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Abstract 
 
The purpose of this research is to analyze and develop the application of Heat Exchanger (HE) in the production 
process of cobalt (II, III) oxide (Co3O4) nanopowder using hydrothermal method. The type of HE used is the Shell 
and Tube Heat Exchanger (STHE) type which is designed simply, but still refers to the existing design rules. The 
specifications of the HE equipment used are shell length of 1.364 m, shell diameter of 0.228 m, inner shell 
diameter of 0.203 m, inner tube diameter of 0.02119 m, outer tube diameter of 0.0254 m, wall thickness of 
0.002108 m, tube length 5.4864 m, tube pitch is 0.03175 m and the number of tubes used is 592 pieces. The results 
of calculations using Microsoft Excel show that the appropriate design of the heat exchanger on the shell and tube 
is turbulent flow type, and shows an effectiveness value of 90.35%. The magnitude of the effectiveness value 
indicates that the STHE design is suitable for the production of Co3O4 nanopowder. This design is expected as a 
reference material in designing a heat exchanger to be more economical, effective, and has high reliability. 
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1. Introduction 

Heat exchanger (HE) is a device used to transfer heat effectively between two gases or liquids from one 

fluid to another [1,2]. Fluids with different temperatures are separated on the cold side or hot side with 

a separating medium to achieve optimal thermal conditions in the heat transfer process. HE has been 

used in various industries including power plants, oil refineries, gas industry, plywood industry, paper 

industry, food industry and others which mainly use boilers in the production process. Various types of 

HE are used because of a special requirement. Double tube, shell and tube, fins, plate and shell, cushion 

plate are some examples of types of heat exchangers used on an industrial scale [3]. 

Shell and tube heat exchanger (STHE) is one of the most common types of HE that is widely used in 

various industries [3,4]. According to Master et al., 2003 [5] and Master et al., 2006 [6], more than 30-

35% of heat exchangers are STHE types because of their strong geometric construction, easy 

maintenance, manufacture can be in various sizes, production costs much lower, easy to clean, and 

considered more flexible when compared to other heat exchangers [7]. Shell and tube type heat 

exchanger consists of a collection of tubes in a shell, where the fluid flows in the pipes (inside the tube) 

while the other fluid flows on the outside of the pipe (outside the tube) but still inside the shell. In STHE, 

liquids with different temperatures pass through a heat exchanger without mixing [8]. Heat transfer 

occurs between the two fluids, where heat will flow from the higher temperature fluid to the lower 

temperature fluid. 

In industry, cobalt (II, III) oxide (Co3O4) nanoparticles are used in various applications because of their 

benefits and excellent properties. Many researchers reported that Co3O4 has antiferromagnetic properties 

with an energy band gap of 1.4–1.8 eV and is a p-type semiconductor [9]. Co3O4 is an interesting 

material, due to its semiconductor [10], magnetic [11], optical [12], electrochemical [13], and electro-

catalytic properties [14]. This material holds promise for applications in electrochromics [15], solar cell 

energy [16], chemical sensors [17], photocatalytic hydrogen production [18], heterogeneous catalysts 

[19] and energy storage systems [20]. Co3O4 nanoparticles are widely applied in gas sensors, data 

storage, catalysis, electronic components, especially as a lithium-ion battery manufacturing material in 

the production of mobile phones, computers, notebooks and other electronic products which has resulted 

in an increase in the demand for these lithium-ion batteries. This causes an increase in the demand for 

Co3O4 raw materials. 

Co3O4 nanoparticles can be synthesized and produce various morphologies using different methods. 

