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1. INTRODUCTION

In the refinery process the energy recovery can be a real challenge for the engineering activity and it has a
major economic and technological importance. Indeed, achieving substantial falls in the temperature of very
high flows may not be immediate, especially when the tubeside fluid is a mixture of hydrocarbons, which can
be corrosive and hard to handle. On the other hand, a refinery facility can have an in-house power generation
plant or some petrochemical processes which require vapour to be kept operational, as example the steam
cracking method. The steam generation can be maintained exploiting the unnecessary available heat by
means of a heat exchanger, and the situation mentioned above can occur. Heat exchangers, which at a first
glance may seem simply to build, are actually very complex and full of peculiarities. Furthermore, when
special materials have to be used, even a small error in design can be reflected in thousands of euros of
damage. Design and simulation programs, as the one used in the study case, perform the pre-set
computations with the indicated design code. However, to obtain the best configuration for the case under
analysis and to avoid errors, a correct and conscious management performed by the engineer is required.
Generally, given the magnitude of this sector, this is possible only with a fair amount of experience.

The goal of this thesis is to develop the thermal and mechanical design of a heat exchanger, being conscious
of the theories on which the calculus codes are based and the manufacturing and financial problems. The
objective of the heat exchanger’s thermal design is to find the necessary exchange area that allows the
required heat flux between the fluids. Moreover, the best heat exchanger configuration for the case have to
be analysed and found. The mechanical design, instead, aims to ensure the physical resistance of each
component against the internal stress generated from both thermal and pressure gradients. In addition, a
host of traditional considerations must be addressed in designing heat exchangers. As example, the
minimization of fixed cost and some manufacturing considerations have to be taken into account during the
design activity. | decided to write this thesis in collaboration with SIMIC.Spa, which recently received a steam
generator commission from an important EPC contractor (“Engineering, Procurement, Construction”), with
intended use in one of the biggest Indian Petroleum refineries. However, due to the confidentiality
agreement that has been signed, the name of the interested parts and of the project cannot be exposed. In
order to develop the design procedure, I've thoroughly studied the regulations framework, the heat
exchange science and the mechanical resistance theories applied to pressure vessels. Therefore, I've carried
out an important in-deep analysis of heat exchanger configurations and design options to provide a complete
overview of the topic.

A significant problem for those who approach for the first time to the sector of the pressure vessels is the
regulatory framework. A non-standard scenario is present in the world, in which there are laws, directive and
regulations depending on the delivery place. Very often, also plant requirements or preferences dictated by
the client are present. Due to the possible overlay between the laws, preferences and codes used during the
design activity, | decided to insert a chapter regarding the regulatory framework and the hierarchical order
that must be observed. In the proposed study case, the ASME code and TEMA technical standard have to be
observed. Subsequently, the chapter number three introduces the heat exchangers devices, the classification
and the terminology used during design and construction. In this section all the important features and
construction peculiarity are described. Even if the most used classification method is analysed, it can be
noticed how every device can have its peculiar configuration in order to accomplish the different goals and
settings required by the final working layout. Indeed, the reader will realize how every device requires to be
carefully analysed and designed with particular and dedicated considerations.




The following chapters are the core of the thesis and they approach the thermal and mechanical design of
the heat exchanger. For both sections there is a first theoretical part in which the most important concepts
are presented. The thermal theoretical part begins with the popular concepts about conduction and
convection. After the explanations of the thermal design methods, the chapter continues with the in-deep
analysis of the heat transfer in boiling and other phase change configurations. This technical difficulty is also
present in the study case and introduces some tricky concepts that generally are not analysed during the
degree course. Follows a thermal design chapter in which the design activity of the study case, accomplished
with the support of ASPEN shell and tubes, is reported. Starting from the data provided by the client, the
inputs are implemented and all the design choices are explained. Here, many important parameters have
been analysed and some interesting technical considerations can be found. Subsequently, the computational
design procedure has been launched, and the program provides the first set of results. This group of possible
configurations will be thoroughly analysed with respect to the parameters of selection that have to be
satisfied. The best design will be chosen among them, and it will set the heat exchanger geometry and
characteristics. At the end, the vibrational analysis, with both the HTFS and the TEMA methods, have been
carried out in order to verify the acceptability of the design. Afterwards, the thermal design refinement,
called Rating mode, is made and the dimensions of the interface pieces are set at standard values, e.g. the
nozzle diameters. Follows the complete simulation of the last solution, which leads the final thermal output
to be ready for the upload in the mechanical part of the program. In this way, the whole thermal design is
fixed, and the output will be used for the mechanical design activity of the study case.

Before the second part of the study case just mentioned, a mechanical theory chapter reports some insights
and theories about pressure vessel and heat exchanger design. Starting from some preliminary
considerations regarding the admissible stress and the most common used theories of failure, the
verifications criteria with plasticity collaboration has been analysed. Afterwards, a chapter regarding the
general calculation criteria have been reported. Some general considerations about membrane stress in
revolution shell, edge effects and stress concentration around holes have also been carried out. The theories
of cylinders under internal pressure have more deeply been developed and reported as example. However,
many theories and analysis could be incorporated to complement the theoretical approach. The main goal
of this section, as well as for the previously reported thermal theoretical part, is to demonstrate how the
calculation codes are science-based and derive from globally approved theories. In the same conceptual way,
the calculation report of the program, present in the second appendix, includes all the passages and
computation done during the mechanical design, which in turn are based on the calculation codes. Also, it
can be seen how the designer can always maintain the control on the design activity checking calculations
that the program have been done. The last chapter completes the design activity of the study case, discussing
the mechanical design of the heat exchanger under consideration. An important mention to the materials,
and examples of the ASME designation, has been done in this section. At the end some iterative procedures,
similar to the rating mode of the thermal part, were necessary in order to uniform the plate thickness and
pipe dimensions. All the vessel dimensions resulting from the last program calculation have been reported in
the final chapter, while the discussion is concluded with the technical drawings and the calculation report
that have been inserted in the appendices.




2. LEGISLATIVE FRAMEWORK FOR PRESSURE VESSELS

Manufacturers must comply with the jurisdictional or government regulations for different product
standards, each targeting specific types of equipment. The heat exchanger devices, independently from their
type or purpose, fall into the pressure vessels category. Due to the potential dangers and associated risk
connected with the high working pressure and temperature of these devices, the reference directives and
the standards design codes are complex and articulate. As a result, an overview of the main classes of
regulations is reported below in the order of priority.

2.1. LAWS, DIRECTIVES AND TECHNICAL REGULATIONS

The laws, directives and technical regulations are continental or national documents with the highest level
of priority. That’s why they are predominant over the standards and technical standard specification. They
are issued by legislative authorities, like governments or committees and they set out goals that must be
achieved by the country in which they are effective. All the contained requirements are not specific or
technical, but they deal with safety or general-purpose issues. So, every device which will be installed in a
country must satisfy the local laws in force. The national legislation can impose a specific design code or
require the designed device to be verified in accordance with a specific one. As example, the European
directive is commented below.

2.1.1. EUROPE - PED 2014/68/EU: Pressure Equipment Directive

The European Pressure Equipment Directive (PED) 2014/68/EU is a pre-requisite for CE-Marking and a
guideline for the design and manufacture of pressure equipment. This means that it has substituted all the
pre-existent national laws about pressure equipment inside the EU. It applies to pressure vessels, steam
boilers, pipelines, heat exchangers, storage tanks, pressure relief devices, valves, regulators and other
pressure equipment with a maximum allowable pressure superior to 0.5 bar. All devices are classified in
different risk categories (Category |, Il, llI, IV) in function of their maximum allowable pressure and the danger
and amount of fluid they have to process. According to the PED risk category of the product, it can be chosen
the procedure to obtain the CE marking. All the devices that will be installed in the European country shall
mandatorily have the CE marking and so comply with all the requirement of the PED.

Nevertheless, some pressure equipment that present a relatively low hazard from pressurization could be
covered by other directive as the Transportable Pressure Equipment Directive (TPED 2010/35/EU), the Simple
Pressure Vessels Directive (SPVD 2009/105/EC) or other directives, e.g. ATEX Directive, Machinery Equipment
Directive, Electro Magnetic Compatibility Directive or the Low Voltage Directive.

Summarizing, the Pressure Equipment Directive does not impose a specific regulation to follow during the
design activity. However, if the device will be installed inside EU it needs the CE certification, so it shall comply
with all the requirement of the PED. If a code different from EN is used, a document demonstrating that all
the PED’s requirements have been satisfied must be issued. Contrariwise, if the EN regulations are used
during the design activity, the PED requirements are automatically assumed to be observed and the CE
certification can be directly obtained.




2.2.STANDARDS AND CODES

Standards, also called codes, are documents issued and approved by a recognized and official standardization
organization. They provide rules, guidelines or characteristics for products or related processes and
production methods for common and repeated use, with which compliance is not mandatory. However, laws
and regulations may refer to standards and compulsory have to make compliance with them. [1] These
documents may also include or deal with symbols, terminology, packaging and marking or labelling
requirements, as they apply to a product, process or production method. For the knowledge of the reader, it
is reported that it is generally named “code” the standard in which all the main rules and guidelines of
product’s sector are contained. Of course, during the design activity, the code is not the only standard
considered. A section with the principal organizations and codes for the pressure vessels is commented
below.

2.2.1. ASME - Boiler & Pressure Vessel Code (BPV(C)

ASME, the American Society of Mechanical Engineers, is an international developer of codes and standards
associated with the science, and practice of mechanical engineering. Starting with the first issuance, in 1914,
of the Boiler & Pressure Vessel Code, ASME's codes and standards have grown to more than 500 offerings
currently in print. These offerings are accepted for use in more than 100 countries around the world and
cover a breadth of topics, including pressure technology, nuclear plants, elevators, construction, engineering
design, standardization, and performance testing. [2] The code developed from ASME that regulate the
pressure vessels, in which vapor generator heat exchangers are contained, is the Boiler & Pressure Vessel
Code (BPVC). The following is the structure of the January 2019 Edition of the BPV Code:

e ASME BPVC Section | - Rules for Construction of Power Boilers

e ASME BPVC Section Il — Materials

Part A - Ferrous Material Specifications

Part B - Nonferrous Material Specifications

Part C - Specifications for Welding Rods, Electrodes and Filler Metals

Part D - Properties (Customary)
o Part D - Properties (Metric)

e ASME BPVC Section Il - Rules for Construction of Nuclear Facility Components
o Subsection NCA - General Requirements for Division 1 and Division 2
o Appendices
o Division1

o O O O

= Subsection NB - Class 1 Components
= Subsection NC - Class 2 Components
= Subsection ND - Class 3 Components
= Subsection NE - Class MC Components
= Subsection NF — Supports
= Subsection NG - Core Support Structures
o Division 2 - Code for Concrete Containments
Division 3 - Containment Systems for Transportation and Storage of Spent Nuclear Fuel and High-
Level Radioactive Material
o Division 5 - High Temperature Reactors
e ASME BPVC Section IV - Rules for Construction of Heating Boilers
e ASME BPVC Section V - Nondestructive Examination




e ASME BPVC Section VI - Recommended Rules for the Care and Operation of Heating Boilers
o ASME BPVC Section VIl - Recommended Guidelines for the Care of Power Boilers
o ASME BPVC Section VIII - Rules for Construction of Pressure Vessels
o Division 1
o Division 2 - Alternative Rules
o Division 3 - Alternative Rules for Construction of High-Pressure Vessels
e ASME BPVC Section IX - Welding, Brazing, and Fusing Qualifications
¢ ASME BPVC Section X - Fiber-Reinforced Plastic Pressure Vessels
o ASME BPVC Section XI - Rules for Inservice Inspection of Nuclear Power Plant Components
o Division 1 - Rules for Inspection and Testing of Components of Light-Water-Cooled Plants

o Division 2 - Requirements for Reliability and Integrity Management (RIM) Programs for Nuclear
Power Plants

e ASME BPVC Section XII - Rules for the Construction and Continued Service of Transport Tanks
e ASME BPVC Code Cases - Boilers and Pressure Vessels

The study case developed in this thesis refers to the ASME BPVC Section VIII for pressure vessels and the
accessory section I, V and IX, respectively for the materials, non-destructive examination and welding
qualifications.

Particular attention must be adopted for the section Il which provides specifications for the materials suitable
for the construction of pressure vessels. It consists in four parts:

= Part A - Ferrous Material Specifications
The specifications contained in this Part specify the mechanical properties, heat treatment, heat and
product chemical composition and analysis, test specimens, and methodologies of testing for ferrous
material. The designation of the specifications starts with 'SA' and a number which is taken from the
ASTM 'A' specifications. [2]

= Part B - Nonferrous Material Specifications
The specifications contained in this Part specify the mechanical properties, heat treatment, heat and
product chemical composition and analysis, test specimens, and methodologies of testing for
nonferrous materials. The designation of the specifications starts with 'SB' and a number which is
taken from the ASTM 'B' specifications. [2]

= Part C - Specifications for Welding Rods, Electrodes, and Filler Metals
It provides mechanical properties, heat treatment, heat and product chemical composition and
analysis, test specimens, and methodologies of testing for welding rods, filler metals and electrodes
used in the construction of pressure vessels. The specifications contained in this Part are designated
with 'SFA' and a number which is taken from the American Welding Society (AWS) specifications. [2]

= Part D - Properties (Customary/Metric)
It provides tables for the design stress values, tensile and yield stress values as well as tables for
material properties (Modulus of Elasticity, Coefficient of heat transfer, et al.) [2]




2.2.2. EUROPEAN STANDARDS EN13445 - Unfired Pressure Vessels

A European Standard is a standard developed by one of the three recognized European Standardization
Organizations (ESOs): CEN, CENELEC or ETSI. Each Standard is identified by a unique reference code
containing the letters 'EN'. After the emission by the CEN, a European Standard must be receipt from a
National Regulatory Authority, e.g. UNI, and inserted into the National Technical Rules. Then, the name of
the National Regulatory Authority is added to the name of the standard. For instance, the European code
that contains all the main rules and guidelines for the pressure vessels is the EN13445 — Unfired Pressure
Vessels, that becomes UNI-EN 13445 after been inserted into the Italian regulation. As | have introduced, the
European code is harmonized with the Pressure Equipment Directive (2014/68/EU or "PED"), so, if the
equipment is designed following the EN code, automatically the European PED directive is satisfied. The EN
13445 is divided in:

e EN 13445-1: Unfired pressure vessels - Part 1: General

e EN 13445-2: Unfired pressure vessels - Part 2: Materials

e EN 13445-3: Unfired pressure vessels - Part 3: Design

e EN 13445-4: Unfired pressure vessels - Part 4: Fabrication

e EN 13445-5: Unfired pressure vessels - Part 5: Inspection and testing

e EN 13445-6: Unfired pressure vessels - Part 6: Requirements for the design and fabrication of
pressure vessels and pressure parts constructed from spheroidal graphite cast iron

e EN 13445-8: Unfired pressure vessels - Part 8: Additional requirements for pressure vessels of
aluminum and aluminum alloys

e EN 13445-10:2015: Unfired pressure vessels - Part 10: Additional requirements for pressure vessels
of nickel and nickel alloys. PUBLISHED 2016.6.30

e Parts 7 and 9 do exist but they are merely technical reports.

2.2.3. NATIONAL CODES

Before CEN issued the EN standards, every country in Europe had its own national codes, regularly updated.
Nowadays, with the implementation of the EN standards, some country like Italy and Netherlands have
stopped updating their national codes, Ispesl VSR and Stoomwezen respectively, that are now dismissed.
Despite that, other countries continue evolving their standards. Due to the fact that sometimes these
procedures could be expressively required by the client or for legislative issues, the national codes have to
be taken into account. Some important national codes still valid for the pressure equipment are:

= AD 2000 MERKBLATTER: Germany
= CODAP: France

= PD 5500: United Kingdom

= Gost: Russia

= JIS: Japan

An example in which a national code must be taken into account is when the piece’s final destination is the
Russia. The Russian legislation does not impose a standard for the design. So, you can design the equipment
following any codes but, at the end, you need to verify that the resulting thicknesses are bigger than the
result that you would be obtained if designed using the GOST Russian national codes.




2.3. TECHNICAL STANDARDS SPECIFICATIONS

A technical standard is a document issued by clients, engineering companies or manufacturers containing
some technical requirements. They don’t need to be satisfied for some juridical reason, but for some
technical purpose. For example, if many orders for a big project have to be split between different firms, a
technical standard can be released in order to fix the geometry end the dimensions of the items’ interface
part. In this way the compatibility with the other pieces of the project or interchangeability is guarantee.
TEMA (Tubular Exchanger Manufacturers Association) standards is probably the most famous example of
these collection of requirements. It’s not issued by an official organization, but it was created by the
association of the major American companies of heat exchanger in order to compensate where the standards
did not contain methods for design some specialized parts. Now a days, they aren’t something of juridical
recognized, but sometime, for the design activity, they are asked by the clients in association with a code.




3. GENERALITIES ON HEAT EXCHANGERS

3.1. CLASSIFICATION AND MOST COMMERCIAL CONFIGURATIONS

A heat exchanger is a heat-transfer device that is used to transfer internal thermal energy between two or
more fluids available at different temperatures. In most heat exchangers, the fluids are separated by a heat-
transfer surface, and ideally they do not mix. On the other hand, if the two flows are directly in contact
because no element of thermal resistance is present between them, the device is named direct-contact heat
exchanger (e.g. steam bubbled into water,Figure 1).

bleed
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The simple parallel or counterflow configuration. These arrangements are versatile and can have different
shape.Figure 2 shows how the counterflow arrangement is bent around in a so-called Heliflow compact

heat exchanger.

Fluid 51‘ Shell

Fluid A __A— —_—— -— Fluid A
(parallel- r (counter-

flow case) 1#_ flow case)
Fluid B

Figure 2: Parallel and counterflow heat exchanger scheme. On S
the right: Heliflow compact counterflow heat exchanger. [16] wbing

Plan view showing flow patterns

The cross-flow configuration. Figure 3 shows a typical cross-flow configurations in which the two fluid are
not mixed together. If baffles are present each flow must stay in the prescribed path through the exchanger
and is not allowed to “mix” to the right or left.

Fluid B Baffles —\ pluld ®

T 1T 7 1/ )| I |

— ya \— I —
~N1 /7 X | 1 1 1

—_ - y4 —r—— —
Fluid A ___ B —— — o e
Z 1 N1 AN T T T T

—_ d AY ) —L
[ T 1 Z | | | |

—_ ya r—— —
RERE Y 7
Stream A unmixed Stream A unmixed
Stream B mixed Stream B unmixed

Figure 3: two kind of cross-flow exchangers scheme. on the right a typical plate-fin cross-flow elemet. [16]

The shell-and-tube configuration. Most of the large heat exchangers are of the shell-and-tube form, and
them will be study in deep during the next paragraphs. An example is reported in the Figure 4 that shows
an exchanger with tube-bundle removed from shell.




3.2.SHELL-AND-TUBES CONFIGURATION AND TERMINOLOGY BY TEMA
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All the images present in this chapter, except where properly indicated, have been taken from [3].

Stationary head — channel

Stationary head — bonnet

Stationary head flange — channel or bonnet

Channel cover

Stationary head nozzle

Stationary tubesheet
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Shell

Shell cover

. Shell nozzle
. Shell cover flange

. Expansion joint

. Floating tubesheet
. Floating head cover

. Floating head flange

. Split shear ring

. Slip-on backing flange

. Shell flange — stationary head end

. Shell flange — rear head end

. Floating head backing device

21.
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32.
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34.
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36.
37.
38.
39.
40.

Floating head cover — external

Floating tubesheet skirt

. Packing box flange

Packing

Packing gland

Lantern ring

Tie rods and spacers
Transverse baffles or support plates
Impingement plate
Longitudinal baffle
Pass partition

Vent connection

Drain connection
Instrument connection
Support saddle

Lifting lug

Support bracket
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Liquid level connection

Floating Head Support
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With the purpose of establishing standard nomenclature and terminology, the TEMA has introduced some
frequently used standards. As a matter of fact, it is recommended that heat exchanger type has to be
designated by a number of letters as described below.
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SHELL TYPES
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= Two-pass shell with
longitudina! baffie
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E-shell: this is the most common type, where the shellside fluid enters
at one end of the shell and leaves at the other in one pass. Generally it
is considered to be the standard. If a single tube pass is used, providing
there are more than two or three baffles, near to counter current flow
is attainable and temperature crosses (cold fluid exit temperature is
higher than hot fluid outlet temperature) can be handled, i.e., low Log
Mean Temperature Difference (LMTD).

F-shell: this shell has longitudinal baffle extending most of the way
along the shell, dividing it into two halves. The shellside fluid enters at
one end of the shell, flows in the top half to the other end and then
back in the lower half, thus giving two shellside passes. In most F types
there are also two passes on the tubeside, thus ensuring
countercurrent flow. If a fixed tubesheet construction is used, then the
longitudinal baffles can be seal welded to the inside of the shell, thus
preventing leakage from the first shell pass to the second. If a

removable bundle is fitted, then leakages can be controlled (but not eliminated) by fitting packing material.

Note than removing and re-inserting the bundle can damage this seal and result in significant leakage across

the baffle from one shell pass to the other. If an F-shell is acceptable to the customer, then a two-tube pass

version is an alternative to a single pass E-shell. Also, if two or more tube passes are used (even number), any

given number of E-shells in series may be replaced by half the number of F-shells, avoiding very long

exchangers.

(G spiit flow

G-shell: this is sometime known as the “split flow” shell. Fluid enters
the shell through a nozzle placed at the center of the shell. The shell
has a central longitudinal baffle that divides the flow into two, so that
each half makes two passes in its half of the shell before combining
and exiting through a central nozzle. The main advantage, compared
to an E-shell, is that a single G-shell will often handle terminal
temperatures which would often require two E-shells in series. Note
then the minimum number of baffles that may be specified for a G-

shell is five. This is to maintain the crossflow path. Limiting the number of baffles to five ensures that there
is a baffle under the nozzle plus two baffles on each leg of the longitudinal baffle (i.e., 2+1+2 for G shell).

H pDouble split flow

E

H-shell: sometimes called the “double split flow” type, this shell has
two inlet and exit nozzles located % and % the way along the shell.
There is a longitudinal baffle in each half of the exchanger, so that on
entry each half of the flow is split again, either going to the end of the
shell and back, or to the middle and back. Because of this flow split,
this type has a low shellside pressure drop, and it is normally used in
horizontal thermosyphon reboilers. Note then the minimum number

of baffles that may be specified for a H-shell is 10. This is to maintain the crossflow path. Limiting the number

of baffles to 10 ensure that there is a baffle under the nozzle plus two baffles on each leg of the longitudinal

baffle (i.e., 2(2+1+2) for H shell)
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S Single split flow
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I- or J-shell: also known as “divided flow”, this shell has a single central
inlet nozzle and two outlet nozzles, one at each end of the exchanger.
After entering the exchanger, the flow is split into half by a centrally
located baffle. Since half the fluid flows through each half of the
exchanger, the shellside pressure drop for a given service is much
lower than an equivalent E-shell. Thus J-shell are commonly used for
low pressure condensers and other services with low allowable

pressure drop. They are also known as J12 (or 1 nozzle in, 2 nozzles out). Although this type is usually depicted

as having one inlet and two outlets, shell with two inlet and one exit (called “I-shell”, or J21) are also used.

4 Kettle-type reboiler

K-shell: these are “Kettle” reboilers and in practice are used
exclusively for vaporizing service. The inlet of the fluid to be vaporized
normally is at the bottom of the shell. The shell diameter is larger than
the bundle and boiling liquid flows up through the bundle, with any
unevaporated liquid falling back to the bottom of the shell, before
recirculating up through the bundle. The liquid level is maintained
above the bundle by a weir plate (a level control valve may be used
instead of a weir plate). The vapour formed is separated from the

liquid in the enlarged shell and leaves through a nozzle at the top. Demister pads are sometimes placed at

the vapour outlet to remove any entrained liquid.

K Lross fiow

X-shell: this is usually known as a “cross flow” shell, where the
shellside fluid makes one pass diametrically across the shell. Some
have single central nozzles at the top of the shell and a single exit
nozzle at the bottom. Others can have multiple nozzles at the top and
bottom. The shellside pressure drop for an X-shell is very low, and
therefore is used for services where the shellside volumetric flow rate
is high or where the allowable pressure drop is very low, such as

vacuum condenser. Also, an X-shell with four or more tube passes in ribbon band layout approximates to

pure countercurrent flow. Therefore, depending on the pass layout, it can have a superior effective

temperature difference with respect to an E-shell.

There are number of different shell types that are not covered officially by TEMA. These are:

o Double pipe exchanger: These consist of a long, small diameter shell, with a single tube placed within

it. The tube usually has longitudinal fins extending to the shell to increase the heat transfer area.

Double pipe heat exchanger often has a hairpin inner tube, with a separate shell on each leg.

e  Multi-tool hairpin exchanger: these consist of a bundle of hairpin tubes, with a separate shell on

each leg of the hairpin and a special cover over the U-bend of the hairpin. The tubes may be

longitudinally finned, but usually they are plain tubes with baffles to give cross flow. The number of

tubes in the bundle is usually much less than in a conventional heat exchanger.

INWER TUEE , SHELL

FIMS
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FRONT HEAD TYPES

The choice of the front head depends upon the pressure of the tubeside fluid and whether or not the tubeside
requires frequent mechanical cleaning. It mainly affects the mechanical design, the cost and the weight; while
it has little effects on the thermal design activity. The front end is the tubeside inlet end. If an even number
of tubeside passes is specified, it can also be the tubeside exit end. For this reason, the front end always has
at least one nozzle and it is also referred to as the stationary head.

