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Abstract

This study aims to analyze and development a heat exchanger (HE) design in a magnesium oxide (MgO)
production process using the sol-gel method. The HE equipment used has a shell length specification of 0.228
mm; shell diameter 0.203 mm; outer tube diameter 0.0254 m; inner tube diameter 0.0211 mm; wall thickness
0.0021 mm; tube length 5.4864; and tube pitch 0.02778. The method used in this study uses the Microsoft Excel
application to perform calculations manually. The results showed that the HE design on the one-pass type shell
and tube was laminar flow, with an effectiveness value of 93.70%. Thus, the HE with one-pass shell and tube
meets the standard requirements based on the effectiveness value. However, when viewed from a factor
perspective, the fouling value has not been calculated. The results of this study are expected to be used as learning
media for the design process, operating mechanisms, and HE performance analysis.
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1. Introduction
Heat exchanger (HE) is a tool that can be used to transfer heat from one fluid to another with high to
low temperature changes using a separator medium so that the heat transfer process occurs optimally [1-

4]. In industrial-scale process activities, this tool is very important because it is widely applied in
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industrial plants such as oil refineries, petrochemicals, natural gas industries, refrigeration, and power
plants [3,5]. HE has several advantages, including being able to save costs because the costs incurred
are low and produce good performance characterized by high thermal efficiency [6]. HE consists of
several thin plates joined by a parallel-plate framework [7]. HE design development is still needed to
improve system performance and efficiency in accordance with the overall work function of the tool [8].
One of the most popular HE is the shell and tube heat exchanger [9]. Several types of heat exchangers
are usually used to heat products or cool products. Therefore, in order to develop technology, especially
heat exchanger equipment, it is necessary to carry out technical design of the tool or technological
engineering to obtain better results.

Magnesium oxide (MgO) is an important functional metal oxide that has been widely used in various
fields. MgO can be used for ceramic materials because it has a high melting point that makes it fire
resistant, has a strong surface, is water resistant, soundproof, resistant to attack by mold, mildew and
decay. MgO has excellent optical, electrical, thermodynamic, electronic and mechanical properties. In
the industrial world, MgO is usually used to make materials that function as heat-resistant walls in
furnaces, electrical insulators, food packaging, cosmetics, pharmaceutical manufacturing [10], catalysts
[11], bactericidal properties [12], photocatalytic [13], adsorbents [14], optical properties [15],
electrochemical biosensors [16], refractory materials, paints, and superconductors [17].

Magnesium oxide nanoparticles are metal oxide nanoparticles which are highly ionic in nature with a
very high surface area and an unusual crystal morphology [17]. Magnesium oxide nanoparticles have
been widely used because they have unique properties, namely a wide bandgap, the ability to maintain
thermodynamic stability, a low dielectric constant, and a low index of refraction [18]. Several methods
can be used in the synthesis of magnesium oxide nanoparticles, including combustion [19], synthesis of
plant extracts [20], sonochemical synthesis [21], solid-state synthesis [22], and sol-gel synthesis [23]. In
this research, synthesis of magnesium oxide by sol-gel method was used. The sol-gel method is a widely
used method for synthesizing magnesium oxide nanoparticles because the process is simple, the product
yield is quite high, and the reaction temperature is low. In addition, the sol-gel method is relatively
inexpensive to obtain magnesium oxide nanoparticles with a narrow size distribution and larger surface
area which is very important to overcome the problem of low reactivity and catalytic ability [24].
Several studies on the design of heat exchangers have been carried out [25-27]. For the referred studies,
we analyze and evaluate the experimental process. Therefore, the aim of this research is to design and
develop HE applications for the production of MgO nanoparticles from arabic gum as a base material.
Various literatures on the synthesis of MgO have been studied [28-30]. The designed heat exchanger is
a shell and tube type which is designed simply by referring to the existing design rules. This study is
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expected to be a useful reference in designing and developing heat exchangers, as well as a learning

method starting from process design, working mechanism, to HE performance.

