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	2. 1 Introduction
A heat  exchanger is a system used to transfer heat between two or more fluids. The process of
heat transfer can be liquid-to-liquid, gas-to-gas or liquid-to-gas. Heat exchangers can be used
for heating or cooling processes [1]. The fluids can be in direct contact or can be separated by
a solid wall to avoid fluid mixing [2]. heat exchanger usually found in refrigeration, space
heating, power stations, air conditioning, petrochemical plants, chemical plants, sewage
treatment, natural-gas process and petroleum refineries. One of the examples of a heat
exchanger is the heat sink, which is a passive heat exchanger that transports the heat generated
by a mechanical device or an electronic device to a fluid medium. Another example is in an
internal combustion engine in which circulating engine coolant flows within radiator coils and
air flows past the coils which decrease the temperature of the coolant and heats the incoming
air.
Regarding the types of flow, we have two main types which are parallel flow and counter flow.
Firstly, the parallel flow is a flow where both fluids (the fluid in the shell and the fluid in the
tube) flow in the same directions. Its advantage is that the outlet temperature of the fluid being
cooled can reach a limiting temperature. Therefore, freezing can be prevented if the
temperature of the water remained above 32 degrees F. However, there are some disadvantages
such as having a large temperature difference at the ends which can cause large thermal
stresses, an eventual material failure can be occurred due to temperature divergence, and the
outlet temperature of the cold fluid can never exceed the lowest temperature of the hot fluid.
And that is a significant disadvantage if the aim of the heat exchanger is to raise the temperature
of the cold fluid. Secondly, the counter flow where is the fluids flow in the opposite directions.
It has some important advantages such as small temperature difference at the ends which
minimize thermal stresses over the heat exchanger, the outlet temperature of the cold fluid can
approach a higher temperature than the outlet temperature of the hot fluid, and uniform rate of
heat transfer since we have approximately uniform temperature differences at the inlet and the
outlet of the heat exchanger.
Fouling
After continuous fluid flow for a certain period of time some of unwanted material will
accumulate on the solid surface. This will create an additional layer of resistance to conduction
heat transfer. Therefore, the efficiency of a heat exchanger will decrease. This is called fouling.
 


	3. One Shell Pass  and Four Tube Passes system
Figure 1. One Shell Pass and Four Tube Passes.
Baffles: used to establish a cross flow and to induce turbulent mixing of shell-side fluid, both
of which enhance convection.
Shell Pass: a single pass heat exchanger, the shell side fluid enters at one side and it leaves
through the other side
Tube Pass: The number of times the fluid in the tubes passes through the fluid in the shell
Types:
1- Double-PipeConcentric pipeCo-axial Tube:
Figure 2. Double-PipeConcentric pipeCo-axial Tube.
The double pipe heat exchanger consists of one pipe held concentrically inside of a larger pipe.
One fluid flow inside the inner pipe while the other fluid flows through the outer pipe creating
an annulus shape. The outer fluid flows over the inner flow which will cause heat exchange
through the inner pipe as it acts as a conductive barrier [5]. Concentric Tube Heat Exchangers
are used in different industries such as food preparation, air-conditioning and material
processing [1]. Passing fluids through the inner and outer pipes of different temperatures will
 


	4. create a temperature  driving force which induces forced convection, transferring heat from or
to the product [8]. These heat exchangers are commonly used in fan cooled or air cooled,
evaporators or boilers, distillation, refinement processes, refrigeration HVAC and steam trains
[6].
2- Cross-Flow Heat Exchangers
Figure 3. Cross-Flow Heat Exchangers.
A cross-flow heat exchanger is made of thin metal panels, usually aluminum. It is used in a
cooling and ventilation system that needs heat to be transported from one airstream to another
via panels. An example of its application is a steam system’s condenser [7].
3- Shell and Tube Heat Exchangers
Figure 4. Shell and Tube Heat Exchangers
Shell and Tube Heat Exchangers consist of a shell with many tubes inside it. One fluid flow
through the tubes and another fluid flow through the shell over the tubes to transfer heat
between the two fluids. This type of heat exchangers is commonly used in large chemical
processes, oil refineries and is suited for higher-pressure applications because Shell and Tube
Heat Exchangers can perform tasks such as cooling of hydraulic and lube oil, removal of
process heat and feed water preheating. Cooling of turbine, engine, compressor [12].
4- Tubular Shell and Tube Heat Exchangers
 


