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ABSTRACT

Design of a Heat Exchanger for a Supercritical CO; Turbine System

Kehinde Adenuga

This research aims at designing a shell and tube heat exchanger which will drive a turbine operated on
supercritical CO,. Hot gases from boiler (simulated using air) at 1500 K is introduced into the shell to
heat up the supercritical CO; at 10 MPa flowing within tubes from 450 K to 1050 K. The design was
done using selected shell and tube heat exchanger empirical equations at predefined boundary
conditions. The effect of shell and tube diameter on other design parameters was examined. It was
observed that the number of tubes, tube external and internal side surface area, volumes of shell and
tube, overall surface area and mass of tube material increases as the shell diameter increases from 6 m
to 18 m at 2 m interval and this is due to the increase in cross sectional area. The shell length, the
number of baffles, overall heat transfer coefficient, the pressure drop in both shell and tube sides all
decreases as shell diameter increases at same rate as described previously, and this is attributed to a
reduced velocity caused by the increased cross section area of tubes and baffle space. The increase in
tube diameter from 0.0092 m to 0.12 m at 0.02 m intervals however leads to an increase in shell length,
volume of tube material, number of baffles, shell side pressure drop, tube side pressure drop, overall
area of the device ,tube external side surface area and tube internal side surface area. However, the
overall heat transfer coefficient, total length of tubes and number of tubes decreases as the tube
diameter increases at same rate as described previously. A decision was made on the selected heat
exchanger based on fewer tubes, reduced mass of tube materials , low shell and tube pressure drop,
and a high heat transfer coefficient. A selected geometry of shell diameter 8 m, shell length 51.62 m,
tube diameter 0.102 m, number of tubes 1509 and overall heat transfer coefficient 60.51 W/m?*K was

considered.

A CFD analysis was conducted using ANSYS 18.1 on the prototype of the selected heat exchanger
device. The device geometry was built using the design modeler and it consist of the shell, tubes, air
fluid, CO; fluid and baffles The meshing and naming of unit parts was done while the set-up stage
was achieved with the predefined boundary conditions and properties. The temperature distribution

and thermal analysis of the heat exchanger was reported.
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1 INTRODUCTION
1.1 Super critical CO, power cycle

There are power plants that uses CO:in its supercritical state as its working fluid[1]. The
supercritical CO, (S-CO,) power cycles have numerous benefits over other working fluid used for
thermal and power generating cycles. Firstly, it doesn’t go through a constant-temperature boiling
process at elevated temperature. Secondly, it has a continuous reduction in density which occurs as
the fluid is heated and is abundantly available at a very cheap cost[2]. Also, it is stable in all region of
interest and could be set up in a compact style of arrangement. S-CO, turbines are very compact and

very efficient with small, single casing body design.

Several power cycles are used for power generation and they include Organic Rankine Cycle
(ORC), steam Rankine cycle, air Brayton cycle, Combined cycle gas turbine (CCGT), and S-CO:direct
and indirect cycles[3]. The S-CO; based Brayton cycle is a good alternative to the conventional steam
power cycles because of high cycle efficiency, compact turbo machinery and compact heat
exchangers[4]. A closed Brayton cycle consists five components including a compressor, recuperator,
heat exchanger, turbine and precooler. Fluid from the compressor enters recuperator and then to the
heat exchanger where the energy from a heat source is transferred into the fluid to drive the shaft in
rotary motion[5]. Bryton cycles offers better fuel-power conversion efficiency but requires high
turbine inlet temperatures for efficient operation. In [6], at high density of S-CO; near the critical
point, S-CO; Bryton cycles tend to have reduced compressor power consumption and increased
efficiency. The S-CO, Bryton cycle allows several heat exchangers which include shell and tube, hybrid
exchangers, spiral wound exchangers, finned tube and shell exchangers, plate and shell exchangers and

porous media exchangers in its operation[7].



The ORC principle is based on a turbo-generator working as a conventional steam turbine to
convert the thermal energy into mechanical energy and finally into electric energy through an electrical
generator. Instead of generating steam from water, the organic Rankine cycle system vaporizes an
organic fluid, characterized by a molecular mass higher than that of water, which leads to a slower
rotation of the turbine, lower pressures and no erosion of the metal parts and blades. [8] The ORC
uses an organic, high molecular mass fluid with a liquid-vapor phase change, or boiling point,
occurring at a lower temperature than the water-steam phase change [9]. The heating of CO, is done
directly using volumetric and tubular receiver. The indirectly fired closed-loop S-CO; cycles [1] has
the working fluid heated directly by a heat source through a heat exchanger. Another indirectly heated
S-COz cycle is the recuperated closed-loop Brayton cycle. It has a thermal recuperator that is
introduced between the turbine and the compressor which helps to improve the cycle efficiency by
reducing the heatloss in CO; cooler. A semi-closed direct oxyfuel Brayton cycle has the heat exchanger
replaced by a pressurized oxy-fuel combustor which burns fuel in oxygen producing CO; which is
used to drive the turbine [1]. A S-CO, power cycle using a shell and tube heat exchanger is shown in
Figure 1.1. Hot air simulating hot combustion gases from a boiler move into a shell and tube heat
exchanger where thermal energy is transferred to S-COz needed to drive a power generating turbine

which produce electricity through a generator.


https://en.wikipedia.org/wiki/Solvent
https://en.wikipedia.org/wiki/Boiling_point

Boiler

Hot Air Outlet

S-CO2 Inlet S-CO2 Outlet

Hot Air Inlet

Condenser

Cooling Cooling .
Sater witer Generator Gear Turbine
Supply return

Figure 1. 1: Supercritical CO, power cycle
1.2 Objective of this study
The objective of this work is to design a S-COx heat exchanger device. The focus of the study will

be at specifying the

1. Design of the heat exchanger in accordance with standard working principles.

ii. Key cost factor and operation parameters such as volume of tube material and pressure
drop;

1. Temperature distribution of the fluids within the shell and tube using CFD.

1v. Temperature distribution within the heat exchanger using CFD.

V. Thermal analysis of the heat exchanger using CFD.



2 LITERATURE REVIEW

Studies on the use of S-CO: for power generation have taken place since the 1960s but little or no
development was done due to technological limitations [10]. Several publications on heat exchanger
design has since surfaced and among which was the design of a tubular type heat exchanger which
endures high-temperature and high-pressure conditions under S-CO, fluid flow. The device was
evaluated using an in-house code, a 3-dimensional flow and thermal stress analysis which aimed at
testing the tube integrity. The result indicated that the stress level of the heat exchanger device satisfied
the American Society of Mechanical Engineers (ASME) criteria. Further research on S-CO; in
efficient power generation was conducted in [11Jwhere S-CO; direct cycles was compared with
conventional Rankine cycles at inlet turbine temperature of 550 °C and 700 °C. A result showing 45
% and 53% efficiency with greater cost reduction was achieved. This shows the benefit of the S-CO,
direct cycle over other power cycles at different turbine inlet temperature. Generally, it was shown
that the efficiency of power plants is directly proportional to the enthalpy of the working fluid at the

turbine inlet.

