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ABSTRACT 

The shell and tube heat exchanger was designed using a stainless pipe with a diameter of 203.2 mm (8 

inches) and 3 mm thick. The design calculation results indicates that heat transfer rate was about and a tube 

length of 0.7 m was used and the number of tubes Nt is 17, this is required to cool the syngas from 350°C to 

80°C theoretically. Results obtained from CFD ANSYS software 2022 version showed that the verification 

of the model was achieved by comparing the theoretical temperatures of the syngas with the temperatures 

predicted from the simulation. 

 

INTRODUCTION 

Nigeria has been plagued for decades with the challenges of erratic energy availability and poor waste 

management. This has left majority of her citizens in total darkness, especially in the rural and urban arrears, 

while other citizens are faced with erratic and inconsistent electricity supply most of the time. 

Decentralization of electricity provision, using biomass, could help to address this challenge, particularly in 

rural and urban arrears (Akhator and Obanor, 2023). Biomass is a sustainable energy source obtained by 

combusting wood and other organic substances. Biomass is one of the most attractive renewable energy 

sources. 

Gasification is a thermal process that converts carbonaceous substances into gaseous products by means of 

heat and a gasifying medium. Gasification normally occurs between 600℃ and 1000. Common gasifying 

agents include steam, air, carbon dioxide and hydrogen. This gas is referred to as either producer gas or 

syngas, based on its composition. Depending on several factors, composition and quantity of gas produced 

during the process of gasification, such as the kind of feedstock, the temperature at which the reaction 

occurs, the gasification medium used, and the design of the gasification reactor system. At low 

temperatures, the gasification product gas mainly comprises CO2, CO, H2, CH4, tar, N2, H2S and sundry 

other hydrocarbons (Ren et al., 2019). It then passes through more downstream processing to remove tar, CO 

2, and other undesirable products while increasing the levels of carbon monoxide and hydrogen. However, 

in the case of high-temperature gasification CO and H2 concentrations are already higher. The gaseous 

product resulting from gasification which is rich in carbon monoxide (CO) and hydrogen (H2) is usually 

referred to as syngas coupled with certain levels of impurities. It can be used either by combustion in 
engines for generating electricity or synthesis through Fischer-Tropsch process yielding liquid fuels and/or 

chemical feedstock. Methanation is the process that turns syngas into methane, often known as synthetic 

natural gas. 

Fluidized bed gasifier provide a better quality of the product gas with low tar contents, since they are able to 

achieve so much higher mass and heat transfer rates compared to fixed beds. Additionally, a fluidized bed 
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gasifier permits the use of catalysts throughout the gasification process. Ren et al., (2019) reported that 

industrial-scale entrained flow gasification reactors are more popular than others, because they work best 

within high-temperature range of 1300°C to 1500 °C and pressure range of and 25 bar to 30 bar respectively. 

Syngas: Gasification of solid fuel results in the production of syngas, a composition formed from gas when 

high temperatures under pressure are applied to it. The primary constituents of the flammable gas consist of 

hydrogen and carbon monoxide. Gasification of solid biomass to produce syngas, a gaseous fuel, is the 

conversion process. Carbon monoxide (CO), hydrogen (H2), methane, carbon dioxide, and nitrogen make 

up the majority of syngas. In order to generate electricity and heat, internal combustion engines or gas 

turbines employ the syngas that is produced as a fuel gas (Ahrenfeldt et al., 2013). 

A heat exchanger: An apparatus that facilitates the thermal energy transfer (enthalpy) of two or more fluids 

between a solid surface and a fluid for particles. When two fluids or solids that are at different temperatures 

come into direct thermal contact, this transfer takes place. A heat exchanger operates primarily without 

external heat or work interactions. Utilizing a heat exchanger, the syngas is cooled. The heat exchanger has 

demonstrated its ability to efficiently handle extremely dense tar particles and is specifically engineered to 

function under high pressure circumstances. These particles may cause the equipment to corrode, erode, or 

become clogged due to impaction deposition. One example of how this objective might be achieved is with 

a shell and tube heat exchanger (Howe et al., 2017). The goal of this paper is to design, model, and fabricate 

a shell-and-tube heat exchanger that might be used in a small-scale biomass gasification plant. The project’s 

mathematical analysis involves the application of numerical simulation to investigate the syngas’s cooling 

process and the tar’s subsequent separation from the syngas. 

