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Abstract: The ultimate purpose of any stress analysis is to allow the comparison of the developed stresses, strains, and deflections
with those that are allowed by the design criteria. Heat exchanger is a thermo-fluid machine used to transfer heat between two or
more fluids. Depending on the goal for which the designer intends to achieve, heat exchangers, therefore, could be used for both
heating and cooling processes. This work is about Static Stress analysis to determine or estimate the stresses, displacements,
strains, including the factor of safety of the Heat Exchanger (HE) and its designed carrying or working capacity. This analysis
predict failure by evaluating whether or not the Heat Exchanger will be able to withstand the internal stresses due to its maximum
loading and working capacity. The summation of the masses of individual component inside the shell and tube heat exchanger was
generated by the material library in the software using the provided model geometry and the resultant data was used to run the
simulation. The maximum Stress experienced by the Heat Exchanger according to the simulation result is 1.254e-01 N/mm?
(MPa) which is far less than the yield strength of the material used in building it (1.72369e+08 N/m?). Hence the Heat Exchanger
will survive the maximum loading and working capacity according to von Mises Stress analysis and with a significant factor of
safety. For the numerical simulation and analysis of heat exchanger, the static stress processes is successfully captured. The
simulations suggest that a critical stress level may exist beyond which a minor disturbance can induce a catastrophic damage.

1.0 Introduction:

Stress analysis is specifically concerned with solid objects. Stress analysis adopts the macroscopic view of materials characteristic
of continuum mechanics, namely that all properties of materials are homogeneous at small enough scales. Thus, even the smallest
particle considered in stress analysis still contains an enormous number of atoms, and its properties are averages of the properties
of those atoms. In stress analysis, one normally disregards the physical causes of forces or the precise nature of the materials.
Instead, one assumes that the stresses are related to strain of the material by known constitutive equations [22]. By the Newton’s
third law of motion, any external forces that act on a system must be balanced by internal reaction forces [23] or cause the
particles in the affected part to accelerate. In a solid object, all particles must move substantially in concert in order to maintain the
object's overall shape [22], therefore, the ‘external force’ acting on the heat exchanger is taken to be the fluid while the ‘internal
reaction’ is the thermally induced static stress.

The final purpose of any stress analysis is to allow the comparison of the developed stresses, strains and deviations with those
allowed by the design criteria. Obviously, all structures, and their components, must be designed to have a capacity greater than
what is expected to develop during the use of the structure to avoid failures. The tension calculated to develop in a member is
compared to the strength of the material with which the composition is manufactured by calculating the ratio between the strength
of the material and the calculated resistance. The ratio must obviously be greater than 1.0 if the member should not fail. However,
the relationship between the allowable voltage and the developed voltage must be greater than 1.0 as a factor of safety (design
factor) will be specified in the design requirement of the structure. All structures are designed to overcome the load that these
structures are expected to experience during their use. The design factor (a number greater than 1.0) represents the degree of
uncertainty in the value of the loads, the strength of the material and the consequences of the failure. The tension (or load, or
deflection) that the structure is expected to experience is known as the work, the design or the limit voltage. The limit voltage, for

~ www.ijasrenet 0 Pageds
Licensed Under Creative Commons Attribution CC BY



http://ijasre.net/
http://ijasre.net/
http://doi.org/10.31695/IJASRE.2019.33076
https://www.google.com/search?q=Licensed+Under+Creative+Commons+Attribution+CC+BY&oq=Licensed+Under+Creative+Commons+Attribution+CC+BY&aqs=chrome..69i57&sourceid=chrome&ie=UTF-8
http://www.ijasre.net/
https://en.wikipedia.org/wiki/Continuum_mechanics
https://en.wikipedia.org/wiki/Particle
https://en.wikipedia.org/wiki/Deformation_(mechanics)
https://en.wikipedia.org/wiki/Constitutive_equations

International Journal of Advances in Scientific Research and Engineering (ijasre), Vol 5 (2), February-2019

example, is chosen to be a fraction of the elastic resistance of the material from which the structure is made. The relationship
between the final material strength and the admissible voltage is defined as the safety factor against the final failure [22].