In [12] the US Department of Energy through its supercritical transformational electric power
program awarded a $3.9 million project to three design company’s which are Echogen Power Systems
in Ohio, the Gas Technology Institute (GTT) in Illinois and the Southwest Research Institute (SWRI)
in Texas to develop initial plans to design a 10 MW S-CO; Brayton Cycle test facility. The project was
to support future supercritical Brayton Cycle energy conversion systems which would help achieve
national climate and energy goals while promoting domestic job creation and providing the country
with a clean and cheaper power. Ongoing work has already been done by SWRI in Texas, the GTI
and the General Electric Global Research team (GE-GR) [13][14].They are performing a steady state

and transient modelling analysis for a 10 MW S-CO; pilot plant test facility using Aspen plus, Aspen



Hysys and Numerical propulsion system simulation software’s to arrive at comparable results giving

increased confidence in the analysis.

In [15], Zhu reviewed the latest development in S-CO; power cycles technologies in relation to power
generation. Zhu highlighted the unique properties of S-CO; which makes it an ideal working fluid.
Zhu also described the types of Brayton cycles with emphasis on the open and closed Brayton cycles.
The technical difficulties of the S-CO, power cycles were discussed with focus on limited operational
experience of S-CO, power turbines for commercial operations and challenges experienced in turbo

machinery design for equipment operating at elevated turbine inlet temperature.

2.1 Heat exchanger

Heat exchanger is a device used to transfer heat energy between two or more fluids, between
a solid particulates or surface and a fluid at different temperatures [16]. They are utilized for controlling
heat energy and can regulate efficient heat transfer from one fluid to another. The fluids can be single
ot two phase and, depending on the exchanger type, it may be separated or in direct contact. In [17],
heat exchangers are classified based on flow configuration and by equipment type of construction.
The categories based on flow configurations are described in Figure 2.1 and are the counter flow, co-
current flow, crossflow and cross/counter flow. Heat exchangers classification by equipment type of
construction are either recuperators or regenerators. Recuperators are direct transfer type of heat
exchanger where the fluids are separated by wall which prevent mixing or leakage of the fluids.
Regenerators are indirect transfer types of heat exchangers where fluid interact via intermittent heat
exchange with each other through thermal energy storage. Regenerators normally have fluid leakage
due to pressure differences and matrix rotation [16],[17]. The heat exchangers usually seen in our

environment are the cooling towers, automobile radiators, condensers, evaporators and air preheaters.



Heat exchangers are classified into various categories such as the classification on transfer process
(indirect contact type and direct contact type), number of fluids( two or more fluids), surface
compactness (gas to liquid or liquid to liquid and phase change), flow arrangement which include the
single-pass and multi-pass arrangements. The multi-pass heat exchanger has the extended surface,
shell and tube and plate heat exchangers. The classification based on type of construction have the
shell and tube, plate, agitated film and batch pan heat exchangers. Another major classification is on
energy utilization (steam and vapor recompression). Lastly is the classification based on reboilers

which includes the natural and forced circulation.

[ <= 'LI E JLI
B — —
L|| +— | LII ]

-

Countercurrent flow T Cocurrent flow

A e

Cross flow Cross / Counter flow

Figure 2. 1: Heat exchanger classification based on flow configuration [17].
2.2 Shell and Tube heat exchanger
Shell and tube heat exchangers (STHXs) are very much in use due to the flexibility they offer for a
wide range of temperature and pressure [18]. A shell and tube heat exchanger is made of a large
pressure container and several number of tubes inside it. STHXs also have various types of baffles
configuration among which are conventional segmental baffles, deflector baffles, disk and doughnut

baffles and spaced optimized baffles [19].The design of STHXs include the thermal and mechanical



stage [20], the thermal stage includes the selection of fluids, temperature specification, setting of
pressure drops, velocity limits and heat transfer area. The mechanical stage are selection of tube and

shell dimensions, setting the tube pitch, tube arrangement, baffle spacing and baffle design.



3 METHODOLOGY
3.1 System description

A shell and tube heat exchanger with straight tubes that are secured at both ends to tubesheets
welded to the shell was selected because of its low cost, simple construction and minimal leakage of
the shell side fluid. The schematic of the shell and tube heat exchanger is shown in Figure 3.1. The

major components are tubes, shell, buffers, flanges, stationary tube sheet, support bracket and shell

cover.
Inlet Air Fluid
l Shell Flanges

Outlet Inlet

CO2 S CO2

Fluid Fluid

1 1 Y
Tubes Baffles
Outlet Air Fluid
Figure 3.1: Shell and tube heat exchanger

3.1.1 Baffles

Baffles are metal separators used in the shell side of the shell and tube heat exchangers. Baffles are
also used to support tubes and enable a desirable velocity for the fluid to be maintained at the shell
side and prevent failure of tubes due to flow-induced vibration. Baffles enable better contact of the
shell side fluid (air) with the tube surface. They also support the tube bundles and minimize the

potential damage caused by flow induced vibration in the tubes.

3.1.2 Baffles spacing
This should have minimum value of one fifth of the shell internal diameter while the maximum baffle

spacing should not be greater than the shell internal diameter. Closely placed baffles could mean a
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poor penetration of the tubes by shell fluid (air). A large baffle spacing means the shell side fluid (air)
flows freely along the direction of the tubes thereby decreasing the heat transfer and overall efficiency.
Baffle spacing are normally between 0.3 and 0.6 times of the shell internal diameter. Baffle spaces
could also be same size as the shell diameter to achieve a low shell side pressure drop. The baffle

spacing for this analysis was set at 0.7 times the shell internal diameter.

3.1.3 Tube layout and pitch

Tubes layout for shell-tube heat exchangers are of two major types, the triangular pattern and the
square pattern layouts. The square tube layout shown in Figure 3.3 is used when frequent cleaning is
required while the triangular layout is used when more tubes is to be fitted in a given space. Tube pitch
is the minimum center to center distance between two tubes. Tube pitch is normally set as 1.25 or 1.5
times tube outer diameter. Tube spacing which helps in controlling shell side pressure drop is given

by tube pitch divided by tube diameter ratio. Tube diameter ratio is defined as the tube outer diameter

Tube Inner Tube outer
diameter diameter

divided by tube inner diameter.

