45mm

Shell material = SA516Gr.70

SA 516 GR 70 PLATE = 60% (price /kg) [36]
Weight = 4129.86 kg

Total Price = 247792

Table 4.2: Cost comparison

2150mm

Parameter:

Case 1 (1790 mm) Case 2 (1750)

Case 3 (1690)

Cost

262740 256000

247792
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Chapter 5: Conclusion and Future Scope
5.1 Conclusion:

Based on the CFD analysis, reducing the kettle diameter by 40 mm maintains a comparable vapor quality
(Phase-2 volume fraction ~0.99) without significantly affecting performance, leading to material savings
(~0.412 ft of sheet metal per circumference). However, the current outlet steam purity (~97.07%) does not
meet the industry standard of 99.9°% or higher, as evena 3% residual liquid water content can
cause downstream equipment damage, reduced thermal efficiency, and operational issues.

To achieve high-purity steam, further diameter reduction is not recommended, as it may increase flow
velocity, reduce residence time, and worsen droplet carryover. Instead, design optimizations such as:

e Increasing steam space volume for better phase separation

e Adding demister pads or baffles to capture entrained droplets
o Relocating the outlet pipe to a calmer steam zone

e Reducing inlet turbulence with diffusers or flow distributors
e Incorporating a steam dome or dryer section

should be considered. Advanced CFD techniques (e.g., droplet tracking, Eulerian-Lagrangian models)
and parametric studies can further refine the design for optimal performance.

e This study investigated the feasibility of reducing the kettle reboiler diameter from 1790 mm to 1750
mm while maintaining optimal vapor quality (~0.997 dryness fraction) and separation efficiency.
Through ANSYS Fluent simulations

e The 40 mm reduction showed no significant impact on vapor-liquid separation, proving that material
savings (0.412 ft of sheet metal per unit) can be achieved without performance loss.
e This optimization yields significant material and cost savings without performance loss

5.2 Future Scope:

1. Enhanced CFD Modeling — Implement multiphase flow tracking for precise droplet separation
analysis.

2. Design Optimization Studies — Evaluate different internal geometries, baffle configurations, and outlet
placements for improved steam purity.

3. Material & Cost Efficiency — Explore lightweight, corrosion-resistant materials while maintaining
structural integrity.

4. Prototype Testing — Validate CFD predictions with experimental data for real-world performance.

5. Automation & Control Integration — Investigate real-time monitoring and adaptive control to maintain
optimal steam quality under varying loads.

By addressing these aspects, the kettle design can achieve higher efficiency, lower costs, and compliance with
stringent steam purity standards, ensuring reliable and safe operation in industrial applications.
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