A shell and tube heat exchanger: has a tube bundle installed inside the shell. The fluid within the tube 

bundle can either be heated or cooled, while that passing across the tube bundles is also able to undergo 

heating and cooling. In most cases, a heat exchanger enables the transfer of heat between two fluids that can 

be either gas or liquid and have different initial temperatures. Heat is transferred from one fluid to another 

via the tube walls. The shell and tube bundle, a sheet, baffles, tie rods, spacers, and headers are among the 

parts of the heat exchanger (Chukwudi and Ogunedo, 2018). The upper header of the shell and tube heat 

exchanger allows the syngas to enter, where it travels via copper tubes inside the heat exchanger 

horizontally. A stainless-steel casing surrounds the tubes (Aldi et al., 2022). Water is the shell side fluid, 

which is fed from the bottom and directed by segmental baffles to flow over the tube bundle. These caged 

baffles feature a 33 percent reduction. 

 

METHODOLOGY 

A shell and tube heat exchanger is developed by this study for syngas cooling and purification. The heat 

exchanger consists of two major parts, which are the compartment of shell and the tube. The shell 

compartment is made of stainless steel cylinder of 8 inches (203.2 mm) diameter, 700 mm height and 3 mm 

in thickness and has corrosion resistance properties, while the tubes are made of copper pipes having high 

thermal conductivity which is necessary for energy transfer between the syngas and the cold water, 3/8 

inches (9.525 mm) external diameter and 7.525 mm internal diameter and 700 mm long being carefully 

brazed to the tube sheet. The tube plate was made of stainless-steel plate of 5 mm thickness. Front end 

header and rear end header are made up of stainless-steel material of 5 mm thickness for the dished head. 

Shell and tube heat exchangers are developed using Kern’s or Bell-Delaware method in most applications. 

However, Kern’s method is considered as the most commonly used method in preliminary design and 

provides conservative results; the Bell-Delaware method is more accurate, can provide detailed results and 

could predict the heat transfer coefficient with better accuracy (Abdulmumini et al., 2020). The shell and 

tube type heat exchanger to cool the syngas from 350℃ to 80℃ using water at the temperature of 10℃ with 

the application of Kern’s method. The heat exchanger is an assembly of one inlet and outlet chamber on  
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The shell, seventeen (17) copper tubes with triangular pitch arrangement that allow the cooling syngas to 

flow through and the cold water to flow from shell side in opposite direction to that of the hot syngas as 

presented in figure 1 and figure 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1a: Shell and tube heat exchanger for syngas cooling. Source: (Nicola Aldi et al., 2022) 

Figure 1b: Designed shell and tube heat exchanger 

 

DESIGN PROCEDURE 

 

The procedure adopted in the design of the shell and tube heat exchangers include: selection of the fluids to 

be placed on the tube side and shell sides respectively, selection of tube and shell materials based on 

physical properties of the two streams of fluid, selection of geometric parameters for the heat exchanger, 

specifying the flow rates and temperatures of the streams both at inlets and outlets, determination of the 

exchanger heat duty based on the parameter declared, estimation of the number of baffles to be used and its 

spacing, determination of both the tube and shell heat transfer coefficients and determination of the pressure 

drop on the tube and shell side of the exchanger. 

Design Consideration 

The shell and tube heat exchanger designed in this research is for syngas cooling and purification with inlet 

syngas temperature of 350℃ and flow rate of 0.1kg/s which will drop the temperature when cooled, from the 

reactor flowing into the tube, and exchanging heat with the cold water with assumed temperature of 10℃ 

passing through the shell. Minimum water mass flow rate of 0.3 kg/s was selected for the water and the 

water was expected to cool down the temperature of the syngas. At this temperature, the syngas would have 

cooled down satisfactorily while still in vapor state. Further cooling of the vapor is expected by a heat 

exchanger with ice to obtain the bio-fuel. This implies that two heat exchangers will be required for the 

general condensation process, but this research is limited to the first heat exchanger. The diameter of tube 

was selected based on Tubular Exchanger Manufacturing Association (TEMA) standards (TEMA, 1999), 

that standard tube outer diameter should be between 0.00635 m and 0.0508 m. According to (Thulukkanam, 

2013), small tube diameters produces high heat transfer coefficient and are suitable for applications where 

effective heat transfer is desired. Hence in this research, the inner diameter of tube selected was 0.007525 m 

with an outer diameter of 0.009525 m, and the selected number of tube and baffle thickness are 17 numbers 

and 0.005 m respectively. Prototype heat exchanger was designed for the cooling of the syngas. The baffle 

thickness was selected as recommended by TEMA standards 
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Factors considered when designing Shell and Tube Heat Exchanger 

a) Heat Balance of Shell and Tube Heat exchanger 

The thermal design was done using the Bell Delaware method as suggested by Abdulmumini et al., 2020. 

Numerous parameters were considered in the analysis, such as the shell side heat transfer coefficient (ℎ𝑖), 

total heat transfer coefficient (ℎ𝑇), log mean temperature difference (∆𝑇𝑚), Syngas inlet temperature (𝑇ℎ𝑖), 

and tube transfer coefficient (ℎ𝑡). The overall heat transfer coefficient is determined by the combined effects 

of fouling resistances, heat transfer coefficients, and surface efficiency of the tubes.  