A — Channel and A-type (channel and removable cover): in this type the channel barrel is flanged at both
Removable Cover €nds. One flange is bolted to the tubesheet and a usually flat cover plate is bolted to the
_ﬂ_& other, thereby permitting cleaning of the inside tubes without removing the whole
channel or associated piping. For inspection or repairs of the tube-to-tubesheet joints,

particularly those near the edge, the removal of the channel is usually necessary.

Disassembly of the whole channel is only necessary if the bundle has to be removed for
the shell tube cleaning. In spite of the relative high cost due to two flanges joints, the A-

"ﬂ !C""' type is widely used, especially in petroleum refineries where it tends to be regarded as
standard.

B-type (bonnet - integral cover): the channel barrel is flanged at one end only, the other end being
B-Ellipsoidal Cover permanently closed by either a welded-in flat plate or semi-elliptical head. This head is

and Cylinder cheaper and lighter than the A-type but is not recommended for exchangers which
require frequent tubeside cleaning, since the entire head must be removed and the

piping connection dismantled. B-types are generally used for exchangers with clean

tubeside fluids or for small fixed tubesheet units where removal is relatively easy. Note:
the difference between A- and B-type is the removable cover, not the shape.

C-type (channel integral with tube sheet — removal cover): this is similar to the A-type,
C- Channel integral except for the tubesheet end of the channel is not flanged, but is welded directly to the
with tube sheet  tubesheet, which is then bolted to the shell flange. This enables the whole channel and

Al

tube bundle assembly, complete with piping connections to be left in place whilst the

shell is drawn away, usually on wheels specially fitted for this purpose. This head type is
used when the bolted joints must be minimized for hazardous tubeside fluids or for

heavy high-pressure bundles where it is easier to remove the shell and where cleaning

of the shellside is more frequent than the tubeside. One major disadvantage is that

[

i i
[
k-t

bundle-shell clearance than would otherwise be necessary, thus making this a costly option.

having removed the cover plate for access to the tubesheet it is extremely difficult to
make repairs to the outer tubes. For this reason, it is usually necessary to specify a large

N - Flat Cover N-type (channel integral with shell): this type is similar to the C-type except for the
Non removable bundle
om0

_U| |—r— Like the A-type, it has the advantage that piping connections do not have to be broken
F‘ —— to clean the inside of the tubes, but it does have the same disadvantage of the C-type
‘ for maintenance of the tube-to-tubesheet joints. Mechanical shellside cleaning is

integral tubesheet that is not extended to form a flange, but it is welded to the shell.

impossible.

15



D-type: the D-type in TEMA is used to describe a specially designed, non-bolted, closure for high pressure
(>150 bar / 2100 psi). It is a generalized term since there are several such designs and some of them are
patented. A common alternative for high-pressure exchangers is to use a B-type head, welded to the
tubesheet, thus eliminating bolted joints. Providing the exchanger is large enough, access to the tubesheet
may be achieved via a nozzle fitted with a manway cover.

Although not given a TEMA designation, conical heads are often used for exchangers with one pass on the
tubeside. They consist of a single cone, flanged on both ends, the flange at the larger end being bolted to the
tubesheet and the other flange being bolted to the piping.

REAR HEAD TYPES

Although there are eight rear head types for a shell and tube heat exchanger designated by TEMA, in practice
they correspond to three general types:

e Fixed tube sheet (L, M, N)
e U-tube
e Floating head (P, S, T, W)

The choice of the rear head is primarily a mechanical design consideration, where it affects whether the
bundle and the tubesheet are fixed or can be withdrawn from the shell for the mechanical cleaning. It can
impact on the thermal design due to the clearance between the bundle and the shell.

For the exchangers operating at average pressures, the fixed tubesheet is the cheapest of the three and
hence the most commonly used. At higher pressures, the U-tubes, which have only one tubesheet, are the
cheapest type. Floating head types are more expensive and are used when fixed tubesheets or U-tubes
exchangers cannot be accommodated. The various rear end types will be described. Note that the rear head
will only be fitted with a nozzle if there is an odd number of tubeside passes.

The rear end is often referred to as the return head, particularly when there are two or more tube passes.

L Type Rear End Head M Type Rear End Head N Type Rear End Head
*.‘Ir"‘“;;:i 5=
N i
FIXED TUBESHEET ~ FIXED TOBESHEET
LIKE "A"SFATIONARY HEAD. LIKE "B STATIGNARY KEAD. LIEE N STATIONARY HEAD

L-, M- and N-type: these are fixed tube sheet exchanger and correspond to an A, B and N-type front end
heads. L and N types would normally only be used for single (or odd) tube-pass exchangers, where they
permit access to the tubes without dismantling the connections. For exchangers with an even number of
tubeside passes generally an M-type is considered.
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P Tﬂjg‘ Rear End Head P-type (outside packed floating head): the gap between the shell and the

OUTSIDE PACKED FLOATING HEAD

S-type (floating head with backing device): this type is usually referred to as
a “split ring floating head” or sometimes abbreviated to SRFH. The backing
ring is made in two halves to allow removal, so, the floating tubesheet can be
pulled through the shell.

! g floating tubesheet is sealed by compressing packing material contained
' between the rear head and an extended shell flange, by means of a ring
. bolted to the latter. The packed joint is prone to leakage and is not suitable
for hazardous or high-pressure service on the shellside.

5 Type Rear End Head

FLOATING HEAD WITH BACKING DEVICE

T-type (pull through floating head): this is referred to as “pull through”.

T Tﬂm Rear End Head Unlike the S-type, the rear end can be pulled through the shell without first
mj‘_'itqc having to remove the floating head. To achieve this, the shell diameter has
g | Bl pingiail, Y

expensive, except for kettle reboilers. This concept also affects the thermal

PULL THROUGH FLOATING HEAD
fixed heads.

W-type (externally sealed floating tubesheet): sometimes referred to as an
“O-ring” or “lantern ring” type due to the lantern ring seals between the
floating tubesheet and the shell and channel respectively. The packed joints
are almost certain to show some leakage and therefore are suitable for low
pressure, non-hazardous fluids on the shell and tubeside.

U-type (U-tube bundles): with the U or “hairpin” tubes only one tubesheet
is required. Two pass U-tube units are also useful for handling tubeside two
phase mixtures which could separate with consequent misdistribution in the
return headers of two pass straight tube types. Attention must be payed if
tubeside mechanical cleaning is required, because many company
specifications do not consider U tubes as mechanically cleanable.

Ay to be greater than that of the corresponding S-type, making the T-type more
'\ %
— - design. T-type are easier to be dismantled than S-types. Because of the split
__F;E_F:_ backing ring, the rear tubesheet can be smaller than the one used witha T
type, meaning the shell diameter is smaller. Although it is still larger than with

W Type Rear End Head

P =

e TR [

EXTERNALLY SEALFD
FLOATING FUBESHEET

U tube
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Summarizing:

e Types of shell:

o
o
O
O

E- and F-shell are standards

G- and H-shell normally are only used for horizontal thermosyphon reboilers

J- and X-shell are employed if allowable pressure drop cannot be achieved in an E-shell
K-shell is only used as reboilers

e Types of front head

O
O
o

o
o
O

A-type is standards for dirty tubeside fluids

B-type is standards for clean tubeside fluids

C-type have to be considered for hazardous tubeside fluids, heavy tube bundles or frequent
shellside cleaning

N-type must be considered for fixed tubesheet exchangers with hazardous shellside fluids
D-type (or bonnet welded to tubesheet) is used for high pressure

Conical heads have to be considered for single tube pass (axial nozzle)

e Types of rear head:

©)

L, M and N are chosen if there is no overstressing due to differential expansion and shellside does
not need mechanical cleaning

Fixed tubesheet with bellows can be selected if the shellside fluid is not hazardous, has low
pressure (lower than 80 bar) and it does not lead to need of mechanical cleaning.

U-tube is used when countercurrent flow is not required (unless F shell) and the tubeside will not
require mechanical cleaning.

S-type (Split Backing Ring Floating Head)

T, P, W floating head
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3.3.CONSTRUCTION PECULIARITY

TUBE DIMENSION AND PATTERN

Inside TEMA standard it is possible to find the conventional lengths for each —’OO
application case, the tube pitch and the number of recommended passes. Sometime O
particular attention must be payed selecting the tube pattern. The main concern is Triangular- 340
the consideration for shellside mechanical cleaning. Bundles with 90- or 45-degree _
layouts are much easier to clean with respect to a 30- or 60-degree layout, but a O O
s

larger shell diameter is required to house the same number of tubes. Therefore, for O
removable bundles (which implies the need to be able to mechanically clean the Rotated i
shellside) it would normally be used the 45/90°. Instead, for non-removable bundles, Triangular

the 30/60° would normally be used. Moreover, 45-degree layouts are slightly more O O
prone to vibration problems (acoustic resonance) with gasses on the shellside. S O O

Square - $0°

As last remark, we can say that generally there is a little difference between 30 and
60 degrees and 45 and 90 degrees. Therefore, 30 and 90 degrees are normally used,
while 60 and 45 can be adopted where the other configuration results in vibrational O

problem. O
e

Rotated

Square ~ 45

FINNED PIPES AND TUBE INSERTS

Sometime, in order to increase the shellside heat transfer coefficient U and reduce the required area, fin
pipes are used. The pipes can be internally or externally finned, radially or longitudinally, low or high fin
height. The finned tubes can be found on the market in a lot of configurations, but, especially if the fins are
internal, an increment in pressure drop must be considered. The finned tubes theory will not be treated
because the study case will not require this solution.

e
g | N
W) sy e

I

Figure 5: on the left, eight example of externally finned tubing: 1) and 2) typical commercial circular fins of constant thickness; 3) and 4)
serrated circular fins and dimpled spirally-wound circular fins, both intended to improve convection; 5) spirally-wound copper coils
outside and inside; 6) and 8) bristle fins, spirally wound and machined from base metal; 7) a spirally indented tube to improve convection
and increase surface area. On the right an array of a commercial internally finned tubing. [5]




On the other hand, any obstacle placed inside a tube will cause a local increase in the fluid velocity. Some
enhancement devices, for example the twisted insert, can increase the relative velocity between the fluid
and the surface by imparting a rotational component to the fluid flow. Centrifugal force acts on the density
gradients along the tube radius. For a fluid being heated, the centrifugal force tends to move the cooler dense
fluid from the centre to the tube wall, enhancing heat transfer. For a fluid being cooled the opposite effect
will occurs.

NOOZLES PROTECTION AND IMPINGEMENT PLATE

Generally, the nozzle sizes have to be as smaller as Impingement
Plate

possible to keep costs down. However, it should be

remembered that any pressure loss in the nozzle would

7
v

‘.

L,
i

¢ <y

be used more effectively in the shell or tubes. Checks - - =3
&000000000 ".

should be made to ensure pressure drop is not wasted in

the nozzles, where it could be used, for instance, to
Tube Plate First

Baifle

decrease the baffle pitch or to increase the number-of-
tube passes in order to enhance tube transfer. Where
pressure drop is not a consideration, then the maximum

allowable fluid velocity usually limits the minimum nozzle
size. This is a metallurgical problem since excessive
velocities can lead to erosion, especially if the fluid
contains solid in suspension. The velocities tolerated are
much higher for gases than liquids and is more helpful to

consider the pv? value.

In order to protect the first tube row from high velocity fluid “jetting” onto the tube bundle, an impingement
plate is placed just below the inlet nozzle of the shellside. It is usually a square or circular plate, solid or
perforated, tack welded to the first tube row in the bundle.

Vapour belt, instead, are used for high volumetric gas flows to uniformly distribute the vapour around the
bundle. The aim is to reduce the velocity at the inlet and hence to reduce the pressure drop and the likelihood
of vibration and erosion. The example shown in the image consists of an outer annulus on the shell where
itself acts as an impingement plate. The vapour flows circumferentially around and longitudinally towards
the shell lip before entering the bundle region.

An alternative arrangement consists of an annulus placed around the shell, where the fluid enters into the
exchanger through a series of slots placed circumferentially around the shell. In this case the open end of the
shellis not needed as shown in the picture at bottom right. The last possible configuration is the impingement
roads. They consist in rods bolted on two supports, or baffles, that have the same role of the impingement
plate. However, they cause a lower pressure drop in the shellside.

As reference, some rules laid down by TEMA for the addition of impingement plates are reported:

* pv? should not exceed 2232 kg/ms? for non-corrosive, non-abrasive, single phase fluids

* pv? should not exceed 744 kg/ms? for liquids which are corrosive, abrasive, or at their boiling point
= Always required for saturated vapours and two-phase mixtures

= Shell or bundle entrance or exit area to be such that pv? does not exceed 5953 kg /ms? [3]
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BAFFLES

Baffles are installed on the shellside to give a higher heat transfer rate by means of the increment of the
turbulence of the shellside fluid. They also support the tubes, thus reducing the chance of damage due to
vibration. Most of the several different baffles types will be reported below. It must be observed that, beside
increasing turbulence, baffles are also able to impose the right angles of flow with respect to the tubes, e.g
cross flow.

Figure 6: Example of single segmental baffle
installation in the heat exchanger shell. The shellside
flow path varies in accordance to the baffle position
and cut, generating an up and down flow. The image
has been taken from [5].

Single segmental: this is the most common baffles type. They may be arranged to provide side-flow (e.g.
horizontal condenser) or up and over-flow (e.g. single pass units). The baffle cut normally ranges from 15 to
45%.

Double segmental: these baffles are normally used when there is a requirement for a low shellside pressure
drop which cannot be met by a single segmental baffle even with a large baffle cut (e.g. 45%). The lower
pressure drop is achieved by splitting the shellside flow into two paths through the exchanger. The baffle cut
is normally in the range of 15 to 25%.

Single Segmental Double Segmental Outer baffle cut Inner baffle cut
([ ]

Window Region

Baffle Cut (%) — //D,x 100 Figure 7: Single and double segmental baffles.
The image has been taken from [5].
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Orifice baffle: here, there is sufficient clearance between the tube and the baffle hole to allow flow past the
baffle without excessive pressure drop. The baffles do not support the tubes, or at least provide limited
support to the few tubes they touch. This arrangement should either be used with vertical tubes or some of
the baffle raised to press the tubes against the sides of the holes (i.e., baffle offset so touch tubes support).

Helical baffle: in this design the baffles are not positioned perpendicular to the shell wall. Indeed, they are
guadrants at an angle such that the shellside flow follows a spiral path along the heat exchanger. This design
has the advantage of giving a lower shellside pressure drop and reducing the susceptibility to fouling.
However, the velocity at the centre of the shell is very low and basically longitudinal along the exchanger. At
the outside of the bundle, instead, the flow velocity is relatively high. This leads to a significant difference in

heat transfer between the fluid at the centre and the outside of the bundle. L !

1
)

resulting flow is mainly longitudinal. The pressure drop is therefore very low. [4]

Triple segmental: triple segmental baffles result in a low crossflow, such that the ! :
I

Disc and doughnut baffle: similar to the double segmental baffle they are primarily used for process with a
low side pressure drop. However, in practice it is not used as much as the double segmental.

Rod baffle: this is a technique for supporting tubes with
a matrix of rods instead of the conventional perforated
baffle plate. One Rod Baffle consists of a set of rods
welded to a ring of diameter just greater than the
bundle. A baffle sets consist of four of these baffles,
spaced along the exchanger axis, providing positive 4-
point support of the tubes. An exchanger will then have

a number of these baffle set according to the tube
length.

The rods are arranged so that there are two rows of tubes between each pair of rods in the baffle, with the
next baffle being offset by one row of tubes. The rods pass between the tubes row with minimal clearance,
so that a rod passing a tube provides support.

This baffle was designed principally to eliminate tube damage due to vibration, since it gives primarily axis
flow along the bundle, rather than crossflow.

No-tubes-in-window: this refers to single segmental baffles which have no tubes | the so-called “window”
left by the baffle cut. As it can be seen in the Figure 8, every tube is therefore supported by every baffle,
unlike tubes-in-window setup where tubes in the window region are only supported by every other baffle.
This lead to have a lower length of the tubes not supported and to reduce the risk of vibration problems.
Intermediate baffles can also be inserted if a further modification of the vibrational modes is required.

Intermediate baffles
X

/

Windows Tubes

with no tubes_

Figure 8: No tubes in the windows - with intermediate support baffles.
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BAFFLE CUT ORIENTATION

The term ‘Orientation’ means the position of the cut edge of the baffle with respect to the shell inlet nozzle
centre line. Even if any orientation is theoretically possible, the two are generally used are:

= Baffle cut parallel to shell nozzle centre line (0O degree cut angle, side-to-side flow).
= Baffle cut perpendicular to shell nozzle centre line (90 degree cut angle, up-and-down flow).

For horizontal shells with top or bottom inlet nozzles, O degree cut angle is generally referred to as “vertical
cut” (or side-to-side flow) and 90 degree cut angle as “horizontal cut” (or up-and-down flow). In case of
horizontal condensers, 0 degree cut angle (vertical cut) is often chosen since its use allow reasonable liquid-
vapour separation. In most other cases, including all vertically mounted exchangers, the preferred
arrangement is 90 degree cut angle since the use of 0-degree results in a larger bypass area and require the
installation of sealing strips.

The maximum permissible baffle cut instead is determined by consideration of the maximum allowable
unsupported span since, above a given cut, some of the tubes in the centre of the bundle will not be fully
supported by any of the baffles. The exact value of the maximum possible cut depends on the geometry of
the tube bundle, but is usually taken as 45% for single segmental, and 25% for double segmental. Baffle cuts
below the maximum are usually chosen such that the free flow area in the baffle window is roughly equal to
the crossflow area at the exchanger centre line since it avoids excessive turn-around pressure losses. Small
baffle cuts can lead to poor shellside flow distribution and minimum values of 15% (tubes in window) and
10% (no-tubes-in-window) are recommended. [5]

BAFFLE SPACING

If the calculated shellside pressure drop exceeds the maximum allowable the design engineer will usually
increase the baffle spacing and/or baffle cut until the pressure drop is reduced to an acceptable value. As the
baffle spacing is increased, however, the resulting larger unsupported tube span renders the tubes
increasingly susceptible to damage due to sagging or flow induced vibration. Inside TEMA standards there
are reported some maximum unsupported length for various tube size and materials, but they should in no
way be regarded as a safe limit for avoiding flow induced vibration.

For baffles with no tubes in the window, there is no theoretical limit on the baffle spacing. This because
intermediate supports can be employed to reduce the unsupported span to any required value. If, however,
baffle spacing with no tubes in the window is increased to the point where only one baffle is possible, then
the design engineer should consider using ‘rod baffle’ design instead.

Not only a small baffle cut, as already discussed, can lead to have a poor shellside flow distribution, but also
a small baffle spacing. In the days before computer aided shellside flow analysis, the minimum spacing
traditionally used was one fifth of the shell diameter. Now the design engineer can check whether low baffle
spacing are going to lead in turn to an excessively low crossflow fraction and act accordingly. Note that an
exchanger with large number of closely spaced baffles could be difficult to fabricate. For this reason, TEMA
standard also recommends an absolute minimum space between the baffle. As usual, spacing lower than the
specified can be used, especially in the small heat exchanger, if the installation requirements are taken into
account.
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CLEARANCE, LEAKAGES AND BYPASS

Clearances between various components of a heat exchanger are required for their construction, even if their
presence lead to have leakages and bypass.

Leakage and bypass reduce the cross flow and hence lower the heat exchange coefficient. They also cause
axial mixing which may reduce the LMTD with close temperature approach. Sealing strips often are used to
reduce bypass, while the computer programmes nowadays estimate how much flow will pass along the
various leakage ad by-pass path.

In particular, we can have:

A) Baffle hole — tube OD
B) Crossflow

W /
C) Shell ID - bundle OTL A cl
B :
E) Baffle OD —shell ID _
F) Passlanes E

W) Window

Tube-to-baffle

leakage
Shell-to-baffle
TR
Bypass Use of leakage

sealing strips

NOTE ON THE REMOVABLE BUNDLE

An important requirement that can be foreseen is the removable bundle. This configuration choice would
have the following advantages:

= the external tubes surface will be easy to clean after a disassembly procedure;

= because the tubes are not bonded on both sides, the necessary thickness of the stationary tubesheet is
reduced. This lead to have less internal stress on the internal pipe and a considerable reduction in the cost
of the heat exchanger.

Contrariwise, we can have the below reported disadvantages:

= The internal tubes surface cannot be clean in the classical U shape removable bundle;

= A removable bundle requires a flanged joint in order to merge the stationary tubesheet with the
stationary head and the shell. This flanged joint is one of the most critical part of the heat exchanger with
removable bundle due to the higher stress induced by the thermal and pressure gradient. These gradients
are generated from the necessity to have the inlet and outlet nozzles of the piping fluid on the same
stationary head, as a consequence of the U shape of the bundle.
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4. CONCEPTS OF HEAT TRANSFER AND THERMAL DESIGN

4.1. FOUNDAMENTALS OF CONDUCTION

4.1.1. FOURIER LAW AND GENERAL EQUATION FOR THERMAL CONDUCTION

Considering a three-dimensional body as in Figure 9, the general
space- and time-dependent temperature distribution field T is
represented by a scalar T = T(x,y,z,t) or T(7,t) and defines
instantaneous isothermal surfaces: Ty, T», and so on.

T=Tix,y.2,t) = Tir,t)

T =Tz = constant
(an isotherm)

In association with the scalar field T a very important vector,
called temperature gradient VT, is also considered. It has

magnitude and direction of the maximum increase of it -
temperature at each point, and it is defined as: G o
Figure 9: A three-dimensional,

4 7By transient temperature field. The image
ay 0z has been taken from [16].

or 9T

_,oT

VT = la +]

In order to analyze the thermal exchange that occur between the body and the environment we need a

phenomenological equation that links the heat flux exchanged by the surface, q (W/mz), with the

temperature in every point. This empirical equation is called Fourier’s Law, can be written using the three
space components, and take into account the material of the body by means of a constant A.

q= (qxv dy, qz) = —AVT

The heat flux is so defined as a vector quantity, proportional to the magnitude of the temperature gradient
and opposite to it in sign. The previous equation resolves itself in three components:

aT aT aT
qx = _Axa qdy = _/ly@ qz = _/125
The constant, A or K, is called the thermal conductivity [W/mK] and depends on temperature, position and
direction. Because most materials are very nearly homogeneous and most of the time isotropic, the
assumption of k=constant is generally taken. However, in each case the reliability of this assumption must be
proven assessing whether or not A is approximatively constant in the range of interest.

In the next page the approximate range and the temperature dependence of thermal conductivity will be
showed for various substances. In the Figure 10 the thermal conductivity of some representative substance
is reported in scale. Matter with lower thermal conductivity are classified as insulant material, while the more
conductive substances, that can be seen on the right, presents a value of A many orders of magnitude larger
than insulants. In the Figure 11, instead, the dependence of A from the temperature can be approximately
seen. A preliminary consideration of the material behavior can be done. As a matter of fact, a constant
thermal conductivity could be considered for most of the materials in a small high temperature rage, while
its value changes a lot for negative temperature range.

25



Synthetic insulation -

Materials occurring in nature

1 Synthetic

conductors

2
2 2
2 5
>} E
. T £
« . Compound evacuated Evacuated powders § c
nsulation and fibers } | 2 E
sl : 2 K | <] El
. Nonmetalhe gases + ]
300 K]';u . ‘ngP';mrm‘v_ﬂ_::it.w.m? | Stone 3 &
lrevacoaes
| | — |
materisls -
i ) . ) Other nanmetailic soiics - —‘I
| l - Nonmetalic liguds I ] LiGuid metals
8’ ’ l l . . Sotid metals - l
2 ° Vo N . Heat
8 S 5 8 .
3 g - = - e | ” [ pipes —
7 23 = 2 gt . 5 H
< ® H
&0 e % @0 o g & g 2
T = ® X Q = £
= 2g2 oo 8o
I a4 c od
_III!III 1 Illllll 1 1 l'lllll 1 llilllll 1 lllllill 1 3]']1“} 1 IIIIII!l i L1 L1isl
0.0003 0.001 0.01 0.1 1.0 10 100 1000 10,000
Thermal conductivity, k{W/m-°C)
Figure 10: The approximate ranges of thermal conductivity of various substances. [16]
T T
. ] S —
3] °y
o £
£ z
z i
x =
o 4 £ 4
2 g
] 3
3 ! 8 )
§ \/ 99% Pure aluminum Aluminum —g \-/ 99% Pure aluminum Aluminum
£ 00— — § 00— —
K] F
£
N Brass 1 N Brass 1
100 — — 100p— —
Platinum Platinum
— —
Uranium Uranium
Type 304 Tyvpe 304
-_— Stainiess steel -_— Stainiess steel
0 [ S (T I S NI I 0 I T (T I T RN I
-200 o 200 400 600 800 1000 -200 o 200 400 600 800 1000

Temperature T(°C)

Temperature TI°C)
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Given that two dependent variables, T and g, are involved in the Fourier’s law, some passages are required
to find a solution. To eliminate g, and first solve for T, the First Law of Thermodynamics is introduced.

Applying it on a three-dimensional control volume,

—
n

as shown in Figure 12, an element of the surface dS
is identified and two vectors are shown on it. One is
the unit normal vector, 7 (with |71| = 1), and the
other is the heat flux vector, § = —AVT, at a point
on the surface. A volumetric heat release
q(¥) W/m3is distributed through the region. This
might be the result of chemical or nuclear reaction,

There is a heat
source, G (7)Y wW/m?

of external radiation into the region, of electrical distributed through R

resistance heating or of still other causes. Figure 12: Control volume in a heat4-flow field. [16]

The total heat flux Q in Watts can be written as the sum of the heat flux conduced out of dS and the
volumetric heat flux generated (or consumed) within the region dR, integrated in the surface and in the
volume respectively.