2. Materials and methods

2.1. Production of Magnesium Oxide Nanoparticles

The special processing conditions and preparation procedures for producing magnesium oxide (MgO)
nanoparticles are shown in Figure 1. The synthesis procedure for MgO nanoparticles was taken from
experiments by Sutapa et al. (2018) using Mg(CH3CO0)2.4H20 and C204.2H20 raw materials [31].
Furthermore, as much as 50 grams of the raw material was dissolved in 150 mL of methanol with
constant heating using a magnetic stirrer. The constant heating process will produce a clear colored
mixture. The mixture obtained was adjusted to pH 5 by adding oxalic acid drop by drop into the solution
and followed by a stirring process until a white gel was obtained. The resulting gel was cooled to room
temperature and left for 12 hours so that the gelation process was complete. The gel was then filtered

using Whatman-42 filter paper to separate the gel and the solution.

Mg(CH;C00),.4H,0 +
C,04.2H,0

A 2

Oxalic acid

A2

Magnesium Oxalate Complex

v

Calcination at 550°C for 6 hours

A 4

{ MgO Nanoparticle Crystals }

Figure 1. Schematic diagram of the nano-MgO preparation process using the sol-gel method

The solid obtained was heated at 110°C for 24 hours to remove water and acetate trapped in the solid
formed, then cooled to room temperature. Furthermore, the dry product was crushed slowly using a
mortar and pestle to produce fine powder and then sieved + 100 mesh to produce a magnesium oxalate
complex which functions as a precursor for the manufacture of MgO nanoparticles. The complex formed

is then calcined at certain temperatures: 400; 450; 500; 550°C, but in the experiments conducted by
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Sutapa et al. (2018), the calcination temperature can be carried out at 550°C with a pressure of 1 atm for
6 hours [31]. This process will produce MgO nanoparticle crystals. Schematically, the production of
MgO nanoparticles by the sol-gel method is shown in Figure 1.

2.2. Mathematical Models for Designing Heat Exchangers

In this study, the hot fluid used is propylene glycol and the cold fluid is water. Hot fluid enters at 110°C
and leaves at 300°C. Cold fluid enters at 125°C and leaves at 90°C. Table 1 shows the assumptions used
for the characteristics of fluids operating in HE. The incoming propylene glycol flow rate was 33.43
(kg/s) while the incoming water flow rate was 7.0 (kg/s). For the process of collecting data regarding
specifications, this study refers to the Standard Tubular Exchanger Manufacturers Association (TEMA),
while for thermal analysis manual calculations are carried out using Microsoft Excel software. The

calculated heat exchange parameters can be seen in Table 2.

Table 1. Assumptions of fluid characteristics working on heat exchanger

Shell side Tube side
Hot fluid Cold fluid
Inlet Temperature, Ti, (K) 383 398
Outlet Temperature, Tou: (K) 573 363
Fluid Flow Rate (kg/s) 33,43 7,0
Operating Pressure (atm) 1 1
Specific Heat (kJ/kg.K) 2180 4181
Density (kg/m?) 1.117 937,2

Table 2. Calculation of heat exchanger parameters

Section Parameters Equation Eq.
Basic The energy Qin = Quut (1)
Parameters transferred me X Cpe x AT, = my, x Cppp, x ATy,
Q)
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 — Tei) = (Tho — Teo) (2)
mean L = (Thi=Tci)
temperature (Tho=Tco)
differenced Dimana
(LMTD) ’

Ty,; = temperature of the hot fluid inlet (°C)
Ty, = temperature of the hot fluid outlet (°C)
T,; = temperature of the cold fluid inlet (°C)
T,, = temperature of the cold outlet (°C)
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Correction R= Thi — Tho (3)

factor T, —T.,
_ Thi — Tho 4)

Tci - Tco
VRZ +11In [ 1_P] )

F= 1-PR
_ 2—P (R+1-VR2+1
(R-1n <2—P(R+1+\/R2+1)

Heat 4= Q (6)

Transfer ~ UxLTMD

Field Area
(A) where,

Q = the energy transferred (W)

U = the overall heat transfer coefficient
LMTD = the logarithmic mean temperature
Difference