Flow ::

Tube Pitch

Figure 3.2: Square pitch tube layout
3.1.4 Shell fluid selection

The choice of fluid for the shell side are based on requirement for higher flow rate and higher fluid

viscosity which results is needed for increased heat transfer coefficient and overall heat transfer [21].



Air has a high thermal conductivity that increases with temperature [22] and was selected for this

design.

3.1.5 Tube material selection

The main factors that influenced the selection of materials for the shell and tube heat exchanger are
high thermal conductivity, low coefficient of thermal expansion, high endurance at extreme
temperature and pressure conditions, good tensile, good fatigue, corrosion fatigue, creep-fatigue and
creep characteristics. The material must have high fatigue toughness and high impact strength to
prevent fast cracking [23].The recommended materials for the shell and tube heat exchangers are
ferritic steels, austenitic steels, wrought nickel-based steels and the precipitation-strengthened alloy
740 [24]. The nickel-based alloy, Inconel 617 was selected due to its suitability and high endurance at
extreme temperature and pressure conditions. It also offers exclusive blend of high strength, oxidation
resistance and corrosion resistance at up to 980° C. The physical properties of Nickel based alloys

Inconel 617 are listed in Table 3. 1. The chemical composition of Inconel 617 is presented in Table 3.2

Table 3.1: Properties of Inconel 617 at 1000 °C [25]

Inconel 617 Value
Tensile strength 893 MPa
Yield Strength 389 MPa
Tensile Modulus 149 GPa
Shear Modulus 61 GPa
Poisson’s ratio 0.3
Specific heat capacity under constant pressure 662 ]/kg -° C
Thermal conductivity 28.7W/m -°C
Maximum allowable stress 12.5 MPa
Corrosion resistance 35 g/m’
Coefficient of expansion 16.3 um/m-°C
Density 8360 kg/m’
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Table 3.2: chemical composition of Inconel 617, wt. % [25]

Alloy Ni|Cr|S | B |Ti|Co |Fe|Mn |Mo| Al |Ti |Cu| P |Si| C

Inconel 617 | 45|22 | 0.1 005 1 | 13 | 3 1 9 {12]106]05]01| 1 |01

3.1.6 Maximum allowable working pressure of the tube

The maximum allowable working pressure of the tube is calculated by equation:

2 X Sy X FgXFg XFy X t
d;

Sy= yield strength of Inconel 617
Fg=design factor
Fy=longitudinal joint factor

Fi= temperature derating factor
t;=tube thickness

d;=inner tube diameter

3.2 Problem description

The model developed in this work solves a steady-state heat transfer problem between a hot flowing
air and a counter flow S-CO; fluid in a shell and tube heat exchanger configuration. The design is
expected to serve a 300 MW gas turbine system with expected thermal efficiency about 50 %. The
heat input Q;y, is projected at 600 MW in order to meet this demand. The 1o, was calculated as

8006.74 kg/s using the preset Tiy co,, and Toye co,,0f 450 K and 1050 K respectively since a moderate
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turbine inlet temperature lies between 996 — 1246 K [21]. In order to derive the My, Tip 44 Was set
at 1500 K. A relationship was created between air utilization ratio (AUR), My, Tin air with the
assumption that Toyt air = Tin,co,,- After several iterations, a Ty of 760 kg/s at Ty air of 802 K

was selected as it offers a suitable geometry design parameter for a effective heat exchanger. Table 3.3

shows the design parameter generated for the shell and tube heat exchanger device.

Table 3. 3: design parameters for the heat exchanger

Design input parameters of the heat exchanger

CO; inlet temperature, (K) 450
CO; outlet temperature, (K) 1050
CO; mass flow rate (kg/s) 806.74
Air inlet temperature, (K) 1500
Air outlet temperature (K) 802
Air mass flow rate (kg/s) 760.00

The mass flow rate and inlet temperatures were specified at entry positions while the outlet
temperatures was specified at exit positions. The alloy Inconel 617 is selected as the material for the
shell and tube heat exchanger due to its suitability and high endurance at extreme temperature and
pressure conditions [27]. The thermo-physical properties of the fluid domain are constant, and the

values of density (p) specific heat (cp)thermal conductivity (k), dynamic viscosity (), Prandtl

number (Pr) are provided in Table 3.4 and Table 3.5
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Table 3. 4: Thermo physical properties of the Air at 1.13 bar [22]

Th,i Th,o Tha
Temperature (K) 1500 802 1151
p , density (kg/m’) 0.2353 0.6419 0.3209
U, dynamic viscosity (N. s/m? 0.00005264  0.00002849  0.00004511
Cp, specific heat under constant pressure (J /kg. K) 1211.2 1039.8 1167
k, Conductivity (W/m. K) 0.08831 0.04357 0.0733
Pr, Prandtl number 0.722 0.688 0.708

Table 3. 5: Thermo-physical properties of the S-CO, at 10 MPa [28]

Tei Teo Tea
Temperature (K) 450 1050 750
p, density (kg/m’) 131.6 49.31 71.5
1, dynamic viscosity (N. s/m?) 0.00002358  0.00004285  0.0000315

Cp, specific heat under constant pressure (J/kg. K) ~ 1208.346 1270.7593 1239.55
k, conductivity (W/m. K) 0.03392 0.07524 0.05

Pr, Prandtl number 0.8399 0.7237 0.7809

3.3 Design calculations
3.3.1 The total heat transfer rate

Q = Myir X Cppir X ATyi=Tco, X Cpco, X ATco, oo [17]

Q= total heat transfer rate
My =mass flow rate of air

Mo, =mass flow rate of CO»

13



Cp,air =specific heat of air under constant pressure

Cp,co2= specific heat of CO, under constant pressure

AT,;-= temperature difference in air (between air inlet and outlet)
AT¢p,= temperature difference in CO; (between CO: inlet and outlet)

3.3.2 Logarithmic mean temperature difference

ATl - ATZ
AT,
AT,)

ATlm ==
Ln(

AT; = Temperature difference between air and €O, at one end of the heat exchanger

AT,= Temperature difference between air and €O, at the other end of the heat exchanger

3.3.3 The number of tubes
— T (CrP)_Ds
N=2(Z )PRng .................. [29]

CTP =tube count constant (0.93 for one tube pass, 0.9 for two tube passes, 0.85 for three tube passes)
Dg=shell diameter

Pt = H x d,=tube pitch [29]
H=constant (usually 1.25 &1.5)

CL =tube layout constant (1 for ‘90° & 45°°, 0.866 for ‘30° & 60°’)

d,=Tube outer diameter

PR — Pt
= 4

3.3.4 The overall heat transfer coefficient

1

[hif%J’ ln(%)x(ﬁ)] ..................