Q= —L(—AVT) : (ﬁdS)+qu dR

Writing the First Law of Thermodynamic the rate of internal energy of the region R can be modified and

_du aT (7, t)
Q_E_ch<—6t )dR

Combining the last two equations we get an expression in which a surface integral must be converted into a

expressed as:

volumetric one by means of the Gauss’s theorem. Because the region R is arbitrary, also the integrand inside
the brackets of the equation obtained must be equal to zero.

N aT . aT . . aT
fAVT-ndS=f [pc——q]dR - f (V-AVT—pc—+q)dR =0 - V-AVT+q=pc—
s R at R at at
Re-writing it and introducing the thermal diffusivity a = 1/pc [mz/s] we get the more complete version of

the three-dimensional heat diffusion equation:

qg pcdT 10T
per 4 4 PCOT _ 200
1T T 9x aot

Where V2T is called Laplacian and, in the various coordinate systems, can be expressed as

_OT 9T 07T
©0x2  0y?  0z2

Cartesian coordinate V2T

Colindrical - VZT_l@( 6T)+162T+62T
ylindrical coordinate =5\ ) T Za02 T 5,2

S i VZT—la(ZaT)+ 1 a<.196T)+ 1 0°T
pherical coordainate “ror\" ar) T r2sin0 a9 \°" U 99) T rZsin20 g2
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4.1.2. SOLUTION OF THE HEAT EQUATION AND THERMAL RESISTANCE VALUES

In every case of application, at first, the temperature field is computed integrating the heat equation. Then,
if also the heat flux has to be calculated, T is differentiated and inserted in the Fourier’s Law to get q. Q,
expressed in Watt, can be simply obtained multiplying q for the respective area A, e.g. the formula on the
right. Comparing the shape of the last formula obtained, with the Ohm’s Law, a similitude can be noticed.

Ohm's
law

example of heat AT AT
conduction solution L//'lA R;

E
R

By means of this procedure, called electrical analogy in which Q=I and AT=E, we are able to define the specific
thermal resistance Rt [K/W]. A brief summary of some standard case is reported in the table below.

IMAGE THERMAL RESISTANCE [K/W] | NOTES
The resistance is inversely
@ proportional to A and it depends by the
z i R, = i geometry of the problem.
g 1A
(%]
O Problem L Solution
ot eansfor hewt sanater The interfacial conductance
e \ \ h. [W /m? K] describe the behavior of
5 R = 1 the gas filled interstices present
E 7 hA between two solids in contact.
The total thermal resistance of the
- case can be computed by the sum of
< A I R — L 4 1 L all the resistances present inside the
g ¢ e E7 A h,A 1A configuration. So, in the final formula,
g i two resistance for the slabs and one
a AT for the interstices are present.
] Ll L e x
Configuration
Comparing to the linear case of a
§ single slab, the resistance is still
; ln(ro/ri) inversely proportional to A, but it
é R il ;ejl;t:rtls a different geometry, since
= .
G
h ' 10 The presence of convection on the
z | v outside of a cylinder causes a new
G| * 5 ol i R: = Reona  + Reonw thermal resistance that must be added
% . o _ ln(r"/ri) s 1 at the tube resistance.
O . -0, 2wl hA
Configuration Solution rLr‘
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Trasistor Given the radiation Q exchanged by
= :D: two objects and the radiation heat
g o s g, transfer coefficient, hyga =
5 - R = 1 40T3F,_,, the radiation thermal
“ DA © 7 hyadA resistance has the same shape of the
é T — T Quony T convective one. The symbols F;_, is
o the view factor from surface 1 to
. surface 2.

The empirical fouling resistance Rf must be summed at the others in
order to take into account the resistance of the layer of scale that has
been formed with the time. R, = Ry
Fluid and Situation Fouling Resistance
Ry (m?K/W)
Distilled water 0.0001
Seawater 0.0001 - 0.0004
3 Treated boiler feedwater 0.0001 - 0.0002
'<Z_( Clean river or lake water 0.0002 - 0.0006
2 About the worst waters used in heat < 0.0020
E exchangers
z No. 6 fuel oil 0.0001
3 Transformer or lubricating oil 0.0002
- Most industrial liquids 0.0002
Most refinery liquids 0.0002 — 0.0009
Steam, non-oil-bearing 0.0001
Steam, oil-bearing (e.g., turbine 0.0003
exhaust)
Most stable gases 0.0002 — 0.0004
) Flue gases 0.0010 - 0.0020
Older pipe i . .
(after some use) Refrigerant vapors (oil-bearing) 0.0040

Introducing this concept, we can write the total heat flux Q by means of the overall heat transfer coefficient
U [W/m?K] as:

1 1

AR () (7)o () 1 )

The overall heat transfer coefficient is very convenient because based on the composite resistance concepts.

Q = UAAT where U

However, attention must be paid at which area is referred to. The reference area of U, and so the reference
areas of all the thermal resistances that compound it, must be the same area used for the computation of Q,
so, the formula Q = UAAT must be consistent. The last equality is the application to a tube of a general heat
exchanger. Efis the fin efficiency of the tubes if this construction peculiarity is present.

As already said, in a fairly general use of the word, a heat exchanger is anything that lies between two fluid
masses at different temperatures. In this sense a heat exchanger might be designed either to impede or to
enhance heat exchange. If the heat exchanger is intended to improve heat exchange, U will generally be
much greater than 40 (W /m?K). If it is intended to impede heat flow, it will be less than 10 (W /m?K).




4.2. HEAT CONVECTION AND HEAT TRANSFER COEFFICIENT COMPUTATION

The convection is a process in which a moving fluid carry heat away from a warm body with which it is in
contact. When cold air moves on a warm body, it constantly sweeps away the one that has been warmed by
the body and replaces it with cold air. The aim of the heat convection analysis is to predict the heat transfer
coefficients h and h, [W/m? K]. Their prediction is necessary, in order to find out the heat exchange, when it
happens in a system in which the motion of a fluid around the body is present. So, in the cases in which there
is the replacement of hot fluid with cold, or vice versa.

The first step before h can be predicted is the mathematical y}
description of the boundary layer. Because fluids flowing past

solid bodies adhere to them, a region of variable velocity must

Al

be defined between the body and the free fluid stream. This ve=b o— ——

region, called boundary layer, has thickness & and it is arbitrarily

defined as the distance from the wall at which the flow velocity u
approaches to within 1% of 1. The dimensional functional 0 T~
equation for the boundary layer thickness, on flat surface, is: 099u_

Figure 13: A boundary layer of thickness 6. [16]

§ = fn(uc, p, b, x)
Where x is the length along the surface, p is the fluid density in kg/m3 and u is the dynamic viscosity in
kg/m-s.

If the wall is at temperature T, different from that on the free stream T, also a thermal boundary layer of
thickness 6; can be defined. Equating the heat removed from the wall by the fluid, using the Fourier’s law of
conduction, at the same heat transfer expressed in terms of convective heat transfer coefficient, the follow
equation can be written:

A or h(T,, — Ty)
—Af — - " — T
ayl,_, '
where Ay is the conductivity of the fluid. It can be noticed that this 5. . The value of v at which
t (Tw— TI=99%0f (T —T)

condition defines h within the fluid instead of specifying it as
known information on the boundary. This equation can be
rearranged using L, the characteristic dimension of the body
under consideration, in the form:

P ( T, —T )
Ty — Too hL
W = /1_ = NuL Figure 14: The thermal boundary layer during the
y/L=0 f flow of cold fluid over a warm plate. [16]

In the previous formula Nu; is the Nusselt number. It that can be rewritten expressing its physical meaning,
where it ends up to be proportional to the thickness of the thermal boundary layer.

Nu, = —
up 5£

Now that the kinematic and thermal boundary layers are defined, it is possible predict the flow field. It can
be found by solving the equations that express conservation of mass and momentum written for the defined
regions. Because this theoretical part is not the principals subject of this thesis, the derivations of these
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formulas are not reported. What follow is the two-dimensional continuity equation for incompressible flow
and the two forms of momentum equation for the steady, two-dimensional and incompressible flow.

6u+6v_0

ox oy
6u2+6uv_ 16p+ ou? 6u+ ou 16p+ 0%u
ox dy  pox Vayz o Yo ”ay_ p 0x v@yz

A complete derivation of the last equation would reveal that the result is valid for compressible flow as well.
Therefore, if there is no pressure gradient in the flow, it can be rewritten as:

ou? oJuv ou ou 0%u

— +t—=——=u—+v_—=v

ox  dy dx dy dy?
This equation can be solved by means of the introduction of a stream function, ¥(x, y) , that allows to reduce
the number of dependent variables, or by means of the momentum integral method. The first procedure
lead to the Exact solution that, for a flat surface where u,, remains constant, can be defined as:

é 4.92 4.92

X NI - JRey

Re, is called Reynolds number and it characterizes the relative influences of the inertial and viscous forces
in a fluid problem. This formula means that if the velocity is great or the viscosity is low, 6 /x will be relatively
small, and the heat transfer will be relatively high.

The second one, instead, is an approximated method that simplify the solution given the boundary layers
similarity, and leads to a

§ 464

Re,

5

The exact solution for u(x, y) reveals that u can be expressed as a function of a single variable, n, and it leads
to what it is called the similarity solution:

u Uoy
E=f<y\/?—x>=f(n)

Now that the flow field in the boundary layer has been determined, the heat conduction equation must be
extended to take into account the motion of the fluid. Starting from the conservation of energy, it is possible
to write the energy equation for incompressible fluids reported on the left. After, it can be modified for a
two-dimensional flow without heat sources in a boundary layer, obtaining the equation on the right.

aT aT 0°T

+tv—=a

T ,
pcy (— +U- VT) =kV?T + g and U=~ 3y e

ot

The temperature field in the boundary layer is the solution of the equation on the right and it can be inserted
in the Fourier’s law in order to compute h as follow

q A dT
Ty—To  Tw—Twdyl,_,
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4.3.LOGARITMIC MEAN TEMPERATURE DIFFERENCE AND CORRECTION FACTOR

In general cases U vary with the position in the exchanger and with the local temperature. At first, we can
suppose it as a constant value, still reasonable assumption in compact single-phase heat exchangers. In these
cases, the overall heat transfer can be written in term of mean temperature difference between the two fluid
streams:

Q = UAATnean

The problem then reduces to finding the appropriate mean temperature that will make this equation true.
Analysing the simple parallel and counterflow configurations, the temperature variation can be plotted for
both, as reported in Figure 15. Notice that temperatures change more rapidly in the parallel-flow
configuration and so less length is required. However, the counterflow arrangement achieves generally more
complete heat exchange from one flow to the other. The determination of AT,,.4n for such arrangements

proceeds as follows. Defining the differential heat T T
transfer within either arrangement as: _—
Thin ATy

dQ = UATdA = —(rcy), dTy = +(rcy) dT, ( i L. T

T':uut

Introducing the total heat capacity of the hot and cold

dA ATy

_n-‘

3
5
g
2
4

streams, Cp, = (mcp)h and C, = (rhcp)c [W/K], we

Length or area Length or area

find the below reported equation. If we integrate it for
both cases, parallel and counterflow, it gives us the

relations between the hot and cold fluid temperature

in every point: Figure 15: Temperature variation through parallel and
counterflow single-pass heat exchanger. [16]

parallel flow [—Cy,
B.C.: Th = 7{h,in 7[1(: = ’]Tc,in - Th - Th,in B C_;(TC B TC,iTl) N Th’in _Cgh
$Cthh = CCdTC 4
e
Ch

counterflow [+Cp]

Th = Th —&(T —T,) = Thin —
B.C.: Tp =Thin To = Teou h h,in Ch c,out c h,in

Where Q is the total heat transfer from the entrance to the point of interest. The above equations can be
solved for the local temperature differences:

c

C. C
ATparallel =T, —T, = Th,in - (1 + _> T, + _Tc,in

Ch Ch
Ce Ce

ATcounter = Th — T¢ = Th,in - (1 + C_> T, — C_Tc,in
h h

Replacing the founded formulasin dQ = C.dT, = UATdA and making further integration, shall be obtained:

B AT, — AT,
e=v4d (ln (ATa/ATb))

The AT,eqn for use in the initial equation is thus the logarithmic mean temperature difference (LMTD):
AT, — AT,

AT,
In (7%

AToqn = LMTD =
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It must be observed than, if U were variable the integration of the total heat transfer Q would give a different
expression as result. This means that, as already said, in most of the cases the variability of U would have to
be considered and it changes the value of the AT,,eqn- As example of this phenomenon, the vaporization
phase showed in Figure 16 is a typical situation in which the variation of U within a heat exchanger might be
great, and so it cannot be considered constant. The figure

below shows a typical situation, e.g. vaporization phase, in |
which the variation of U within a heat exchanger might be Combustion
gases
great. In this case, the heat exchange mechanism on the (sm.a":"
region
water side is completely altered when the liquid is finally
boiled away. If U where uniform in each portion of the heat £
= I
exchanger, then we could treat it as two different %ﬁ !
. . . . € {Large U Region)

exchangers in series. However, in the heat exchangers in @ 3

. . . . oy . ‘\'\E'B‘
which U varies continuously with position, as in large goo? s

1 ~
industrial shell-and-tube configurations, the analysis Flow boiling
presented must be done using an average value of U,
Length| or area
defined as: Dryout
fA UdA Figure 16: A typical case of a heat exchanger in
0

U= which U varies dramatically. [16]

A

Another limitation in the use of an LMTD is its restriction to single-pass parallel and counterflow
configurations. As a matter of fact, each configuration must be analysed separately and the results are
generally more complicated than the expression reported in the previous investigation. All the calculations
for every possible configurations have been already done in 1940 by Bowman, Muller and Nagle, and after
by TEMA. Now a day, thanks to the organization of these data, the restriction given from different layout can
be simply overcome multiplying the LMTD by a coefficient F.

Q =UA(LMTD) - F(P,R)

Where:

T out — Trin  relative influence of the overall temperature dif ference (Ts,in - Tt,in)
- Tsin — Tein "~ on the tube flow temperature. It must obviously be less than unity.
Ts,in - Ts,out

R = ——— = equals the heat capacity ratio C;/C;
Tt,out - Tt,in

T, = temperature of the tube flow
Ts = temperature of the shell flow

Therefore, the factor F is an LMTD correction that varies from unity to zero. It is defined in such a way that
the LMTD temperature should always be calculated for the equivalent counterflow single-pass exchanger
with the same hot and cold temperatures. In the case in which one flow remains at constant temperature,
then either P or R will be equal to zero, and the configuration of the heat exchanger becomes irrelevant. In
this case the simple LMTD will be the correct AT}, 0qn @and F must go to unit. As example, two curves taken by
TEMA are presented below. Please note than the Figure 17 and Figure 18 only include the curves for R<1,
and them must be modified if the tube-and-shell heat exchanger, given its large number of baffles, behave
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like a series of cross-flow exchangers. For the curves with R>1 has been noticed than the value of F may be

obtained using a simple reciprocal rule: F(P,R)=F(PR,1/R)

\""' 1.0 — ~.=_ ——— —— L L I [T
0.9 — —
- B T =1
o Sin
o
S 08— —
[&]
S8 l 1A ]
c - T out L
8 } } — Ao\o\o\e\o \e \e o =
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Figure 17: F for a one-shell-pass, four-, six-,...-tube-pass exchanger. [16]
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Figure 18: F for a two-shell-pass, four or more tube-pass exchanger. [16]
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4.4, EFFECTIVENESS - NTU METHOD

During design activity often the heat exchanger *

configuration is known, while the outlet temperatures of U=known

the pipes are unknown. In this case we cannot proceed T"i"—ﬁnow"

with the LMTD method because we don’t know the -

temperature difference, consequently the computation of S

the LMTD result impossible. The only analytical way to S

solve the problem is to adopt an iterative method in which out T Thou=?
the outlet temperatures are estimated such as to make c°=kn;v;-_.. |
Qn = Q. = CLAT,, = C,AT,. The  correct outlet "
temperatures will be find when @y, is equal to the heat Length or area (known)

exchanged computed by the LMTD, Q = UAF(LMTD). Figure 19: Example of a design problem. [16]

Since in the compact heat exchangers the overall heat transfer coefficient is far more likely to remain
uniform, the effectiveness-NTU method can be used to simplify the problem.

Defining the number of transfer unit NTU as dimensionless group that can be viewed as a comparison of the
heat capacity of the heat exchanger, expressed in W/K, with the heat capacity of the flow. It can be written
physically as:

UA
NTU =

min

Where Cyin is the smallest of C;, and C,.

The effectiveness instead can be founded graphically in function of the Cy,in/Cimax ratio and NTU

actual heat transfer Ch(Th,L'n - Th,out) CC(TC_Out — TC,L-n) min
£ = - - = = = f ) NTU
maximum heat that could possibly be C.. . (T L _T.. ) Cor: (T L _T.. ) C
transferred from one stream to the other min\*hin on min\*h,in oin max
0.25
1.0 T T T T T T T T l T | T 0.50
w 09} 010 |- Cmin _ 0 0.80
§ | 0- 0.20 | Cmax
5 0.8 0.30
g 071 050 [ Cmin _ 1 00 - 07
& osf— Cmin _100—J 05 | —{os
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Figure 20: The effectiveness of parallel and counterflow heat exchangers. [16]




Cmin

Crmax
0.25
0.50
w
. 0.75
@
g 1.00
(1]
>
=
& _Jos
2
e
L]
= —dos
on
[ =
£ — 04
Q
3
hot —o3
Lyl
3]
£ —402
Q
£
== —401
0

Figure 21: The effectiveness of some other heat exchangers configurations. [16]

It follows that the heat exchanged can be easily computed as:

Q= SCmin(Th,in - Tc,in)

Particular attention must be done in the case of uniform temperature. As already said the LMTD does not
require correction, so the coefficient F would be unitary.

In e-NTU approach the volumetric heat capacity rate might approach infinity because the flow rate, or specific
heat, is very large or might be infinite because the flow is absorbing or giving latent heat.

As already said, the configuration of the exchanger becomes irrelevant and all the heat exchangers are
equivalent. So, the equation for effectiveness in any configuration must reduce to the same common
expression:

—NTU Cmin

lim s=1-—e and — =0
Cmax—® Cmax
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4.5.HEAT TRANSFER IN PHASE CHANGE CONFIGURATIONS

4.5.1. MODES OF POOL BOILING
The Figure 22 shows, at atmospheric pressure, a complete AL I L B R A
boiling curve for saturated water. It has been divided into h ‘,2'9%32 'Trgngfﬁm Fim /]
five regimes of behavior which will be now discussed, 12k cotdna| reaims | resima | |
including the transition phases that divide them. R B :\—\___ -
1ol R —
Natural convection e Sfé‘”éz:ff E \
g
If water is not in contact with its own vapour, it does not boil “’; 81 :5 ‘ .
at the so-called normal boiling point, Ts.t. Indeed, the heat f oL § i
continue to be removed by natural convection, and it § :
continues to rise in temperature until bubbles finally begin § 4l i
to form. This occurs when a conventional machined metal 755;{-,";5’ O; \
surfaces is a few degrees above Tsat. 2[ z \\ .
Netural SFEAN
[ 2 I 7y H
1 2 4810 100 1000 2000
Wall superheat, (T, - T,,°C

Figure 22: Typical boiling curve and regimes of

Nucleate boiling
boiling for an unspecified heat surface. [16]

The nucleate boiling regime embraces the two distinct
regimes that lie between bubble inception and first

transition point.
The region of isolated bubbles: in this range, bubbles rise from isolated nucleation sites. As g and AT
increase, more and more sites are activated. Figure 23.a is a photograph of this regimes as it appears

on horizontal plate.

The region of slugs and columns: when the activate sites become very numerous, the bubble start to
merge one to another, and an entirely different vapour escape path comes into play. Vapour formed
at the surface joint into jets that feed into large overhead bubbles or “slugs” of vapour. This process

is shown as it occurs on a horizontal cylinder in Figure 23.b.

Peak heat flux
At the upper end of slugs and columns region the temperature difference is low, while the heat flux is very
high. Clearly this means that the heat transfer coefficients in this range are enormous and it is very desirable

be able to make heat exchange equipment work in this point. However, it is very dangerous to run equipment
near gmax in system for which q is the independent variable. If q is raised beyond the upper limit of the
nucleate boiling regime, such a system will suffer a sudden and damaging increase of temperature. This
transition is called by a variety of name: the burnout point; the peak heat flux; the boiling crisis; the DNB

(Departure from Nucleate Boiling) or the CHF (Critical Heat Flux).

Transitional boiling regime
It is a curious fact that the heat flux actually diminishes with AT after gmax is reached. In this regime the

effectiveness of the vapour escape process become worse and worse. Furthermore, the hot surface becomes
completely blanketed in vapour and g reaches a minimum heat flux, gmin. Figure 23.c shows two typical

instances of traditional boiling just beyond the peak heat flux.




Film boiling

Once a stable vapor blanket is established, g again increases with increasing AT. The mechanics of the heat
removal process during film boiling, and the regular removal of bubbles, has a great deal in common with
film condensation but heat transfer coefficients are much lower because het must be conducted through a
vapour film instead of through a liquid film. In Figure 23.d an instance of film boiling can be seen.

b. Two views of transitional boiling in acetone on a 0.32 cm
diam. tube.

3.45 cm length of 0.0322 cm diam. wire in methanol
at 10 earth-normal gravities. g=1.04x10°% W/m?

3.75 cm length of 0.164 cm diam. wire in benzene
at earth-normal gravity. g=0.35x10% W/m?

c. Two views of the regime of slugs and columns.

d. Film boiling of acetone on a 22 gage wire at

earth-normal gravity. The true width of this
image is 3.48 cm.

Figure 23: Typical photographs of boiling in the four regimes identified in Figure 22. [16]



4.5.2. NUCLEATE BOILING

INCEPTION OF BOILING

The analysis of the inception of boiling starts from the highly enlarged sketch of a heater surface, shown in
Figure 24. Most metal finishing operations engrave tiny grooves on the surface. Moreover, some chattering
or bouncing action leave small holes on the plane that has been worked. When a surface is wetted, the
surface tension prevents the liquid from entering these holes. So, small gas or vapor pockets, representing
the sites at which bubble nucleation occurs, are formed.

{ (rms variation of surface height)

Gas pockets serving as
Figure 24: Enlarged sketch of a typical metal surface. [16] nucleation sites

The problem can be highly idealized supposing a spherical bubble of pure saturated steam in equilibrium with
an infinite superheated liquid. The p—v diagram in Figure 25 shows the state points of the internal vapor and
external liquid for a bubble at equilibrium. Notice that the external liquid is superheated to (Tsyp-Tsat)-K above
its boiling point at the ambient pressure. However, the vapor inside, being held at just the right elevated
pressure by surface tension, is just saturated. To determine the size of such a bubble, the conditions of
mechanical and thermal equilibrium have been imposed. The bubble will be in mechanical equilibrium when
the pressure difference between the inside and the outside of the bubble is balanced by the forces of surface
tension, 0. Thermal equilibrium, instead, requires that the temperature must be the same inside and outside
of the bubble. Since the vapor inside must be saturated at Ts.t because it is in contact with its liquid, the force
balance takes the form

2
(Pin — Powt)TRy” = (2WRy)0 A
s0: Rp =
Which allow to find an expression for the radius /\\ P P~ Pou
of the equilibrium bubble. / L
N\
20 20 l L
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Pin = Pout (psat at Tsup) — Pambient o at Teup i \ bubble
“Pin '
Note that the equilibrium bubble is unstable. ,’ Liquid outside N
.r - . . . — Py Tsuperheated
Indeed, if its radius is less than this value, Pemo=rout ||} 4 s W
. . i 4 R Tsat 31 Pambient
surface tension will overbalance [psat(Tsup) - L / —
I v
pambient]. Thus, vapor inside will condense at /

I Figure 25: the conditions required for
/ simultaneous  mechanical and  thermal
eaquilibrium of a vapour bubble. [16]

this higher pressure and the bubble will
collapse. If the bubble radius is slightly larger
than the one specified by the equation, liquid at the interface will evaporate and the bubble will begin to
grow. Thus, as the heater surface temperature is increased, higher and higher values of [psat(Tsup) -

pambient] will result and the equilibrium radius, R, will decrease in accordance with the previous equation.
It follows that smaller and smaller vapor pockets will be triggered into active bubble growth as the
temperature is increased. As an approximation, we can use the equation that describe the radius of the
equilibrium bubble to specify the radius of those vapor pockets that become active nucleation sites.




More accurate estimates can be made using Hsu’s bubble inception theory, or the still more recent technical

literature. In order to present all the data necessary for the discussion, the value of the surface tension o for

several substances are reporter in the table below.