	5. Figure 5. Tubular  Shell and Tube Heat Exchangers.
Tubular shell and tube heat exchangers are another type of heat exchanger, that do the same
work as all other exchangers which is transferring heat between two fluids (liquid, steam, gas).
It is used to either decrease the temperature of a fluid using another cold fluid or to increase
the temperature of the fluid using another hot fluid, therefore we can condense gases and
evaporate liquids. This system has many applications such as Sanitary applications,
pharmaceutical applications, Industrial applications [3].
5- Plate Shell and Tube Heat:
Figure 6. Plate Shell and Tube Heat.
The plate heat exchanger is made out of a set of rectangular dainty metal heat transfer plates,
and the plate is clipped and amassed on the section by a frame. The edge linings of two
neighboring sheets are squeezed by gaskets (made of different rubber or packed asbestos, and
so forth), and the sides of the sheets have circular openings to form a fluid passage [9]. It is
utilized in Water heaters, Cooling tower isolation, and Waste heat recuperationrecovery.
6- Compact Heat Exchangers
 


	6. Figure 7. Compact  Heat Exchangers.
A Compact Heat Exchanger (CHE) is a heat transfer gadget that exchanges heat between at
least two cyclesprocesses using a fitting working fluid or gas [10]. It is generally utilized in
compactness, huge surface area per volume ratio, the low temperature diverse different [11]
2 Problem statement
The heat exchanger needs to be designed to raise the temperature of the air stream from 25 ⁰C
to 400 ⁰C. For this, a counter flow heat exchanger is to be used with air flowing through the
tubes. The total mass flowrate of the air is 150 kg/s, which is split over 60 tubes. Therefore,
the mass flow rate through each tube will be 150/60 = 2.5 kg/s. On the shell side, a hot
combustion gas (from methane combustion) is to be used, which is available at 1800 ⁰C and at
a flowrate of 30 kg/s. The composition of the hot gas is 25 mol% CO2, 30 mol% H2O, and 45
mol% N2. The tubes for the heat exchanger are made up of iron. Fouling is significant on both
the inner and outer surfaces of the tubes with approximate resistance of !" ′′ = 10−5#2 . ⁰C/$.
Each tube has an inner diameter of 12 cm and outer diameter of 12.8 cm. Consider the following
additional data: Tube pitch = 1.2 × tube outer diameter. Shell inner diameter = 3.4 × (no. of
tube pass / no. of shell pass) with a unit of “m”. Baffle spacing = 0.2 × shell inner diameter.
In this project our aim was to determine the required length for our heat exchanger’s tube,
and that can be determined after finding the inner and outer heat transfer coefficient and
several other important steps of calculations that will be discussed below in our report. In
addition to that is to discuss the dimensions of our heat exchanger and to judge it if it was
good dimensions with high efficiency that can be applied for real heat exchangers or we
should edit and change our dimensions in order to have a heat exchanger with higher
efficiency.
 