U=

h; =heat transfer coefficient of CO, flowing within tube
h, =Heat transfer coefficient of air flowing outside tube

d, =tube outer diameter
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d; =tube inner diameter

kinc=Inconel thermal conductivity

A, =1 X d; X Ny X L =tube external side surface area
A; =m X dy X Ny X L =tube internal side surface area

3.3.5 Reynold number of tube fluid

Thcoz Xd;

Re
b.co, AcXUco,

M, =mass flow rate of CO,
Uco, = dynamic viscosity of CO,
d;=Inner tube diameter

==X
Ac 4" Np

N, =number of passes

N =number of tubes

3.3.6 Friction factor of tube fluid

f = (158 X ln ReD'COZ - 328)_2

Rep co, = Reynold number of CO,

f=friction factor

3.3.7 Nusselt number of tube fluid

£X(ReD,C02_1OOO)XPr
Nuco, =2
CO, 1

[1+12.7(£)§><(Pr)§—1]

f =friction factor
Rep co,=Reynold number of CO;

Pr¢o,=Prandtl number of CO;
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3.3.8 Heat transfer coefficient of CO,

n _ NuCOZ X kCOZ
€O, d;

d;=Inner tube diameter
k¢o, Thermal conductivity of CO»

3.3.9 The length of the shell

_ Q
- NeXUX wXdoX AT

Q= Total heat transfer rate
N : Number of tubes
U : Overall heat transfer coefficient;

ATy, =logarithmic mean temperature difference

3.3.10 Crossflow area of shell

DS XCtXB
Pt

As =
B=Ds= Baffle space

Pt= H x d,=tube pitch
H=constant (usually 1.25&1.5)
Dg=shell diameter

C; =P, —d,

3.3.11 Equivalent diameter

nxd3

D, =4 x (Pt? — T)/(ﬂ X d,)..... Square pitch

Pt= H x d,=tube pitch

d,= Outer tube diameter
3.3.12 Reynold number of air
_ Mair XDe

Re ., =
b.air As X Upir
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Uair=dynamic viscosity of air
D,=equivalent diameter

_ Dgx € xB
s = Pt

Myir = mass flow rate of air

3.3.13 Nusselt number of air

1
Nup air = 0.36 X Re) 5% X Pri, X (14/1hy)"**
Rep 4i-=Reynold number of air
P14i-=Prandtle number of air
Uw = pof air at ... .. o e e cee e . Ty,

3.3.14 Heat transfer coefficient of air

P Nugir X Kpir
air —~ 5
De

D.=equivalent diameter
k 4i=Air conductivity
3.3.15 Overall heat transfer surface area

Q
A = —
overall UXAT

U=Overall heat transfer coefficient
Aoveraun=0Overall heat transfer surface area

AT}, =logarithmic mean temperature difference

AT, — AT,
T,
AT,)

ATlm ==
Ln(

Q=Total heat transfer rate
3.3.16 Shell side pressure drop

fGZ(Np+1) D
2P airDeX (1] phw) 014

N

f =exp (0.576 — 0.19 In Rep ;)
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Uair = dynamic viscosity of air
Dg=shell diameter

Gs = My [As

Myir = mass flow rate of air

_ Dgx € xB
s = Pt

N, = number of baffles

Up = U AL e s e e e v Ty,

=

Ta:Tco + ThiZTho]

1
T, = 2 [
3.3.17 Tube side pressure drop

2
Hco,
2

XL

f = (158 XInRep o, — 3.28)72
N, =number of passes

L=length of shell

d; =tube inner diameter
Pco,=density of CO»

Uco, = dynamic viscosity of CO,
3.3.18 Shell thickness

ty = fcx%gbp +c

ts=shell thickness

p=design pressure

fc= maximum allowable stress of the material of construction

J=]Joint efficiency (varies from 0.7 to 0.9)

Dgs=shell diameter

c=corrosion allowance
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3.3.19 Tube thickness
_ pdo
ty = ————
2(f;xJ+0.4p)
t;= tube thickness
d, =tube outer diameter
fe= maximum allowable stress of the material of construction

J=Joint efficiency (varies from 0.7 to 0.9)

p=design pressure
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4 PRELIMINARY DESIGN AND OPTIMIZATION USING EMPIRICAL EQUATION

The preliminary design of the S-CO; heat exchanger was conducted using empirical equations 3.3.1
to 3.3.19. The inner tube diameter selected varies from 0.028 m to 0.13 m. The shell diameter selected
varies from 4 m to 18 m. Other constant parameters are specified in table 3.4 and 3.5 Also, the tube

is one pass at initial set of Pt = 1.5 X d,& B = 1.7 X Dy

4.1 Effect of shell inner diameter on the design and performance parameters d;=0.0092 m, Dy,=6-
18 m £,=0.004 m

Table 4.1 shows the effect of shell diameter on design details of the heat exchanger when the tube
inner diameter is set as 0.092 m. The values presented shows that the number of tubes, tube internal
side surface area, tube external side surface area, volume of shell material, total volume of tube
material, overall surface area and mass of material increases as the shell diameter increases. This is due
to increase in cross sectional area [37]. However, the shell length, the number of baffles, overall heat
transfer coefficient, the shell side pressure drop and tube side pressure drop all decreases as shell
diameter increases, this is attributed to a reduced velocity caused by the increased total cross section
area of tubes and baffle space [38]. These relations are presented in Figures 4.1 (a) to 4.1 (e). Smaller
shell diameters are preferred as they offer fewer tube numbers, moderate shell and tube side pressure
drop, reduced mass of heat exchanger material and a better overall heat transfer coefficient. This is

seen in Table 4.1 for shell diameter 6 m and 18 m.
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Table 4. 1: Effect of shell inner diameter on the design and performance parameters d;=0.0092 m,