The overall energy balance was determined using equations (3.1) and (3.2).  

𝑄 = 𝑚ℎ𝐶𝑃(𝑇ℎ,𝑖 – 𝑇ℎ,𝑜 ) = 𝑚𝑐𝐶𝑃(𝑇𝑐,0 −  𝑇𝑐,𝑖 )       (1) 

𝑄 = 𝑈𝐴𝐹∆𝑇𝑙𝑚         (2) 

Where: Q is Heat duty  

𝑚𝑐 is Mass flow rate of cold water 

𝐶𝑃 is Specific heat capacity of water 

𝑇𝑐,𝑜 is Outlet temperature of cold water 

𝑇𝑐,𝑖 is Inlet temperature of cold water 

𝑚ℎ is Mass flow rate of hot syngas 

𝑇ℎ,𝑜is Outlet temperature of hot syngas 

𝑇ℎ,𝑖 is Inlet temperature of hot syngas 

𝑈 is Overall heat transfer coefficient 

𝐴 is Heat exchanger surface area 

∆𝑇𝑙𝑚 is the log mean temperature difference 

𝐹 is Corrosion factor 

Assuming only sensible heat is transferred, and then the heat balance for the hot fluid is given by  

𝑄ℎ= 𝑚ℎ𝐶𝑃(𝑇ℎ,𝑖 −  𝑇ℎ,𝑜 )          

The inlet temperature of the syngas (𝑇ℎ,𝑖 ) is taken to be 350℃ while its exit temperature (𝑇ℎ,𝑜 ) from the heat 

exchanger remains at 80℃.  

Therefore:     

𝑄ℎ= 𝑄𝑐 = �̇�ℎ𝐶𝑃(𝑇ℎ,𝑖 −  𝑇ℎ,𝑜 ) = �̇�𝑐𝐶𝑃(𝑇𝑐,0 −  𝑇𝑐,𝑖 )   

 𝑇𝑐,0 −  𝑇𝑐,𝑖 =  
�̇�ℎ𝐶𝑃(𝑇ℎ,𝑖 − 𝑇ℎ,𝑜 ) 

�̇�𝑐𝐶𝑃
   

 𝑇𝑐,0 =  𝑇𝑐,𝑖 +  
�̇�ℎ𝐶𝑃(𝑇ℎ,𝑖 − 𝑇ℎ,𝑜 ) 

�̇�𝑐𝐶𝑃
 

 (𝑇𝑐,𝑖) = 10℃,  

(𝑇𝑐,0) = 𝑢𝑛𝑘𝑛𝑜𝑤 
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(𝑚𝑐𝑤) =  0.3 𝑘𝑔/𝑠 ,  

(𝑚ℎ𝑔) =  0.10 𝑘𝑔/𝑠 ,  

(𝐶𝑃𝑤)𝑓𝑜𝑟 𝑤𝑎𝑡𝑒𝑟 =  4.197 × 103 J/kg. K, 

 (𝑇ℎ,𝑖 )= 350℃, and  

(𝑇ℎ,𝑜 ) =  80℃. 

(𝐶𝑃𝑔)𝑓𝑜𝑟 𝑠𝑦𝑛𝑔𝑎𝑠 =  1.142 × 103 J/kg. K, 

Therefore;  

𝑡𝑐,0 = 24.5 + 10 = 34.50𝐶 

This means the exits temperature is expected to be 34.50𝐶, which implies that the temperature of the cold 

water is increased from 100𝐶 to 34.50𝐶 

Then the Heat Duty for Hot fluid is given by: 

𝑄ℎ = �̇�ℎ𝐶𝑃(𝑇ℎ,𝑖 −  𝑇ℎ,𝑜 )          

𝑄ℎ = 0.1 × 1.142 × 103(350 −  80) = 30,834𝑊 = 30.834𝑘𝑊  

Also, the Heat Duty for Cold fluid is given by; 

𝑄𝑐= �̇�𝑐𝐶𝑃(𝑇𝑐,0 −  𝑇𝑐,𝑖 )         

𝑄𝑐 = 0.3 × 4.197 × 103(34.5 −  10) = 30,848𝑊 = 30.85𝑘𝑊  

b) Tube Pressure Drop 

When designing a heat exchanger, it is crucial to take into account the pressure drop. A common design 

limitation could be expressed as ∆P ≤ N psi, where the value of N is given.  