	7. 3 Assumptions
1. Negligible  heat transfer between heat exchanger and surroundings
2. Negligible kinetic and potential energy changes
3. Neglect radiation
4. Steady state conditions
5. Constant properties of fluids.
6. No heat generation in the heat exchanger
7. Tube internal flow and thermal conditions fully developed.
8. Uniform wall thermal resistance since all elements pass through the heat exchanger.
4 Equations
Table 1. Working equations
Parameters
Equations
N0.
Re = Reynolds number
! = Density (kg/m3)
"= Diameter of pipe (m)
# = Velocity of fluid (m/s) $ = Dynamic viscosity (Pa.s)
%̇ = shell-side fluid mass flow rate (kg/s)
!"! =
4%
̇
'()
1
'(!= Nusselt number for turbulent flow in a pipe
Re = Reynolds number
Pr = Prandtl number
*+! = 0.023!"!
"
#
12$."
2
!"!= Nusselt number for flow in a pipe
"= Diameter of flow pipe (m)
h = Average heat transfer coefficient (W/m2
.K)
k= Thermal conductivity of cylinder material (W/m.K)
*+!
333333 =
(ℎ
3
5
3
q= Heat transfer (W)
)
̇ c= Mass flowrate of cold fluid (kg/s)
Cpc= Specific heat capacity for cold fluid (J/kg.K)
Tco= Cold temperature in the outlet (K)
Tci= Cold temperature in the inlet (K)
)
̇ h= Mass flowrate for hot fluid (kg/s)
Cph= Specific heat capacity for hot fluid (J/kg.K)
Thi= Hot temperature in the inlet (K)
Tho= Hot temperature in the outlet (K)
6 = %
̇ &71&(9'( − 9')) = %*
̇ 71*(9*) − 9*()
4
c= Clearance between two adjacent tubes (m)
p= Tube pitch (m)
do= Outer tube diameter (m)
< = 1 − =(
5
as= Cross flow area of the shell (m2
)
c= Clearance between two adjacent tubes (m)
b= Baffle spacing (m)
Ds= Shell diameter (m)
p= Tube pitch (m)
>+ =
<?(+
1
6
*̇ s= Mass velocity (kg/m2
.h)
)
̇ s,o= Shell-side fluid mass flow rate (kg/s)
as= Cross flow area of the shell (m2
)
@+
̇ =
%+,(
̇
>+
7
DH= Hydraulic diameter for triangular pitch layout (m)
p= Tube pitch (m)
do= Outer tube diameter (m)
(- = 4
AB
1
2C (0.871) − F
'=(
.
8 GH
B
'=(
2 C
8
 


	8. +
,o= Average heat  transfer coefficient for a baffled heat
exchanger (W/m2
.K)
DH= Hydraulic diameter for triangular pitch layout (m)
k= Thermal conductivity (W/m.K)
*̇ s= Mass velocity (kg/m2
.h)
$ = Dynamic viscosity (Pa.s)
Cp= Specific heat capacity (J/kg.K)
$s = Dynamic viscosity evaluated at the surface
temperature (N.s/m2
)
9
Cc= Heat capacity rate of cold side for exchanger (J/kg.s)
)
̇ c= Mass flowrate of cold fluid (kg/s)
Cpc= Specific heat capacity for cold fluid (J/kg.K)
!- = #
̇ .!%.
10
Cc= Heat capacity rate of cold side for exchanger (J/kg.s)
)
̇ h= Mass flowrate for hot fluid (kg/s)
Cph= Specific heat capacity for hot fluid (J/kg.K)
!/ = #
̇ /!%/
11
0= Effectiveness
q= Heat transfer (W)
qmax= Maximum heat transfer (W)
' =
(
(123
12
Cr= Relative heat capacity rate
Cmin= Minimum heat capacity rate (J/kg.s)
Cmax= Maximum heat capacity rate (J/kg.s)
%! =
%"#$
%"%&
13
NTU= Number of transfer units
Cr= Relative heat capacity rate
0= Effectiveness
14
U= Overall heat transfer coefficient (W/m2
.k)
hi= Heat transfer coefficient of the inner pipe walls
(W/m2
.k)
Ai=Inner surface area of pipe (m2
)
R”
ft= Thermal resistance due to fouling on inner
walls (m2
/k.W)
As= Surface area of pipe (m2
)
Do= Outer diameter of tube (m)
Di= Inner diameter of tube (m)
L= Length of pipe (m)
k= Thermal conductivity of tube (W/m.K)
ho= Heat transfer coefficient of the outer tube walls
(W/m2
.k)
Ao=Outside surface area of pipe (m2
)
1
*+
=
1
ℎ4+4
+
.56
77
+8
+
ln 1
29
24
3
2567
+
1
ℎ9+9
15
L= Length of pipe (m)
NTU= Number of transfer units
Cmin= Minimum heat capacity rate (J/kg.s)
U= Overall heat transfer coefficient (W/m2
.k)
d= Outer diameter (m)
N= Number of tubes
' =
()* ∗ %"#$
*!"#
16
5 Calculations
Given data
1 shell, 4 tube passes, triangular pitch (staggered configuration) of tubes
Mass flow rate of air = 150 kg/s
Mass flow rate for each tube = 2.5 kg/s
 