Different synthesis methods will produce different particle sizes, shapes, and structures of Co3O4 

nanomaterials. To date, Co3O4 nanoparticles with various morphologies such as nanospheres [21, 22], 

nanowalls [23], nanoflowers [24], nanorods [25-28], nanotubes [29,30], and nanofibers [31] have been 
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successfully synthesized. Various methods including chemical vapor deposition [32], microwave-

assisted process [33], sol-gel [34], wet chemical approach [35], and hydrothermal method [36–38] have 

been carried out. The hydrothermal method has been widely used because it has various advantages, 

namely it requires low temperatures, does not need calcination, is inexpensive, has a fairly uniform 

particle size and morphology, and is especially easy to scale up on an industrial scale [39]. 

According to previous studies on designing industrial equipment [40, 41] as well as analyzing and 

evaluating experiments and processes, HE can be used as a production tool in industries such as the 

organic material industry [40], production of Fe3O4 nanoparticles [42], production of nano zeolite [43], 

production of cellulose nanofibrils [44], production of silica [45], and production of carbon [46]. This 

study aims to design HE for the production of Co3O4 nanoparticles. HE with shell and tube type is 

designed. So that it can be useful as a reference in designing HE and become a teaching and learning 

method for the design process, working mechanism, to HE performance. 

 

2. Materials and methods 

2.1. Synthesis of Co3O4 Nanopowder 

The schematic diagram of the process and PFD in the synthesis of Co3O4 nanopowder using the 

hydrothermal method is shown in Fig 1 and Fig 2. 

 
Figure 1. Schematic diagram of the synthesis process of Co3O4 nanopowder 
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Figure 2. PFD on the synthesis process of Co3O4 nanopowder 

The process of making Co3O4 nanopowder was carried out according to that carried out by Wang et al. 

(2009). All chemicals used use analytical grade reagents. 1.2 g of cobalt chloride (CoCl2) and 0.06 g of 

urea (CO(NH2)2) were dissolved in 20 mL of distilled water until homogeneous. The urea solution is 

then added dropwise into the CoCl2 solution while continuously stirring. The mixture was then heated 

to 105°C for 6 hours. After that it was cooled to room temperature, a pink precipitate was produced 

which was then separated by centrifugation, washed three times with distilled water and ethanol, and 

dried in a vacuum oven. The dry product was then reheated at 300°C for 3 hours. A black powder is 

produced, this powder is Co3O4 successfully synthesized [47].  
 

2.2. Mathematical Model for Designing HE 

Table 1 shows the HE parameters to be calculated. The process of collecting data regarding 

specifications refers to the Standard Tubular Exchanger Manufacturers Association (TEMA), while 

thermal analysis is in the form of manual calculations using a manual basis using basic Microsoft Office 

applications based on equations 1-27. 

Table 1. Calculation of heat exchanger parameters 

No Section Parameter Equation Eq 
1 Basic 

Parameters  

The energy 
transferred (Q) 

𝑄!" = 𝑄#$%  

𝑚& × 𝐶𝑝& × ∆𝑇& =	𝑚' × 𝐶𝑝' × ∆𝑇' 
 
𝑄 = the energy transferred (Wt) 
𝑚 = the mass flow rate of the fluid (Kg/s) 
𝐶𝑝 = the specific heat 
∆𝑇 = the fluid temperature difference (°C) 

(1) 
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Logarithmic 
mean temperature 

differenced 
(LMTD) 

𝐿𝑀𝑇𝐷 =
(𝑇'! − 𝑇(!) − (𝑇'# − 𝑇(#)

𝑙𝑛 (*!"+*#")
(*!$+*#$)

 

 
𝑇'! = the temperature of the hot fluid inlet 
𝑇'# = the temperature of the hot fluid outlet  
𝑇(! = the temperature of the cold fluid inlet 
𝑇(# = the temperature of the cold fluid outlet 
All temperature units are in °C 

 
(2) 

Correction factor 
𝑅 =

(𝑇'! − 𝑇'#)
(𝑇(# − 𝑇(!)

 

𝑃 =
(𝑇(# − 𝑇(!)
(𝑇'! − 𝑇(!)