Conversely, Heat exchanger is a thermo-fluid machine used to transfer heat between two or more fluids. Heat exchangers are heat
sinks, acting as fluid temperature regulators. Heat exchangers are devices that regulate efficient heat transfer from one fluid to
another [10]. Heat exchangers are devices used to transfer energy between two fluids at different temperatures. They improve
energy efficiency, because the energy already within the system can be transferred to another part of the process, instead of just
being pumped out and wasted. In the new era of sustainability, the growing urgency to save energy and reduce overall
environmental impacts has placed greater emphasis on the use of heat exchangers with better thermal efficiency. In this new
scenario, the plate heat exchanger can play an important role [14]. Depending on the goal for which the designer intends to
achieve, Heat exchangers, therefore, could be used for both heating and cooling processes. It could be inferred that every
material acts as a heat exchanger, directly or indirectly. Any material that mediates the transfer of heat between two or more fluids
is a heat exchanger. Applications of heat exchangers abound: they are used in space heating, refrigeration, air conditioning, power
stations, chemical plants, petrochemical plants, petroleum refineries, natural-gas processing, and sewage treatment, internal
combustion engine in which a circulating fluid known as engine coolant flows through radiator coils and air flows past the coils,
which cools the coolant and heats the incoming air, the heat sink, which is a passive heat exchanger that transfers the heat
generated by an electronic or a mechanical device to a fluid medium, often air or a liquid coolant, nuclear plants [2]. The human
as wells animal and fishes’ body could be a heat exchanger as it regulates the body temperature, using fluids and other parts of the
body.

Nowadays the growing prices of fossil fuel and strict environment regulations seriously force industrial clusters to improve
processing plants’ energy efficiency as much as possible. Therefore, industrial energy systems, like heat exchanger networks,
cooling water systems, rankine cycles and so on, have attracted high attentions from both academic and industrial practices [8].
Among these energy systems in a processing plant, a heat exchanger network and a cooling water system are two major elements
which have very close relationships to energy consumption [9]. Such two subjects have been widely and deeply studied in the past
few years and various kinds of design approaches have been proposed with extensive application to industrial cases [7].

For optimal performance, heat exchangers are designed to maximize the surface area of the wall between the two fluids, while
minimizing resistance to fluid flow through the exchanger. The efficiency of the exchanger can also be affected by the addition of
fins or corrugations in one or both directions, which increases the area of the surface and can channel fluid flow or induce
turbulence [2].

[1] Salimpour et. Alabama. (2018) carried out the Constructal design of multilayer microchannel heat sinks. In this work, adopting
the concepts of constructive theory, a research is carried out to optimize the circular multilayer micro-channels embedded within a
rectangular heat sink with different numbers of layers and flow configurations

The methodology adopted for this study is presented here [1]:

2.0 Mathematical Modeling and Design Methodology

For optimum performance, the heat exchangers are designed to maximize the area of the wall surface between the two fluids,
while minimizing resistance to fluid flow through the exchanger. The performance of the exchanger can also be affected by the
addition of fins or corrugations in one or both directions, which increases the area of the surface and can channel fluid flow or
induce turbulence [2].

To simplify complex problems to simple ones so as to make analysis less cumbersome, Perry made the following assumptions as
follows:

1. The heat exchanger is at steady state.

2. The specific heat of each stream remains constant throughout the exchanger.

3. The overall heat transfer coefficient is constant. U

4. All elements of a given fluid stream experience the same thermal history as they pass through the heat exchanger

5. Heat losses are negligible.

2.1 Heat exchanger Design procedures
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For the Overall design procedure, the methodology adopted in the present work is [3]. All calculations start with an assumed
design, which is then rated to determine its capacity. Suitable modifications are made to the assumed design in order to approach
the required capacity and the final design [3]:

Determine suitable types of condensers.

Determine the heat load.

Select the coolant temperatures and calculate an overall logarithmic mean temperature difference.

Estimate an overall coefficient or by prior experience using estimated individual coefficients.

Calculate the area.

Select a tube size, pitch, and length and determine the number of tubes, shell size, and baffling, if required.

Steps 1 to 6 result in a guessed design. Three options are now available:

(a) Go to a computer program and rate. A number of trials may be required to obtain a final design.

(b) Make a preliminary hand calculation design by use of the approximate average condensing coefficient equations.
(c) After step 7(b), proceed to use the stepwise calculations and equations or go to the computer programs for final
checking. After doing step 7(b), the number of trials on the computer should be substantially less than in 7(a).