D,,=6-18 m t,=0.004 m

Parameters Data
Shell Outer diameter (m) 6.11 8.15 10.19 12.23 14.26 16.31 18.34
Shell Inner diameter (m) 6 8 10 12 14 16 18
Shell Side Pressure drop (Bar) 7.76 2.26 0.87 0.40 0.21 0.12 0.07
Shell length (m) 36.67 30.25 26.10 23.16 20.96 19.23 17.85
Surface Area of Inner Shell (m?) 691.30 760.36 820.06 873.22 921.99 966.73 1,009.52
Volume of Shell material (m?3) 39.43 57.56 77.81 99.16 120.97 151.29 173.24
Tube number 1,682 2,992 4,675 6,732 9,162 11,967 15,146
Tube Side Pressure drop (Pa) 364.04 110.05 43.72 20.63 10.96 6.35 3.93
Volume of tube material (m?) 0.04 0.04 0.03 0.03 0.03 0.02 0.02
Total volume of tubes material (m3) 74.42 109.20 147.22 188.11 231.70 277.65 326.19
Total length of tubes (m) 61,679 90,508 122,018 155,913 192,036 230,125 270,356
Tube internal side surface area (m?) 17,829 26,163 35,271 45,069 55,511 66,521 78,150
Tube external side surface area (m?) 19,380 28,438 38,338 48,988 60,338 72,305 84,946
Baffle number 8 5 3 2 1 1 1
Overall heat transfer coefficient (W/m?K) 84.02 57.31 42.51 33.26 27.00 22.53 19.18
Overall Area (m?) 17,899 26,240 35,379 45,215 55,686 66,751 78,387
Mass of material (kg) 951,734 | 1,394,133 | 1,881,234 | 2,401,506 | 2948302 | 3,586,002 | 4,175,253
16,000 10
= T'ube number
12,000 Baffle number 3
= =
2 2
e :
g 8,000 5 &
2 =
2 E
= as)]
4,000 3
0 0
6 8 10 12 14 16 18

Shell diameter (m)

(a) Tube number and baffle number
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Figure 4. 1: Effect of shell inner diameter on the design and performance parameters dj=0.0092 m,
Dg,=6-18 m t;=0.004 m
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4.2 Effect of inner tube diameter on the design and performance parameters, Dg=8m, d;=0.028 —
0.120 m tg. =0.075m

Table 4.2 shows the effect of inner tube diameter on the key design parameters which include the
number of baffles, number of tubes, total surface area of shell, total surface area of tubes, volume of
shell, total volume of tubes, shell length, the shell side pressure drop and tube side pressure drop when
shell diameter is kept as 8m. Increasing the tube diameter increases the shell length, volume of tube,
number of baffles, shell side pressure drop, tube side pressure drop, overall surface area of device,
heat transfer area of inside tubes and heat transfer area of outside tubes. The overall heat transfer
coefficient, total length of tubes and number of tubes decreases as tube diameter increases. These
relations are presented in figures 4.2 (a) to (e). A tube diameter increase lead to decrease in the number
of tubes arranged in the shell because the shell can accommodate less number of larger tubes than
smaller one. The number of baffles is directly proportional to shell length. This is so because the
number of baffles is a division of shell length by baffle space. It is important to also note that the total
heat transfer coefficient increases as the tube diameter decreases, this is because of the increase in
number of tubes arranged in the shell resulting in higher collision of the particles of the fluid moving

round the tubes.
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Table 4. 2: Effect of inner tube diameter on the design and performance parameters, D¢=8m,

d;=0.028 —0.120 m ts. =0.075 m

Parameters Data
Tube Outer diameter (m) 0.030 0.050 0.070 0.090 0.110 0.130
Tube Inner diameter (m) 0.028 0.046 0.065 0.083 0.102 0.120
Shell Side Pressure drop (Bar) 1.92 2.05 215 223 229 2.35
Shell length (m) 6.12 12.03 18.81 26.29 34.34 4291
Surface Area of Inner Shell (m?) 153.78 302.39 472.81 660.83 863.17 1078.69
Volume of Shell material (m?) 11.64 22.89 35.79 50.03 65.34 81.66
Tube number 33,242 11,967 6,106 3,694 2,473 1,770
Tube Side Pressure drop (Pa) 102.39 105.17 107.38 109.22 110.83 112.26
. 0.0005575 0.0036286 0.0107392 0.0250081 0.0484926 0.0842724
Volume of tube material (m?)
Total volume of tubes (m?) 18.53 43.42 65.57 92.38 119.92 149.16
Total length of tubes (m) 203,371 143,963 114,854 97,115 84,923 75,958
Tubes total internal side surface area (m?) 17,892 20,807 23312 25,326 27,083 28,039
Tubes total external side surface area (m?) 19,170 22,617 25,261 27,462 29,351 31,026
Baffle number 0 1 2 4 > 7
Overall heat transfer coefficient (W/m?K) 84.99 7201 0448 59.35 55.52 5251
Overall Area (m?) 17,693 20,882 23,320 25,339 27,086 28,640
Mass of material (kg) 252,241 554,397 847,427 1,190,519 1,548,832 1,929,672
40,000 8
Tube number
30,000 Baffle number 6
el
3 .
3]
= 200 E
a 20,000 4 g
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3
= =
<
A a8}
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Figure 4. 2: Effect of inner tube diameter on the design and performance parameters, Dg=8m,
d;=0.028 - 0.120 m t5. =0.075 m
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4.3 Effect of tube and shell diameter on the design and performance parameters, Dg, =4-16 m

d;=0.05, 0.09 & 0.13 m.

The combined effects of tube diameter and shell diameter have been checked against tube number,
shell length, volume of tube material, volume of shell material, shell side pressure drop, tube side

pressure drop, total surface area for heat transfer, and overall heat transfer coefficient.

Table 4.3 and Figure 4.3 show the effect of tube and shell diameter on tube numbers. The tube number
increases with the increased shell diameter and decreased tube diameter. This signifies that more tubes

are required to fill a shell diameter space for smaller tube diameters as compared to larger tubes.

Table 4. 3: Effect of tube and shell diameter on tube number

Parameter Data
Shell Outer diameter (m) 4.08 6.11 8.15 10.19 12.23 14.26 16.30
Shell Inner diameter (m) 4 6 8 10 12 14 16
Tube number di = 0.05 m 2,992 6,732 11,967 18,699 26,926 36,649 47,868
Tube number di = 0.09 m 923 2,078 3,694 5,771 8,310 11,311 14,774
Tube number di= 0.13 m 443 996 1,770 2,766 3,983 5,422 7,081
60,000
e i = (.05 m
di =0.09 m
45,000
di=0.13m

Tube number

4 6 8 10 12 14 16

Shell diameter (m)

Figure 4. 3: Effect of tube and shell diameter on tube number
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4.4 Effect of tube and shell diameter on shell length

Table 4.4 and Figure 4.4 shows the effect of shell and tube diameter on the length of shell needed for
this heat exchanger to achieve the heat transfer needed. As expected, decreasing the tube diameter
decreases the length needed for the same shell diameter. Decreasing tube diameter from 0.13 m to
0.05 m at 8m shell diameter decreased the shell length from 60.18 m to 16.35 m, which is 72.83% of
the shell length observed at tube diameter of 0.13 m. This is due to the increased surface area/volume
ratio of the smaller tube compared to the large one as shown in Table 4.5 and Figure 4.5. In
comparison, increasing shell diameter also decreases the length of the heat exchanger but at relatively
less scale. For example, the shell length observed at 16 m shell diameter and 0.13 m tube diameter is