Temperature

ad=a—-bT(°C)

Substance . o (mN,/m)
Range ("C) a(mN/m) b {mN/m"C)
Acetone 25 to 50 20.260 0.112
Ammonia =70 42.39
—60 40.25
~50 37.91
—40 35.38
Aniline 15 to 90 4483 0.1085
Benzene 10 30.21
30 27.50
50 24.96
70 22.40
Butyl alcohol 10 to 100 27.18 0.08983
Carbon tetrachloride 15 to 103 29.49 0.1224
Cyclohexanol 20 to 100 35.33 0.0966
Ethyl alcohol 10 to 100 24.05 0.0832
Ethvlene glycol 20 to 140 50.21 0.089
Hydrogen —258 2.80
—253 2.29
—-253 1.95
Isopropyl alcohol 10 to 100 22.90 0.0789
Mercury 3 to 200 490.6 0.2049
Methane 90 18.877
100 16.328
115 12.371
Methyl alcohol 10 to 60 24.00 0.0773
Naphthalene 100 to 200 42.84 0.1107
Micotine —40 to 90 41.07 0.1112
Nitrogen —-195 to -183 20,42 0.2265
Octane 10 to 120 23.52 0.09509
Oxygen —202 to —184 -33.72 —0.2561
Pentane 10 to 30 18.25 0.11021
Toluene 10 to 100 30.90 0.1189
Water 10 to 100 75.83 0.1477
Substance Temperature 7=l -TE/TF
Range (*C) o, (mN/m)  T.(K) n
Carbon dioxide —56 to 31 75.00 304.26 1.25
CFC-12 (R12) 148 to 112 360.52 3B5.01 1.27
HCFC-22 (R22) ~158 to 96 61.23 369.32 1.23
HFC-134a (R134a) —30 to 101 59.69 37418 1.2606
Propane —173 to 96 33.13 369.85 1.242

Figure 26: Surface tension of various substances from the collection of Jasper [22] and
other sources [21] [24] [25].
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REGION OF ISOLATED BUBBLES AND NUCLEATE POOL BOILING HEAT FLUX CORRELATION

In the last century the mechanism of heat transfer enhancement in the isolated bubble regime was hotly
argued. The conclusion that have been made was that the bubbles “act as small pumps” that keep replacing
liquid heated at the wall with cool liquid. The real problem is to specify the correct mechanism thanks to
which this happens. Figure 27 shows the way bubbles probably act to remove hot liquid from the wall and
introduce cold liquid to be heated. The two images on the left show a bubble growing and departing in
saturated liquid. To grows, the bubble needs to absorb heat from the superheated liquid on its periphery.
When the bubble leaves, the cold liquid is entrained onto the plate, which then warms up until nucleation
occurs and the cycle repeats. On the right, instead, a bubble growing in subcooled liquid is shown. When the
bubble protrudes into cold liquid, a short-circuit for cooling the wall is provided. Indeed, the steam can
condense on the top while evaporation continues on the bottom. Then the cold liquid is brought to the wall
when the bubble caves in.

I 1rr o

Figure 27: Heat removal by bubble action during boiling. Dark regions denote locally superheated liquid. [16]

It is evident that the number of active nucleation sites generating bubbles will strongly influence g. So, a
direct dependence can be written in the following ways:

q o< AT%n?

Where AT = T,, — Tsq¢ and n is the site density or number of active sites per square meter. The exponents
turn out to be, approximately, a=1,2 and b=1/3. The problem with this formulation is that n is a nuisance
variable because it varies from system to system and cannot easily be evaluated. Indeed, normally n increase
with AT, but it can increase in different way. If all sites were identical in size, they would be activated
simultaneously, and g would be a discontinuous function of AT. When the sites have a typical distribution of
sizes, n and g can increase very strongly with AT. Luckily, for a large class of factory-finished materials, n
varies between AT’ and AT, so g varies roughly as AT. This makes possible to correlate g approximately for
a large variety of materials with a formulation like the following

0.33
Cp (Tw - Tsat) —C q o
W st _ ¢, _
hygPrs Tuheg  |g(pr—pg)

where all properties are for liquid at Tsa:. The hg is the latent heat of vaporization and the constant Cstis an

empirical correction for typical surface conditions. Figure 28 includes a set of values of Cst for common
surfaces as well as the Prandtl number exponent, s.
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As initially denoted, there are two nucleate boiling regimes, the region of isolated bubble and the region of
slugs and columns. While the first correlation applied only to the first of them, this last equation represents
q(AT) in both. This happens because it is empirical and it is not depending from the rational analysis of either
nucleate boiling process. However, it is not very accurate for either of them. Thus, the ability to predict the
nucleate pool boiling heat flux is poor due to the dependence of the nuisance variable n, and there is still not
achieved a reliable heat transfer design relationship for nucleate boiling. Generally, the major problem in the
nucleate boiling regime is to avoid exceeding gmax, rather than to calculate g given AT, which is not often
required.

Surface-Fluid Combination Cyr s
Water-nickel 0.006 1.0
Water-platinum 0.013 1.0
Water-copper 0.013 1.0
Water-brass 0.006 1.0
CCly-copper 0.013 1.7
Benzene-chromium 0.010 1.7
n-Pentane-chromium 0.015 1.7
Ethyl alcohol-chromium 0.0027 1.7
Isopropyl alcohol-copper 0.0025 1.7
35% K>CO3-copper 0.0054 1.7
50% K>CO3-copper 0.0027 1.7
n-Butyl alcohol-copper 0.0030 1.7

Figure 28: Selected values of the surface correction factor and Prandt/ number exponent. [16]




4.5.3. PEAK POOL BOILING HEAT FLUX and transitional boiling regime

LOW AND HIGH HEAT FLUX TRANSITIONAL BOILING REGIMES AND TAYLOR INSTABILITY

The process that connects the peak and the minimum heat flux is compounded by the high and low heat flux
transitional boiling regimes, that are different in character. The high heat flux transitional boiling is
represented by a large amount of vapor produced. It wants to float upward, but it has no clearly defined
escape route. The jets that carry vapor away from the heater in the region of slugs and columns cannot serve
that function in this regime because they are unstable. Therefore, vapor float up in big slugs, how has been
shown in the Figure 23.c. When the bubble detaches from the surface the liquid falls in, touches the surface
briefly, and a new slug begins to form. The low heat flux region, instead, it is almost indistinguishable from
the film boiling shown in Figure 23.d. However, both processes display a common conceptual key: the heater
is almost completely blanketed with vapor, and an unstable configuration of the liquid on top of vapour can
be seen.

An example of how heavy fluid falls unstably into a light

one can be seen in the Figure 29, in which the water
condensing from a cold water pipe collapses into air. The
heavy phase falls down at one node of a wave, while at the
other the light fluid rises. This collapse process is called
Taylor instability, while the length of the wave that grows

fastest is called Taylor wavelength, A,4. It is the wavelength

that predominates during the collapse of an infinite plane
Figure 29: Taylor instability in the interface of the water

horizontal interface and it can be predicted by means of 7 ’ :
condensing on the underside of a cold waterpipe. [16]

the dimensional analysis, which leads to the following
result.

1 g(Pf - Pg) _ {an/g for one — dimensional waves
4 |[—=

o 2mV6 for two — dimensional waves

Throughout the transitional boiling regime, vapor ascends into liquid on the nodes of Taylor waves, and at
gmax this rising vapor forms into jets. These jets arrange themselves on a staggered square grid, as shown in
Figure 30. The basic spacing of the grid is A4, as for the two-dimensional Taylor wavelength. The distance of

the most basic module of jets, instead, is Aaz, and it is correlated to A4, by means of 4, , = V2 Ada-

Figure 30: the array of vapour jets as seen on an infinite
horizontal heater surface. On top, plan view of bubbles
rising from surface; below, waveform underneath the
bubbles. [16]
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HELMHOLTZ INSTABILITY OF VAPOUR JETS

The Helmholtz instability, which can be seen in Figure 31, explain how the jets become unstable at the peak
and why they cave in when the vapour velocity in them reaches a critical value. It is a fluid dynamic instability
caused by different layers of the fluid in relative motion one with respect to one other. A high-pressure zone
is present where the fluid velocity is low, while a lower pressure zone is the result of higher velocity layer.
The state of collapse occurs when the interface that divides two regions undergoes small disturbance. Indeed,
particles of fluid that before was at rest end ‘ |
up being in a one where there is a velocity L L
field. This phenomenon generally leads to

instability, which, however, does not always

Surrounding |
liquid

occur in vapour jets. Indeed, the surface

Surrounding

tension in the jet walls tends to balance the liquid

flow-induced pressure forces that bring R .
. i . - Heater SN %
about collapse. As a matter of fact, since the

Typical jet configuration

vapor velocity in the jet must reach a limiting

Detail of instability

Figure 31: Helmholtz instability of vapour jets. [16] in jet wall

value, ug, before state of collapse occurs, the
jet is not always unstable. The following expression has been taken from [6] and exhibit the relation between
the vapor flow, ug, and the wavelength of a disturbance in the jet wall, Ax.

2no
Pgu

Ug

However, a real liquid—vapor interface will usually be irregular, and therefore it can be viewed as containing
all possible sinusoidal wavelengths superposed on one another. Then, in order to develop the most
representative wavelength, the one more liable to collapse must be guessed. So, the Helmholtz instability is
a theory that only approximate the problem of vapour jets collapse.

PREDICTION OF gmax

In order to write a general expression for gmax, it has to be observed that the heat flux must be balanced by
the latent heat carried away in the jets when the liquid is saturated. Thus, the following formula can be
immediately written:

4
9max = pghfgug <A_h>

where Ay is the heater area that supplies each jet and A; is the cross-sectional area of a jet. The problem of
gmax prediction in any pool boiling configuration always comes down to the determination of two parameters.
One is the length of the perturbation in the jet wall, Ay, which will trigger Helmholtz instability and fix u,. So,
the value of ug that must be inserted in the above equation can be found from the Helmholtz one. The other
is the ratio A;/Ay. The specific expression for every heater configuration can be found imposing a correct
value of the jet radius or by means of the dimensional analysis. This last procedure leads to have two pi-
groups in function of the Bond number, Bo, used to compare buoyant force with capillary force. Attention
must be paid in the case in which Bo < 1/44, where the process become completely dominated by surface
tension and the Helmholtz wave mechanism no longer operate. In this particular case the mechanism of heat
removal passes directly from natural convection to film boiling.
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4.5.4. FILM BOILING AND RADIATION CONTRIBUTION

The similarity between the film boiling and the film condensation is so great that, in 1950, Bromley was able
to adapt the equation for condensation on cylinders to the film boiling prediction. Indeed, modifying the
boundary conditions in the film condensation analysis and changing k and v from liquid to vapor properties,
he writes the following equation for the Nuj. D is the characteristic dimension of the body under
consideration, so, in this formulation it is the diameter of the cylinder.

(s — pg)ghigD? g
vgkg (TW - Tsat)

Nup = 0.62

The vapor and liquid properties should be evaluated at T, + AT/2 and at Tsat respectively. The constant value
of 0.62 was fixed by means of the comparison between the equation with experimental data values.
However, when the Prandtl number is large, e.g. Pr=0.6, the latent heat needs to be corrected using the
formulation below:

hig = heg[1+(0.968 — 0.163/Pry)Jay| where Jay = cp, (Ty — Tsar) /hrg
Is there also reported the formulation for the film boiling on the spheres

1
(pf - pg)gh)"gDS /4

Nujp = 0.67
b ngg (T — Tsar)

In these expressions only the heat transfer by convection through the vapor film is present. Radiation,
instead, can be enormous when film boiling occurs much beyond gmi» in water. In this case is not sufficient
to add a radiation heat transfer coefficient .44 to flboilingbecause this phenomenon will increase the vapor
blanket thickness, reducing the convective contribution. One approximate relation for the cylinder
application is reported below. However, an accurate correction for every specific case would be needed.

I N N N rad EO'(T;; B Ts4at) T
htotar = Rpoiting + Zhradr where  hyqq = T — Tont = Ty — Tsat < hpoiting

Where € is a surface radiation property of the heater called emittance. It is worth noting that radiation is
seldom important when the heater temperature is less than 300°C.

The analogy between film condensation and film boiling cannot be assumed as valid during film boiling on a
vertical surface, because on the liquid-vapour interface the Helmholtz instability occurs for a certain distance
from the leading edge. However, it has been proved that using Ad,1/\/§ in place of D in the first equation, it
can be obtained a very satisfactory prediction of h for rather tall vertical plates. The analogy adopted also
deteriorates when it is applied to small curved bodies. This happens because the vapor film in boiling is
thicker than the liquid film during condensation. Consequently, in curved bodies a correction is needed even
if it could be ignored in film condensation. This curvature correction, to be made when R < 1.86, is:

— 0.263 _
Ny = [(o.715 + T) (R’)1/4] N,
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4.5.5. MINIMUM HEAT FLUX

For the prediction of the minimum heat flux gmi it is assumed that, as (T,, — Ts4;) is reduced in the film
boiling regime, the rate of vapor generation becomes too small to support the Taylor wave action which
characterizes film boiling. The equation for horizontal heaters was firstly predicted from Zuber and after
corrected, on the basis of experimental data, by Berenson in the following formula

+|og(pr — py)

Qmin = 0-09pghfg ( )2
Pr = Pg

The parallel prediction of the equation for horizontal wires was made by Lienhard and Wong, and lead to the
below correction

Gminwires = 0.515 [m] Amin

The problem with all these expressions is that, when the film boiling heat fluxes are higher than the minimum,
some contact frequently occurs between the liquid and the heater wall. In this case, the boiling curve deflects
above the film boiling curve finding a higher minimum than the ones reported above. The values of the
constants shown above should therefore be viewed as practical lower limits of gmin.
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5. THERMAL DESIGN OF THE HEAT EXCHANGER: CASE STUDY

5.1.INTRODUCTION TO THE THERMAL DESIGN

In order to obtain the required heat flux between the fluids, a certain amount of exchange area is needed.
The goal of the heat exchanger’s thermal design is to find that value and the best heat exchanger
configuration for the case. Apart from predicting heat transfer, a host of traditional considerations must be
addressed in design heat exchangers, for example the minimization of pumping power and the minimization
of fixed cost. After a brief introduction on thermal design, the document will be focus only on the used
program. In this section are provided all the explanation about the choice that has been taken during the
thermal design activity.

5.1.1. LOGICAL APPROACH TO THE MANUAL THERMAL DESIGN

To better understand the curse of the design process, faced with such an array of trade-offs of advantages
and penalties, a list of design considerations for a large shell-and-tube exchanger design is here reported:

- Decide which fluid should flow on the shellside and which one should flow in the tubes. Normally,
this decision will be made to minimize the cost. Later some useful advices are listed:

o Putdirty stream on the tubeside because is easier to clean inside the tube;

o Put high pressure stream on the tubeside to avoid thick and expensive shell;

o When special materials are required for one stream, put that one on the tubeside to avoid

expensive shell;

o Cross flow gives higher coefficients than in plain tubes, hence put the fluid with lowest
coefficient on the shellside;
The more viscous oil would flow in the shell in order to minimize the pumping cost;

(¢]

o Corrosion behaviour, fouling, and problems of cleaning fouled tubes also weigh heavily in
this decision.

- Earlyin the process, the designer should assess the cost of the calculation comparison with:

o The converging accuracy of computation;
o Theinvestment in the exchanger;
o The cost of miscalculation.

- Make a rough estimate of the heat exchanger size using, for example, U values taken from tables
and/or anything else that might be known from experience. This serves to circumscribe the
subsequent trial-and-error calculations. It will help to size flow rates and anticipate temperature
variations, avoiding again subsequent errors.

- Evaluate the heat transfer and pressure drop.

- Evaluate the needed exchange area imposing the required value in the heat transfer formula.

- Evaluate the cost of various exchanger configurations that appear reasonable for the application.

These are the steps generally followed by the process engineers to optimize the preliminary design of a heat
exchanger.




5.1.2. APPROACH TO THE COMPUTER AIDED THERMAL DESIGN

The manual thermal design was used in the small exchangers’ design, typically compact cross flow used in
transportation equipment. Larger shell and tube exchangers pose two kinds of difficulty in relation to U,
which nowadays make the use of computer program necessary. The first one is the variation of U through
the exchanger, which we have already discussed. The second difficulty is that convective heat transfer
coefficients are very hard to predict for the complicated flows that move through a baffled shell. As
introduced before, the determination of h in a baffled shell remains a problem that cannot be solved
analytically. Instead, it is normally computed with the help of empirical correlations, or with the aid of large
computer programs that include relevant experimental correlations. The problem of predicting h when the
flow is boiling, or condensing, is even more complicated.

As already introduced, nowadays computer programs are used to overcome these problems. All of them are
based on one of two main algorithms for thermal design:

- HTFS, Heat Transfer and Fluid flow Service method: (e.g. Aspen Shell and Tube Exchanger)
- HTRI, Heat Transfer Research, Inc: (e.g. Xist)

During the study case, the heat exchanger thermal design will be done using the Aspen Shell and Tube
Exchanger. This program uses an HTFS algorithm and allow us to make the thermal design optimization
applying a series of refining steps.
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5.2. CUSTOMER INPUT DATA

The thermal design of the heat exchanger begins from the evaluation of the customer input data. As

previously said the whole real heat exchanger’s document cannot be inserted or attached, due to the

confidentiality agreement that have been signed. However, the summary table of the necessary input data

is reported below.

Applicable To: o Approval » Construction o As Built o ASME o TEMA
Service  MP Steam Generator
Manufacturer: SIMIC S.p.A.
PERFORMANCE OF ONE UNIT
Fluid Allocation SHELLSIDE TUBESIDE
Fluid Circulated Boiler Feed Water HCBN
Total Fluid Entering ka/h 8.846 431.779
Liguid ka/h 206.344 275.328
Vapour ka/h - MW 225.435 129,2 156.451 128,5
Non Condensables ka/h - MW
Steam ka/h 8.404
Water ka/mh 8.846 442
Fluid Vaporized / Condensed ka/h
Temperature °C 121,0 251,32 271,0 265,0
Operating Pressure Mpa (g) 4.0 1.3
Allowed Pressure Drop. MPa 0,03 0,07
Fouling Resistance m*-°C-hikcal 0,0004 0,0004
CONSTRUCTION OF ONE SHELL
SHELLSIDE TUBESIDE
Design Pressure Mpa (g) 7.8 6.0
Design Temperature Max / Min °C 280,0/5.0 300,0/5,0
Corrosion Allowance mm 3,0 3,0
Shell Material: Carbon Steel Shell Cover Material: Carbon Steel ® Integral O _Removable
Channel Material: Carbon Steel Channel Cover Material: Carbon Steel Q Integral ® Removable
Tubesheet Stationary Material: Carbon Steel Tubesheet -Floating Material:
Floating Head Cover Material Impingement Plate Material-
TUBESIDE
HOT SIDE PROPERTIES 1 3 4 6 7 9 10
Inlet Outlet
Temperature °C 271 270 269 268 267 266 265
Vapor Weight Fraction 0,52 0,49 0,47 0,43 0,41 0,38 0,36
Enthalpy kcal’kg 10,79 | 8,39 7,19 4,79 3,60 1,20 0,00
Latent Heat kcal’kg 39,40 | 37,85 | 38,01 | 3848 | 38,71 | 39,19 | 39,31
Vapor Density kg/m? 51,761 | 50,857 | 50,407 | 49,513 | 49,069 | 48,187 | 47,749
Vapor Viscosity cP 0,010 | 0,010 | 0,010 | 0,010 | 0,010 | 0,010 | 0,010
Vapor Thermal Conductivity kcal/(h-m-°C) | 0,030 | 0,030 | 0,030 | 0,030 | 0,030 | 0,029 | 0,029
Vapor Specific Heat kcal/(kg-°C) 0,661 | 0,659 | 0,658 | 0,656 | 0,654 | 0,652 | 0,651
Total Liquid Density kg/m? 4956 | 4974 | 4984 | 500,2 | 501,1 | 502,9 | 503,7
Total Liquid Viscosity cP 0,127 | 0,128 | 0,128 | 0,128 | 0,129 | 0,129 | 0,130
Total Liquid Thermal Conductivity kcal/(h-m-°C) | 0,080 | 0,080 | 0,080 | 0,080 | 0,080 | 0,080 | 0,080
Total Liquid Specific Heat kcal/(kg-°C) 0,812 | 0,870 | 0,852 | 0,835 | 0,829 | 0,820 | 0,817
Total Liquid Surface Tension dyne/cm 2,91 2,98 3,02 3,09 3,13 3,20 3,24
Total Liquid Critical Pressure kg/cm?(a) 26,0 26,0 26,0 26,0 26,0 26,1 26,1
Total Liquid Critical Temperature °C 326 325 325 325 325 325 325
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5.2.1. OTHER REQUIREMENTS AND PRELIMINARY INPUT COMMENTS

In addition to the datasheet, three further requirements useful for the thermal design and for the choice of
the configuration has been expressed from the client. In particular, these are the specifications:

e The heat exchanger must be a horizontal shell and tube type;

o Due to the impurity of both liquid the heat exchanger shall present removable bundle in order to
guarantee the possibility of the shellside mechanical cleaning;

e The tubes of diameter 25,4mm and 2,4mm minimum thickness would be appreciate if used in the
removable bundle;

e |tis not required the vacuum working condition, so no vacuum design parameters were indicated.

Given all the input data necessary to proceed with the thermal design, some preliminary comments on it can
be done. The aim of this heat exchanger, given the liquid and steam outlet mass flow rate, is clearly the
production of saturated vapour. The water that is converted in steam represents the cold fluid, and it will be
of course placed in the shellside in order to guarantee the correct behaviour of the steam generator. A Kettle
shell type, when well designed, would allow the correct expansion of the steam before the injection in the
pipeline. The HCBN in liquid and vapour physical state represent the hot fluid and has been placed in the
tubeside. While the corrosion characteristics of HCBN depends on the fluid, in the datasheet there is not
specified which hydrocarbon is. Crude oil for example can be a problem due to the high Sulphur content.
Reacting with hydrogen molecules it forms hydrogen sulphide [H,S]. This compound release again hydrogen
during the time that, being in forms of ions, will cause problem of hydrogen embrittlement. Other HCBN
instead can be very low corrosive or even increase the corrosion resistance of the steel. Whereas the
indications provided in the datasheet underline carbon steel as material for all the heat exchanger parts, it is
appropriate to think that if the HCBN would be crude oil it would probably be de-sulphured in a previous
instance. Common practice in such cases is to add three millimeters of oversize. This value come from the
0,1 millimeters of average corrosion per year estimated for a not high-aggressive hydrocarbon. Since during
design activity the estimated life of a heat exchanger is 30 years, the three millimeters are the result of the
obvious calculation. However, the properties of the HCBN fluid are provided in the table, while in the
datasheet the fouling resistance of 0,0004 m?°Ch/kcal is reported. Because both fluids, in the shellside and
tubeside, have a high fouling coefficients, the heat exchanger correctly requires a removable bundle in order
to allow the cleaning procedure in the shellside. While the U shape of tubes can be selected in order to have
a cheap detachable bundle, it doesn’t allow the mechanical cleaning inside the tubes. For this reason, it is
important to make sure that chemical cleaning is possible from the tubeside. The other possible solution is
the straight removable bundle that would allow the mechanical cleaning in the tubeside, but would be more
expensive giving the prevented thermal expansion. Indeed, if the bundle would not be free to expand,
internal stress due to thermal gradient will be introduced and taken into account during the mechanical
design. This would lead to a very thick tubesheets that always have a high influence on the cost of the device.
With regards to the horizontal orientation of the heat exchanger it of course depends from the position of
the device inside at the plant. It has been decided from the process engineers that have been probably
considered all the variables finding the most comfortable solution for the case. For what concern the thermal
and mechanical design, this configuration lead to have a lower hydrostatic head, being the heat exchanger a
pool boiling type. Indeed, given the level of the water constantly present in the shell a fairly lower hydrostatic
pressure is generated in the horizontal configuration. The main design possibilities will be thoroughly
discussed when the correspondent input of the program used in the design activity will be presented.
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5.3.INTRODUCTION TO ASPEN EXCHANGER DESIGN AND RATING V.11

In the following paragraphs the program Aspen Exchanger Design and Rating is presented. This section would
not be a complete guide for the use of the program, but only a brief overview in order to understand how it
works and how the design choices, presented in the following sections, have been implemented in the
program.

Launching the program and selecting a new project, the choice of the software section to be used is required.
The possibilities are:

F 5

New =NaEn X
Shell & Tube: section of the program that will be used in the first
art of the study case. It allows the thermal design of the shell and i
P y & G Shell & Tube
tube heat exchanger. FE
. : . ] Shell & Tube Mechanical

Shell & Tube Mechanical: allow to draft the mechanical design e
useful to estimates the overall cost. It is the section that will be tﬁ o

— ate
used during the second part of the study case. e
Plate, Plate Fin, Air cooled, Fired Heater and Coil Wound: leads @ Plate Fin
to the thermal design of plate, fin plate and air-cooled heat i

_ _ . _ de Air Cooled

exchanger respectively. For thermal design of boiler with flame t
the Fired Heater section must be chosen, while coil wound is a <K _

InG Fired Heater
new functionality that has been added in the latest versions that —
allow to design coil wound heat exchanger. All these modules will H; Coil Wound
not be necessary during the study case. Y

$_Q= Budget Cost Est

. . HH g
Budget Cost Estimation: it is a very practical section that allow to
estimate the cost of the heat exchanger. %I Comp Mech Design
Component Mechanical Design: to select in case of preliminary J@f e
mechanical design of a single component. It turn to be useful in -
the case of replacement part design. }o Properties For Chemical
Metals and Property of Chemical: are modules that contain all the t,ﬂ Tubesheet Layout
property of the metals and chemical substance in tables of data. h—
. Cancel |

These modules can be automatically recalled from the program

during the design computations.

Selecting the Shell & Tube module and clicking on “create” a new project is open, and a navigation pane with
different form is made available on the left. The hierarchically higher forms are:

4 || Shell & Tube

Console: automatically filled resume of the data implemented in the project A Console
B TEMA Input
TEMA input: because the TEMA recommended a standard format of datasheet, “\ I}:F""'tl
EsUITs

this card offers the possibility to input all the data in the TEMA datasheet frame

shape.

Input and Result: these sections have a lot of subcases. They are used for the implementation of the input
data and design choices. Every used sheet and function will be presented in the next section and place side
by side with the inserted data and choice explanation.
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5.4.DESIGN MODE: IMPLEMENTATION OF THE INPUT DATA AND EXPLANATIONS

5.4.1. PROBLEM DEFINITION

As first step, going in Home/Set_units, the correct unit of measure must be
set as SI, International System. Since the program has an American origin,
the default choice is US, United States customary units.

Before starting to explain the program features, is useful to remark some
graphical and logical characteristics. In particular, red crosses are shown on
the icons of the schedule in which mandatory data are required. They
change in function of the selected calculation mode and allow to see,
graphically, where are placed the missing data to start the design process.