 

𝐹 =
√𝑅- + 1 ln[ .+/

.+/0
]

(𝑅 − 1) ln(-+/(01.+√0
%1.

-+/(01.1√0%1.
)
 

(3) 
 
 

(4) 
 
 

(5) 

Heat Transfer 
Field Area (A) 

𝐴 =
𝑄

𝑈 × 𝐿𝑀𝑇𝐷 

𝑄 = the energy transferred (W) 
𝑈	= the overall heat transfer coefficient 
𝐿𝑀𝑇𝐷 = the logarithmic mean temperature 
difference  

(6) 

Number of Tubes 
(N) 

𝑁 =
𝐴

𝜋 × 𝐷# × 𝑙
 

 
𝑁 = j the number of tubes 
𝐴 = the area of the heat transfer area (m2) 
𝜋 = the value of 3.14 
𝐷# = the tube diameter (m) 
𝑙 = the tube diameter (m) 

(7) 

Shell Diameter 

𝐷3 = 0.63	(
D (4
(*/

× ((𝐴 × (𝑃𝑅)- × 𝐷#

𝑙 )
&
% 

 
𝐷3 = the shell diameter (m) 
𝐴 = the area of the heat transfer area (m2) 
P,R = the correction factor 
𝐷# = the tube diameter (m) 
𝐶𝑇𝑃 = the constant (one tube pass = 0.93; two 
tube pass = 0.90; and three tube pass = 0.85) 
𝐶𝐿 = the constant (CL at 45 and 90° = 1.00; CL 
at 30° and 60° = 0.87). 

(8) 
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2. Tube Surface Area of 
Total Heat 

Transfer in Tube 
(𝑎%) 

𝑎% = 𝑁%
𝑎′%
𝑛  

 

𝑎% = the total heat transfer surface area in the tube 
(m2) 
𝑁% = the number of tubes 
𝑎′% = the flow area in the tube (m2) 
𝑛 = the number of passes. 

(9) 

Mass Flow Rate 
of Water in Tube 

(𝐺𝑡) 

𝐺𝑡 =
𝑚'

𝑎%
 

𝐺𝑡 = the mass flow of water in the tube (Kg/m2s) 
𝑚' = = the mass flow rate of the hot fluid (Kg/s) 
𝑎% = the flow area tube (m2) 

(10) 

Reynold number 
(𝑅𝑒%) 

𝑅𝑒% =
𝑑𝑖% × 𝐺𝑡

𝜇  

𝑅𝑒% = the Reynolds number in tube 
𝑑𝑖% = the inner tube diameter (m) 
𝐺𝑡 = the mass flow of water in the tube (m2) 
𝜇 = the dynamic viscosity (Kg/ms) 

(11) 

Prandtl Number 
(𝑃𝑟, 𝑡) 

𝑃𝑟 = (
𝐶5 × 𝜇
𝐾 )

&
% 

𝑃𝑟 = Prandtl number 
𝐶5 = the specific heat of the fluid in the tube 
𝜇 = the dynamic viscosity of the fluid in the tube 
(Kg/ms) 
𝐾 = the thermal conductivity of the tube 
material (W/m℃)  

(12) 

Nusselt number 
(Nu, t) 

𝑁𝑢 = 0.023 × 𝑅𝑒%6.8 × 𝑃𝑟6.99 (13) 

Inside coefficient 
(ℎ!) 