36.46 m which is 63.05% of the 60.18 m shell length derived at shell diameter of 8 m. It is evident that

decreasing shell diameter is more effective in reducing shell length

Table 4. 4: Effect of tube and shell diameter on shell length, m

Parameter Data
Shell Outer diameter (m) 4.08 6.11 8.15 10.19 12.23 14.26 16.30
Shell Inner diameter (m) 4 6 8 10 12 14 16
Shell length (m) di = 0.05 m 27.15 20.14 16.35 13.95 12.26 11.02 10.06
Shell length (m) di = 0.09 m 60.94 44.95 36.42 30.98 27.18 24.36 22.19
Shell length (m) di = 0.13 m 101.30 74.45 60.18 51.12 44.80 40.10 36.46
120
—— di = 0.05'm
90 di =0.09 m
g di=013m
=
£ 60
=
5
<
n
0
4 6 8 10 12 14 16

Shell diameter (m)

Figure 4. 4: Effect of tube and shell diameter on shell length, m
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Table 4. 5: Effect of tube diameter on surface area to volume ratio, m

Tube Outer diameter (m) 0.010 0.030 0.050 0.070 0.090 0.110 0.130
Tube Inner diameter (m) 0.009 0.028 0.046 0.065 0.083 0.102 0.120
Side surface area to volume ratio of tube (m) 2496 832 499.2 356.57 277.33 22691 192
3000
& .
o 2250
5)
g
=
> 1500
S
g
=
()
Q
&
5
@ 750
)
=
n
0
0.009 0.029 0.049 0.069 0.089 0.109 0.129

Tube diameter (m)

Figure 4. 5: Effect of tube diameter on side surface area to volume ratio.
4.5 Effect of tube and shell diameter on total volume of tube material, m’
As shown in Table 4.6 and Figure 4.6, the total volume of tube material decreases significantly with
the decreasing shell diameter for tube diameter 0.13 m when compared to tube diameter 0.09 m and
0.05 m. For bigger tubes, the decrease in volume of tube material is sharply noticed while for smaller
tubes, the changes is relatively small . Decreasing the diameter of the tube decreases the total volume
of tube material due to the increased surface area for heat transfer and reduced tube thickness from

5.00 mm to 1.90 mm. The heat exchanger should be designed as small shell diameter, with small tubes.
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Table 4. 6: Effect of tube and shell diameter on total volume of tube material, m’

Parameter Data
Shell Outer diameter (m) 4.08 6.11 8.15 10.19 12.23 14.26 16.30
Shell Inner diameter (m) 4 6 8 10 12 14 16
Total volume of tube material (m?) di= 0.05 m 23.59 39.38 56.85 75.75 95.92 117.28 139.85
Total volume of tube material(m?) di = 0.09 m 52.96 87.96 126.60 168.27 212.58 259.30 308.27
Total volume of tube material (m?) di= 0.13 m 88.04 145.68 209.22 277.68 350.38 426.92 506.97

600

o — di = 0.05m
& 500
E di = 0.09 m
-
3
E 400 di=0.13m
0
0
2 300
w
o
5 200
e
£ 100
=
0
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Figure 4. 6: Effect of tube and shell diameter on total volume of tube material, m’
4.6 Effect of tube and shell diameter on volume of shell material
In Table 4.7 and Figure 4.7, the volume of shell materials increases significantly for tube diameter 0.05
m, 0.09 m and 0.13 m at about same proportion. This is to further buttress the observation from figure
4.1 and figure 4.2. It is seen that at shell diameter 6 m, a decrease in volume of shell material by 72.96
% when tube diameter was reduced from 0.13 m to 0.05 m. A decrease in volume of shell material by
48.0 % is seen at tube diameter 0.05 m when shell diameter decreases from 10 m to 6 m. A conclusion

that reduction in tube diameter helps greatly in decreasing the amount of shell material is noticed.
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Table 4. 7: Effect of tube and shell diameter on volume of shell material, m’

Parameter Data
Shell Outer diameter (m) 4.08 6.11 8.15 10.19 12.23 14.26 16.30
Shell Inner diameter (m) 4 6 8 10 12 14 16
Volume of Shell material (m?) d;= 0.05 m 12.58 21.63 31.22 41.60 52.67 64.40 76.79
Volume of Shell material (m3) d; = 0.09 m 28.08 48.30 69.52 92.40 116.73 142.38 169.28
Volume of Shell material (m3) di=0.13 m 48.35 79.99 114.88 152.47 192.40 234.43 278.38
300
— di = 0.05m
250
di = 0.09 m

)

200 di=0.13m

100

Volume of shell (m

50

0
4 6 8 10 12 14 16

Shell diameter (m)

Figure 4. 7: Effect of tube and shell diameter on volume of shell material, m’

4.7 Effect of tube and shell diameter on tube side pressure drop

Table 4.8 and Figure 4.8 shows the effect of tube diameter and shell diameter on pressure drop of
CO: flowing in the tube. As expected, increasing shell diameter decreases the pressure drop as more
tubes are used which decrease the velocity of CO,and length of tube (shell) . In comparison, the effect
of tube diameter on pressure drop is negligible with the range of tube diameter examined. It should
be noted that the pressure drop in tube is very small compared to the 10 MPa working pressure of

COzin tube.
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Table 4. 8: Effect of tube and shell diameter on tube side pressure drop, Pa

Parameter Data
Shell Outer diameter (m) 4.08 6.11 8.15 10.19 12.23 14.26 16.30
Shell Inner diameter (m) 4 0 8 10 12 14 16
Tube Side Pressure drop (Pa) di= 0.05 m 2,341.58 422.00 126.62 50.03 23.53 12.47 7.22
Tube Side Pressure drop (Pa) di = 0.09 m 2,529.05 450.34 133.82 52.52 24.55 12.94 7.45
Tube Side Pressure drop (Pa) di=0.13m 2,668.00 470.95 139.16 54.38 25.33 13.32 7.64
3,000.00
- = di = 0.05 m
_2,500.00
o>
~ di = 0.09 m
£ 2,000.00
o .
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=
=
% 1,500.00
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Figure 4. 8: Effect of tube and shell diameter on tube side pressure drop, Pa