Another visual feature of the program is the meaning associated with the
text graphics. When a choice is made, or data is inserted, the text becomes
bold, and the program cannot automatically change that feature when the
calculation is performed. The program’s default choices, instead, are
written in italic font and can be always modified, also by the program,
during the design activity.

4 |# Shell & Tube
# Console
B TEMA Input
4 | Input
4 ||% Problem Definition
] Headings/Remarks
4] Application Options
¥ Process Data
“ Property Data
Exchanger Geometry
# Construction Specifications
Program Opticns
4 |5 Results
Input Summary
Result Summary
Thermal / Hydraulic Summary
Mechanical Summary

Calculation Details

The first form of the input section is the problem definition, which has the three following subtabs:

HEADING/REMARKS

Heading/Remarks is the place where all the company and project data are inserted in order to store correctly

the devices during the years. It also allows to add some remarks, that will be shown in the final datasheet,

and notes, which instead are designer annotation not shown anywhere.

View  Customize  Resources

leadings/Remarks.
Shell & Tube  +

| + Descriptions
Heading
Company:

Location:

Our Reference:

Service of Unit:

Item No.: Your Reference:
1 co

8 Cold Stream
4 [ Bxchanger Geom

Date: Rev No.: Job No.:

Remarks

Notes
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APPLICATION OPTIONS

Application Options is the first important schedule in which choices must be done.

+ Application Options | o Application Control |

General

Calculation mode Design (Sizing) v
Location of hot fluid Tube side A
Select geometry based on this dimensional standard SI -
Calculation method Advanced method A
Hot Side

Application Program v
Condenser type Set default

Simulation calculation Set default

Cold Side

Application Vaporization -
Vaporizer type Flooded evaporator or kettl v
Simulation calculation Set default

Thermosiphon circuit calculation Set default

Calculation mode allows to choose the design step used by the program. In function of the design accuracy
selected, always more input parameters are required. In particular, the four calculation modes are:

e Design/Sizing: it is the first mode required at the begin. It requires very low amount of input and it makes
a draft design of the project, with the logic of exploiting the following step as refinement. In this first
stage the heat exchanger type is defined.

e Rating/Checking: this step is a refinement of the Design mode. The selected output of the previous mode
is taken, and a verification design is made considering more input data.

e Simulation: it is an application in which all the input data are required, and a complete simulation of the
designed heat exchanger is launched. It is useful to find the causes of a problem in a heat exchanger
already existent or to evaluate other possible use, e.g. working with other fluids or mass flow rates.

e Find Fouling: it is a different calculation mode used when there is a heat exchanger completely modelled
that must be allocated to another use, e.g. employing other liquids. During the simulation all the
parameter must be inserted as input, unless the fouling factor. The aim of this simulation is to find the
maximum allowable fouling factor that, with that device, still allow the indicated heat exchange. After, it
must be verified that the fouling factors of the new fluids are lower than the maximum allowable fouling
factor obtained from the simulation.

Design mode is therefore the first option to be selected in order to proceed with the first step of the thermal
design.

Talking about the Location of hot fluid the study case is a steam generator, so, | known that the water will
be the cold fluid, and it will be placed in the shellside because it must have the space to expand during the
phase change. Therefore, in this case the hot fluid is the HCBN, and it will be placed in the tubes side. Note
that once the tubes side is selected, the text becomes bold with all the previously done consideration.
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After the choice of the unit of measure, the calculation method has to be selected between advanced or
standard. This function was inserted in order to solve the very long computation time required in the past
decades. Nowadays, with more powerful computers, the advanced method choice can be always done, due
to the fact that this first step will not require more than some minutes of calculation.

Now the Hot and Cold Side parameters must be inserted. The hot side, represented by the tubes side, is
characterized by the HCBN in liquid and vapour physical state for both, inlet and outlet, despite the
condensation process. In this case, is useful to allow the program to set the best option by itself during
calculation. So, the default option has not to be changed and Program, in italic font, is shown. The cold side
instead is characterized by the evaporation of the water in the shell; therefore, vaporization is selected in the
application menu. Another choice that can be done is the vaporizer type. Given the required fluid and steam
mass flow rate, the heat exchanger must be a kettle reboiler, so, kettle type can be selected.

Note than in the section application options there is also a secondary sheet named Application Control. In
this section are collected the setting that govern the mathematical passages of the design, and there are no
parameters to be entered here.
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PROCESS DATA

This is the section in which the parameters from datasheet must be implemented. Indeed, fluids name, flow
rates, temperature and pressure must be inserted. About temperature, we decide to not force the outlet
temperature of the water, in order to allow at the program to change it. This decision has been taken because
the value contained in the datasheet is slightly different from the value contained inside at the database
program. This difference in the data can lead to miscalculations if not properly managed. Talking about
pressure instead | can have two indication on the datasheet: (a) or (g).

(a) Stands for Absolute pressure, and it indicates that the value takes into account the atmospheric
pressure (so, it will be 101325 Pa higher than relative pressure, e.g. inner pressure measured in
vacuum environment);

(g) Stands for Gauge pressure, and it indicates that the value is the measure of the difference between
the inner pressure and the external-atmospheric one. (e.g. inner pressure measured in air
environment).

’“”

The program always indexes with the label “(absolute)” where absolute pressure is expected, while, where
there is not specification, the gauge pressure must be inserted. The output pressures are automatically
computed by the program, which base the calculation on the pressure drop, estimated in function of the
inlet pressure. The allowable pressure drop, instead, must be manually inserted in the correct field after

having choice the coherent unit of measure.

Hot Stream (1) Cold Stream (2)

Tube Side Shell Side

Fluid name HCBN Water
In Out In Out

Mass flow rate kg/h ¥ | 1431779 8846
Mass flow rate multiplier 1 1
Temperature °C v | |271 265 121
Vapor mass fraction
Pressure (absolute) MPa v |14 1,33 4,1 4,07
Pressure at liquid surface in column
Heat exchanged kw hd
Heat exchanged multiplier 1
Exchanger effectiveness
Adjust if over-specified Heat load A Heat load A
Estimated pressure drop MPa v | 007 0,03
Allowable pressure drop MPa ¥ | 007 0,03
Fouling resistance m3-h-C/kcal ~ | | 0,0004 0,0004

In this case, the tubeside and shellside fouling coefficients was been provided inside the datasheet. However,
when it is not, the values can be taken by TEMA’s tables in function of the types of fluids.

Note the presence of the label “adjust if over-specified”. It asks to specify which parameter the program will
force if the heat exchanged result to be higher than the one indicated. In this case the client does not have
provided that data, so it will be one of the outputs of the design procedure.
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5.4.2. PROPERTY DATA

4 |[& Shell & Tube

[ Console
The following group of forms is designed to accept the input data of the R TEMA Input
fluids flowing in the shell and in the tubes. Attention must be paid 4 (& Input

b & Problem Definition

4 |[& Property Data

instead of the flowing position. In this study case both fluid property 1] Hot Stream (1) Compositions
entry possibilities will be presented. In order to make the next B Hot Stream (1) Properties

|j Cold 5tream (Z) Campositicns
[# Cold Stream (2) Properties

because the program refers to them with the “hot and cold” adjectives,

screenshots more visible, the list of selectable forms is shown on the

right as it can be seen in the real program. b [ Exchanger Geometry
b % Construction Specifications
HOT STREAM COMPOSITION AND PROPERTIES b [\ Program Options
4 [} Results
In ASPEN there are two methods to indicate the composition of a fluid. b [ Input Summary

The first is seen in this paragraph, because it allows the insertion of the b L Result Summary

B Ly Thermal / Hydraulic Summary

fluid property manually. For the water, instead, the second method, b [/ Mechanical Summary

explained in the following paragraph, will be used. b LV Caleulation Details

The hot stream is represented by a mixture of hydrocarbons (HCBN) of which we don’t know the component
substances and the quantity of them. However, the customer has provided us a table with all the properties
values at the inlet pressure in function of the temperature. These values can be inserted manually in the
program selecting “user specified properties” in the Hot Stream (1) compositions form. Then, the table visible
in Hot Stream (1) Properties can be

' Composition
filled with the provided values. Note ) ;
than the value has been inserted for Physical property package User specified properties ~ |
seven temperature steps, each of Hot side compaosition specification Weight flowrate or %
which refers to the inlet pressure
level.
 Properties | / Phase Composition |  Component Properties | o Property Flots |
Temperature Points Pressure Levels
Overwrite Number 5 Number |1 Pressures
Properties 14 MPa ~
Temperatures | Specify points Add Set
Range 271 265 °C
s 3 4 5 6 7 8 9
Temperature °C 270 269 268 267 266 265 =l
Liquid density kg/m* 2 495,6 497.4 498,4 500,2 501,1 502,9 503,7
Liquid specific heat keal/(kg-C) M 0,812 0,87 0,852 0,835 0,829 0,82 0,817
Liquid viscosity cp - 0,127 0,128 0,128 0,128 0,129 0,129 013
Liquid thermal cond. kcal/(h-m-C) 0,08 0,08 0,08 0,08 0,08 0,08 0,08 =
Liquid surface tension dynes/cm 29 3 3 31 31 32 32
Liquid molecular weight
Specific enthalpy 10,79 839 7.19 4,79 3.6 12 o
Vapor mass fraction 0,52 0,49 0,47 0,43 0,41 0,38 0,36 F
Vapor density kg/m? 51,76 50,86 50,41 49,51 49,07 48,19 47,75
Vapor specific heat keal/(kg-C) - 0,661 0,659 0,658 0,656 0,654 0,652 0,651
Vapor viscosity wp 0,01 0,01 0,01 0,01 0,01 0,01 0,01
Vapor thermal cond. kcal/(h-m-C) 0,03 0,03 0,03 0,03 0,03 0,029 0,029
1 v
Vapor molecular weight a0 . | . T
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COLD STREAM COMPOSITION AND PROPERTIES

+ Composition | o Property Methods | Interaction Parameters | NRTL | Uniguac

Physical property package
Cold side composition specification
BJAC Components

1 Water

| B-JAC

M |

| Weight flowrate or %

M |

BJAC
Compaosition

Program

Component type

|y

5

6

[ Se.arch Databank... l [ Delete Row l

The second method is used when the fluid,
or the percentual values of mixed fluids,
are known. Every fluid present in the
mixture can be chosen from one of the
three database present on ASPEN: ASPEN
Properties, COMThermo and B-JAC. Once
that the substances have been loaded from
the database, the molecular percentage
the weight
composition, be
provided. In this case, being the cold fluid
that vaporizes compounded by water only,

composition, or mass

percentage has to

one unique component has been selected, using the B-JAC database. Clicking on “get properties” the program
interrogates the previously presented modulus and it loads automatically the property of the fluid. The
updated data are reported in the next form, Cold stream (2) Properties, in function of the temperature and
for the indicated set of pressure (e.g. inlet and outlet pressure). Also, the phase composition and the graphs
of all the inserted property data can be visualized in the other forms.

 Properties | ./ Phase Composition | o/ Component Properties | o Property Plots |

Pressure Levels

Number |2 Pressures

Temperature Points
Overwrite Number ‘sj
Properties. ;

Temperatures | Specify range

Range

Temperature °C

i [nsic -] [ ouesn |

4,1 ] mPa ~
M Addset |[4018 |

Liquid density

Liquid specific heat

Liquid viscosity cp

Liquid thermal cond.

Liquid surface tension

Liquid molecular weight

Specific enthalpy

Vapor mass fraction

Vapor density

Vapor specific heat

Vapor viscosity

Vapor thermal cond.

Vapor molecular weight

Liquid 2 mass fraction

2 3 4 5 6 7 8 9
121 153,58 186,16 218,74 251,32 251,96 251,96 =
kg/m* 942,03 913,43 882,26 847,09 804,62 803,69
kealf(kg-C) 1,0055 1,0153 1,0315 1,0561 1,0911 1,0919
0,2401 0,1915 0,1577 01332 0,115 0,1147
keal/(h-m-C) 0,591 0,593 0,58 0,554 0517 0,516
dynes/cm 54,4 476 405 332 259 25,8 -
18,00999 18,00999 18,00999 18,00999 18,00929 18,00999
0 3292 66,26 100,26 13524 135,94 545,53
[} 0 0 0 0 0 1
kg/m® i 19,35
kealf(kg-C) - 0,931 L]
cp 2 0,0187
keal/(h-m-C) = 0,04
18,00999
|
] »
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5.4.3. EXCHANGER GEOMETRY

The following group of forms and sub-forms is designed to accept the
input data of the shell and tubes heat exchanger geometry and
configuration. In particular will be possible to implement all the
characteristic regarding the shell and bundle type, the flanges, the
tubesheet, the baffles and the nozzles. In order to make the next
screenshots more visible, the list of selectable forms is shown on the
right as it can be seen in the real program.

GEOMETRY SUMMARY

This is a summary sheet in order to make the data acquisition easier.
However, some data can be directly edit from here. The following
forms are more specific and allow the insertion of very detailed data.
It is appropriate to remember that not all the possible insertions will
be thoroughly investigated, while someone will be considered during
the subsequent design step.

[
[
4 [ Results
[
[
[
[
[

4 [ Shell & Tube

|£] Conscle
[£] TEMA Input

4 [ Input

[+ [ Problem Definition
[» Y Property Data
4 || Y Exchanger Geometry
[£] Geometry Summary
|4 shell/Heads/Flanges/Tubesheets
| Tubes
|4 Baffles/Supports
[£] Bundle Layout
|£] Mozzles
Thermosiphon Piping
I Construction Specifications
U Pragram Options

U Input Summary

U Result Summary

U Thermal / Hydraulic Summary
U Mechanical Summary

U Calculation Details

v Geometry | Tube Layout

Front head type | A - channel & removable cover

Shell type | K - kettle

Rear head type | U - U-tube bundle

Exchanger position | Horizontal A

Shell(s) Tubes

1D mm Number

oD mm Length mm
Series oD l 25,4 “ mm v ‘
Parallel Thickness l2.4 “‘.mm v:\
Baffles
Spacing (center-center) mm Type
Spacing at inlet mm Tubes in window
Number Orientation
Spacing at outlet mm Cut(%d)

Tube Layout
New (optimum) layout
Tubes 0

Tube Passes

Pitch 31,75 |mm v
Pattern | 90-5quare A |
Unbaffled -
Set default
Set default
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SHELL/HEADS/FLANGES/TUBESHEET

‘ " Shell/Heads ‘ o Covarsl + Tubesheets | + Flanges |

. 18 |
e .,
I
ﬂ | i _ 1
pEu A
Front head type A - channel & removable cover A
Shell type K - kettle A
Rear head type U - U-tube bundle A
Exchanger position Horizontal A
Location of front head for vertical units Set default
"E" shell flow direction (inlet nozzle location) Set default
Double pipe or hairpin unit shell pitch mm
Tubeside inlet at front head Set default
Flow within multi-tube hairpin (M-shell) Set default
Overall flow for multiple shells Set default
1D oD Thickness Series Parallel
Shell(s) mm
Front head mm
Rear head mm
Kettle

mm

In this form, the first statements on the heat exchanger geometry have to be done. In particular, the first
section requires to insert the front and rear head type and the shell type. On the shell, type the choice is
mandatory. Since the heat exchanger type is a vapour generator, it must be a “K — Kettle” type in order to
allow the correct expansion of the steam. Because both fluids, in the shellside and tubeside, have a higher
fouling coefficient, the heat exchanger requires a removable bundle in order to allow the cleaning procedure
in the shellside. Notice that the U shape of the tubes is the classic one adopted in removable bundle
configurations, mainly for economical reason. Indeed, it is the default choice of the program if K-kettle type
is selected. The most important drawback of this configuration is that it doesn’t allow the mechanical cleaning
inside of the tubes. For this reason, it is important to make sure that chemical cleaning is possible from the
tubeside. Straight removable bundle can be done, but they don’t allow the thermal expansion of the tube,
resulting in very thick and expensive tubesheets. The U removable bundle carries with him the classical
ellipsoidal weld shell cover, that cannot be dismounted. The chemical cleaning can be done flushing the
whole device without opening the head. However, have the full access at the tubesheet represent a high
advantage. Indeed, it is one of the points in which the dirt concentrates more. Moreover, the tubesheet-tube
joint is also a critical point for the welds, so, frequent inspections are generally planned. Due to these
considerations, and the possibility to access at the tubesheet without disconnect the inlet and outlet pipes,
the A configuration has been chosen over B. The C type, instead, was excluded because it allows a less
practical dismounting with the impossibility to exclude and remove the head channel before the bundle. For
this reason, the A — channel & removable cover has been selected in the menu. As last operation, in
conformity with the specified requirements, horizontal heat exchanger position have to be inserted. All the
other grey spaces do not require input because are parameters further implemented in the other steps or
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resulting as output from design step. Note than the program would allow me to insert manually the inner
and outer shell diameter. This enable the simulation of leakages and by-pass computing the gap between the
baffles and the shell. With the insertion of this parameters, the leakages and by-pass simulation lead to
introduce coefficients that, taking into account during calculation, will reduce the heat exchange.

The parameter described above are the only parameters mandatorily required in this form during “Design
(sizing)” calculation mode. In the other section the tubesheet type preferences could be selected but the
classic type is generally used with exception for very specific cases. However, the tubesheet joints
configuration is a parameter on which may be important to linger. Indeed, the tubes can be connected at the
tubesheet in different way. In particular, they can be:

- Expanded only: During the assembly phase the tube is inserted in the tubesheet hole, on which some
circular locations may have been already machined. After, an internal working produces one or more
annular relieves that lead the tube to expand in the pre-worked locations. The joint is created by means
of the generated internal stresses and the corresponding deformations. This method results great for the
mechanical coupling resistance and sealing capacity, but only until a certain value of pressure.

- Seal weld: with this choice a simple weld is indicated. Conceptually it does not provide high joint
mechanical resistance, but a complete sealing capability. It is only used for application at atmospheric
pressure.

- Strength welding: indicates a weld performed with characteristics such that, other than a complete
sealing, also the mechanical resistance of the joint is ensured.

- Expanded and seal welding: it characterizes a joint in which both, a weld and the expanded reliefs are
present. In this case the weld takes care of the sealing capability of the coupling, while the forced
engagement ensures the mechanical resistance.

- Strength welding and expansion reliefs: it is the opposite case of “Expanded and seal welding” in which
the weld ensure the mechanical resistance and sealing, while the expansion reliefs act as support. This is
used for high pressure equipment.

Because of the high shell and tubeside pressures in the study case, a “Strength welding with expansion reliefs”
is required. This will ensure the mechanical resistance of the joint and the complete separation of the water
from HCBN. Moreover, the expanded reliefs are also useful because allow the tubes to stay in correct position
during the welding procedure. Also, different types of weld are possible. Where possible, the simplest
method is to leave three millimetres of the tubes protruding the tubesheet and made fillet welds. However,
this method can be adopted only in case of mid-lower pressure devices. In case of high-pressure devices, the
machining of welding bevels and a full penetration weld is required. Another application in which this
procedure is not allowed is, for example, in the case of device working it the plastic polymerization (e.g.
polyethylene). Indeed, the three millimetres protruding the tubesheet can represent an obstacle for the
stream that solidify around the obstacle, leading to the passages’ obstruction. However, the study case is not
one of this cases, so the three millimetres solution can be adopted, and this information must be
implemented in the program. In this section, if required, also the expansion joint parameters can be inserted.
The expansion joint is a shaped part to be inserted in the middle of the shell, and that allows the thermal
expansion of the shell. Generally, it is used in the double welded tubesheet in order to insert a degree of
freedom and reduce the thickness of the tubesheet. It is important try to reduce the use of expansion joints
because they introduce a weak point in the heat exchanger, e.g. fatigue crack. Moreover, they can only be
used for low pressure equipment, e.g. lower than 20 bar. For the U-shape reboiler the expansion joint is not
necessary because the bundle already has the required degree of freedom that allow thermal expansion.
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TUBES
| v Tube | Lowfins | Fins | v [nsertsl KHT Twisted Tubes = Internal Enhancements
Number of tubes (total)

Number of tubes plugged

Tube length mm

Tube type Plain -

Tube outside diameter 25,4 mm A

Tube wall thickness 2,4 mm ¥ T:\\I V' 4 :r"l.‘l-..l
Wall specification Minimum - }5\? /&;7
Tube pitch 31,75 mm v I‘\\_//I (__51"
Tube pattern 90-Square v f

Tube material Carbon Steel vi1

Tube surface Smooth A

Tube wall roughness mm

Tube cut angle (degrees)

In the Tubes form the tubes characteristics and dimensions can be implemented. Since we are in Design
(sizing) calculation mode Plain tubes have to be selected. Indeed, finned tubes will be inserted, only in the
case of necessity, during a further step. Later on, the customer preferences of 25,4 mm diameter and 2,4 mm
thickness must be inserted instead of the most used 19,05x2,11mm tubes, that has been proposed by default.
The next choice is depending from the specification of the tubes that are going to be bought. Average or
Minimum wall can be selected. With the Average wall option, the supplier will provide a tube with a tolerance
plus-minus 12,5% on the thickness. This means that it could vary between the 2,1+2,7mm range. Minimum
wall option, instead, means that the tube only has the upper tolerance. So, in the previous example its
thickness could vary between 2,4+2,7mm. Given the customer request, minimum wall option must be
chosen.

The differences among tube patterns have already been discussed during the “Generality on heat exchanger”
section. Despite the higher volume that this layout requires, a 90° square pattern must be implemented in
order to allow the external mechanical cleaning. For the thermal design the carbon steel indication it is
enough for the material. Further specification will be inevitably done during mechanical design.

The smooth tube surface parameter refers to the finishing degree level. The label “smooth”, that will be our
indication, refers to a great surface finishing; “commercial” instead to a rough one. A specific roughness
degree level can also be specified in cases of very smoothly surfaces. This last option lead to a more accurate
computation of a tubeside pressure drop if a specific level of roughness has been inserted. A curiosity to be
notice is that in English with the word tube is indicated the heat exchanger pipes, that present also an
accurate external surface in order to reduce the pressure loss. This requirement it is not present on the
general use pipes, that have rough (e.g. commercial) external surfaces.
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BAFFLES/SUPPORTS
| " Baffles | o Tube Supports ‘ Longitudinal Baffles | « Variable Baffle Pitches | « Deresonating Baffles

Baffle type Unbaffled A

Tubes are in baffle window Set default

Baffle cut % - inner/outer/intermediate: / /

Align baffle cut with tubes Set default

Multi-segmental baffle starting baffle Set default

Baffle cut orientation Set default

Baffle thickness mm

Baffle spacing center-center (Bc) mm

Baffle spacing at inlet (Bi) mm at outlet (Bo) mm

Number of baffles

End length at front head (tube end to closest baffle, Fl) mm
End length at rear head (tube end to closest baffle, RI) mm
Distance between baffles at central infout for G,H,1J shells (Cl) mm
Distance between baffles at center of H shell (HI) mm
Baffle OD to shell ID diametric clearance mm hé
Baffle tube hole to tube OD diametric clearance mm v

It must be noticed that the program makes distinctions between baffles and tube supports. While with the
term baffles are indicated the part responsible for the guidance of the fluid, the supports only have the to
carry the tubes in their correct position. Because this device is a Kettle pool boiling, so, it doesn’t have a real
shell stream. Only the tube supports will be present, and “unbaffled” must be chosen.

« Baffles | «' Tube Supports | Longitudinal Baffles | « Variable Baffle Pitches | « Deresonating Baffles |

Special inlet nozzle support no v
Support or blanking baffle at rear end support only v
Length of tube beyond support/blanking baffle mm
Number of extra supports for U-bends 0

Number of supports for K, X shells

Intermediate Supports for no Tubes in Window Construction
Number of supports between central baffles

Number of supports at front head end space

Number of supports at rear head end space

Number of supports at center of H shell

Number of supports at inlet/outlet for G, H, 1, J shells

Note for G,H,1,J shells with Tubes In Window construction:

One full support will be assumed beneath G and H shell inlet/outlet,
beneath J shell inlet, and beneath I shell outlet. H shells will also have a full
support at the center of the bundle.
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Changing the form from “Baffles” to “Tube Supports”, no special inlet nozzle must be selected. It can be
observed that the tubed curvature present at the end of the U-type bundle is a very critical point for vibration.
So, a baffle must be inserted there selecting “support only” for the second space.

The number of supports and the length between them instead have to be left uncompleted. Them will be
freely choice by the program or be subjected to further refinement in case of vibrational problem. Also,
several extra supports for the U-bend can be inserted in order to avoid vibrational problem at the end. These

devices are angular support placed in the turning of the bundle, as can be seen in the image below. Their aim
is to divide the critical part in some smaller segments, changing in this way the vibrational mode of the
bundle.

The other cards contained in this level are used only in the case in which variable pitches are required. This
arrangement is used only if no one of the other remedy solve the vibrational problem in the bundle, so, they
will not be described during the design step.
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BUNDLE LAYOUT

| ' Layout Parameters | " Layout Limits/Pass Lanes | ' Tie Rods/Spacers | Tube Layout | Pass Details

Tube layout option

Number of tubes (total)

Main input / Tube layout inconsistencies

T
Full or normal bundle Full bundle Y )
Tube pattern 90-Square f\ s _:‘\-,"\‘
Tube pitch 31,75 mm
Tube passes
Pass layout Quadrant (dbl.band)
Pass layout orientation Program 2
Tube layout symmetry Standard symmetry

Bundle limit symmetry

Number of sealing strip pairs

Sealing strip orientation

Orientation of U-bends

New (optimum) layout

Set default (use layout)

Limits may be unequal

Transverse

Horizontal

Tubes in layout

0

In this form, always present in the “Exchanger Geometry” section, it is possible to implement the bundle
configurations. A first parameter that can be selected is Full or Normal bundle. The difference between these
two types is that, in the first one, the whole bundle is filled with tubes, while in the second one the tubes are
not present in the area towards the nozzles. Generally, this is an important choice because the tubes placed
suddenly before the shell nozzles may generate a pressure drop. On the other hand, as already discussed,
the flow coming from the nozzle can lead to a high erosion of the piping. Being this a kettle reboiler, where
the shellside fluid is almost stationary, a full bundle configuration can be adopted.