ℎ! =
𝑁𝑢 × 𝐾
𝑑! , 𝑡

 

ℎ! =	the convection heat transfer coefficient in 
the tube (W/m℃) 
𝐾 = the thermal conductivity of the material 
(W/m℃) 
𝑑! , 𝑡 =	the inner tube diameter (m) 

(14) 

3. Shell Shell flow area 
(𝐴3) 

𝐴3 =
𝑑3 × 𝐶 × 𝐵

𝑃%
 

𝐷: = 𝑑#(
𝑁%
𝑘.
)
&
'& 

𝑑3 =	the shell diameter (m) 
𝐶 = clearance (𝑃% − 𝑑#) 
𝐵 = the a shell bundle 
𝑃% = the tube pitch (1.25 × 𝑑#) (m) 

(15) 
(16) 
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Mass Flow Rate 
of Water in Shell 

(𝐺3) 

𝐺3 =
𝑚&

𝑎3
 

𝑚& =	the mass flow rate of the cold fluid (Kg/s) 
𝐴3 =	the shell flow area (m2) 

(17) 

Equivalent 
diameter (𝑑;) 𝑑; =

4 × (/(
-
× 0.87	𝑃% −

.
-
𝜋 <$,(

=
)

.
-
𝜋𝑑#,%

 

 
	𝑃% =	the tube pitch (1.25 × 𝑑#) (m) 
𝜋 = the value of 3.14 
𝑑#,% =	the tube outside diameter (m)  

(18) 

Reynold number 
(Re, s) 𝑅𝑒3 =	

𝑑𝑖% 	× 𝐺𝑡
µ  

𝑅𝑒3 = the Reynold number  
𝑑𝑖% 	= the inner tube diameter (m)  
𝐺𝑡		 =  the mass flow of water in the shell 
(kg/m2s)  
µ			 = the dynamic viscosity (Kg/ms)  

(19) 

 
Prandtl Number 

(Pr, s) 
𝑃𝑟 = Z

𝐶5 × 	µ
𝐾 [

&
%
 

Pr = the Prandtl number 
𝐶5 = the specific heat capacity kJ/kg°C 
µ	 =	the dynamic fluid viscosity (Kg/ms) 
𝐾	 = the thermal conductivity (W/m°C)  

 
(19) 

Nusselt number 
(Nu, s) 

𝑁𝑢3 = 0.023	 × 𝑅𝑒36.8 × 𝑃𝑟6.99 
𝑁𝑢3 = the Nusselt number 
𝑅𝑒3 = the Reynold number 
Pr 				=  the Prandtl number 

(20) 

Convection Heat 
Transfer 

Coefficient (ho) 

ℎ𝑜 =
𝑁𝑢	 × 𝐾
𝑑;

 

ℎ𝑜	 = the convection heat transfer coefficient 
(W/m2.°C) 
𝐾 = the thermal conductivity (W/m°C) 
𝑑; = the equivalent diameter (m)  

(21) 

5. Shell and Tube Actual Overall 
Heat Transfer 

Coefficient	(𝑈?&%) 
 

𝑈?&% =
1

.
'"
+ @A

B
+ .

'$

 

ℎ! 	= the inside heat transfer coefficient 
(W/m2.°C) 
ℎ𝑜 = the outside heat transfer coefficient 
(W/m2.°C) 
Δr = the wall thickness (m) 
𝐾	 = the thermal conductivity (W/m°C)  

(22) 
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6. Heat rate Hot Fluid 
Rate	(𝐶') 

𝐶' = 𝑚' . 𝐶𝑝' 
𝐶' 	= the hot fluid rate (W/°C) 
𝑚' 	= the specific heat capacity (J/kg.°C) 
𝐶𝑝' = the mass flow rate of hot fluid (kg/s)  

(23) 

Cold Fluid Rate 
(𝐶&) 

𝐶& = 𝑚& . 𝐶𝑝& 
𝐶& 		= the cold fluid rate (W/°C) 
𝑚& 	= the specific heat capacity (J/kg.°C) 
𝐶𝑝& = the mass flow rate of cold fluid (kg/s) 
 

𝑄C?D3 = 𝐶C!"`𝑇',! − 𝑇&,!a 
𝑄C?D3 = the maximum heat transfer (W) 
𝐶C!" 	= the minimum heat capacity rate (W/°C) 
𝑇',! =	the temperature of the hot fluid inlet (°C) 
𝑇&,! 	= the temperature of the cold fluid inlet 
(°C) 

(24) 

7. Effectiveness HE 
Effectiveness	(𝜀) 

𝜀 =
𝑄	𝑎𝑐𝑡
𝑄	𝑚𝑎𝑥 × 100% 

𝑄	𝑎𝑐𝑡 = the actual energy transferred (W) 
𝑄	𝑚𝑎𝑥 = the maximum heat transfer (W)  

(25) 

Number of 
Transfer Unit 

(NTU) 

𝑁𝑇𝑈 =
𝑈	 × 𝐴
𝐶C!"

