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Abstract

This study aims to develop and analyse a heat exchanger (HE) design in the
carbonization process of carbon for adsorption. This one-pass shell and tube type
HE is designed simply. HE equipment specifications are shell length 1.93 m, shell
diameter 0.203 m, outer tube diameter 0.022 m, and thickness 0.0016 m. Then
the calculation is done manually using the Microsoft Excel application. The
results show that the shell and tube HE designs with one pass type have a laminar
flow, with an effective value of 44.44% with an impurity factor of 0.10331. Thus,
HE with the shell and tube with one pass does not meet the requirements and
standards, both in terms of effectiveness and impurity factors. Although the shell
and tube type of HE does not match the criteria and standards specified in
industrial applications, the analysis may be used as a learning tool for the design
process, operating mechanism, and performance analysis of HE.
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1. Introduction

A heat exchanger (HE) is a device that allows heat to be transferred from one fluid to
another. Two fluids with differing temperatures are separated on the cold side or hot
side by a separating medium to attain the optimal thermal in the heat transfer process.
The advantages of HE includes their great thermal efficiency and low cost [1]. HE
plays a crucial role in the effective use of energy because they are used in various
applications in various industries [2]. HE consists of several thin plates held together
by a frame parallel to the plate [3]. The design, reliability, and maintenance
development of HE are continuously needed to improve overall system performance
[4]. One of the most used HEs is the shell and tube heat exchanger [5].

In industry, carbon is used in various applications due to its excellent
performance [6]. Some of these applications include carbon used for water
purification [7]. Carbon can be obtained from organic waste, such as rice straw [8],
mango peel [9], pineapple peel [10], and pumpkin seed skin [11]. Adsorption is one
of the most widely applied techniques for removing pollutants from contaminated
media [12]. One that affects absorption is particle size. The increase in adsorption
with temperature can increase the pore size to a certain extent which can also affect
the carbon adsorption capacity [13]

According to our previous studies on designing industrial apparatus [14, 15] as
well as analysing and evaluating the experiments and processes [16-23], this study
aimed to design a HE for the production of carbon nanoparticles. As a model, we
used the process for the production of carbon nanoparticles that are from pumpkin
seeds. HE with a shell and tube type is designed. Thus, it can be useful as a
reference in designing a HE and become a teaching and learning method for the
design process, the working mechanism, to the performance of HE.

2.Method
2.1.Manufacturing of carbon

For carbon production, pumpkin seeds were carbonized at 250°C. The
carbonization process was kept for 2 hours under atmospheric conditions. The
process was initially proceeded by cleaning pumpkin seeds to eliminate
contaminants. To remove physically adsorbed water, the cleaned pumpkin seeds
were then dried at temperature of 100°C. The dried pumpkin seeds were put into
the sawing process and the carbonization procedure to produce carbon
microparticles. The detailed procedure for the carbonation process was described
in our previous study [11] and the milling process was based on literature [14, 15]

2.2. Mathematical models for designing a heat exchanger

Table 1 shows assumptions used for the fluid characteristics operating in the HE.
Several assumptions are used for the shell and tube type HE designs. The hot fluid
used is Refined Palm Qil (RPO), while the cold fluid is Bleached Palm Qil (BPO).
The hot fluid enters at 270°C and exits at 250°C. Cold fluid enters at 180 °C and
exits at 220 °C. The incoming RPO flowrate is 0.5 (kg/s) while the incoming BPO
flowrate is 1.0 (kg/s). In the process of collecting data regarding specifications, we
refer to the Standard Tubular Exchanger Manufacturers Association (TEMA),
while the thermal analysis is in the form of manual calculations using basic
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Microsoft Office applications based on equations 1-27. Table 2 shows the
calculated heat exchange parameters.

Table 1. Assumption for Fluid Properties working on HE

Shell Side Tube Side
Hot Oil (Th) Cold Qil (T)

Inlet Temperature, Tin (°C) 270 180
Outlet Temperature, Tout (°C) 250 220
Fluid Flow Rate (kg/s) 0.5 1
Operating Pressure (atm) 1 1
Specific Heat (kJ/kg°C) 2637 2249
Density (kg/m®) 792.7 830.0

Table 2. Heat exchanger parameter calculation.

Section Parameter Equation Eq.
Basic The energy Qin = Qout 1)
param transferred (Q) m, X Cp. X AT, = my, X Cpy, X AT,
eters
where
Q = the energy transferred (Wt)
m = the mass flow rate of the fluid (Kg/s)
Cp = the specific heat
AT = the fluid temperature difference (°C).
Logarithmic (Thi = Tci) = (Tho —T¢,) )
mean L = I (Ty; — Tcy)
temperature "(T,, —Tc,)
differenced  where
(LMTD) T,; = temperature of the hot fluid inlet (°C)
Tho = temperature of the hot fluid outlet (°C)
Tc; = temperature of the cold fluid inlet (°C)
Tc,= temperature of the cold fluid outlet (°C)
Correction R= Thi = Tho (3)
factor T, — Ty 4)
Teo = T ®)
p=—-
Thi — Ty
. VR T In[{—]
(R_l)ln(Z—P(R+1—m)
2—-P(R+1+VRZ+1
Heat Transfer A= Q (6)
Field Area (A) T U X LTMD
where