4.8 Effect of tube and shell diameter on shell side pressure drop

Table 4.9 and Figure 4.9 shows the effect of tube and shell diameters on the pressure drop in shell
side. It is evident that the pressure drop in shell side is dominated by shell diameter. Increasing shell
diameter increases the cross-section area and decrease the velocity of air. Table 4.10 and Figure 4.10
shows the effect of shell and tube diameter on the velocity of air in shell examined. The changes in
velocity is dominated by the shell diameter. The decreased shell length at large shell diameter also
linearly decreases the pressure drop in shell side. It was observed that shell side pressure drops had a

major decrease as shell diameter increased from 4 m to 16 m showing that low shell side pressure drop
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is achieved as shell diameter increases. This is in further compliance with the observations of session

4.1 and 4.2

Table 4. 9: Effect of tube and shell diameter on shell side pressure drop, bar

Parameter Data
Shell Outer diameter (m) 4.08 6.11 8.15 10.19 12.23 14.26 16.30
4 6 8 10 12 14 16

Shell Inner diameter (m)

Shell Side Pressure drop (Bar) di = 0.05 m 10.120 1730 0496 0.189 0.085 0.044 0.025

Shell Side Pressure drop (Bar) di = 0.09 m 11.289 1920 0.548 0.208 0.094 0.048 0.027

12.120 2.050 0.585 0.222 0.100 0.051 0.029

Shell Side Pressure drop (Bar) di = 0.13 m

16

= di = 0.05 m

o
S 12 di = 0.09 m
o
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g
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w
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Figure 4. 9: Effect of tube and shell diameter on shell side pressure drop, bar

Table 4. 10: Effect of shell and tube diameter on the velocity of air, m/s

Parameter Data
Shell Outer diameter (m) 4.08 6.11 8.15 10.19 12.23 14.26 16.30
Shell Inner diameter (m) 4 6 8 10 12 14 16
Velocity of Air (m/s) di = 0.05 m 448.34 199.26 112.09 71.74 49.82 36.60 28.02
Velocity of Air (m/s) di= 0.09 m 448.34 199.26 112.09 71.74 49.82 36.60 28.02
Velocity of Air (m/s) di= 0.13 m 448.34 199.26 112.09 71.74 49.82 36.60 28.02
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Figure 4. 10: Effect of shell and tube diameter on the velocity of air, m/s
4.10 Effect of tube and shell diameter on overall heat transfer coefficient
Table 4.11 and Figure 4.11 presents the effect of tube and shell diameter on overall heat transfer
coefficient. The overall heat transfer coefficient decreases as shell diameter and tube diameter
increases. It is noticed at shell diameter 6 m, the heat transfer coefficient dropped by 29.71% from
tube diameter 0.05 m to 0.13 m whereas at tube diameter 0.05 m a drop of 48.01% was observed from
shell diameter 6 m to 10 m. It is evident that the variation in shell diameter has a higher effect on

overall heat transfer coefficient compared to the change in tube diameter.

Table 4. 11: Effect of tube and shell diameter on overall heat transfer coefficient, W/m?K

Parameter Data
Shell Outer diameter (m) 4.08 6.11 8.15 10.19 12.23 14.26 16.30
Shell Inner diameter (m) 4 6 8 10 12 14 16
Overall heat transfer coefficient (W/m?K) di = 0.05 m 127.70 76.50 52.98 39.77 31.41 25.69 21.54

Overall heat transfer coefficient (W/m?K) di= 0.09 m 102.39 61.65 42.84 32.23 25.51 20.91 17.59

Overall heat transfer coefficient (W/m?K) di= 0.13 m 88.97 53.77 37.44 28.21 22.36 18.34 15.45
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Figure 4. 11: Effect of tube and shell diameter on overall heat transfer coefficient, W/m*K

4.11 Effect of tube and shell diameter tube internal side surface area

Table 4.12 and Figure 4.12 presents the effect of tube and shell diameter on tube internal side surface area. The
tube internal side surface area increases as shell diameter and tube diameter increases. It is noticed at shell diameter
6 m, the tube internal side surface area is increased by 42.69 % when tube diameter is increased from 0.05 m to
0.13 m. In compatison, at tube diameter 0.05 m, a huge increase of 92.93 % was observed when shell diameter
was increased from 6 m to 10 m. Variation in shell diameter has a higher effect on tube internal side surface area
compared to vatiation of tube diameter dimensions.

Table 4. 12: Effect of tube and shell diameter tube internal side surface area, m*

Parameter Data
D, Shell Outer diameter (m) 4.08 6.11 8.15 10.19 12.23 14.26 16.30
D;, Shell Inner diameter (m) 4 6 8 10 12 14 16
Tube internal side surface area(m?) di = 0.05 m 11,778 | 19,600 | 28383 | 37,814 | 47,880 | 58,549 | 69,811
Tube internal side surface area(m?) di = 0.09 m 14,689 | 24394 | 35110 | 46,666 | 58956 | 71,912 | 85492
Tube internal side surface area(m?) di= 0.13 m 16,905 | 27,969 | 40,170 | 53313 | 67274 | 81,969 | 97,339
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Figure 4. 12: Effect of tube and shell diameter on tube internal side surface area, m”

4.12 Effect of Tube pitch on shell and tube side pressute drop Dg = 8 m, d; = 0.102,B =

56 m,Pt=1.2-2.0

The effect of tube pitch on shell and tube side pressure drop is shown in Table 4.13 and Figure 4.13.

The shell side pressure drop decreases with the increase in pitch as it increases the cross section area

for air to flow through. However, increasing tube pitch increases the pressure drop in tube as the

number of tubes is decreased while shell diameter is kept as constant. The highest shell side pressure

drop, 17.70 bar was noticed when the tube pitch was 1.2. The lowest shell side pressure drop, 1.17 bar

was observed at a tube pitch of 2.0.

Table 4. 13: Effect of Tube pitch on shell and tube side pressure drop

Parameters Data
Tube Pitch 2.00x d, 1.80x d, 1.60x d, 1.50x d, 1.35x d, 1.25x d, 1.20x d,
Shell Side Pressure drop (Bar) 1.17 1.49 2.17 2.88 5.40 10.60 17.10
Tube Side Pressure drop (Pa) 1324.00 708.64 360.92 252.41 143.56 96.55 78.63
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Figure 4. 13: Effect of Tube pitch on shell and tube side pressure drop

The effect of tube pitch on shell length is shown in Table 4.14 and Figure 4.14. Increasing tube pitch
increases the length of shell. This is mainly due to the decreased number of tubes when tube pitch is
increased when shell diameter is kept constant as shown in Table 4.15 and Figure 4.15. More space

is created around the tubes when tube pitch increases, this result in reduced space available for tubes

to fit in.
Table 4. 14: Effect of Tube pitch on shell length
Parameters Data
Tube Pitch 2.00X d,, 1.80% d,, 1.60X d, 1.50% d, 1.35% d, 125xd, | 1.20xd,
Shell length (m) 98.99 72.46 51.62 43.13 32.57 26.84 24.35
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Table 4. 15: Effect of Tube pitch on Tube number
Parameters Data
Tube Pitch 2.00 X d, 1.80X d, 1.60X d, 1.50% d, 135X d, 125%d, | 1.20xd,
Tube number 956 1192 1509 1717 2120 2473 2683
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Figure 4. 15: Effect of Tube pitch on Tube number




4.13 Selected shell and tube heat exchanger

The selected shell and tube heat exchanger parameters are shown in Table 4.16. The selection was
made while considering a reasonable pressure drop for both the shell and tube side, the desirability to
have a significant ratio for shell diameter to tube length, and a design consideration that allows for a

reduced number of tubes and material cost represented by the volume of tube materials.