0 0 o0 Nouh~wbdE

In the cause of operation of a heat exchanger, there may exist thermally-induced static stress leading to, may be, structural and
wear issues. The objective of this paper is to model and analyse stress concentration, possible structural deformation and thermal
gradient of the heat exchanger. Here the heat exchanger is designed by using CAD software. Also, transverse normal stresses are
investigated. The heat exchanger was studied under combined thermo-mechanical loading.

Design procedures for heat exchangers are based on a series of correlations to estimate heat transfer coefficients, pressure drops,
costs, etc. Each correlation is characterized by uncertainties, i.e. it returns an approximate value of the variable that it aims at
predicting [6]. In this paper, we investigated how sensitive the evaluation of the total cost is to these uncertainties for shell and
tube heat exchangers. A decomposition of variance approach was used to calculate the total effect of each uncertain variable.
Three test cases are studied in which it was found that the most influential uncertainties are those related to the correlations to
evaluate the purchase cost and the heat transfer coefficient of the roof side. The probability distributions of the total cost are
presented and show a great variation of the total cost. The impact of the cost of energy was also investigated, which revealed that
the uncertainty about the cost of energy had a smaller total effect than that of other variables. Sensitivity analysis of the heat
exchanger was also carried out.

The network of heat exchangers and the cooling water system are two main elements of the energy systems in the processing
plants. These two topics have a very close interaction with each other. However, most current research first synthesizes the
network of heat exchangers and then designs the cooling water system. This sequential methodology probably omits optimal
solutions and gives rise to some suboptimal designs from a general perspective [7]. To overcome this limitation of traditional
methods, this document presents a simultaneous methodology to integrate the network of heat exchangers and the cooling water
system as a complete system. Unlike conventional approaches, the methodology treats cooling water as a special cold stream
whose mass flow, the initial and final temperatures are

all unknown variables and require to be optimized. The methodology mainly makes use of a modified stage-wise superstructure
that covers most possible configurations for integrating heat exchanger network and cooling water system. The mathematical
optimization model corresponding to the superstructure is a mixed integer nonlinear programming (MINLP) problem. The total
annual cost (TAC) is set as the objective function composed by utility cost, pumping cost, and capital cost of cooling tower and
heat exchanger. An industrial case study is used to demonstrate the capabilities of the proposed methodology [7].

Q

4= waty 1]

Q = m.cp.dT [2]
Q = Amount of energy or heat (kJ) (Btu); m = mass of the substance (kg) (Ib); cp = Specific thermal capacity of the substance (kJ /
kg oC) or (Btu/ (Ib. F); dT = Increase in the temperature of the substance (oC) (° F).

(T1 - Tz) - (Tz - Tl)
(T1 = Tp)
In—"—>=2
T T
Q = Amount of energy or heat (kJ) (Btu); m = mass of the substance (kg) (Ib); cp = Specific thermal capacity of the substance (kJ /
kg °C) or (Btu/ (Ib. F); dT = Increase in the temperature of the substance (°C) (° F).

ATy, = (3]
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This section of heat exchanger design and analysis is carried out with the following assumptions:

Heat given up by the hot fluid, Q
Q = mpcpn(tns — th1) [4]
Heat picked up by the cold fluid, Q
Q =Q =mccep(ter —ter) [5]
Total heat transfer rate in the heat exchanger,
Q =UAG, [6]
Where U is overall heat transfer coefficient between the two fluids
A is the effective heat transfer area
6,,, is the appropriate mean value of temperature difference or logarithmic mean temperature
difference (LMTD).
¢, is specific heat of fluid at constant pressure [/kg°C]

2.2 Pressure drop:

In the design of heat exchangers, the considerations of pressure drop are usually very important. Normally, a design restriction
could be AP <N psi, where the number N is specified, and such restrictions can be applied both on the tube side and on the shell
side. The calculation of the pressure drop on the tube side is done by first estimating the friction factor (Darcy) for the flow
through the tubes from the value of the Reynolds number and the relative roughness, and applying the viscosity correction that we
discuss in class.