	9. Mass flow rate  in of combustion gas = 30 kg/s
!(
))
= 10*+
#,
℃/$
)1 = 25 ̊% = 298 2
)3 = 400 ̊% = 673.15 2
Unknown parameters
• L = tube length
• ho = heat transfer coefficients on the shell side
• hi = heat transfer coefficients on the tube side
For tube
4 (15) each tube = 12c# = 0.12#
4 (out) each tube = 12.8c# = 0.128#
For shell
T= 1800 ̊%
%6,= 25 %, 72O= 30%, (2 = 45%
Mass flow rate = 30kg/s
Additional data:
Tube pitch = 1.2 × tube outer diameter.
Shell inner diameter = 3.4 × (no. of tube pass / no. of shell pass).
Baffle spacing = 0.2 × shell inner diameter.
part a)
Tubes side
For air:
)
9 =
-../,+
,
= 212.5℃ = 4852
Properties from table A.4:
? = 0.7352 BC/#0
 


	10. %1 = 1.0255
BD
BC  ∗ 2
E = 260.4 ∗ 10*2
#,
G
H = 35.59 ∗ 10*3
#,
G
B = 39 ∗ 10*0
$
# ∗ 2
JK = 0.685
Calculating Reynold Number:
!L4 =
4#
̇
N4E
=
4(2.5)
N(0.12)(260.4 ∗ 10*2)
= 1018656.83
So, the flow is turbulent since it is greater than 2300.
Calculating Nusselt Number:
Since Ts>Tm then n=0.4
(Q4 = 0.023!L4
-
+
Pr
$
= 1265.98
Calculating ℎ#:
ℎ# =
(Q4B
4#
= 411.4
$
#,2
Shell side
For mixture:
UGGQ#15C )56 = 1200℃ G3 )5
999 = 1500℃ = 17732
Properties from table A.4: Using the extrapolation method
For 25mol% CO2
Cp= 1356 J/kg.K
For 30 mol% H2O
Cp=2736 J/kg.K
For 45 mol% N2
Cp= 1266 J/kg.K
Calculating CP for mixture:
 


	11. %V"#&78!9 = W
#:
#"#&78!9
X  %V: + W
#,
#"#&78!9
X %V, + W
#0
#"#&78!9
X %V0
!%1436;<= = 8
1.0025
2.9013
> (1356) + 8
1.26045
2.9013
> (2736) + 8
0.5406
2.9013
> (1266) = 1891.63
E
6F ∗ H
Calculating q to find )56 :
Z = #;%V;()<6 − )<=) = (150)(1025.5)(400 − 25) = 57684375 $
̇
Z = #5
̇ %V5()5= − )56) =
̇ 30(1891.63)(1800 − )56) = 57684375 W
)56 = 783.52℃
Properties of the mixture at the average temperature )
 = 1292.76℃ from Table A.4 using
extrapolation:
Table 2. Properties of gases
Iron: B = 32.1
>
"∗@
Re-Calculating ]V"#&78!9 ,E"#&78!9 and B"#&78!9:
%V"#&78!9 = W
#:
#"#&78!9
X %V: + W
#,
#"#&78!9
X %V, + W
#0
#"#&78!9
X %V0
%V"#&78!9 = W
1.0025
2.9013
X (1330.4) + W
1.26045
2.9013
X (2630) + W
0.5406
2.9013
X (1244.8)
= 1834.23
D
BC ∗ 2
Gas:
^ W
_`
aA
X bc W
d
_` ∗ e
X f W
g ∗ h
aB
X _ W
i
a ∗ e
X
25mol%
CO2
0.3002 1330.4 5.6228 ∗ 10*+ 0.098092
30 mol%
H2O
0.3629 2630 5.7514 ∗ 10*+ 0.182298
45 mol%
N2
0.2227 1244.8 5.1628 ∗ 10*+ 0.10251
 