Q = the energy transferred (W)

U = the overall heat transfer coefficient
LMTD = the logarithmic mean temperature
difference.
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Section Parameter Equation Eq.
Number of . (7
Tubes (N) T mxD, Xl
where
N = the number of tubes
A = the area of the heat transfer area (m?),
T =314
D,= tube diameter (m)
1 = tube diameter (m).
Shell ®)
Diameter \/CTP & ((A X (PR)? X D 1
D, = 0.63( )2
where
D, = shell diameter (m)
A = the area of the heat transfer area (m?)
P, R = the correction factor
D, = tube diameter (m).
For CTP value (one tube pass = 0,93; two tube
pass = 0,90; and three tube pass = 0,85) and CL
value (90° and 45° = 1,00; and 30° and 60° =
0,87).
Tube Surface Area a's 9
of Total Heat ar = Ne—=
Transfer in where
Tube (a;) a, = the total heat transfer surface area in the
tube (m?)
N, = the number of tubes
a', = the flow area in the tube (m?)
n = the number of passes.
Mass Flow Gt = (10)
Rate of Water a;
in Tube (Gt)  where
Gt = the mass flow of water in the tube
(kg/m?s)
m,, = the mass flow rate of the hot fluid (Kg/s)
a, = the flow area tube (m?
Reynold di, X Gt (11)
number (Re,t) Re, =
where
Re, = the Reynolds number in tube
di, = the inner tube diameter (m),
Gt = the mass flow of water in the tube (m?)
u = the dynamic viscosity (Kg/ms).
Prandtl Cyxpl 12
Number (Pr,t) Pr= (-2 -

where
Pr = Prandtl number
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Section Parameter Equation Eq.

Cp = the specific heat of the fluid in the tube

u = the dynamic viscosity of the fluid in the
tube (Kg/ms)

K = the thermal conductivity of the tube
material (W/m°C).

Nusselt Nu = 0.023 X Re, % x Pro33 (13)
number (Nu,t)
Inside . NuxK (14)
coefficient (h;) hi=—17
where
hi = the convection heat transfer coefficient in
the tube (W/m?°C)
K = the thermal conductivity of the material
(W/m°C)
d;, t = the inner tube diameter (m).
Shell Shell flow _d;XCXB (15)
area (4y) 45 = P, (16)

N, L
D, = dy ™
1

where

d, = shell diameter (m)

C = clearance (P,-d,)

B = a shell bundle

P, = tube pitch (1.25% d,,) (m).

Mass Flow Gs = e a7
Rate of Water a
in Shell (Gs)  m, = the mass flow rate of the cold fluid
(Kgls)
A, = the shell flow area (m?).
Equivalent Pt 1 doy (18)
diameter (d,) = A x 0'?7 Pt=om %)
ano,t
where
P, = tube pitch (1.25% d,) (m)
T =314
dot = tube outside diameter (m).
Reynold di, X Gt (19)
number (Re,s) iz, = u
Re, = Reynold number
di, = inner tube diameter (m)
Gs = the mass flow of water in the shell
(Kg/m?s)
u = the dynamic viscosity (Kg/ms).
Prandtl Cyxpl 19
Number (Pr,s) Pr= (-2 9
where
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Section Parameter Equation Eq.
Prs = Prandtl number
Cp = specific heat capacity (kJ/kg°C)
U = dynamic fluid viscosity (Kg/ms)
K = thermal conductivity (W/m°C).
Nusselt Nug = 0.023 X Re "¢ x pr0-33 (20)
number (Nu,s) Re, = Reynold number
Pr = Prandtl number
Convection _ NuxK (21)
Heat Transfer 0= d,
Coefficient where
(ho) ho = convection heat transfer coefficient
(W/m2°C)
K = thermal conductivity (W/m°C)
d, = equivalent diameter (m).
Shell Actual Overall _ 1 (22)
and Heat Transfer Uace = 1 Ar 1
Tube Coefficient RtE TR
(Uacr) where
hi = inside heat transfer coefficient
(W/m?2°C)
ho = outside heat transfer coefficient
(W/m2°C),
Ar = wall thickness (m)
K = thermal conductivity(W/m°C)
Heat Hot Fluid Rate Cr, =my,.Cpy, (23)
rate (€Y where
Cy, = hot fluid rate (W/°C)
Cpy, = specific heat capacity (J/Kg°C)
my, = mass flow rate of hot fluid (Kg/s).
Cold Fluid C. =m..Cp, (24)
Rate (C;) where
- = cold fluid rate (W/°C),
Cpn = specific heat capacity (J/Kg°C),
mg = mass flow rate of cold fluid (Kg/s).
Qmax = min(Th,i - Tc,i)
where
Qmax = Maximum heat transfer (W)
Chin = minimum heat capacity rate (W/°C)
Ty = temperature of the hot fluid inlet
(°C)
g = temperature of the cold fluid inlet
Effecti H = Qact (25)
ective eat ac
ness Exchanger €= Omax 100%
where
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Section Parameter Equation Eq.
Effectivenes  Qg.¢ = actual energy transferred (W)
s (&) Qmax = maximum heat transfer (W)
Number of UxA (26)
Transfer NTU = e

Unit (NTU)  where
U = overall heat transfer coefficient
(W/m?°C
A heat transfer area (m?)