Now, the pass layout can be analysed. Being a U bundle, at least two passes of tubes will be present. More
passes can be done, and they would allow a better exploitation of the temperature difference. However, the
shellside pressure drop will be increased, and the same thing will happen at the cost. Furthermore, the
software, Aspen Shall and Tubes, does not allow to insert more passages if the allowable pressure drop has
been exceeded. These considerations lead to an analysis of convenience whether it is better to increase the
number of passes or change the heat exchanger configuration. Also, a different type of pass layout can be
chosen between Quadrant, Ribbon or Mixed. Quadrant is the most common configuration, while Ribbon and
Mixed are merely used in order to solve vibration problems. Indeed, the bundle layout does not influence in
a significant way the heat exchanged, despite the tube passes. As last observation, the default choice,
Horizontal orientation of the U-bend, can be left.
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NOZZLES

The Nozzle module is the last form in the “Exchanger geometry” set. It contains four sub-forms, two of which
will be analysed now. The first is the “Shell Side Nozzles”. Being the heat exchanger a kettle reboiler, it
vaporizes the water with the pool boiling configuration. The pool boiling is a layout in which the bundle is
always completely covered with the water that, contained in the shellside, represents the cold fluid. The
vaporizing fluid enters from an inlet nozzle placed at the bottom, and it will exit from the shell in both the
liquid and the vapour phase. The liquid outlet, also placed at the bottom, has the function of guarantee the
correct recirculation of the water and to adjust its level. The control of the water level is an important aspect
of the configuration because it must always be above the tubes level, but it cannot increase too much. As a
matter of fact, an excess of water in liquid phase would occupy the space required by the vapour to expand,
leading to a dangerous increment in the shellside pressure. A simple but functional method to regulate the
outlet flow rate, and so the level of the water, is to insert a weir. When the elevation of the fluid overcomes
the obstruction, it flows out through the liquid outlet nozzle placed beyond. Nowadays this method is less
used, because the regulation is assigned at the pumps that, guided by level sensors, regulate the inlet flow
rate. In every case, some blowdown nozzles are always present. The choice that has been done is to use
separate outlet nozzles for the liquid and vapour flows. The vapour phase outlet has been placed upward,
and it can be compounded by several nozzles. In this case the mass flow rate in the shellside is not excessively
large, so, probably only one nozzle will be required. However, if more than one outlet will be necessary, the
program will generate a warning. In the image below, the choices already discussed are shown. The
dimensions of the nozzles have been left free, and will be optimized by Aspen. However, most of the time
the heat exchanger to be designed will be inserted in a plant already working. In that case the dimensions of
the nozzle are dictated by those already mounted.

+ Shell Side Nozzles | o Tube Side Nozzles | o+ Domes/Belts | o Impingement |
Use separate outlet nozzles for cold side liquid/vapor flows [yes - |
Use the specified nozzle dimensions in 'Design’ mode | no v |
Liquid Outlet Vapor Outlet
Nominal pipe size = = =
Nominal diameter
Actual OD
Actual ID
Wall thickness
Nozzle orientation Bottom v | Bottom v | Top v
Distance to front tubesheet
Number of nozzles 1 1 1
Multiple nozzle spacing
Nozzle / Impingement type No impingement v | No impingement v | No impingement ~
Remove tubes below nozzle No v ~ | No M
Maximum nozzle RhoV2
Shell side nozzle flange rating | - v |
Shell side nozzle flange type | Weld neck - |
Shell side nozzle location options | Opposite sides hd |
Location of nozzle at U-bend | Before u-bends v |
Nozzle diameter displayed on TEMA sheet | Nominal ']
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The impingement plates, already discussed during the theory part, are inserted to avoid the damage of the
tubes caused by the inlet flow of the shellside. However, its presence will increase the pressure loss. For this
reason, their insertion is postponed at the following steps, in the case in which the pv? index will be too high
or vibration problems will be found. Regarding the flange type, the possible choices are “Weld neck”, “Slip
on” or “Lap joint”. In petrochemical context the choice almost always falls on “Weld neck”. As last thing, the
preferences on the location of the nozzles can be pointed out. In particular, for the shellside, the inlet and
the outlet nozzles are delineated to be opposite in side, rather than on the same side. Furthermore, the
indication “before the U-bend” will ensure that the flow will not be disturbed by the presence of the bundle.

Weld-Neck Slip-On Socket weld Lap-Joint Threaded Blind

Moving on the “Tube Side Nozzles” form, more or less the same decision has to be done. In this case, the hot
fluid is flowing. It is represented by HCBN in liquid and vapour physical state for both, inlet and outlet.
However, separate nozzles cannot be used because it flows in the bundle, entering from the top, and going
out from the bottom. In the same way of shellside argumentation, the dimensions of the nozzle have been
left free and the weld neck flanges have been denoted. In the image below can be seen how these choices
were implemented. Please note that also other parameters can be inserted, and some other forms would be
available in the case in which impingement devices were selected.

 Shell Side Nozzles | + Tube Side Nozzles | o Domes/Belts | o Impingement |

Use separate outlet nozzles for hot side liquid/vapor flows | no VJ

Use the specified nozzle dimensions in 'Design’ mode | no VJ

Inlet Outlet Intermediate

Nominal pipe size

Nominal diameter

Actual OD

Actual ID

Wall thickness

Nozzle orientation

Distance to tubesheet

Centerline offset distance

Maximum nozzle RhoV2

Tube side nozzle flange rating | - v]

Tube side nozzle flange type | Weld neck v]
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5.4.4. CONSTRUCTION SPECIFICATIONS

The construction specification set is compounded by the “Materials of |4 [ Shell & Tube
Console
] TEMA Input
4 [y Input
Problem Definition

Construction” and “Design Specifications” forms.

MATERIAL CONSTRUCTION

. . . P rty Dat
In “Material of Construction” the materials for all the heat exchanger parts ropery Hee
Exchanger Geometry

can be outlined. In the program setting the default value can be inserted, 4 ||/ Construction Specifications

and it will automatically be assigned at all the components. However, £ Materials of Construction
. . . . . 2] Design Specifications
several times different parts require different materials, and each value pmgl_an?opznn_

must be inserted manually. In the case study, all the parts will be made of 4 [ Results

carbon steel, so, if the default value has been set in a proper way, Input Summary
Result Summary

modifications are not required. Other forms allow to insert the accessory Thermal / Hudraulic Summary

parts, e.g. gasket, which will not influence the thermal design, but will be Mechanical Summary
inserted inside the final database. If a particular material is required for the Calculation Details

tubes, and it is not present in the database, the property needed for the
thermal calculation can be specified manually in this section.
DESIGN SPECIFICATION

»/ Design Specifications

Codes and Standards

Design Code ASME Code Sec Viil Div 1 A
Service class Normal v
TEMA class R - refinery service -
Material standard ASME v
Dimensional standard ANSI - American A
Use BPVC VIII Div 2 Class 1 or Class 2 No -

Design Conditions

Tube Side Shell Side
Hot Side Cold Side
Design pressure (gauge) MPa > |6 7.8
Design temperature °C ¥ 300 280
Minimum design metal temperature °C v
Vacuum design pressure (gauge) bar -
Test pressure (gauge) bar v
Corrosion allowance mm >| |3 3
Radiography Full ~ | [ Full A

The values which can be inserted here have a minor importance for the thermal calculation, due to the fact
that their influence is not very high. “Normal” service class have been inserted because the application of the
heat exchanger cannot be considerable as “Lethal” or for “Cryogenic temperatures”. “TEMA class R” means
that the intended use is for petrochemical refinery service, as stated from the client. Some important
parameters, instead, are the design Pressure and Temperature. These values are different from the operative
temperature, and they are used to make a preliminary sizing of the device. The minimum Design Metal
Temperature, as well as the test parameters and the 3mm of corrosion allowance, will be faced soon.
However, as already said, they are not parameters that strongly influence the thermal design. As last
declaration, the full radiography controls on the tubeside and shellside can be assigned.



5.4.5. PROGRAM OPTIONS

Until now the process and the heat exchanger parameters have been set. |4 [ Shell & Tube

The program options section allows to insert the limits within whom the 2 ‘Tr“_j:s_‘": .
. . — EMA Inpu

program will operate. Many forms and sub-forms are available in this part. 4 [ Input

/' Problem Definition
DESIGN OPTIONS | Praperty Data

/' Exchanger Gecmetry
Starting from the first sub-form, “Geometry Option”, it can be specified on | Canstruction Specifications
which diameter the program must base its calculation for the preliminary 4 | [} Program Opticns

1] Design Options

mechanical design. Indeed, if the heat exchanger is a small size device, the . )
] Thermal Analysis

shell would be obtained from a pipe, and the external diameter must be ] Methods/Correlations
designed as reference. The maximum diameter of commercial pipe easy to Calculation Options
: . i X . 4 [g Results
find on the market is 609.6mm, 24 inch, so, if the shell exceeds this _

/' Input Summary
dimension, a rolled plate would be necessary, and the inlet diameter would ! Result Summary
be the concern. The last possible option is that the device has a shell so / Thermal / Hydraulic Summary

/' Mechanical Summary

thick that must be made from a machine worked forged piece. At this point, | Calculation Details

some nozzle configuration options are proposed again, and some new one

can be implemented. As example, the choice of don’t “allow the presence of baffle under nozzles” can be
done. In this way, the inlet or outlet flow will not be disturbed. An interesting discussion can be done on the
parameter “percentage of tube to be plugged”. This value indicates the number of tubes which can be
plugged, ensuring the required heat exchange, when failure occurs on them. As a matter of fact, it could
happen that some tubes, during the years, can break, corrode, fail for welding crack or for erosion, and they
need to be excluded in order to guarantee the correct operation of the device.

| «" Geometry Options | " Geometry Limits I " Process Limits I " Optimization Options |

Geometry Options

Use shell ID or OD as reference Inside diameter A
Shell side nozzle location options Opposite sides A
Location of nozzle at U-bend Before u-bends hd
Allow baffles under nozzles No A
Use proportional baffle cut Yes A
Number of tube rows between sealing strips 6

Percent of tubes to be plugged 0

Shell Disengagement Options
Remove tubes for vapor disengagement space in flooded evaporator Set default

Percent of shell diameter for disengagement

Variable Baffle Pitch Options
Number of regions for variable baffle pitch Set default

Variable baffle pitch: First to last pitch ratic 0,6666667
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| « Geometry Options | + Geometry Limits | . Process Limits | + Optimization Gptions

Geometry Limits

Increment Minimum Maximum
Shell diameter mm v |25 500 2500
Tube length mm v | |150 1200 6000
Tube passes 1,246.. v 2 8
Baffle spacing mm
Baffle cut (% of diameter)
Shells in series 1 1
Shells in parallel 1 10
Use pipe for shells below this diameter 609,6 mm A

The second sub-form is “Geometry Limits”. A very important parameter, here, is the possible range for the
diameter computation and its increment. The program, during the design activity, will iteratively calculate
the possible solutions in this interval of values. The same conceptual thing must be inserted for the tube
length, where in the case of U bundle, it refers at the length of the bended tube. Indeed, in this case, it is
recommended not to exceed the six meters, due to the fact that the maximum length of the commercial
tubes is about fifteen meters, and they must be bend in the U shape. Proceeding, the tube passes, and the
number of possible shell in series or parallel can be set or limited. Being a U bundle, the minimum number
of passes must be two, while the maximum is left at the default value, eight. Once that all these parameters
have been set, and the calculation have been launched, the program will iterate the computation in order to
search for all the possible solutions in the inserted ranges. In case in which no solution will be possible, or
convenient, it will consider the possibility to make more devices working in series or in parallel. Two devices
in series divide among themselves the heat drop, so it is useful when high difference in temperature fluid
must be managed. Two devices in parallel, instead, allow to split the mass flow rate. It is worth to observe
that a kettle device cannot be made by more shells in series, because in the further stages the water will
enter already in the vapour phase. Indeed, in the case in which superheated steam would be produced in
more stages, the second one can simply be a BEU heat exchanger type. So, the range of the possible shell in
series has to be limited to one, while the number of parallel devices can be left as proposed by default.

Proceeding, the “Process Limit” sub-form can be selected. The minimum and maximum fluid velocity
becomes an important parameter only in case of very dirty fluids. Indeed, the velocity of the fluids impacts
on the heat transfer coefficient, on the tube erosion and on the possibility of fouling. For this reason, a
minimum velocity of 1 m/s must be always inserted, with exception for very dirty fluids, which require a
higher value. Please note that, giving the kettle configuration, the shellside velocities are not required. Next
parameter allows to set the percentage of the pressure drop that will be present in the nozzle. Usually it is
around 10+15% of the total pressure drop, so a concordant value has been laid down. Now, the entrainment
ratio value must be analysed. This option only applies to pool boiling configuration and it conceptually
expresses the percentage value of the outlet mass which can be in liquid phase. This value is very important
because it leads to compute the difference between the shell diameter and the bundle one. Indeed, higher
is the difference between them, lower will be the liquid droplet in the outlet steam. Or, in other words, lower
is the entrainment ratio, higher will be the diameter of the shell, in order to allow the steam to expand more
and to release the water droplets. Its value can be set at 0,02 if dry steam is required, as in this case. The
discussion of this section closes with the temperature cross that can be accepted in a steam generator like
this, so, its value will be left on “yes”.
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‘ " Geometry Options I " Geometry Limits | + Process Limits | ./ Optimization Options

Process Limits

Hot Side Cold Side
Minimum fluid velocity m/s v loo1
Maximum fluid velocity m/s ~| 1100
Target % pressure drop in nozzles 15 15
Maximum exit entrainment ratio (mass liguid/vapor) (pool boilers only) 0,02
Allow local temperature cross Yes A

The last sub-form is the “Optimization Options” in which some parameters can be inserted to discard the
possible configurations. The first decision to be implemented is if the design is devoted to minimizing the
heat exchanger volume or the cost. This will influence the choice of the program between different output
possibilities, e.g. it decides whether to use one big heat exchanger or two smaller device in parallel. A bunch
of other important parameters can be set in order to limit the possible outputs. In particular, it can be chosen
to visualize only the solution that offers, at least, a well-defined higher percentage of exchange area with
respect to the one required. On the other hand, the user can require also to show the solutions that would
have, within certain limits, an exchange area lower that the required one, or a higher pressure drop. This
allows to take them in consideration as “Near” option, considering that some modifications can be done in
the further steps.

‘ " Geometry Options | v Geometry le\tsl " Process Limits | + Optimization Options

Optimization Options

Design search thoroughness options Normal hd
Basis far design optimization Minimum cost v
Highest cost or area ratio considered 1,25

Minimum % excess surface area required 0

Show units that meet minimum actual/required surface area ratio 09

Show units that meet maximum actual/allowed hot side pressure drop ratio 15

Show units that meet maximum actual/allowed cold side pressure drop ratio 1,5

Number of design iterations (before search is stopped) 1200
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THERMAL ANALYSIS

| " Heat Transfer | o Pressure Drop I v DEItaTI ' Fouling

Heat Transfer Options

Hot Side Cold Side
Liquid heat transfer coefficient W/ m2-K, »
Two phase heat transfer coefficient W/ m?-K, ~
Vapor heat transfer coefficient W/m2-K, ~
Liquid heat transfer coefficient multiplier 1 1
Two phase heat transfer coefficient multiplier 1 1
Vapor heat transfer coefficient multiplier 1 1
U-bend area will be considered effective for heat transfer Yes v
Fraction of tube area submerged for shell side condensers

Weir height above bundle for kettle reboiler mm

In the “Thermal Analysis” set of sub-forms, the thermal property of the fluid can be inserted. Inside “Heat
Transfer” the fluids heat transfer coefficients can be added. In that case the program will skip the steps to
find them out from the fluids property already indicated. The next important parameter gives the possibility
to choose if the U-bend portion of the bundle must be considered as heat exchanging or not. In the kettle
configuration the whole tubes area is covered by water, so the whole area must be considered. However, in
some other configurations the area is only partially exchanging, so it should be neglected. A last useful
parameter is the elevation of the weir above the bundle in order to keep the tubes always covered. However,
this value can only be implemented in the rating mode. All the other forms in this section allow to choose
some criteria for the mathematical models which will be used in order to develop the simulations. These
procedures allow to develop and take into account the variables, e.g pressure drop, thermal gradient and
fouling, during the computational step.

METHODS/CORRELATIONS AND CALCULATION OPTIONS

It iS now time tO Set the Vibration | « General | " Condensation | « Vaporization | + Enhancement Data
analysis method. Three options based Vibration Analysis Options

on two algorlthms are p055|ble. The Vibration analysis method HTFS and TEMA analysis A

alternatives are to perform an R P Nmm? v

analysis built on the HTFS method, on
TEMA or using both of them. The Heat

Transfer and Fluid flow Service, HTFS, single phase tubeside heat transfer method HTFS recommended method ¥
is a recent and complex method with Lowfin tube calculation method HTES / ESDU -

Effective cross flow fraction

respect to TEMA. It is more reliable Viscaosity method for two liquid phases HTFS selected method v
but requires more computation time.

Generally, since TEMA standards is required, both analyses are used. The use of the TEMA analysis only is
discouraged due to the approximations that would lead to not consider possible cases of vibration. The
remaining forms are dedicated to the mathematical method to implement the calculations, and the
explanation will require an in-deep analysis of them, which would not be the argument of this thesis.
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5.5.DESIGN MODE: RESULTS SECTION

Now that all the input parameters have been inserted, the button “RUN” can be pressed. In this phase the
program found all the possible solutions in the ranges that have been designed. During the calculation it is
possible to click on “RUN Status” and a screen with all the configuration analysed in real time is shown. In
the last column of this “in-motion” screen, the sentence of the relative configuration is written. Indeed, in
this place can be present one of the following statements:

e “OK”":itrefers to a possible design configuration in which the required heat exchange flux and exchange
area are satisfied. Furthermore, the device is present inside the restrictions field, e.g. pressure loss, and
all the parameters enter in the specified range.

e “NEAR”:represents a design arrangementin which the target parameters are not achieved, e.g. exchange
area. The program provides the possibility to proceed with one of these configurations as long as some
input parameters are changed. Most of the times it can happen that the best economical configuration
is represented as a near one. However, the modification of the input value that leads to an acceptable
device greatly increase its price, e.g. finned tubes, making it a no more convenient design.

e “(OK)”: is a possible solution that present some vibration problems. Also in this case, one of these
solutions can be uploaded for the next steps, provided that further analysis and modifications will be
done to solve the issue. Generally, the modifications proposed here don’t increase a lot the price.

At the end, the result part of the program is compiled. As for the input, it is compounded by several sections,
each of which can be divided in forms and sub-forms. In the first section, “Input Summary”, a resume of the
input data is reported. The other sections proceed gradually to exhibit the results. Indeed, the second “Result
Summary” shows the output of the iteration, while the others allow to enter in the selected outputin a more
detailed way. All the important views and explanations of the obtained result are now reported.

5.5.1. RESULT SUMMARY

WARNING & MESSAGES

The first form of the “Result Summary” section refers to the warnings and |4 [ Shell & Tube
4] Console

1] TEMA Input
case, only one “Result warning” has been generated. It can be seen at the end 4 [ Input

Prablem Definition

messages that the program generates during the computation. In the study

of the page and it points out that the Design 4, that will be shown in the next Braperty Datz
section, can be a good alternative to the one proposed by the program. Indeed, Exchanger Geometry

it declares that it satisfies the area ratio and pressure loss constraints, and it ;::;:;:t,;aprliiiid:icatIOHs
would be cheaper, being its cost 95% of the chosen output. However, it has “ [} Results

. . . Input Summary
been marked as (OK) because it presents some vibration problems. As already 4 [T Resuft Summary
explained, it could be selected instead of the given output and some = Warnings & Messages

. . . . 1 Optimization Path
modifications can be done in order to solve that problem. As it can be seen, no 3 Recap of Designs
input or operational warnings have been issued. This means that the program =] TEMA Sheet

. . . . . . . . . = Overall Summary
was able to find solutions in the indicated range, without serious conflicts in Thermal / Hydraulic Summary
input data. The notes, instead, refers to minor changes in input data that have Mechanical Summary
Calculation Details

been done automatically by the program.

Description

Results - [Design 4is 95 percent of the cost of the best Design, but fails to meet TEMA unsupported length or nozzle rho-V-squared limits. Designs which mest area ratio and pressure loss constraints, but fai the TEMA criteria appear as (OK)
! Warning =" |rether than OK in the Design Optimisation Results. You should review whether such Designs are acceptable, or can be simply modified to be so.




OPTIMIZATION PATH

In this form, a table shows the best configurations chosen by the program. The candidate number one is

highlighted and placed at the bottom. These solutions are preferable to the others because they satisfy in a

better way the parameters of selection previously described, e.g. heat exchanger cost or volume. Here is

reported the output table of the study case, divided in two different image, in order to make it more visible.

[N T = e 1 T o I ¥

=
(]

11

Optimization Path

Current selected case

Shell Tube Length Pressure Drop
Size Actual Reqd. Area ratio Dp Ratio Tube Dp Ratio
mm - mm = mm - bar - bar -
1 1075 6000 6474,2 0,93 * 011492 0.38 067128 0.96
2 1100 6000 6246,7 0,96 % 011414 0.38 062371 0.89
3 1125 6000 60407 0,99 * 0,11459 0.38 0,58135 0.83
4 1150 5850 5740,3 1,02 0,1187 0.4 0.51569 0.74
5 1175 5550 5542,9 1 0,11908 0.4 0.4633 0.66
6 1200 5400 53157 1,02 0,12487 0.42 041924 0.6
7 1225 5250 5163,2 1.02 012377 041 0,38856 0.56
8 800 6000 6295,8 0,95 % 0,07753 0.26 0,60386 0.8e
9 825 6000 5950,2 1.01 0,08244 0,27 0,53946 0,77
10 850 5700 5661,3 101 0,08205 0,27 0.4696 0,67
11 875 5400 5389,3 1 0,08264 0.28 0,40359 0,58
6 1200 5400 53197 1,02 0,12487 0,42 0,41924 0.6

Operational Issues

Mo. Tube Pass No. Vibration Design Status
Euro{EU) -

1 1 a 2 792 1 1 205900|No No MNear
2 2 0 2 828 1 1 215026(Possible No Mear
3 3 0 2 864 1 1 222070(No No MNear
4 4 0 2 918 1 1 230416|Possible No (OK)
5 5 a 2 956 1 1 235554(Possible No (OK)
6 6 0 2 1004 1 1 242936|No No OK

7 7 0 2 1040 1 1 250754(Possible No (OK)
8 8 0 2 420 2 1 251404[No No Mear
9 9 0 2 450 2 1 263593 |No No oK
10 10 0 2 478 2 1 270513|No No oK
11 11 0 2 508 2 1 279375|No No oK
12

13 6 0 2 1004 1 1 242936(No No OK
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The solution automatically chosen is the Design 6. It respects all the requirements and is the cheaper one
with respect to the other “OK” solutions. Notice that the estimation of the price is made by the program
using some very accurate tables of costs, customizable in the “Customize” section of the program, that take
into account all the parameters, e.g. material, labor cost, etc. As already discussed, one of the other
possibilities can be chosen. For example, the solutions number 9, 10 and 11 respect all the requirements, and
could be selected if a shell with a lower diameter is preferred. It is nevertheless true that, they would provide
a smaller margin on the exchange area, as can be seen from the lower value of the area ratio. Several “Near”
and solutions with vibration problems can be seen. Some of them have a minor cost than the Design 6 but,
during the design activity, the input data was already optimized for the cheapest solution. A modification of
the input parameters, in order to make one of them compliant with the requirements, would lead to an
increment of the price for that solution. This makes the Design 6 the best overall design. Since the maximum
value inserted in input data for the area ratio was 1,02, no one of the solutions presents a higher value than
the indicated one. In the case, a more expensive configuration could have been preferred if more margin
would be needed. Sometime only solutions with vibration problems, or pressure drop higher than the limit,
are found by the program. In such cases, the modifications of the input data are mandatory to find out a
possible solution.

RECAP OF DESIGN

In this form a general view of the adopted solution is shown.