∆𝑃 =  𝑓𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 
𝐿

𝐷
 (

1

2
 𝑃𝑉𝑚

2)        (3) 

To this, we add ∆𝑃𝑟 = 4 × 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑢𝑏𝑒𝑠 × 
𝐺𝑡

2

2𝑃
       (4) 

𝐺𝑡 = PV is the mass velocity and is defined as 

𝐺𝑡 =  
𝑀𝑎𝑠𝑠 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒

𝑇𝑜𝑡𝑎𝑙 𝑓𝑙𝑜𝑤 𝑎𝑟𝑒𝑎 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝑝𝑒𝑟 𝑝𝑎𝑠𝑠 
 

𝑓 = Friction factor is given by:  

1

√𝑓
=  −2.0 log

𝜀

𝐷

3.7
 + 

2.51

𝑅𝑒√𝑓

            (5) 

∆𝑃 =  𝑓𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 

𝐿

𝐷
(

1

2
 𝜌𝑉𝑚

2) +  ∆𝑃𝑟 

   =  𝑓𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 
𝐿

𝐷
(

1

2
𝜌 𝑉𝑚

2) +  4𝑁𝑃 × 
𝐺𝑡

2

2𝜌
       (6)                                                 

𝑅𝑒 =  
𝑑𝑖 𝑉𝑚𝑎𝑥𝜌

µ
             (7)  
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c) Shell Side Pressure Drop  

The calculation of the pressure drop on the shell-side is determined using  

∆𝑃𝑠ℎ𝑒𝑙𝑙 =  
2𝑓𝐺𝑆

2𝐷𝑆(𝑁𝐵+1)

𝜌𝐷𝑒(
𝜇

𝜇𝑆
)0.14         (8) 

In this equation, 𝑓 is a fanning friction faector for flow on the shell side, 𝐺𝑆 is the mass velocity on the shell 

side, 𝐷𝑆 is the inside diameter of baffles, 𝜌 is the density of the shell side fluid and 𝐷𝑒 is an equivalent 

diameter. 

The mass velocity 𝐺𝑆 =
𝑚

𝑆𝑚
 where 𝑚 is the mass flow rate of the fluid, and 𝑆𝑚 is the cross flow area 

measured closed to the central symmetry plan of the shell containing its axis (Ramesh 2003). 

This is defined as: Cross flow area = 𝐷𝑠𝐿𝐵 × 
𝐶𝑙𝑒𝑎𝑟𝑎𝑛𝑐𝑒 

𝑃𝑖𝑡𝑐ℎ
      (9) 

Where 𝐿𝐵 is the baffle spacing, and the clearance and pitch is are defined in the coefficient of heat transfer 

below:  

The equivalent diameter (𝐷𝑒) is given as: 𝐷𝑒 =  
4 (𝐶𝑃𝑆𝑛

2− 
𝜋𝑑0

2

4
)

𝜋𝑑0
      (10) 

Here, 𝑑0 is the outside diameter of the tube and 𝑠𝑛 is the pitch (centre to centre distance) of the tube 

assembly. The constant 𝐶𝑃 = 1 for a square pitch, and 𝐶𝑃 = 0.87 for a triangular pitch. The Reynolds number 

𝑅𝑒  is defined as; 

𝑅𝑒 =  
𝐷𝑒 𝐺𝑠

µ
         (11) 

Where µ is the viscosity of the shell side fluid? 

𝑓 = 𝑒𝑥𝑝 (0.576 − 0.29𝑖𝑛 )𝑅𝑒𝑠        (12)  

d) Mean Temperature Difference 

The temperature gradient acts as the stimulus for heat transfer. A true countercurrent flow occurs when two 

streams move in opposite directions on the surface of a tube wall. As a result, the outlet temperature of both 

streams may differ due to changes in ΔT along the heat exchanger length. The temperature difference for a 

single location should be considered to figure out the average value of heat transfer area. This value, 

calculated using the weights, is indicated as LMTD. The term concurrent flow refers to a situation where hot 

and cold streams move in the same direction.  

𝑄 = 𝑈𝐴𝐹∆𝑇𝑙𝑚          (13) 

But ∆𝑇𝑙𝑚 = 𝐹∆𝑇𝑙𝑚         (14) 

∆𝑇𝑙𝑚 =  True mean temperature and F = Correction factor 

∆𝑇𝑙𝑚 =  
(𝑡ℎ𝑖− 𝑡𝑐𝑜  )−(𝑡ℎ𝑜− 𝑡𝑐𝑖  )

ln
(𝑡ℎ𝑖− 𝑡𝑐𝑜  )

(𝑡ℎ𝑜− 𝑡𝑐𝑖  )

          (15) 
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The log mean temperature difference as defined in equation (15) is given by; 

∆𝑇𝑙𝑚 =  
(𝑡ℎ𝑖− 𝑡𝑐𝑜  )−(𝑡ℎ𝑜− 𝑡𝑐𝑖  ) 

ln
(𝑡ℎ𝑖− 𝑡𝑐𝑜  )