Table 4. 16: Design parameters for the selected heat exchanger

Design parameters for shell and tube heat exchanger device

Number of Passes 1

Shell inner diameter(m) 8.00
Shell outer diameter(m) 8.15
Tube inner diameter(m) 0.102
Tube outer diameter (m) 0.110
Number of Baffles 8
Tube Pitch 1.6 X d,
Number of Tubes 1509
Baffle spacing (m) 5.6
Length of tube (m) 51.62
Shell side pressure drop (bar) 2.17
Tube side pressure drop (Pa) 360.92
Overall heat transfer coefficient (W/m’K) 60.51
Overall surface area for heat transfer (m?) 24852
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5.0 CFD CALCULATION USING ANSYS-FLUENT

5.1: Ansys-Fluent simulation

The ANSYS fluent software was used in simulation of the shell and tube heat exchanger device. The
design details below are the values used in building the prototype of the selected heat exchanger device.
The prototype is a 1/10000 th reduction of the original model due to the limitation of the computation

resource. The simulation provides the qualitative support to design of the heat exchanger.

5.2 Temperature distribution of device

Figures 5.1 to 5.5 show the temperature distribution of the air and CO fluid flowing through the heat
exchanger device. This was done using the ANSYS 18.1 software. The geometry was built in the design
modeler and meshing was developed with over a million nodes and three million elements. Boundary
and cell zone conditions were added in the set-up for the inlet and outlet. The shell has inlet
temperatute of 1500 K, and mass flow rate of 760.01 kg/s. The tubes have inlet temperature of 450
K and mass flow rate of 806.74 kg/s. Inconel 617 was selected as the shell and tube material with

properties listed in Table 3.1, shell fluid was air and tube fluid was CO..

The temperature distribution of the air fluid is presented in Figure 5.1. High temperature air at about
1500 K flows into the top part of the shell and move to the bottom part of the shell where the
temperature falls to about 1300 K and later falls to about 800 K due to heat transfer from air to the
CO3; through the Inconel 617 tubes. As shown in Figure 5.2, CO; fluid at 450 K enters into the Inconel
617 tubes and gain heat from hot air thereby increasing to about 800 K at halfway through the tube
length and reaching 1000 k towards exit of the tubes. As shown in Figure 5.3, the wall of the shell
material is at elevated temperature of about 1220 K to 1350 K at around the body of the shell and
falls to between 800 K — 900 K towards the shell outlet. As shown in Figure 5.4, the Inconel 617 tubes

shows elevated temperature of 940 K — 1080 K at most part of the tube length, which is between the
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temperature of air and CO,. Figure 5.5 shows a sectional view of the shell and tube heat exchanger

with air and CO, fluid running through the shell and tubes, respectively.
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Figure 5.1: Temperature distribution of CO,
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5.3 Thermal analysis

The thermal analysis was done using ANSYS 18.1 software. The engineering data for Inconel 617 was
added as presented in Table 3.1 while the geometry was built, and edge and body size meshing were
done. The loading conditions were added as temperatures conditions on shell inlet, shell outlet, shell
side region, tube inlet, tube outlet and tube side region. The temperature distribution was calculated
and evaluated and presented in Figure 5.6 while Figure 5.7 plots the variation of the allowable stress
with changes in temperature along the tubes. The result below shows how the shell and tube material
conduct heat when hot air flows into it. Maximum temperature of 1500 K is observed at air inlet
region and minimum temperature of 450 K to 600 K is observed at CO; inlet. An average temperature
of 1047.8 K to 1049.3 K is seen around the inside surface of the tube. The variation in temperature

of the Inconel 617 material under loading further buttress its quality of high thermal.
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6.0 CONCLUSION AND FUTURE WORK

6.1 Conclusion

The procedure designing supercritical CO» heat exchanger was developed and applied to design a S-
CO:z heat exchanger for a 300 MW S-CO; turbine. The design of a shell and tube heat exchanger was
conducted using preliminary equations with several sample tests done using shell diameters values of
6 m to 18 m and tube diameters 0.028 m to 0.12 m. Smaller shell diameter of between 8 m to 12 m is
preferable as they offer a limited number of tubes and less volume of shell material , a shell side
pressure drop of 0.4 bar to 2.26 bars , tube side pressure drop of 20.63 Pa to 110.05 Pa, increased

overall heat transfer coefficient of 33.26 W/m?K to 57.31 W /m’K.

It could also be concluded that smaller tubes values of 0.083 m to 0.12 m are good for construction
as they offer higher overall heat transfer coefficient of 52.51 W/m’K to 59.35 W/m’K and shell side

pressure drop of 2.23 bar to 2.35 bar.

The main geometry parameters of the shell and tube heat exchanger designed include shell diameter
8 m, tube diameter 0.102 m, and pitch of 1.6X d,,. The calculated length of shell is 51.62 m. There are
1509 tubes used with a total length of 77894.58 m. The overall heat transfer coefficient calculated is
60.51 W/m2k. The pressute drop of air in shell calculated is 2.17 bar while the pressure drop of CO»

in the tubes was 360.92 Pa.

The CFD simulation provides detailed distribution of temperature of fluids, shell and tubes, and

material strength.

6.1 Future works
This design work is only done for a square-pitch layout and can be extended for a triangular pitch

layout for heat transfer analysis on shell and tube heat exchanger for selected applications. Also, the
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design work was restricted to a one-pass tube system and can be tested for a two-pass and three-pass

exchanger system.

A CFD simulation of full-scale heat exchanger should be conducted once the computational resource
is made available. It is expected that the CFD simulation will help to verify if the system designed can

achieve the heat transfer needed.
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APPENDIX 1 . Orthographic projection of heat exchanger device
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