Number of R (7)
Tubes (N) ~ mx Dyx
where,
N = the number of tubes
A = the area of the heat transfer (m?)
m=23.14
D, = tube diameter (m)
[ = tube diameter (m)
Diameter al 1/2 )
shell o X ((Ax PR? xD,
D, = 0,63 i
where,
Dy = shell diameter (m)
A = the area of the heat transfer area (m?)
P, R = the correction factor
Do = tube diameter (m)
CTP = one tube (0,93); two tube (0,90); and
three tube (0,85)
CL =90° and 45° = 1,00; 30° and 60° = 0,87
Tube Total Heat a, 9)
Transfer ac = Ny n
Surface where,
. Arca a; = = the total heat transfer surface area in the
in Tube (Ay) tube (m2)
Nt = the number of tubes
a,, = the flow area in the tube (m?)
n = the number of passes
Mass Flow G = My (10)
Rate of LT oa,
Water where,
in Tube (Gt)
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G; =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 G, (11)
number ke, = u
(Re, 1) where,
Re, == the Reynolds number in tube
di; = the inner tube diameter (m)
G, = the mass flow of water in the tube (m?)
u = the dynamic viscosity (Kg/ms)
Prandtl Cp x u\*? (12)
Number Pr = ( )
(Pr, 1) where,
Pr = Prandtl number
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 Pr%33 (13)
number
(Nu, )
Convection e Nux K (14)
Heat d;,t
Transfer where,
Coefficient  hj = the convection heat transfer coefficient in
in the tube (W/m2°C)
Tube (h) K = the thermal conductivity of the material
(W/m°C)
d;, t = the inner tube diameter (m)
Shell Shell flow _dsxCxB (15)
area (As) A5 = P,
where,
dg = shell diameter (m)
C = clearance (P+-d,)
B = a shell bundel
Pt = tube pitch (1,25 x d, ) (m).
Mass Flow G. = —< (16)
Rate of S ag
Water
in Shell where,
(Gs) m, = the mass flow rate of the cold fluid
(Kg/s)

A, = the shell flow area (m?)
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Equivalent 4 (ﬂ x 0,87 Pt x lnﬁ) (17)
diameter d, = 2 - 2 4
(de) E T[do.t
where,
Pt = tube pitch (1,25 x do ) (m)
m = 3,14
d,: = tube outside diameter (m)
Reynolds dig x Gy (18)
number in ey = U
shell (Re, s) where,

Reg = Reynolds number in shell

dig = inner tube diameter (m)

G, = mass flow of water in the shell (kg/m?s)
u = dynamic viscosity (kg/ms)

Prandtl
numbers in
shell (Pr, s)

Cp x u\*? (19)
Pr=(2%)
K

where,

Prs = Prandtl number

Cp = specific heat of fluid

u = dynamic viscosity of the liquid (Kg/ms)

K = thermal conductivity (W/m°C)

Nusselt Nu = 0,023 x Re,*® x Pr033 (20)
number in  Res = Reynold number
the Pr = Prandtl number
shell (Nu, s)
Convection NuxK (21
ho =
Heat d,
Transfer  where,
Coefficient  ho = heat transfer coefficient (W/m2°C)
in K = thermal conductivity of the material
the shell (W/m°C)
(ho) d, = diameter equivalent (m)
Shell and Actual 1 (22)
Tube Overall Uace = 1. &, 1
Heat hi —k  ho
Transfer where,
Coefficient . — ingide heat transfer coefficient (W/m2°C)
(Uact) h, = outside heat transfer coefficient

(W/m2°C),
Ar = wall thickness (m)
K = thermal conductivity (W/m°C)

Heat rate Hot Fluid
rate (Ch)

Ch = mh_ . Cph (23)

where,

Cy, = hot fluid rate (W/°C)

Cpy, = specific heat capacity (J/Kg°C)
my, = mass flow rate of hot fluid (Kg/s)
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Cold Fluid C. =m..Cp, (24)
Rate (Cc)  where,
C. = cold fluid rate (W/°C)
m. = mass flow rate of cold fluid ( (J/Kg°C)
Cp. = specific heat capacity (Kg/s).
Qmax = Cmin(Th; —Tc;) (25)

where,

Qmax= maximum heat transfer (W)

Cmin = minimum heat capacity rate (W/°C)
Th; = temperature of the hot fluid inlet (°C)
T'c; = temperature of the cold fluid inlet (°C).

Heat Effectivi >
Exch?:, o e((: Sl)vmes . Qact £ 100% (26)
Qmax
where,
Quct = actual energy transferred (W)
Qmax = maximum heat transfer (W)
Number UxA 27)
NTU =
T.ransfer Coi
Unit (NTU)

where,

U = overall heat transfer coefficient (W/m2°C)
A = heat transfer area (m?)

Cnmin = minimum heat capacity rate (W/°C).