(𝑡ℎ𝑜− 𝑡𝑐𝑖  )

  

 

Hence, 

𝐿𝑀𝑇𝐷 =  
(𝑇ℎ𝑖− 𝑇𝑐𝑜  )−(𝑇ℎ𝑜− 𝑇𝑐𝑖  ) 

ln
(𝑇ℎ𝑖− 𝑇𝑐𝑜  )

(𝑇ℎ𝑜− 𝑇𝑐𝑖  )

                                        

𝐿𝑀𝑇𝐷 =  
(350 − 34.5) − (80 − 10)

ln
(350 − 34.5)

(80 − 10)

=  
(315.5 − 70)

ln
(315.5)

(70)

=  
245.5 

ln 4.5
 

=  
245.5 

1.51
=  162.60𝐶 

This value is the equivalent average temperature difference between the hot syngas and the cold water. 

e) Fouling  

A fouled surface is normally considered to be one that presents some additional heat transfer resistance due 

to the buildup of foreign materials, or scale. This additional thermal resistance will naturally cause the heat 

transfer to be less than in the case of no fouling resistance; the prediction of scale buildup or the 

corresponding effect on heat transfer is a most difficult task. The actual performance of a heat exchanger can 

be evaluated after some periods of service and the fouling resistance determined (Çengel, 1997)  

For clean surface;  

𝑞0 =  𝑈0𝐴∆𝑇𝑙𝑚 =  
∆𝑇𝑙𝑚

∑ 𝑅𝑡0
> ∑ 𝑅𝑡0 =   

∆𝑇𝑙𝑚

𝑞0
       (16) 

For fouling surface; 

𝑞𝑓 =  𝑈𝑓𝐴∆𝑇𝑙𝑚 =  
∆𝑇𝑙𝑚

∑ 𝑅𝑡𝑓
> ∑ 𝑅𝑡𝑓 =   

∆𝑇𝑙𝑚

𝑞𝑓
       (17)  

𝑈𝑓 =  
1

1

ℎ0
+ 𝑅0+𝐴0 ln(

𝑟0
𝑟𝑖

)+ 𝑅𝑖+ 
𝐴0

𝐴𝑖ℎ𝑖

        (18) 

𝑈0 =  
1

1

ℎ0
+

𝐴0 ln(
𝑟0
𝑟𝑖

)

2𝜋𝐾
 +  

𝐴0
𝐴𝑖ℎ𝑖

         (19) 
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1

𝑈𝐴
 =

1

𝑈𝑖𝐴𝑖
=

1

𝑈0𝐴0
          (20)   

𝑤ℎ𝑒𝑟𝑒  𝐴𝑖 = 𝜋𝑑𝑖𝐿 𝑎𝑛𝑑 𝐴0 = 𝜋𝑑0𝐿  

Total resistance R; 

𝑅 =
1

𝑈𝐴
 =

1

𝑈𝑖𝐴𝑖
=

1

𝑈0𝐴0
=  

1

ℎ𝑖𝐴𝑖
=  𝑅𝑤𝑎𝑙𝑙 +  

1

ℎ0𝐴0
      (21) 

𝑅 =  
1

ℎ𝑖𝐴𝑖
+  ln(

𝑑0
𝑑𝑖

2𝜋𝐾𝐿
) +  

1

ℎ0𝐴0
        (22) 

f) Correction Factor 

The use of a correction factor (F) is necessary when calculating the log mean temperature difference for a 

counter current heat exchanger. This is because the flow of the streams in counter current flow is more 

intricate compared to concurrent flow. 

The adjustment factor is dependent on the parameters P and R (Shah  and Skiepko, 2005). 

𝑃 =  
𝑡2−𝑡1

𝑇1−𝑡1
𝑎𝑛𝑑𝑅 =  

𝑇1−𝑇2

𝑡2−𝑡1
         (23) 

As stated in equation (3.23), the correction factor F is a function of S and R. 

 𝑆 =  
𝑡2−𝑡1

𝑇1−𝑡1
 =  

𝑟𝑎𝑛𝑔𝑒 𝑜𝑓 𝑡𝑢𝑏𝑒 𝑓𝑙𝑢𝑖𝑑

𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒
 

 𝑅 =  
𝑇1−𝑇2

𝑡2−𝑡1
=  

𝑟𝑎𝑛𝑔𝑒 𝑜𝑓 𝑠ℎ𝑒𝑙𝑙 𝑓𝑙𝑢𝑖𝑑

𝑅𝑎𝑛𝑔𝑒 𝑜𝑓 𝑡𝑢𝑏𝑒 𝑓𝑙𝑢𝑖𝑑
  

The temperature of cold fluid increased from 100𝐶 to 34.50𝐶 and that of hot syngas decrease from 3500𝐶 to 