3.0 Numerical simulation:

Numerical simulation of heat exchanger remains a challenge due to the inherent difficulties in dynamic failure simulation [12].
Computer simulation is the reproduction of the behavior of a system that uses a computer to simulate the results of a mathematical
model associated with that system. Since they allow verifying the reliability of the chosen mathematical models, computer
simulations have become a useful tool for the mathematical modeling of many natural systems in physics (computational physics),
astrophysics, climatology, chemistry, biology and manufacturing, human systems in economics, psychology, social sciences,
healthcare and engineering. The simulation of a system is represented as the execution of the system model. It can be used to
explore and obtain new knowledge about new technologies and to estimate the performance of systems that are too complex for
analytical solutions [13]. With Flow Simulation it is possible to study a wide range of fluid flow and heat transfer phenomena that
include the following: Internal and external fluid flows, Stationary and time-dependent fluid flows, Compressible fluid flows and
incompressible gases , Subsonic, transonic, and supersonic gas flows, free, forced and mixed convection, fluid flows with
boundary layers, including the effects of roughness of the walls, flows of laminar and turbulent fluids, multispecific fluids and
solids of multiple components, flows of fluids in models with moving / rotating surfaces and / or parts, heat conduction in fluid,
solid and porous media with / without conjugate heat transfer and / or resistance to contact heat between solids and / or heat
transfer of radiation between opaque solids (some solids may be considered transparent to radiation), and / or heat sources of
volume (or surface), for example Due to the Peltier effect, etc., Joule heating due to direct electric current in electric conduction
solidsl, various types of thermal conductivity in solid medium, ie, isotropic, unidirectional, biaxial / axisymmetric and
orthotropic, Fluid flows and heat transfer in porous media, Non-Newtonian fluid flows, compressible liquid flows [18] to [21].
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Figure 1: Process of building a computer model, and the interplay between experiment, simulation, and theory [11].

At the 9th International Conference on Sustainability in Energy and Buildings, SEB-17, 5-7 July 2017, Chania, Crete, Greece, [4]
presented CAE methods for plate heat exchanger design. In this conference, the authors admonished: To simulate a heat
exchanger, it is necessary to create a model and a computational mesh and then use a Computational Fluid Dynamics (CFD)
software. When assembling the heat exchanger, [4] reports, complicated and irregular narrow channels are created. These
channels are split into small volumes (elements). The final meshes are structured or unstructured with different element sizes.

At the International Conference on Knowledge Based and Intelligent Information and Engineering Systems, KES2017, 6-8
September 2017, Marseille, France, [5] presented Numerical Analysis and Improvement of the Heat Exchanger Designed For Co-
Generating Units. In this study, Research on heat exchangers for the co-generating units was carried to obtain the optimum design,
by comparing the efficiency and concepts used by different heat exchangers. The system was designed based on three basic
parameters optimization: number of coolant tubes, diameter of the coolant tube and inlet velocity of the cold gases. These three
variables were manipulated in order to investigate heat transfer performances, as well as, effects of heat transfer fluids and the
system’s efficiency. Simulations using Computational Fluid Dynamic (CFD) were carried out, to have a better understanding and
distinct visualization of the fluid flow, and to test and compare the results. The outcomes show that, different size of coolant tube
diameter has the biggest impact on the system efficiency, compared to the other two variables. Design improvement, based on the
contributions of the key parameters to efficiency of the heat exchanger, is recommended, as a final outcome of the project
conducted.

4.0 Results:

Resultant forces: reaction forces was analyzed for the entire model with the sum of forces along the X-axis , Sum X as 0.24691,
while for the sum of the forces along the Y axis, Sum Y is -18.9449. For the sum of forces along the Z axis, Sum Z is 0.0289852
and the resultant forces is 18.9465. However, reaction moments were not carried out for the entire model, the reason being that the
heat exchanger was presumed to be stationed or fixed at a point; consequently the entire model with the sum of forces along the
X-axis, Sum X as 0, while for the sum of the forces along the Y axis, Sum Y is 0. For the sum of forces along the Z axis, Sum Z is
0 and the resultant force is 0.

Maximum fluid carrying capacity of the Heat Exchanger = 0.04m?