 

𝑈	 = the overall heat transfer coefficien 
(W/m2.°C) 
𝐴	 = the heat transfer area (m2) 

𝐶C!" 	= the minimum heat capacity rate (W/°C)  

(26) 

Fouling factor 
(Rf) 

𝑅𝑓 =
𝑈? − 𝑈?&%
𝑈? × 𝑈?&%

 

𝑅𝑓 =	the fouling factor 
𝑈? = the overall heat transfer coefficient 
(W/m2.°C) 
𝑈?&% = the actual overall heat transfer 
coefficient (W/m2 .°C)  

(27) 

 

3. Results and discussion 

Table 2 shows the assumptions regarding the characteristics of the hot and cold fluids used in HE. In 

HE, the principle of equalizing the difference between the incoming hot fluid temperature (Th in) and 

the incoming cold fluid temperature (Tc in) is used, compared to the effect of the outlet temperature 

seen. Several assumptions are used for the shell and tube type HE design. Dipropylene glycol/DPG 

(C6H14O3) is used as the hot fluid while water (H2O) is used as the cold fluid. The hot fluid enters at 

110°C and leaves at 300°C. While the cold fluid enters at a temperature of 130°C and exits at a 

temperature of 85°C. The incoming DPG flow rate is 33.43 (kg/s) while the incoming water flow rate is 



G. D. Nugraha et al. / Arab. J. Chem. Environ. Res. 08(2) (2022) 168-182                                                                  176                                                                       

 

AJCER 

7.0 (kg/s). Table 3 shows the results of HE design calculations with the specifications of HE equipment 

used shell length of 1.364 m, shell diameter of 0.228 m, inner shell diameter of 0.203 m, inner tube 

diameter of 0.02119 m, outer tube diameter of 0.0254 m, wall thickness of 0.002108 m, tube length 

5.4864 m, tube pitch 0.03175 m and the number of tubes used is 592 units. 

Table 2. Data on fluid properties acting on HE 

Side Shell side Tube side 

Fluida type Hot Dipropylene glycol (Th) Cold Water (Tc) 

Inlet Temperature, Tin (°C) 110 130 

Outlet Temperature, Tout (°C) 300 85 

Fluid Flow Rate (kg/s) 33.43 7.0 

Operating Pressure (atm) 1 1 

Heat Capacity, Cp (J/kg°C) 4184 2180 

Density, ρ (kg/m3) 1022 1000 
 

The result of the calculation shows that the transferred energy value (Q) in the shell and tube type HE 

design is 1317015 W. The Reynolds number (Re) in this HE design shows a value of 2610.09. The Re 

number refers to the ratio between the effects of inertia and viscosity in the flow. So that a flow in the 

pipe depends on the value of Re. The type of flow that occurs in the shell and tube here is turbulent flow 

because the value of Re > 2300 [48]. Turbulent flow is a fluid flow in which the particles move randomly 

and unstable resulting in the flow lines between the fluid particles intersecting each other [49]. So that 

the characteristics of turbulent flow are obtained, namely irregular fluid paths, mixed flow, high fluid 

velocity, large flow scale length and low viscosity. Turbulent flow has many uses in industrial processes, 

in other words most industrial HE uses turbulent flow, which has a higher heat convection coefficient 

than laminar flow and results in better heat transfer rates [48]. 