800𝐶. Thus;  

Capacity Ratio 

𝑅 =
𝑇ℎ,𝑖−𝑇ℎ,𝑜

𝑇𝑐,0− 𝑇𝑐,𝑖 
 = 11.02  

Effectiveness 

𝑆 =
𝑇𝑐,0 − 𝑇𝑐,𝑖 

𝑇ℎ,𝑖 − 𝑇𝑐,𝑖 
 = 0.09  

Correction Factor 

𝐹 =
(𝑅2+1)

1
2 × 𝐼𝑛 (

(1−𝑆)

1−𝑅𝑆
)

(𝑅−1)×𝐼𝑛(
2−𝑆(𝑅+1−(𝑅2+1)

1
2

2−𝑆(𝑅+1+(𝑅2+1)

1
2

)

 =
26.6

32
= 0.8281 = 83%   0.8281=83% 

The value of F shows the extent to which the flow approximates to counter- current nature  

F = 1 means the flow is purely counter-current. Hence the value shows 83% approximation to counter current 

flow. 

𝐹1−2 =
(

√𝑅2+ 1

𝑅−1
) ln(

1−𝑃

1−𝑃𝑅
)

ln(
𝐴+√𝑅2+ 1

𝐴−√𝑅2+ 1
)

         (24)  

 

Where 𝐴 =  
1

𝑃
−  1 − 𝑅 = 1.11𝑚2,   
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Corrected (LMTD) 

Corrected 𝐿𝑀𝑇𝐷 = 𝐹 × 𝐿𝑀𝑇𝐷        

Corrected ( 𝐿𝑀𝑇𝐷) = 0.83 × 162.6 = 1350𝐶 Corrected ( LMTD)=0.83×162.6=1350 C 

Overall Heat Transfer Coefficient (For Hot fluid) 

𝑈𝐷𝑒𝑠𝑖𝑔𝑛 =
𝑄ℎ

𝐴×𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝐿𝑀𝑇𝐷
        (25)   

    

Where; 𝐴 =  
1

𝑆
−  1 − 𝑅 =

1

0.09
−  1 − 11 = 1.11𝑚2,  ; A=  (1/S)- 1-R=(1/0.09)- 1-11 =1.11m2,   

g) Determination of the Heat Exchanger Surface Area 

The area was calculated to be 0.351m2 using equation 26. The value of 𝑈0 is assumed to be 650 𝑊/𝑚2 0𝐶. 

That is the overall heat transfer coefficient of water to gasoline F = 0.90 and ∆𝑇𝑙𝑚 = 162.6℃. A represents 

the whole surface area that is in contact with the fluid, whether it is at a high or low temperature. 

𝐴0 =  
𝑄

𝑈0∆𝑇𝑚
 = 

𝑄

𝑈0𝐹∆𝑇𝑙𝑚
         (26) 

Where: 𝐴0 is outside tube surface area, 𝑄 is heat duty – heat exchanger between tube and shell side fluid, 𝑈0 

is overall heat transfer coefficient, 𝐹 is correction factor, 𝑇𝑚 is True mean temperature, 𝑇𝑚 = 𝐹𝑇𝑙𝑚, 𝑇𝑙𝑚 is 

log mean temperature difference 

 

h) Total Number of Tubes 

The number of tubes, Nt as described by Holman, 2002 was 17 tubes. Since the number of tubes is very 

small as well as the diameter, this will reduce the pressure drop and the shell diameter. 

𝑁𝑡 =  
𝐴0

𝜋𝑑0𝐿
          (27) 

Where 𝐴0 is outside tube surface area, 𝑑0 is outside tube diameter, 𝐿 is Tube length, 𝑁𝑡 is number of tubes. 

 

i) Tube Layout and Tube Sheet Thickness 

The tube ratio is given by; 

𝑃𝑇

𝑑0
 = 1.25 >𝑃𝑇 = 1.25𝑑0         (28) 

Where 𝑃𝑇 is Tube pitch, 𝑑0 is Tube outside diameter 

i) Tube sheet thickness is given by: 

𝐿𝑡𝑠 = 0.1𝐷𝑠          (29) 

Where, 𝐿𝑡𝑠is Tube sheet thickness, 𝐷𝑠is Shell internal diameter (Holman 2002) 

 

j) Number of Baffle, Baffle Cut and Baffle Spacing 

The number of baffle (B) is given by 

𝑁𝑏 =
𝐿𝑡𝑖

𝐵
           (30) 

Where;  𝐿𝑡𝑖is Length of the tube and B is baffle spacing 

Baffle spacing (B) is given by; 
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𝐵 =  
60

100
 × 𝐷𝑠          (31) 

Where; 𝐷𝑠is Shell internal diameter 

Segmental baffle cut as percent of 𝐷𝑠 is given by; 

𝐵𝑐 =
𝐿𝑏𝑐ℎ

𝐷𝑠
 × 100% =  

𝐵

𝐷𝑠
         (32) 

Where; 𝐿𝑏𝑐ℎ is segmental baffle cut length, B is Baffle spacing (J.P Holman 2002) 

 

k) Determination of tube Side Heat Transfer Coefficient 

The Reynolds number, Prandtl number, and tube diameter all affect the heat transfer coefficient on the inner 

surface of the tube. The heat transfer coefficient is most significantly influenced by the liquid viscosity, 

which varies significantly (Ramesh, 2003).  