Fluid used= Water

Density of Fluid =997kg/m?®

Mass of the Fluid = Density of fluid x Volume = 997x0.04 = 39.88kg

Weight of Fluid = 39.88x10 = 398.8N

Total Weight used in this Simulation = Total Weight of components inside the HE +Weight of Maximum fluid carrying capacity
=2282.1+298.9= 2680.9N
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Figure 2: heat exchanger simulation SS-Analysis-Mesh Quality Plot-Mesh Quality Plot

The finite element mesh (figure 2) was used to subdivide the computer aided design model of the heat exchanger into smaller
smaller domains called elements, over which a set of equations are solved. To greater extent, the accuracy that can be obtained
from any FEA model is directly related to the finite element mesh used [15]-[17].

Study Results
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Figure 3: heat exchanger simulation SS-Static Analysis-Stress-Stress

From the study (figure 2), the von mises stress analysis showed 0 N/m? for minimum at node 1654 and 1.245 e 05 for N/m?
maximum at node 38.

Table 2: heat exchanger study properties
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Figure 4: Heat exchanger simulation SS- Static Analysis-Displacement-Displacement

From the study (figure 4) also, the resultant displacement analysis showed a maximum stress 5.800e-05 mm at node 10589 and a

minimum stress of 0 mm at node 44.
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Figure 5: Heat exchanger simulation SS-Static Analysis-Strain-Strain

From the study (figure 5), the equivalent strain analysis showed a minimum stress of 2.057e-11 at node 802 and a maximum stress

of 2.710e-07 at node 2003.
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Figure 6: heat exchanger simulation SS-Static Analysis-Static Analysis-Stress-Stress2

From the study (figure 6), the von Mises stress analysis showed a minimum stress of 0 N/mm? at node 1654 and a maximum stress

of 1254e-01 N/mm? at 38.
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Figure 7: Heat exchanger simulation SS-Static Analysis-Factor of safetyl

The final purpose of any analysis is to allow the comparison of the tensions, deformations and deviations developed with those
allowed by the design criteria. Obviously, all structures, and their components, must be designed to have a capacity greater than
what is expected to develop during the use of the structure to avoid failures. The tension calculated to develop in a member is
compared to the strength of the material with which the composition is manufactured by calculating the ratio between the strength
of the material and the calculated resistance. The ratio must obviously be greater than 1.0 if the member should not fail. However,
the relationship between the allowable voltage and the developed voltage must be greater than 1.0 as a factor of safety (design
factor) will be specified in the design requirement of the structure. All structures are designed to overcome the load that these
structures are expected to experience during their use. The design factor (a humber greater than 1.0) represents the degree of
uncertainty in the value of the loads, the strength of the material and the consequences of the failure. The tension (or load, or
deflection) that the structure is expected to experience is known as the work, the design or the limit voltage. The limit voltage, for
example, is chosen to be a fraction of the elastic resistance of the material from which the structure is made. The relationship
between the final strength of the material and the permitted voltage is defined as the safety factor against the final failure. The
purpose of maintaining a safety factor in the elastic resistance is to prevent damaging deformations that would damage the use of
the structure. [22]. From the results of the analysis (figure 7), the simulation shows a minimum of 1.374e+08 at node 38 and
maximum 4.634e+07 at node 2446.

5.0 Conclusion:

The maximum Stress experienced by the Heat Exchanger according to the simulation result is 1.254e-01 N/mm? (MPa) which is
far less than the yield strength of the material used in building it (1.72369e+08 N/m?). Hence the Heat Exchanger will survive the
maximum loading and working capacity according to von Mises Stress analysis and with a significant factor of safety. For the
mesh information: Mesh type is solid, while mesher used is blended curvature based mesh. Jacobian point is 4. Maximum element
size is 113.564 mm, minimum element size is 22.7129 mm, mesh quality plot is high. For the mesh quality plot, minimum is
1.171 e+00 at element 2033. Maximum is 1.349e+04 at element 1577. Resultant forces: reaction forces was analyzed for the entire
model with the sum of forces along the X-axis , Sum X as 0.24691, while for the sum of the forces along the Y axis, Sum Y is -
18.9449. For the sum of forces along the Z axis, Sum Z is 0.0289852 and the resultant forces is 18.9465. However, reaction
moments were not carried out for the entire model, the reason being that the heat exchanger was presumed to be stationed or fixed
at a point; consequently the entire model with the sum of forces along the X-axis, Sum X as 0, while for the sum of the forces
along the Y axis, Sum Y is 0. For the sum of forces along the Z axis, Sum Z is 0 and the resultant force is 0.
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