Comin minimum heat capacity rate
(W/°C).
Fouling Rf = Ug = Uget (27)
factor (Rf) [ =0, %0,
where
Rf = fouling factor
U, = overall heat transfer coefficient
(W/m2°C)
Uge = actual overall heat transfer
coefficient (W/m?°C)

3.Results and Discussion
3.1. Research developments in the field of engineering

The concept of the designed HE is to calculate the difference in temperature
between Thin and Tcin, With a visible effect on the outlet temperature. The value of
Q in the shell and tube HE types design was 105480 W. In this design, the Re value
shows less than 2300, informing the type of flow that occurs in the shell in the
laminar flow. A connected laminar flow heat exchanger may experience non-
uniform flow and a reduction in the effective heat exchanger coefficient at the
Reynolds number [24].

The effectiveness of HE is 44.44%, which shown the actual heat transfer rate
divided by the maximum possible heat transfer rate [25]. The total performance
(efficacy) of the HE, on the other hand, is determined by the working fluid's thermal
conductivity, viscosity, density, and specific heat [26].

If the temperature differential between the input and output is considerable, the
effectiveness value, that quantifies the quantity of heat transported, is high [27].
Fouling is traditionally calculated using an extra thermal resistance number (Rf) or
"Resistance fouling". The impurity factor that causes the drop in HE performance
is proportional to the flow rate. The cutter can minimize the total heat transmission;
nevertheless, to accomplish the optimum heat transfer, a higher surface area is
required. TEMA's normal permitted impurity factor for fluid water is
0.0002°C.m2/W, however in this investigation, the impurity factor was 0.10331
°C.m%W. Thus, the present HE with shell and tube type does not fulfil the
requirements the TEMA standards, both in terms of effectiveness and impurity
factors. Increasing the fouling resistance has effects such as lowering the tube side
and flow coefficient. Therefore, the effect of increasing fouling resistance has a
more detrimental effect on performance. Therefore, for one to prevent fouling
resistance by multiplying the tube, thus leading to a decrease in fouling on the tube
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side and an increase in the allowable pressure drop [28]. This design is in line with
previous studies [29-32].

Table 3. Performance parameters of
heat exchangers designed based on calculations.

No. Parameter Results

1 Initial Heat Transfer Rate (Q) 105480 W

2 Logarithmic Mean Temperature Difference (LMTD) 54.61°C

3 Assumed Overall Fluid Heat Coefficient of Water (Us) 1000 W/m2.K

4 Area of Heat Transfer (A) 1.9313 m?

5 Number of Tube (Nt) 15

6 Total Heat Transfer Surface Area in Tube (a;) 0.01593 m?

7 Mass Flow Rate of Water Fluid in Tube (Gt) 62.755 kg/m?.s
8 Reynold Number in Tube (Re, t) 361.8089

9 Prandtl Number in Tube (Pr, t) 7.498

10  Nusselt Number in Tube (Nu, t) 15.3303

11 Convection Heat Transfer Coefficient in the Tube (hi)  124.7127 W/m2.K
12 Bundle Shell (Db) 0.5799 m

13  Total Heat Transfer Surface Area in Shell (as) 0.01159 m?

14  Mass Flow Rate of Water Fluid in Shell (Gs) 4.3135 kg/m?.s
15  Equivalent Diameter (De) 0.3611m

16  Reynold Number in Shell (Re, t) 889.6812

17 Prandtl Number in Shell (Pr, t) 4.9939

18  Nusselt Number in Shell (Nu, t) 23.0014

19  Convection Heat Transfer Coefficient in Shell (ho) 10.0565 W/m?.K
20  Overall Heat Transfer Coefficient Actual (Uac) 9.3061 W/m2.K
21  HE Effectiveness (&) 44.44%

22 Number of Transfer Unit (NTU) 0.00681

23 Fouling Resistance 0.1033 °C.m¥W
4.Conclusion

The results of HE with shell and tube type and one pass have several specifications.
The results of the designed a shell and tube typed HE with one pass have shell
length specifications of 1.93 m, inside pipe diameter of 0.03 m, shell diameter of
0.203 m, and thickness of 0.016 m. HE has a laminar flow type. The effectiveness
of HE is 44.44% and the impurity factor is 0.1033. However, the results showed
that the designed HE does not fulfil the requirements of TEMA standards. To make
it meet the standards, several TEMA standards-compliant operational parameters
and appropriate geometry are required, including fluid temperature, flow rate, flow
regulation, heat exchanger material, tube length, shell and tube diameter, tube and
baffle number.
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