The equation governing turbulent heat transport inside a tube is: 

𝑁𝑢 = 0.023 (𝑅𝑒)0.8(𝑃𝑟)0.4        (33) 

𝑁𝑢 =  
ℎ𝑑

𝐾
, 𝑅𝑒 =  

𝑑𝑉𝑚𝑎𝑥𝜌

𝜇
 and 𝑃𝑟 =  

𝐶𝑃𝜇

𝐾
     

For the inner surface of the tube: 

ℎ𝑖𝑑𝑖

𝐾
= 0.023 

(𝑑𝑖𝑉𝑚𝑎𝑥𝜌)0.8

𝜇

(𝐶𝑃𝜇)0.4

𝐾
 

ℎ𝑖 = 0.023
(𝑑𝑖𝑉𝑚𝑎𝑥𝜌)0.8

𝜇

(𝐶𝑃𝜇)0.4

𝐾

K

di
       (34)  

l) Determination of Shell Side Heat Transfer Coefficient 

When baffles are present in a tube bundle and the flow around the tubes is unobstructed, the heat transfer 

coefficient is higher than it would be in the absence of baffles. When baffles are present, the heat transfer 

coefficient outside the tube bundle is referred to as the "shell-side heat transfer coefficient".  

As a result, the shell side heat transfer coefficient can be written as : 

𝑁𝑢 =
ℎ0𝑑ℎ

𝐾
= 0.023 (𝑅𝑒)0.8(𝑃𝑟)0.4  

ℎ0 = 0.023
(𝑑ℎ𝑉𝑚𝑎𝑥𝜌)0.8

𝜇

(𝐶𝑃𝜇)0.4

𝐾

K

dh
       (35)  

𝑅𝑒 =  
𝑑ℎ𝑉𝑚𝜌

𝜇
         (36) 

 

Where; 𝑁𝑢  is Nusselt number, 𝑃𝑟is Prandtl number, ℎ0 is Heat transfer coefficient for outer surface of the 

tube, dh is Hydraulic diameter, 𝑉𝑚 is Mean velocity of the fluid through shell, 𝜌 is density of the fluid, 𝜇 is 

Dynamic viscosity of shell side fluid, 𝐶𝑝 is Specific heat capacity of the fluid, 𝑅𝑒 is Reynolds number, 𝐾 is 

Thermal conductivity of the shell fluid (Ramesh 2003). 

https://rsisinternational.org/journals/ijrias
https://rsisinternational.org/journals/ijrias
http://www.rsisinternational.org/


INTERNATIONAL JOURNAL OF RESEARCH AND INNOVATION IN APPLIED SCIENCE (IJRIAS) 

ISSN No. 2454-6194 | DOI: 10.51584/IJRIAS |Volume IX Issue VI June 2024 

 

 

 

 

 

 

Page 317 

www.rsisinternational.org 

 

 

m) Determination of Overall Heat Transfer Coefficient 

The rate of heat transfer between the two fluids can then be expressed as: 

𝑄 =  (∆𝑇
𝑅

) = 𝑈𝐴∆𝑇 =  𝑈𝑖𝐴𝑖∆𝑇 = 𝑈0𝐴0∆𝑇       (37) 

Where; 𝑈 is the overall heat transfer coefficient, whose unit is
𝑊

𝑚20𝐶
  W/(m2 0C ) 

The fluids to be used are expected to some extent fouling; hence fouling effects has to be considered (Cengel 

2003). Thus, for these surfaces: 

𝑈𝑓 =  
1

1

ℎ0
+𝑅0+ 𝐴0 ln(

𝑟0
𝑟𝑖

)+ 𝑅𝑖+ 
𝐴0

𝐴𝑖ℎ𝑖

       (38)  

Where; 

𝑈𝑓 is Overall heat transfer coefficient, ℎ𝑖 , ℎ0 is Heat transfer coefficient for inside and outside tube, 𝐴𝑖 , 𝐴0 is 

Inner and outer surface area of the tube, ℎ𝑖, ℎ0 is outer and inner radius of the tube, 𝑅𝑜 , 𝑅𝑖  is Outer and inner 

fouling resistance 

RESULTS AND DISCUSSION 

The syngas enters the heat exchanger at a temperature of 350 oC (623K), and a mass flow rate of 0.1 kg/s, 

while the cold water at 10℃ enters the heat exchanger in a counterflow direction  with a flow velocity of 0.3 

m/s. The temperature of the syngas is therefore reduced below the condensation temperature of tar, moisture 

and pyroligneous liquid as it looses heat to the circulating water on its passage through the exchanger. 