3. Results and discussion
Calculations show the value of the energy transferred (Q) of 29267 W with a shell length of 0.228 mm;

shell diameter 0.203 mm; outer tube diameter 0.0254 m; and the diameter of the inner tube is 0.0211
mm. The wall thickness, tube length and tube pitch used were 0.0021 mm each; 5.4864 m; and 0.02778.
This research resulted in an HE effectiveness value of 93.70% which shows the actual heat transfer rate
divided by the maximum heat transfer rate. The total HE performance is also determined by the thermal
conductivity, viscosity, density, and specific heat of the fluid. The complete calculation results are shown
in Table 3.

The HE design model that can be designed is shown in Figure 2. Synthesis of MgO requires a heating
temperature of 110°C and then cooling to 125°C. In the synthesis of MgO, the hot fluid used is propylene
glycol and the cold fluid is water. Hot fluid enters at 110°C and leaves at 300°C. Meanwhile, cold fluid
enters at 125°C and leaves at 90°C. After forming the magnesium oxalate complex, it was continued
with calcination at 550°C for 6 hours. Therefore, the HE with shell and tube one pass meets the

requirements and standards based on effectiveness, however the fouling factor has not been calculated.

AJCER



AJCER

A. Noorlela et al. / Arab. J. Chem. Environ. Res. 09(2) (2022) 232-243

Table 3. Heat exchanger performance parameters designed based on calculations

No Parameter Results

1. Initial Heat Transfer Rate (Q) 29267 W

2. Logarithmic Mean Temperature Difference (LMTD) 12,7 °C

3. Assumed Overall Fluid Heat Coefficient of Water (U,) 140 Btu/h.ft>.F
4. Heat Transfer Field Area (4) 132,50 m?

5. Number of Tube (N, 193

6. Total Heat Transfer Surface Area in Tube (4,) 0,44 m?

7. Mass Flow Rate of Water Fluid in Tube (G?) 543,093 kg/m?.s
8. Reynold Number in Tube (Re, t) 3054,35

9. Prandtl Number in Tube (Pr, t) 6,2670

10. Nusselt Number in Tube (Nu, t) 34,5241

11. Convection Heat Transfer Coefficient in the Tube (4;) 6590,051 W/m?2°C
12. Bundle Shell (Db) 400,974 mm
13. Total Heat Transfer Surface Area in Shell (4y) 0,44 m?

14. Mass Flow Rate of Water Fluid in Shell (Gs) 21,45 kg/m?.s
15. Diameter equivalent (D,) 25835,15m
16. Reynold Number in Shell (Re, s) 553804,45
17. Prandtl Number in Shell (Pr, s) 977,87

18. Nusselt Number in Shell (Nu, s) 709761,26
19. Convection Heat Transfer Coefficient in Shell (%,) 709761,26 W/m?°C
20. Overall Heat Transfer Coefficient Actua (Usc) 7,82

21. HE Effectiveness (&) 93,70%

22. Number of Transfer Unit (NTU) 1,308

Mg(CH;C00),.4H,0 +
C204-2H;0  y\fethanol
==l il E—
' ' 550°C .
Stir Stir
[ | I
Oxalic acd
‘ 110°C T 125°(
I 6 hours
wzamaNy NNy
NI (Y .
Crystals

<

Water ‘
| (Cold flwid tank)

Propylene glycol

(Hot fluid tank)

Figure 2. PFD on the synthesis of MgO nanoparticles
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4. Conclusion
Calculation of the HE specifications obtained a shell length of 0.228 mm; shell diameter 0.203 mm;

outer tube diameter 0.0254 m; inner tube diameter 0.0211 mm; wall thickness 0.0021 mm; tube length
5.4864; and tube pitch 0.02778. Calculations are performed using the Microsoft Excel application. The
results show that the HE design on the right shell and tube is of the laminar flow type, with an
effectiveness of 93.70%. Thus, the HE with shell and tube one pass meets the standard requirements.
This can be seen from several operational parameters according to TEMA standards, namely based on
fluid temperature, flow rate, flow regulation, heat exchanger material, tube length, shell and tube
diameter, tube number, baffle, and shown to have high effectiveness close to 100%. However, when
viewed from a factor perspective, the fouling value has not been calculated. The results of this study are
expected to be used as learning media for the design process, operating mechanisms, and HE

performance analysis.
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