Types of shell and tube HE here are single tube pass, type E, triangular tube layout with single segmental 

baffle type. Based on the calculation results, the percentage of HE effectiveness is 90.36%. The HE 

effectiveness shows the actual heat transfer rate divided by the maximum possible heat transfer rate [50]. 

The magnitude of the effectiveness value indicates that this design is suitable for the production of 

Co3O4 nanoparticles. The results of the STHE design are in line with previous studies [44-46]. The 

resulting effectiveness value, measuring the amount of heat carried will be high if the temperature 

difference between the input and output temperatures is large. So, it can also be interpreted that the 

effective value of HE is directly proportional to the magnitude of the temperature difference (∆TLMTD) 

[51]. The value of TLMTD obtained is 100.669 °C.  
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Table 3. HE specifications based on calculation results 
No Parameter Result 

1 Type of heat exchanger  Single tube pass, type E shell and tube heat 
exchanger 

2 Tube outside diameter, (OD) 0.025 m 

3 Tube inner diameter, (ID) 0.021 mm 

4 Pitch 0.031 mm 

5 Total tube number, (Nt)  510 

6 CTP 0.93 

7 CL 0.87 

8 Area of Heat Transfer (A) 155.05 m2 

9 Total Heat Transfer Surface Area in Tube (𝑎!) 0.44 m2 

10 Mass Flow Rate of Water Fluid in Tube (𝐺𝑡) 112.09 kg/ m2.s 

11 Reynold Number Tube (𝑅𝑒!) 2610.09 

12 Prandtl Number Tube (Pr, t) 6.27 

13 Nusselt Number Tube (Nu, t) 30.45 

14 Convection Heat Transfer Coefficient in the Tube (ℎ") 5517.52 W/ m2. °C 

15 Tube layout  Rotated triangular 

16 Bundle Shell (Db) 0.527 m 

17 Equivalent Diameter (𝑑#) 25.83 m 

18 Total Heat Transfer Surface Area in shell (𝑎$) 0.020 m2 

19 Mass Flow Rate of Water Fluid in Shell (𝐺$) 1607.70 kg/ m2.s 

20 Reynold Number Shell (Re, s) 553804.45 

21 Prandtl Number Shell (Pr, s) 977.87 

22 Nusselt Number Shell (Nu, s) 16678.67 

23 Convection Heat Transfer Coefficient in Shell (ho) 709761.26 W/ m2. °C 

24 Overall Heat Transfer Coefficient Actual (𝑈%&!) 7,8344 W/ m2. °C 

25 Baffle type  Single-segmental 

26 Baffle spacing, B (mm)  220.4 

27 Initial Heat Transfer Rate (Q)  1317015 

28 Logarithmic Mean Temperature Difference (LTMD) 100.70°C 

29 Area of Heat Transfer (m2) 155.05 

30 HE Effectiveness (ε) 90.35 

31 Number of Transfer Unit (NTU) 1.53 
 

The performance of this HE is determined by the density, viscosity, thermal conductivity and specific 

heat of the fluid used. Another factor that affects HE performance is the number and spacing of baffles 
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in the HE specification. A close baffle distance will increase the effectiveness of HE and a small 

percentage of baffle cut will increase the effectiveness of HE [52-54]. 
 

Conclusion 

Based on the calculations that have been carried out, it can be concluded that the results of the shell and 

tube type HE design with specifications are shell length of 1.364 m, shell diameter of 0.228 m, inner 

shell diameter of 0.203 m, inner tube diameter of 0.02119 m, outer tube diameter of 0.0254 m , wall 

thickness of 0.002108 m, tube length 5.4864 m, tube pitch 0.03175 m and the number of tubes used is 

592 pieces indicating an effectiveness value of 90% which is large enough so that it is suitable for the 

production of Co3O4 nanopowder. Therefore, the shell and tube type HE that has been designed can 

meet the requirements and standards that have been set. 
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