	12. E"#&78!9 = W
#:
#"#&78!9
X  E: + W
#,
#"#&78!9
X E, + W
#0
#"#&78!9
X E0
I1436;<= = 8
1.0025
2.9013
> (5.6228 ∗ 10>? ) + 8
1.26045
2.9013
> (5.7514 ∗ 10>?) + 8
0.5406
2.9013
> (5.1628 ∗ 10>?)
= 5.40348 ∗ 10>?
J ∗ K
#@
B"#&78!9 = W
#:
#"#&78!9
X B: + W
#,
#"#&78!9
X B, + W
#0
#"#&78!9
X B0
B"#&78!9 = W
1.0025
2.9013
X (0.098092 ) + W
1.26045
2.9013
X (0.182298) + W
0.5406
2.9013
X (0.10251)
= 0.13219
$
# ∗ 2
Calculating ℎC:
)QjL V1k]ℎ V = 1.2 ∗ 0.128 = 0.1536 #
lℎLmm 155LK n1o#LkLK = 3.4 ∗
4
1
= 13.6 #
po""mL GVo]15C = 0.2 ∗ 13.6 = 2.72#
]mLoKo5]L = )QjL V1k]ℎ − )QjL 3QkLK n1o#LkLK = ] = V − n6 = 0.1536 − 0.128
= 0.0256#
oD =
]j4D
V
=
(0.0256)(2.72)(13.6)
0.1536
6.165 #,
qD
̇ =
#D,6
̇
oD
=
30
BC
G
6.165 #,
= 4.866
BC
#, ∗ G
 


	13. 4F = 4  W
"m3rKokL
rLkkLn VLK1#LkLK
X = 4
st
V
2u (0.87V) − W
Nn6
,
8 Xv
t
Nn6
2 u
= 4
st
15.36
2 u (0.87(15.36)) − W
N(12.8),
8 Xv
W
N(12.8)
2 X
= 17.217 ]# = 0.17217 #
ℎ6(0.17217)
0.13219
= 0.36 w
(4.866)(0.17217)
5.40348 ∗ 10*+
x
..++
w
(1834.23)(5.40348 ∗ 10*+)
0.13219
x
:
0
w
5.40348 ∗ 10*+
5.40348 ∗ 10*+
x
..:-
ℎ6 = 50.6529
$
#,2
Overall heat transfer coefficient:
%; = #<
̇ %V< =
̇ (150)(1025.5) = 153825 W/K
%5 = #5
̇ %V5 = (30)(1834.23)
̇ = 55026.9
$
2
{ =
%5()5# − )56)
%_ min()5# − )<#)
=
55026.9(1800 − 783.52)
55026.9(1800 − 25)
= 0.5727
%! =
%"#$
%"%&
=
55026.9
153825
= 0.3577
NTU from table:
€ = 2.0098
 


	14. (()*): = 1.0283
Find  U:
Triangular pitch staggered configuration of tubes
w
!"(7
UG
=
!"(,#
U#
+
!"(,6
U6
x
1
*U
=
1
ℎ#U#
+
!(7
))
UD
+
ln t
46
4#
u
2NB'
+
1
ℎ6U6
1
*
= É
1
411.4(N(0.12)')
+
10*+
N(0.128)' + N(0.12)'
2
+
ln t
0.128
0.12 u
2N(32.1)(')
+
1
50.6529(N(0.128)')
Ñ ∗
N(0.128)' + N(0.12)'
2
* = 45.93119
$
#, ∗ 2
Find L:
* =
()* ∗ %#15
Nn'(
' =
()* ∗ %"#$
*Nn(
' = 51.059 m
Part b)
ℎ#6 = ℎ# ×
n#
n6
= 411.4 ×
0.12
0.128
= 412.0375
$
#,2
*< =
ℎ6 × ℎ#6
ℎ6 + ℎ#6
=
45.390 × 412.0375
45.390 + 412.0375
= 40.886
L
#2H
 