Recap of Design
Current selected case B
D o §
D mm - 1200 1200 |~
be le 3 mm - 5400 5400
e STt mm - 5319,7 5319,7
P e dro bar - 0,12487 0,12487
Pre e dro bar - 0,41924 041924
B q mm -
of baffle 0 0
be p 2 2
b b 1004 1004 | |
0 1 1
0 p 1 1
otal price Euro(EU) - 242936 242936
Progra ode Design (Sizing) | Design (Sizing)
a 0 etho Standard method | Standard method
Area Ratio (d - - 1,02 1,02
o W/(m2-K) - 5256,4 5256,4
areff e W/(m2-K) - 3017 3017
eat loa kW - 5418,3 54183
Recap e ecoverable Yes Yes| ™
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THEMA SHEET

In this part of the program, the output datasheet in TEMA frame shape is provided, and it will be necessary

as input for the mechanical design.

| TEMA Sheet

Heat Exchanger Specification Sheet

1| Company:

2 | Location:

3 | Service of Unit: Our Reference:

4| Item No.: Your Reference:

5 | Date: Rev No.: Job No.:

6 |Size: 1200,1591 - 5400 mm Type:  AKU Horizontal Connected in: 1 parallel 1 series

7 | surf/unit(eff.) 4494 m? Shells/unit 1 Surf/shell(eff.) 4494 m?

g PERFORMANMCE OF ONE UNIT

9 | Fluid allocation Shell Side Tube Side

10| Fluid name Water HCEN

11| Fluid quantity, Total kg/h 8846 431779

12 Vapor (In/Out) kg/h 0 8438 224525 155440

13 Liquid kg/h 8846 408 207254 276339

14 Noncondensable kg/h 0 0 0 0

15

16| Temperature (In/Out) °C 121 251,78 271 265

17 Bubble / Dew point °C | 25191 / / / /

18] Density Vapor/Liquid kg/m? /942,03 19,29 / 803,97 51,76 / 4956 46,32 [ 5037
19| Viscosity cp / 02401 | 0,0187 / 01147 001 / 0127 001 / 013
20| Molecular wt, Vap 18,01 167,27 152,6

21| Molecular wt, NC

22| Specific heat kl/(kg-K) /421 3,887 / 4571 2767 / 34 2726 [/ 3421
23| Thermal conductivity W/ (m-K) / 0,6869 | 0,0462 / 0,5995 |0.0348 / 0,0929 0,0337 / 0,0929
24| Latent heat kl/kg 17158 2303 92.8

25| Pressure (abs) bar 41 40,87513 14 13,58076
26| Velocity (Mean/Max) m/s 031/ 039 712 /79

27 | Pressure drop, allow./calc. bar 0.3 0,12487 0.7 041924

28| Fouling resistance (min) mA-K,W 0,00034 0,00034 0,00042 Ao based
29| Heat exchanged 5418,3 kw MTD (corrected) 16,49 °C
30| Transfer rate, Service 73L3 Dirty 7423 Clean 17248 W/(m?-K)
31 CONSTRUCTION OF ONE SHELL Sketch

32 Shell side Tube Side

33| Design/Vacuum/test pressure bar| 78 / / 60  / /

34| Design temperature / MDMT °C 280 / 300 / 2

35| Number passes per shell 1 2 m | | D )
36| Corrosion allowance mm 3 3 =t e
37| Connections In mm| 1 762 |/ - 1 457.2 1 -

38| Size/Rating Out 1 381 / - 1 508 / -

38| Nominal Qut - Vapor 1 889 / - / -

40| Tube #: 502 U's OD: 254 Tks. Minimur 24 mm  Length: 5400 mm Pitch: 31,75 mm  Tube pattern: 90
41| Tube type: Plain Insert: None Fin#: #/m Material: Carbon Steel

42|Shell  Carbon Steel ID 1200 OD 1278 mm | Shell cover Carbon Steel

43| Channel or bonnet Carbon Steel Channel cover Carbon Steel

441 Tubesheet-stationary Carbon Steel - Tubesheet-floating -

45| Floating head cover - Impingement protection  None

46| Baffle-cross  Carbon Steel Type Unbaffled Cut(%d) Spacing: ¢/c mm
47| Baffle-long - Seal Type |In|e‘[ mm
48| Supports-tube U-bend 0 Type

49| Bypass seal Tube-tubesheet joint Expanded & strenath welded(App.A 'e’)

50| Expansion joint - Type None

51 RhoVW2-Inlet nozzle 353 Bundle entrance 29 Bundle exit 73 kg/(m-s%)
52| Gaskets - Shell side Flat Metal Jacket Fibe Tube side Flat Metal Jacket Fibe

53 Floating head -

54| Code requirements ASME Code Sec VI Div 1 TEMA class R - refinery service

55| Weight/Shell 39624,5 Filled with water  54835,7 Bundle 9615,5 kg

56| Remarks

57

58

75



In the first panel can be seen the shellside inlet diameter and the kettle inner diameter, 1200mm and
1591mm respectively, and the length of the tubes, 5400mm. The device is only one and it is an AKU horizontal
type, as specified in the input. The first new output shown in the datasheet is the effective heat exchange
area, which amounts to 449,4 m?. Please note that the effective area is different from the required one; it
will be analysed later, in the “Thermal/Hydraulic Summary” section.

Proceeding, it can be observed that the panel called “performance of one unit” represents, in this case, the
operation condition of the whole heat exchanger, being it composed by one device only. Comparing the mass
flow rate of the liquid with the design that have been inserted, it can be noticed that the inlet mass flow rate
of the water is the same. The outlet, instead, is slightly different, 8438 kg/h of steam with respect to 8404
kg/h provided as input. However, this difference represents only the 0,004% of the input value, so it is
negligible, and can be assumed as a calculation refinement due to the integration procedure. The same
corrections have been done on the mass flow rate divisions between the liquid and vapour phases of the
HCBN. Also in this case the percentual differences between the output and the input, being it approximately
0,005%, can be accepted as modification. As required, the vaporization is practically complete, while the
HCBN condenses in part during the path. The same minor alteration has been made on the temperature
outlet of the steam. Below these values, the fluids properties have been reported from the database.
Furthermore, a preliminary check on the pressure drop can be done in this section. The computed pressure
drop in the shellside is lower than the maximum allowed, and the same comparison can be made for the
tubeside. Some important values to be observed are the outputs of the velocity. In the shellside, the velocity
of the water is very low, but it can be acceptable due to the pool boiling configuration. In the tubeside,
instead, it represents a very important value. In order to enhance the heat transfer, a lower speed would be
better. However, low velocities lead to increase the fouling, while a too high speed can generate erosion or
vibration problems. As already said, a value higher than 1 m/s should be adopted if the fluid would be water.
However, the HCBN is a dirty fluid, and at least a velocity of 2+3 m/s should be present. In this case, the
configuration leads to have 7 m/s, so it would be fine. Then, the heat exchanged, which amounts to
5418,3kW, and the MTD of 16,49°C are reported. The transfer rates are the performance values called
thermal conductance, h, inside the theoretical part. Three different values are here reported. The first is the
“Service”, 731,3 [W/m?K], computed with a fouling factor that has been corrected, 0,00042 [m*K/W], based
on the external diameter of the tube. This is the most conservative, and it is the one used for the calculations.
The second is the “Dirty”, 731,3 [W/m?K], and represents the thermal conductance which takes into account
a fouling factor of 0,00034 [m?K/W]. The last, instead, is the “Clean”, 1724,8 [W/m?K], computed without
inclusion of the fouling effect. From here, it can be noticed how the fouling can decrease the capacity to
transfer heat in the device. After the corrosion allowance value, that has been reported from the input, there
are the dimensions of the connections. As it had been indicated, for the water there are one input and two
outputs, one for the steam and one to drain the non-vaporized water. For the HCBN, instead, only two nozzles
are present, but the dimensions are much greater due to the higher mass flow rate. The following data
reported is the number of the forks and their length of 5400mm. They are in total 502 and they lead to have
1004 holes in the tubesheet. Note that in order to produce one fork, a tube of more than 10800mm is
required. In the datasheet are also reported the approximate dimensions of the tubes and shell outer
diameters. However, the correct values will be determined with the mechanical design program in the next
sections of the thesis. As previously said, the program recognizes the heat exchanger as a unbaffled type,
being the devices present in the kettle supports only. Indeed, in this kind of design, the shell diameter is farly
greater than the bundle one. This leads to have some unbaffled space on its sides. Correctly, a support on
the U-bend has been placed, while the suplementar angular supports are not needed in this case. As last
parameters, the pv? and an estimation of the weight are reported.
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OVERALL SUMMARY

The “Overall Summary” is a more detailed summary of the thermal data, fluid properties, pressure drops and

velocities.

| Owerall Summary
1 Size 1200 X 5400 mm Type AKU  Hor Connected in 1 parallel 1 series
2 Surf/Unit (gross/eff/finned) 4646 Fi 449 4 / m? Shells/unit 1
3 surf/Shell (gross/eff/finned) 464,6 / 4494 / m?
4 | Design (Sizing) PERFORMANCE OF ONE UNIT
5 Shell Side Tube Side Heat Transfer Parameters
6 Process Data In Qut In Out Total heat load kW 54183
7 | Total flow kg/s 24572 115,9386 Eff. MTD/ 1 pass MTD °C 1649 /1652
8 Vapor kg/s 0 2,344 62,3681 43,1779 Actual/Reqd area ratio - fouled/clean 1,02 f 236
9 Liguid kg/s 24572 01133 57,5705 76,7607
10| Noncondensable kg/s 0 0 Coef./Resist. W/(m3-K) m2-K/W %
11| Cond./Evap. kg/s 2,344 19,1902 Overall fouled 7423 0,00135
12| Temperature °C 121 251,78 271 263 Overall clean 17248 0,00058
13| Bubble Point °C 25191 Tube side film 3017 0,00033 246
14| Dew Point °C Tube side fouling 2360 0,00042 3145
15| Vapor mass fraction 0 0,95 0,52 0,36 Tube wall 172128 GE-03 431
16| Pressure (abs) bar 41 40,87513 14 13,58076 | Outside fouling 2909,9 0,00034 25,51
17| DeltaP allowy/cal bar 032 0,12487 07 041924 | Outside film 52564 0,00019 1412
18| Velocity m/s 0,23 0,39 78 6,48
19]| Liquid Properties Shell Side Pressure Drop bar %
20| Density kg/m® 94203 803,97 405 6 5037 Inlet nozzle 0,00555 14,59
21| Viscosity mPa-s  0,2401 01147 0127 013 InletspaceXflow 0 0
22| Specific heat kJ/(kg-K) A 231 4571 3.4 3421 Baffle Xflow 0,00186 489
22| Therm. cond. W/(m-K) 06869 0,5995 0,0929 0,0929 Baffle window 0 0
24| Surface tension N/m  0,0544 0,0258 0,0029 0,0032 Outletspacexflow 0 0
25| Molecular weight 18,01 18,01 198,92 197,31 Outlet nozzle 0,03064 80,52
26| Vapor Properties Intermediate nozzles
27| Density kg/m?® 19,29 51,76 45,32 Tube Side Pressure Drop bar %
28] Viscosity mPa-s 00187 0,01 001 Inlet nozzle 0,03559 824
29| Specific heat kJ/(kg-K} 3,887 2,767 2726 Entering tubes 0,01913 443
30| Therm. cond. W/m-K) 0,0462 0,0348 0,0337 Inside tubes 0,3593 83,22
31| Molecular weight 18,01 167,27 1526 Exiting tubes 0,0065 1,51
32| Two-Phase Properties Outlet nozzle 0,01121 26
33| Latent heat kdikg 17158 230,3 928 Intermediate nozzles
34| Heat Transfer Parameters Velocity / Rho*V2 m/s kg/(m-s%)
35| Reynolds No. vapor 164984.6 7678927 531618 Shell nozzle inlet 0,61 353
36| Reynolds No. liguid 13469,36 125924 5581291 726999 | Shell bundle Xflow 0,23 0,39
37| Prandtl No. vapor 157 0,79 0,81 Shell baffle window
28| Prandtl No. liquid 1,47 0,87 4,65 479 Shell nozzle outlet 21,28 2697
39| Heat Load kW kW Shell nozzle interm
40| Vapor only 0 0 m/s kg/(m-s?)
41| 2-Phase vapor -0,1 -896,3 Tube nozzle inlet 9,15 7608
42| Latent heat 40218 -3048,5 Tubes 7.9 548
43| 2-Phase liquid -1.4 -1473,5 Tube nozzle outlet 6,12 4067
44]  Liguid only 1398 0 Tube nozzle interm
45 Tubes Baffles Nozzles: (No./OD)
48| Type Flain Type Unbaffled Shell Side Tube Side
47| 1D/OD mm 206 J 254 Mumber 0 Inlet mm 1 / 889 1/ 4572
48| Length act/eff mm 5400 { 5210,5 Cut(%d) Outlet 1 /48,26 1 / 508
49| Tube passes 2 Cut crientation Intermediate 1 J/ 1016 /
50| Tube No. 1004 Spacing: ¢fc mm Impingement protection MNone
51| Tube pattern 90 Spacing atinlet  mm
52| Tube pitch mm 3175 Spacing at outlet mm
53| Insert None
54| Vibration problem (HTFS / TEMA) Mo ¥i Mo RhoV2 violation No

In addition to the data previously analysed, also shown here for convenience, the area ratio is reported. This
parameter is the ratio between the effective and the required area in order to have the necessary heat
transfer. Analysing the areas, the gross surface, 464.6 m?, is the total tubes area that has been calculated.
The effective one, 449,4 m?, is the corrected one at the net of the portion that does not effectively transfer
heat, e.g. the confined area in the tubesheet. Note that, in the case in which the U-bend would be indicated
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as not transferring, its whole area too would be subtracted. The finned area is not present because normal
plain tubes are required in this design, while the required area will be analysed inside the section
“Thermal/Hydraulic Summary”. However, the area ratios between the effective and the required surface for
fouled and clean state are 1,02 and 2,36 respectively. This means that this design has an oversized area of
2% in fouled condition, and it would not be considered in the case in which a higher percentage had been
requested in the input parameter. In the clean state, instead, the effective area is more than two times the
required one. Again the high influence of the fouling can be seen, indeed, without fouling the heat exchanged
would be fairly higher and the required area lower. Always in this panel there are all the thermal conductance
and film coefficients for the fouled and cleaned cases. A preliminary analysis of the pressure drop division
can be done. It will be reported in a more detailed version in a future form, but it can be seen that, in the
shellside, the 80,52% of the drop is done by the outlet nozzle. The critical part of the tubeside, instead, is the
losses inside at the tubes, which account for the 83,22%. As already analysed, the total pressure drop for
both sides can be accepted because within the limits. If not so, these critical parts would be the ones on
which going to act. Proceeding a detailed analysis of the velocity along the path is reported, and some
geometrical data are repeated.
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5.5.2. THERMAL / HYDRAULIC SUMMARY

Inside this set of forms, very detailed outputs are reported. However, a 4

lot of results are repeated

PERFORMANCE

“Overall performance” sub-form is the performance part already

4 |1y Shell & Tube

£ Console
2] TEMA Input
Y Input
I Problemn Definition
I Property Data
I Exchanger Geometry
i Construction Specifications
I Program Options

4 |} Results
presented in the “Overall Summary”. In the “Resistance Distribution” | Input Summary
module, instead, the required area can be seen. It amounts to 190.5 m? + Result Summary
. . . . . 4 ||y Thermal / Hydraulic Summary
in the cleaning condition, and 442,7 m? in the fouled one. Inside the &3 Performance
“Shell by Shell Condition”, the parameters that have been split between = Heat Transfer
series or parallel devices can be analysed in deep. Since the solution — Pressure Drop
d df he desi ) ) | devi hi d = Flow Analysis
adopted for the design consists in only one device, this card reports a EH Vibration & Resonance Analysis
merely repetition of the data. =1 Methods & Convergence
i Mechanical Summary
J Calculation Details
|| overall Parfarmance | Resistance Distribution | Shell by Shell Gonditions | Hot Stream Composition | Cald Stream Composition |
Design (Sizing) Shell Side Tube Side Total Messages: 5
Total mass flow rate kg/h 8846 431779 Errors: 0
Vapor mass flow rate (In/Out) kg/s 0 2,344 62,3681 43,1779 Input: 0
Liquid mass flow rate kg/h 8846 408 207254 276339 ReSU“Sf 1
Vapor mass fraction 0 0,95 0,52 0,36 Oper’at\onsd:q )
Temperatures °C 121 251,78 71 265 \';:f:risin& Qn;'iizgz I
Bubble / Dew point °C| 251,91 / / / / LA P Es
Operating Pressures bar 41 40,87513 14 13,58076
Film coefficient W/(m?*-K) 5256,4 3017
Fouling resistance m2-K/W 0,00034 0,00042
Velocity (highest) m/s 0,39 79
Pressure drop (allow./calc.) bar 03 / 0,12487 07 / 041924
Total heat exchanged kw 54183 Unit AKU 7 pass 7 ser 1 par
Overall clean coeff. (plain/finned) W/(m*K) | 17248 / Shell size 1200 5400 mm Hor
Overall dirty coeff. (plain/finned) W/(m?*-K) 7423/ Tubes Plain
Effective area (plain/finned) m? 4494 / Insert None
Effective MTD °C 16,49 No. 1004 OD 254 Tks 24 mm
Actual/Required area ratio (dirty/clean) 102 / 236 Pattern 90 Pitch 31,75 mm
Vibration problem (HTFS) No Baffles Unbaffled Cut(%d)
RhoV2 problem No Total cost 242936 Euro(EU)

Heat Transfer Resistance

Shell side / Fouling / Wall / Fouling / Tube side

Shell Side

[ 000000

Tube Side

Overall Performance | Resistance Distribution | Shell by Shell Conditions | Hot Stream Compesition | Cold Stream Composition |

Overall Coefficient / Resi: e y Clean Dirty Max Dirty
Area required (tube OD base) m?2 190,5 4427 4494
Area ratio: actual/required 2,36 1,02 1
Overall coefficient W/(m?-K) 17248 7423 7313
Overall resistance m2-K/W 0,00058 0,00135 0,00137
Shell side fouling m?-K/W 0 0,00034 0,00035
Tube side fouling 0 0,00042 0,00043
Resistance Distribution W/(m?-K) m2-K/W % % %
Shell side film 5256,4 0,00019 32,81 1412 1391
Shell side fouling 2909,9 0,00034 25,51 258
Tube wall 17212,8 6E-05 10,02 431 4,25
Tube side fouling * 2360 0,00042 3145 3181
Tube side film * 3017 0,00033 57,17 246 24,24

* Based on outside surface - Area ratio: Ao/Ai = 1,23

Heat Transfer Resistance
Shell side / Fouling / Wall / Fouling / Tube side

O — s T
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HEAT TRANSFER

In addition to the thermal coefficients already seen, in this form there are reported the Prandtl and Reynolds
numbers, as well as the thermal flux. The shell and the tubes mean metal temperatures are very important
parameters for the mechanical design. Given that the metal has a high coefficient of thermal conductivity, it
will tend to stabilize more or less at the same temperature, regardless of fluid’s one that varies point by point.
In other words it is the mean of the temperature gradient present in the shell or tubes metal, that is lower
than the fluid’s one due to the thermal conductivity. Please note that the tubeside mean temperature is
increased by the high temperature of the head zone, that is taken into account. A high difference in these
two values leads to a high internal stress in the heat exchanger with a double welded tubesheet. Indeed, the
prevented dilatation induced by that configuration will lead to a high thickness of tubesheet. These cases are
even worsened when the tubes and the shell must be made in different materials, due to the different
thermal conductivity coefficients. In the study case the thermal dilatation is not prevented, so this problem
will not be present. “Duty Distribution” analyses how and where the thermal exchange happens. It can be
seen that the 74,23% of the total heat exchange is latent heat, while only the 25,8% is used to bring the water
at the boiling temperature. These are reasonable values since the aim of the device is to provide saturated
vapour. Indeed, the steam will not be oversaturated, or even a percentage in “vapour only” would be shown.
In the tubeside the fluid is biphasic either at the inlet and at the outlet, but during the process condenses
given the heat released. So, in this case, the HCBN gas release the 16,54% of the total heat released, while
the liquid the 27,2%. The remaining 56,26% is provided by the condensing process that transform the vapour
into liquid.

| Heat Transter Coefficients | MTD & Fiux | Duty Distribution |

Film coefficients W/(m2-K) Shell Side Tube Side
Bare area (OD) / Finned area Bare area (OD) / ID area
Overall film coefficients 5256,4 / 3017 / 3720
Vapor sensible / /
Two phase 5740,1 / 3017 / 3720
Liquid sensible 4107,6 / /
Heat Transfer Parameters In Out In Out
Prandtl numbers Vapor 1,57 0,79 0,81
Liquid 147 087 4,65 479
Reynolds numbers Vapor Nominal 164984,6 7678927 531618
Liquid Nominal 13469,36 129924 5581291 726999

| Heat Transfer Coefficients | MTD & Flux | Duty Distribution

Temperature Difference °C | Heat Flux (based on tube 0.D) kw/m?
Overall effective MTD 16,49 | Overall flux 12,2
One pass counterflow MTD 16,52 | Critical heat flux (at highest ratio) 3308,3
LMTD based on end points 61,96 | Highest local flux 154
Effective MTD correction factor 0,27 | Highest local/critical flux 0
Wall Temperatures °C
Shell mean metal temperature 251,53
Tube mean metal temperature 258,89
Tube wall temperatures (highest/lowest) 254,27 / 252,11
| Heat Transfer Coefficients | MTD & Fhax | Duty Distribution ‘

Heat Load Summary Shell Side Tube Side

kw % total kw % total
Vapor only 0 0 0 0
2-Phase vapor -0,1 0 -896,3 16,54
Latent heat 4021,8 74,23 -3048,5 56,26
2-Phase liquid -14 -0,03 -1473,5 27,2
Liquid only 1398 258 0 0
Total 5418,3 100 -54183 100
Effectiveness 0,9348
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PRESSURE DROP

This is the form in which the whole pressure drop analysis is presented in detail. The difference between the
gravitational, frictional and momentum change is also reported. The gravitational one is a contribution of the
pressure losses at the inlet of the water flow. As a matter of fact, the water already present in the shell
generate a hydrostatic head that acts as an obstruction. Another great contribution is the frictional one,
generated by the roughness of the materials in contact. Finally, the momentum change contribution is
completely negligible since it has two orders of magnitude less. The value and the percentage distribution of
the pressure drop already analysed is here reported in a more exhaustive way.

| Pressure Drop | Thermesiphon Piping | Thermosiphon Piping Elements

Pressure Drop bar Shell Side Tube Side
Maximum allowed 03 0,7
Total calculated 0,12487 0,41924
Gravitational 0,08668 0
Frictional 0,03806 043173
Momentum change 0,00013 -0,01249
Pressure drop distribution e bar %dp e bar %dp
Near Inlet Near Outlet Near Inlet Near Qutlet
Inlet nozzle 0,61 0,00555 14,59 915 0,03559 8,24
Entering bundle 0,23 7.9 0,01913 4,43
Inside tubes 79 6,48 0,3593 83,22
Inlet space bundle Xflow 0 0
Mid-Space bundle Xflow 0,23 0,39 0,00186 4,89
Mid-Space windows 0 0
Outlet space bundle Xflow 0 0
Exiting bundle 039 6,48 0,0065 151
Outlet nozzle 21,28 0,03064 80,52 6,12 0,01121 26
Liquid outlet nozzle 0,12 4E-05 0,11
Vapor outlet nozzle 21,28 0,03064 80,52
Intermediate nozzles

FLOW ANALYSIS

In the pool boiling heat exchanger configuration, the flow analysis of the shellside is not consistent, but it is
still shown because the output table of the program is standard. In other cases where the baffles are present,
it would constitute an important analysis and every type of leakage would be showed here.

‘ Flow Analysis |Thermosiphons/ Kettles / Knockback Condenser ‘

Shell Side Flow Fractions Inlet Middle Outlet Diameter Clearance
mm

Crossflow (B stream) 1 1 1

Window (B+C+F stream) 0 0 0

Baffle hole - tube OD (A stream) 0 0 0 04

Baffle OD - shell ID (E stream) 0 0 0 6,35

Shell ID - bundle OTL (C stream) 0 0 0 12,7

Pass lanes (F stream) 0 0 0

Rho*V2 Analysis Flow Area Velocity Density Rho*V2 TEMA limit

mm? m/s kg/m? kg/(m-s?) kg/(m-s7)

Shell inlet nozzle 4261 0,61 942,03 353 2232

Shell entrance 2908 0,9 942,03 758 5953

Bundle entrance 729767 0,23 806,98 29 5953

Bundle exit 729767 0,39 473,65 73 5953

Shell exit 70159 1,74 19,21 58 5953

Shell outlet nozzle 5734 21,28 19,21 8697

mm? m/s kg/m? kg/(m-s?) kg/(m-s%)

Tube inlet nozzle 144310 9,15 90,79 7608 8928

Tube inlet 167312 79 90,79 5660

Tube outlet 167312 6,48 110,59 4647

Tube outlet nozzle 180465 6,12 108,62 4067
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The second table instead reports the pv? analysis that allows to understand if the nozzles are correctly
designed and if some problems of erosion will occur. The values of pv? obtained in the study case are far
minor than the limit reported in the theoretical part. This means that no modifications on the nozzle
diameters or impingement plates are required.

In the second sub-form the thermosiphons and knockback condenser
sections are empty since the device is a Kettle. Indeed, in the
correspondent part some important parameters are reported. The
recirculation ratio is the ratio between the mass flow rate recirculated
around to the bundle, Mg in the image, and the inlet mass flow rate, M.
The quality of the vapour at the top of the bundle, instead, have to be
as lower as possible, because the tubes must always be covered by
water. A value of 0,0172 can be accepted. The same is needed for the
entrainment fraction, already discussed in the program input part. In
the case in which the quality of vapour would be to high, an
intervention on a process parameter is required, e.g. enhancing the
water mass flow rate, or decreasing the hot fluid one. Differently, if the
problem is represented by the entrainment fraction, an increment of
the inner shell diameter must be done.

| Flow Analysis | Thermaosiphons / Kettles / Knockback Condenser

Thermosiphons

Thermosiphon stability

Kutateladze Number in axial nozzle (should be > 3.2)
Circuit DeltaP ratio (Outlet/Inlet)

Vertical tube side thermosiphons
Flow reversal criterion - top of the tubes (should be > 0.5)
Flooding criterion - top of the tubes (should be > 1.0)
Fraction of tube length before boiling starts

Kettles
Recirculation ratio 5421
Quality at top of bundle 0,0172
Entrainment fraction 0,0001

Knockback condenser

m/s
Inlet Velocity (should be less than Flood Velocity)
Flood Velocity
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VIBRATION & RESONANCE ANALYSIS

As already introduced, in the input section two vibration analysis methods are possible, HTFS and TEMA, and
both of them have to be performed in this case. During every analysis, two type of vibrations are evaluated.
The first is the fluid elastic instability, while the second one is an evaluation of the resonance. Focusing on
the HTFS method, which, as already said, is a complex mathematical based analysis, it performs the
calculations for all the points along the tubes. In the output of the study the more critical tubes are reported,
e.g. tube 3 and 4, which positions can be seen in the “Mechanical summary” sub-form. For every tube the
ratio between the actual shellside flowrate and the critical flow rate is reported for different values of
damping. All these values must be far from 1, due to the fact that having a critical flow rate causes fluid elastic
instability. In this case also in the tube 3 and 4, highlighted as the most dangerous, the values are acceptable.
Notice that all the values are the same, being the observed critical tubes mirrored. In case in which these
values are coming closer to 1, the configuration would be labelled with (OK), and possible vibration can occur.
Proceeding, the natural frequency of the tubes and the method used to compute them are reported.

Fluid Elastic Instability (HTFS) ‘ Resonance Analysis (HTFS) I Simple Fluid Elastic Instability (TEMA) I Simple Amplitude and Acoustic Analysis (TEMA) |

Shell number: |'Shell 1~

Fluid Elastic Instability Analysis

Vibration tube number 4

Baffle
overlap

Vibration No

W/Wc for heavy damping (LDec=0.1) 0,26
W/Wc for medium damping (LDec=0.03) 0,48
W/WCc for light damping (LDec=0.01) 0,83
W/Wc for estimated damping 0,22

Vibration tube location

Estimated log Decrement 0,14

Tube natural frequency 13,96

Dominant
Span
Dominant span U-bend

Natural frequency method

Tube effective mass 1,88

Note: W/Woc = ratio of actual shellside flowrate to critical flowrate for onset of fluid-elastic instability

Tube material density kg/m? 7841,74
Tube axial stress N/mm? 0

Tube material Young's Modulus N/mm? 186153
U-bend longest unsupported length mm 1835,37

The second sub-form, always concerning the HTFS method, is dedicated to the resonance analysis. At first
the dangerous location is delineated, e.g. the midspace, and the distance between the supports, called span
length, is reported. However, in the adopted design, resonance does not occur in neither tubes. Also in this
case a ratio allows to estimate the distance between the real case and the one in which resonance would
occur. Indeed, the proportion between the tube frequency and the tube natural frequency is reported, and
it must be as far as possible from one. In a more detailed way, the program reports both values: the natural
frequency and the acoustic frequency that will cause resonance in motion and sonorous respectively. In case
in which resonance occurs, the problem can be solved in two ways. The first is to modify the mass flow rate,
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solution particularly suitable when the device is already working, while the second one is to act on some
geometrical characteristics, e.g. the span length.

| Fluid Elastic Instability (HTFS) | Resonance Analysis (HTFS) | Simple Fluid Elastic Instability (TEMA) | Simple Amplitude and Acoustic Analysis (TEMA) |
Shell number:
Resonance Analysis
Vibration tube number 3
Vibration tube location Inlet row, [Baffle
overlap
Location along tube i Midspace
Vibration problem No
Span length 1302,62| 130262
Frequency ratio: Fv/Fn 0,18 0,26
Frequency ratio: Fv/Fa 0 0,05
Frequency ratio: Ft/Fn 012 0,17
Frequency ratio: Ft/Fa 0 0,03
Vortex shedding amplitude
Turbulent buffeting amplitude
TEMA amplitude limit
Natural freq., Fn cycle/s 13,96 13,96
Acoustic freq., Fa cycle/s v 804,33 73,76
Flow velocity m/s 0,16 0,23
X-flow fraction 1 1
RhoV2 21 25
Strouhal No. 0.4 0.4

Moving on the TEMA analysis, conceptually the same evaluations have to be done. The strongest difference
between this method and the HTFS one is that, being the TEMA an old procedure developed for the manual
computation, a lot of coefficients must be roughly taken from experimental tables and the values are
evaluated only in some critical points. This generates a situation in which a configuration can present fluid
elastic instability, or resonance problems, that cannot be identified if the point in which it happens is not
considered as critical by TEMA. The explored critical points are the inlet, the baffle window and overlap, the
outlet and the U-bend. Notice that in the study case the baffles only have the support task, so the windows
are not present, and the overlap represents the whole area.

| Fluid Elastic Instability (HTFS) | Resonance Analysis (HTFS) | Simple Fluid Elastic Instability (TEMA) | Simple Amplitude and Acoustic Analysis (TEMA) |

Tube material density kg/m? 7841,74
Tube axial stress N/mm? 0
Tube material Young's Modulus N/mm? 186153

Fluid Elastic Instability Analysis

C-C Window Outlet

C-C Overlap

Vibration indication
Unsupported span mm = 1302,62 1302,62 1302,62 1815,37

Tube natural frequency, fn cycle/s - 29,01 35,94 36,37 16,28
Crossflow velocity m/s - 0,01 0,04 0,1 0,04

Critical velocity m/s 1,28 2,25 2,99 0,78
Crossflow to critical velocity ratio 0,01 0,02 0,03 0,05/
Estimated log decrement 0,08 0,03 0,02 0,01
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| Fluid Elastic Instability (HTFS) | Resonance Analysis (HTFS) I Simple Fluid Elastic Instability (TEMA) | Simple Amplitude and Acoustic Analysis (TEMA) ‘

Amplitude Vibration Analysis

C-C Window C-C Overlap Outlet U-bend

Vortex shedding indication
Turbulent buffeting indication

Tube natural frequency, fn

Vortex shedding frequency, fvs

Vortex shedding amplitude

Vortex shedding amplitude limit

Turbulent buffetting amplitude

Turbulent buffetting amplitude limit

Acoustic Vibration Analysis

do Overlap 0 bend

Aco 0 d 0 No No No No

ossflow velo m/s = 0,01 0,04 0,1] 0,04

ouha e 0,43 0,43] 0,43] 0,43
ACO eque a cycle/s <

ortex shedd eque cycle/s - 0.2 0,67 1,67 0,67

e e eque cycle/s - 0,12 04 1 04

onditio a 0 0 0 0
onditio b 0 0 0 0
ondition B velo m/s -

onditio elo m/s =

onditio

METHODS & CONVERGENCE

In this form and sub-forms all the used mathematical method indicated during the input, e.g. inside “Program
options”, or automatically adopted during the computation phase, are reported. For the shake of
completeness the image of this part is reported, but, as already said, it will not be thoroughly analysed
because it is not one of the central arguments of this thesis.

Methods Summary | Convergence Plat
Hot Side Cold Side
Heat transfer coefficient multiplier No No
Heat transfer coefficient specified No No
Pressure drop multiplier No No
Pressure drop calculation option friction only friction + gravity
Calculation method Standard method
Desuperheating heat transfer method Wet wall
Multicomponent condensing heat transfer method HTFS - Silver-Bell
Vapor shear enhanced condensation Yes
Liquid subcooling heat transfer (vertical shell) Not Used
Subcooled boiling accounted for in Heat transfer & pressure drop
Post dryout heat transfer accounted for in Yes
Correction to user-supplied boiling curve Boiling curve not used
Falling film evaporation method HTFS recommended method
Single phase tube side heat transfer method HTFS recommended method
Lowfin Calculation method HTFS / ESDU
Tube Pass Multiplier 1




5.5.3. MECHANICAL SUMMARY AND CALCULATION DETAILS

In the mechanical summary all the dimensions of the heat exchanger parts are reported in a detailed way by
means of tables and sketches. The whole basic geometry, tube, support and bundle characteristics are
presented again in a compact form. Furthermore, a preliminary estimation of the cost, weight and tubesheet
layoutis reported. An important explanation which needs to be done is that this mechanical summary reports
the dimensions of the equipment resulting from the thermal design, but not their thicknesses. Indeed, the
mechanical design of the heat exchanger has not been performed yet, and will be the topic of the next
chapters.

In “Calculations details”, similarly to “Mechanical summary”, the tables of the thermal analysis and the 2D
and 3D plots of the manually inserted and automatically computed fluid properties are reported in a great
detail. Finally, it is worth observing that most of these data are inserted in the tables after the rating mode
has been launched.

Costs/Weights
Weights kg | Cost data Euro(EU)
Shell 21785,4 | Labor cost 164188
Front head 8223,6 | Tube material cost 17843
Rear head 0 Material cost (except tubes) 62157
Shell cover
Bundle 97672
Total weight - empty 39776,2 | Total cost (1 shell) 244188
Total weight - filled with water 54968,1 | Total cost (all shells) 244188




5.6.RATING MODE

Now that the first mode of calculation has been performed, generating a range of proposals from the input
data, the selected geometry, Design 6, can be uploaded in the rating mode of the program. After the selection
of “Rating mode” in the upper bar and after having followed the instructions to upload the chosen design, a
preliminary simulation can be launched in order to verify if some basic problems occur. Indeed, it can happen
that, being the simulation carried out in this part of the program more accurate, some difficulties that had
not been identified during the design mode can be figured out. As result, the Design 6 without any further
modification does not have produced warnings in this further simulation. Only a note of calculation
refinement, saying that the outlet temperature of the steam has been modified from 251,5°C to 251,7°C,
have been provided by the program, while the other results have been accepted from the design mode.

Once that the design has been verified in the Rating mode, some further modifications can be done in order
to adapt the dimension to some standard values. Indeed, after having inserted the input parameters and
launched the Design mode, the output parameters associated to the selected configuration, e.g. Design 6,
could not be modified before. Now that this operation can be done, the size of the nozzles must be verified.
Going inside the form “Exchanger geometry - Nozzles” their diameters must be equal to the standard
diameters of the pipes on the market, otherwise they would be difficult to find. All the sizes selected by the
program already correspond to a standard in the ASME code, but its name has not already been selected.
This can appear as a useless procedure since the dimensions was already correct, however, it indicates to the
program to base the mechanical design on the standard tubes, and not only on a generic tube with those
dimensions. Furthermore, the nozzle of the shellside vapour outlet measures 3,5 inches, that is not a very
common dimension. For this reason it has been increased to 4 inches, erasing the bold text with the
unwanted measure and selecting the desired one.

+ Shell Side Nozzles | ./ Tube Side Nezzles | o Domes/Belts | o Impingement |
Use separate outlet nozzles for cold side liquid/vapor flows [yes -
Use the specified nozzle dimensions in '‘Design’ mode Set default

Liquid Outlet Vapor Outlet

Nominal pipe size ASME 3" ~ | ASME 11/2" ~ | ASME 4" v
Nominal diameter 76,2 381 1016
Actual OD 88,9 48,26 1143
Actual ID 73,66 381 97,18
Wall thickness 762 508 856
Nozzle orientation Bottom ~ | Bottom ~ | Top v
Distance to front tubesheet
Number of nozzles 1 1 1
Multiple nozzle spacing
Nozzle / Impingement type No impingement ~ ~ | No impingement = | No impingement — ~
Remove tubes below nozzle No v ~ | No v
Maximum nozzle RhoV2
Shell side nozzle flange rating | - ']
Shell side nozzle flange type | Weld neck ']
Shell side nozzle location options | unspecified ']
Location of nozzle at U-bend | Before u-bends ']
Nozzle diameter displayed on TEMA sheet | Nominal ']




The same passages have to be done for the tubeside nozzles, which already have standard and common
dimensions, but have to be designed with the standard models. After the nozzle modification, the geometry
configuration must be processed again. Notice that it can only lead to improvements as a decrement of the
pressure drop and of the pv2. Indeed, no further warnings or notes have been issued, and the thermal design
can be considered completed and ready to export the data in the mechanical part.

./ Shell Side Nozzles |  Tube Side Nozzles | ./ Domes/Belts | o Impingement |

Use separate outlet nozzles for hot side liquid/vapor flows [no v}

Use the specified nozzle dimensions in 'Design’ mode Set default

Intermediate

Nominal pipe size ASME 18" ASME 20"

Nominal diameter 4572 508

Actual OD 457,2 508

Actual ID 428,65 479,35

Wall thickness 14,27 14,33

Nozzle orientation Top ~ | Bottom & i

Distance to tubesheet

Centerline offset distance

Maximum nozzle Rhov2

Tube side nozzle flange rating [ - ']

Tube side nozzle flange type [Weld neck ']

All the other parameters have not been modified, accepting the final thermal design as proposed from the
last rating mode.
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6. CONCEPTS OF PRESSURE VESSELS MECHANICAL DESIGN

6.1. PRELIMINARY CONSIDERATIONS

6.1.1. ALLOWABLE STRESS AND SAFETY FACTORS

The following stresses are typically considered to determine the basic allowable stress of steel:

e 0gz=minimum value of the unitary maximum load during the tensile test at room temperature. It is also

called rupture stress

® 0(02)/¢= minimum value of the unitary load during the tensile test at temperature t that causes a
permanent deformation equal to 0,2% of the initial length between references after removal of load. It
practically replaces the vyield strength o, when the steel does not exhibit the classic yielding
phenomenon. If, in the other hand, it would be easy to determine, the value of g ,) coincides with the
lower value of the yield strength. The symbol o5 and the term “yield strength” will be used to refer to

them, even though they are formally incorrect.

® Ogr/100000/¢t=average value of the unitary rupture stress for creep after 100,000 h at temperature t.

In the case of austenitic steel there is general agreement that, instead of a permanent deformation of 0,2%,
allows to take as a reference value the deformation of 1%. Note that the temperature t is the average wall

temperature.

Limiting to focus on the values of o (g 2y and o, in Figure 32 can be noticed that o) decreases with the
temperature rise, while g increases initially within a moderate range of temperatures and then decreases.
Moreover, the reduction of g(g,) has an important impact on the sizing of the vessel and, under certain
conditions, on the selection of steel to be used. In fact, the decrease in g (g 2) can be more or less substantial

for steel with different compositions.

600 N/mm?

500 N/mm?

400 N/mm?

300 N/mm?2

200 N/mm?

100 N/mm?

0 N/mm?

The rupture stress during the tensile test refers to room temperature. This may sound surprising since the
resistance verification must be executed at design temperature t, to which the other two values above in fact
refer. But, has pointed out before, the value of the rupture stress at moderate temperatures is greater than
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Figure 32: Representative curves of carbon steel as a reference. [17]
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the one at room temperature. Within this temperature range, the adoption of this last value addresses basic
safety criteria. The use of this value is in fact justified within the range of moderate temperatures: the goal
here is to guarantee, through an adequate safety factor, that stresses acting upon the vessel do not cause a
dangerous situation leading to rupture. Moreover, when steel with high levels of yield strength are adopted
and the design temperature is either room temperature or anyway moderate, the value of (g 2)/; is very
close to og. The determination of the allowable stress solely based on g (¢ ), may lead to a value that does
not sufficiently protect against rupture. Finally, as far as the rupture stress per creep at 100,000h is
concerned, its importance is evident if the design temperature is high. For such stress, given the dispersion
of values present even for similar types of steel, one refers to the mean value of the range, generally assuming
that the size of the range itself does not go beyond #20%.

In order to obtain the allowable stress, f, the three characteristic stresses are associated to safety factors.
The values of these ones lack of a general consensus, and they have undergone numerous modifications over
time. The basic allowable stress of the material, f, is given by the smallest of the following values:

. (Or 0O(0.2)/t OR/100000/t
f=min (2,_4; (1,5)/ ;= 15 : )

From a conceptual point of view, the basic value is the one derived from o (g )/ The other two values
mentioned above occur in special instances, even though ag 100000/ is found quite frequently. It is critical
for f when its value is lower than the yield strength, since the safety factor has the same value of the one
relative to g (g.z2)/¢- Finally, note that the stress f has been defined as basic allowable stress of the material.
This does not necessarily mean that it corresponds to the allowable stress during resistance verification of a
specific piece in a specific position. In some cases, it is acceptable that the ideal stress may reach the yield
strength or even twice it, from the point of view of calculation in the elastic field, as will be analyzed during
the plasticity collaboration concept. The stress f, which in other cases actually corresponds to the maximum
stress allowable for the piece, and at any rate to the maximum ideal stress of the membrane, represents a
reference point, since it is present in all equations to compute the thickness of the various components.
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6.1.2. THEORIES OF FAILURE

Given that it is not necessary nor relevant to examine all failure theories, only those directly related to
resistance verification of pressure vessels will be briefly introduced in order to understand what follow next.
Pressure vessels are characterized by the existence of stresses along three axes. First of all, due to pressure,
there is a principal stress orthogonal to the wall of the vessel, while two additional principal stresses act on
the plane orthogonal to the previous one. In the case of cylindrical elements the first of such stresses is radial,
the other two are directed, respectively, along the circumference and along the axis of the cylinder. This calls
for a failure theory that allows one to correlate such state of stress with the resistance values of the material,
derived from the tensile test that in turn is based on a single stress directed along the axis of the specimen.
The most generally accepted failure theories for ductile materials, such as steel used to build pressure vessels,
are the well-known theory of maximum shear stress or Guest—Tresca, and the one known as distortion energy
theory or Huber—Hencky.

According to Guest—Tresca the level of danger is captured by the maximum shear stress, in other words all
states having the same maximum shear stress are equivalent with respect to danger. The state of stress
relative to the specimen being subjected to single tensile stress is represented in Mohr’s plane by the only
circle shown in Figure 33. The maximum shear stress acting at 45° with respect to the only principal stress
oy is equal to gy /2. Therefore, if a dangerous condition is associated to the yielding of the material and
the corresponding stress is g, the shear stress can be computed as

Os
Tg = =
$2
A
T . |
I
| Tmax=0I1/2 | Trmax=T, 1= (0-0))/2
| |
> I
o o
Figure 33: Mohr’s - Figure 34: Mohr’s circle
circle of a single ! of a multidimensional
o tensile stress. [17] i state of stress. [17]
< > M|

If the state of stress is along three axis, oy, g;; and oy;; are the three principal stresses, and conventionally
they increase in value from og;to ay;;. This condition is represented in Figure 34. The three maximum shear
stresses on the three planes where they operate are hence given, respectively, by

Ty = (o1 — 07) /2
Ty = (O — 011) /2
T = (o1 —01)/2
With the above agreement the maximum value of the shear stress is given by 7;;, ;. Therefore, the condition
of danger is represented by the following

(o111 — 07) __ _Gs

T = —2 Ts = )
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From a formal point of view a conventional stress, also called ideal stress or stress intensity, is defined as
Oiqg = Oq1 — Op

Such stress, in the case of stress condition along more than one axis, takes over the same function that the
only applied axial stress has inside the specimen, i.e., it can pinpoint the examined fiber’s working condition
with respect to danger. In fact, when the ideal stress reaches the value of yield strength, according to the
failure theory adopted here, a situation of danger is faced.

According to Huber and Hencky, the level of danger is captured by the distortion energy, i.e., all conditions
of stress that produce the same distortion energy are equivalent to the condition of danger. Defining again
the three principal stresses as gy, o;; and gy, such energy is given by the following equation:

2 2 2
L (of + ofy + ofyy — 0101 — o0y — 0y107)

66
In the specific case of the specimen since o; = g;; = 0, the condition of danger is characterized by a;;; = g,
and the distortion energy is
1 1
L, = —o0% = —o0?
For a state stress along more than one axis, the condition of danger is obtained equating the last two
equation. This operation leads to find the following ideal stress:

_ _ 2 2 2
Os = Ojg = JUI + 0y + 07 — 0101 — 01101 — 071107

This ideal stress allows to identify the working condition of the fiber under scrutiny. As for the previously
discussed theory, when gis reaches the value of the yield strength, a dangerous condition takes place.
Similarly, the sizing of the piece is obtained by making sure that g;; does not go beyond the allowable stress.
Von Mises’ theory formally corresponds to the Huber—Hencky’s one, even though they start from completely
different assumptions under the conceptual point of view. Today this theory is the most generally accepted
for resistance verification of pieces for which ductile materials are used, more than the Guest—Tresca theory.
However, it can be noted that codes in the most important industrialized countries are based on the theory
of Guest—Tresca, given that it is more conservative than that of Huber—Hencky and easier to apply as well.
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6.1.3. PLASTICITY COLLABORATION

In the sizing of pressure vessels the possibility of plastic collaboration of steel is widely exploited. This is a
topic that, if threated in depth, would result in a vast and not justified analysis, so only the main aspects will
be shortly presented.

The principle at the core of plastic collaboration consists of the possibility that less stressed fibers may
contribute to the resistance of the piece by helping the most stressed ones. The adoption of the criteria of
plastic collaboration goes against the traditional concept of verification in the elastic field, which says that
the condition of danger is reached when the most stressed fiber begins to show signs of yielding in the
material. More precisely, if the material is ductile, it can withstand major deformations before rupturing.
Therefore, the fact that the material yields in one area of the piece does not represent a condition of danger,
if the nearby fibers are still far from yielding. When yielding is

reached in a portion of the piece in which a stress gradient is c
present, the yielded fiber, or fibers, are unable to absorb

another increment in stress. Neglecting the hardening that Os [f-=---=--
happens after the yielding point, as can be seen from the
Figure 35, they undergo an increase in deformation to
maintain the material continuity, but the stress remains

>

constant. At the same time, the nearby fibers that are still far £

from yielding are able to absorb increasing stresses. At the ) S _

Figure 35: Simplified stress-deformation curve. [17]
end, while peaks of deformation are present given the
constraint to the condition of congruence, peaks of stress have disappeared since in every point the stress is
equal to the yield strength. The condition of danger is reached when all fibers have exhausted the possibility
to absorb an increase in stress; in other words, the condition of danger is represented by the plastic flow of
the entire piece. Following this simplified model, taking into account plastic collaboration corresponds in
practice to ignoring the peaks, doing the calculations on the base of the stress average values. Actually, the
plastic collaboration theory is more complex, and every stress condition should be examined separately
through a process known as stress analysis. This helps to identify the exact nature of the peak, in order to
determine which criteria to apply to carry out verification. Also, a coefficient of plastic collaboration, ¢, that
represent the condition of danger is found. In addition, it is important to consider those peaks that are the
consequence of the respect for congruence of deformations among pieces of different geometrical shape
connected with each other. If they were ideally isolated, they would be characterized by different values of
deformations in correspondence with the junction. Flat, hemispherical or torospherical heads connected to
the ends of the cylinders represent a typical case. In these cases the stresses are self-limiting, since they occur
only out of necessity to respect congruence, and not to balance external forces. Indeed, if the yielding point
is reached and the subsequent deformations are relatively large, the congruence is maintained without
leading the material to rupture. In fact, in these situations it would be more logical to carry out the analysis
in terms of deformations. In practice, this is done, and the peak stresses are obtained according to the laws
of elasticity, with the product of deformation by the modulus of elasticity. The peak deformation can take a
value greater than the yield strength g, however, this happens only from a formal point of view. In reality,
it is obvious that the stress is equal to gs. In these cases, it is acceptable that the ideal stress computed
according to the laws of elasticity may be even double the yield strength. Moreover, it is important to keep
in mind that the verification criteria and the deriving equations for sizing discussed in the following chapters
refer to work conditions that do not imply significant fatigue phenomena, due to the presence of a limited
number of cycles.
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6.1.4. VERIFICATION CRITERIA

According to modern verification criteria, stresses can be divided into three categories: primary, secondary,
and peak stresses. Then, primary stresses can be further divided into general membrane stresses, local
membrane stresses, and primary bending stresses. In summary, there are five types of stresses that now will
be analyzed: general membrane, local membrane, primary bending, secondary, and peak.

GENERAL MEMBRANE STRESSES (0m)

They correspond to stresses derived from calculation when one considers the element under test as a
membrane. More generally, they correspond to the average value of the stresses through the thickness of
the vessel. In contrast to local membrane stresses, that we will discuss shortly, the fundamental characteristic
of these stresses is that a potential yielding of the material does not cause a redistribution of the stresses,
since the same stress is present in all the surrounding fibers. A typical example of general membrane stresses
is represented by the average values of the stresses acting in a cylinder area that is not influenced by holes
or by the junction with the heads.

LOCAL MEMBRANE STRESSES (om)

In this case the average values of the stresses are studied through the thickness in the analyzed section. In
contrast with the previous ones, they involve a limited area of the component, and this means that the
surrounding fibers are subject to membrane stress of lower value. A potential yielding of the material
happens together with a redistribution of the stresses to the surrounding fibers that are still able to
contribute to the local resistance of material, since they are not yielded. Typical examples of stresses of this
kind are the membrane stresses produced in the cylinder and in the dished heads in correspondence with
their junction. Even the membrane stresses that occur in the cylinder and in the nozzle welded together
represent an example. As already said, these are the average values of the stresses. In both cases, junction
cylinder-heads and in correspondence of the nozzles, stress peaks are generated but they do not fall into
this kind of stress category.

PRIMARY BENDING STRESSES (oy)

These stresses belong to the category of primary stresses, such as the ones mentioned above, but they are
characterized by the fact that their value is proportional to the distance of the fiber from the neutral axis of
the section. As the previous ones, they derive from the balance conditions between internal stresses and
external forces acting upon the vessel, e.g. pressure or mechanical loads. A typical example is represented
by the stresses at the center of a flat head. The stresses produced by bending moments exerted on a vessel
with a quadrangular section fall into this category, as well.

SECONDARY STRESSES (0sec)

Their fundamental characteristic is not to be involved in balancing the forces applied to the vessel, but their
only purpose is to guarantee the congruence of the deformations. Once the required deformations are
produced, even though this happens through the yielding of the material, they do neither cause further
deformations nor do they force the intervention of the surrounding fibers, as is the case instead for the local
membrane stresses. The stresses in correspondence of the junction between cylinder and heads belong to
this category, but not the membrane ones because in that case they are local membrane stresses. The
stresses still not related to membranes in the cylinder or in the sphere and in the welded nipple in
correspondence of a hole belong to this category, as well. In this last case local peaks due to the presence of
sharp edges are excluded, as they belong to the next category.