	15. 6†LK GQK"o]L =
*<  − *6,<%H
*<
× 100% = 1.955%.
6 Results and Discussion
The total length of the tube was found to be 1xLxN= 1∗ 68.4377 ∗60= 4106.262m since
L=68.4377 is the tube length per pass. The final dimensions of our heat exchanger are
depicted in figure 8. The dimensions of the heat exchanger were compared to the typical
dimensions of a shell and tube heat exchanger as shown in table 3 [13].
Our dimensions of
HEX
Typical dimensions of HEX
Tube outisde diameter 128mm 12.7 to 25.4mm
Baffle spacing 2720mm Not more than 2720 mm
(no closer than 20% of the shell's inner diameter
!"#$$ &''#( )&*+#,#( = ./. 1 +)
shell-diameter-to-tube-
length ratio
0.2 from 1/15 to 1/5
Shell inner diameter 13600mm 300 to 2500mm
clearance 25.6mm Approximatly 20mm
Figure 8. Dimensions of HEX
 


	16. Tube pitch 153.6mm  Not less than 160mm (1.25 times the tubes' outside
diameter)
The tube outside diameter of our HEX has been found to be higher than the typical dimensions
of a HEX, moreover, the baffle spacing is exactly at the minimum spacing possible since the
baffle spacing must be not less than 20% of the shell’s inner diameter. Thus, the baffle spacing
is perfect because having baffles space too close cause a higher pressure drop and on the other
hand, having the baffles too far from each other may cause cooler spots in the corners between
the baffles. The shell diameter to tube length ratio must range from 1/15 to 1/5 and it has been
found to be 0.2 which is acceptable because having longer tubes mean more surface area but
also more pressure drop so this may be a limitation. The shell inner diameter was found to be
much higher than the acceptable range thus in order to improve the design it should be reduced.
Additionally, the clearance of our design is a little bit higher than the typical dimensions of
hex, thus it should be minimized in order to prevent excessive bypass flow on the shell side
[13]. The effectiveness was calculated to be 57.27% which is considered acceptable however
it can be improved.
6.1 Recommendation
One of the ways to improve the efficiency of the heat exchanger is by increasing the contact
area of the hot flow and cold flow which will enhance the heat transfer rate between air and
gases to reach the desired temperature faster and with lower energy. In addition, adding fins to
tubes improves the rate of heat transfer and adds turbulence which enhances mixing. Another
prime consideration for designing a heat exchanger is the amount of power needed to pump the
fluid this can save money and energy. Moreover, knowing which fluid should flow on the tube
side and shell side will lower the pumping costs, fouling, heat loss and corrosion. The fluid
with the most tendency should be placed in the tube side since tubes are easier to clean,
therefore, it is predicted that the combustion gas and air both have a fouling factor ranging
from 0.00018–0.00035 [14,15]. In addition to that, many other factors can be considered when
choosing the which fluid goes in the shell or tube side such as pressure and how corrosive the
fluid is [14]. Corrosion and fouling can cause minor or major problems for the majority of
industries who depend on heat exchangers to keep the operation running with maximum
efficiency. To avoid fouling keep the cooling fluid clean thus prevent small particles to enter
the heat exchanger and this is done using an off line method which is done by stopping the heat
exchanger and cleaning it however this can impose additional costs [16]. In order to
compensate for the reduction in performance due to fouling, the net heat transfer rate with the
clean surface should be higher. The over surface of the designed heat exchanger was found to
be approximately 2% which is very small, thus in order to increase the efficiency and
performance it is suggested to increase the area however, this will also increase the cost. Lastly,
tight spacing between the tubes decreases the rigidity of the tube plate and wide spacing causes
inefficient heat transfer and a larger shell however the most efficient configuration is to have
Table 3. Dimensions of HEX
 


	17. the maximum number  of tubes in the shell as it will increase the turbulence in the tubes which
results in better heat transfer, but cost can be a limitation [17].
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