Consequently, all exstraneous content (impurities) of the syngas is separated from it by the process 

condensation. The heat exchanger is designed to receive syngas for purification at 350℃ ≤Ti≤ 150℃   and 

dischage purified syngas at 87℃ ≤To≤ 80℃. 

Simulation parameters and boundary conditions 

The parameters and boundary conditions applied in this simulation are summarized as follows; 

Table 1: Simulation parameters and boundary conditions 

S/N PARAMETER NAME NUMERICAL VALUE UNITS 

1 Water inlet temperature 10  

2 Water outlet temperature 34.5  

3 Syngas inlet temperature 350  

4 Assummed syngas temperature 80  

5 Water inlet velocity 0.3 m/s 

6 Syngas mass flow rate at inlet 0.1 kg/s 

7 Acceleration due to gravity 9.8 m/s2 

8 Diameter of shell 203.2 mm 

9 Shell thickness 5 mm 

10 Tube thickness 1 mm 

11 Number of tubes 17 Nos 

12 Tube length 700 mm 
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13 Outside Tube Diameter 9.525 mm 

14 Inside tube diameter 7.525 mm 

15 Thickness of dished head 5 mm 

16 Baffle spacing 122 mm 

17 Number of baffle 5 Nos 

18 LMTD   

19 Corrected LMTD   

20 Heat duty for hot fluid 30.83 kW 

21 Heat duty for cold fluid 30.848 kW 

22 Overall heat transfer coefficient (tube)   

PROPERTIES OF WATER  

23 Water density 997.1 kg/m3 

24 Specific Heat Capacity cp 4186 J/kgK 

25 Viscosity 3.55 10-5 Pa-s 

26 Thermal Conductivity 0.670 W/m-K 

PROPERTIES OF SYNGAS  

27 Density 0.963 kg/m3 

28 Specific Heat Capacity cp 1142 J/kgK 

29 Viscosity 1.655 10-5 Pa-s 

20 Thermal Conductivity 0.058 W/m-K 

 

 

 

Figure 3: Autocad design of Shell 
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Figure 4: Sectional view of shell and tube heat exchanger 

 

 

Plate 1: Front view of the fabricated shell and tube heat exchanger 
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Plate 2: Construction process of the tubes on the tube plate and baffle 

 

SIMULATION RESULT 

After successful meshing of the models, ANSYS-FLUENT environment was launched and the meshed 

models were solved 500 iterations were selected for the solution, and the solution was stopped at 450th 

iterations. This is because the residual plots maintained uniform line at 300th iterations to 500th iterations. In 
addition, it indicates that the obtained results have a negligible difference within these iterations and any 
further iteration will result to increase in computation time which will equally increase the computation cost. 
In order to further corroborate the convergence of the solution, the convergence history of the static 
temperature of the tube outlet with respect to time was also checked. In this case, the solution was allowed 

to continue to 500th iteration. Furthermore, area weighted average static temperature was computed and 
displayed at the FLUENT console for the seventeen tube outlets and the net temperature was 360K (87℃) as 
in figure 8. Similar to the convergence plot of static temperature of tube fluid (syngas), the outlet static 
temperature of shell fluid (water) was also observed and can be seen in figure 7 and the net temperature that 
was displayed at the FLUENT console for the shell outlet was 303K (30℃). By comparing the theoretical 
temperature with the temperature predicted by the simulation, the model was verified. the percentage 
difference between the results of the simulation and the theory. These results are presented in Table 2 and 
the estimated percentage deviations for the tube side and the shell side are 8.75% and13.04% respectively. 
While the deviation in the fouling factor may be caused by uneven velocity profiles, backflows, and eddies 
generated on the shell side of a segmentally-baffled heat exchanger, the deviation in the heat transfer surface 
can be attributed to changes in temperature difference, physiochemical properties of the fluids, geometry of 
the heat exchanger, and velocity of the flowing fluids. 
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Figure 5 Simulation Progress graph      

Figure 6 Graph showing comparison between Syngas and Water Outlet Temperature 

Figure 5 shows that the simulation was done in 500 iterations. Figure 6 shows that while the temperature of 

water increases (increased to 303K (30)) slightly it causes a significant decrease in the temperature of the 

syngas (reduced to as low as 360K (87)). This implies that the thermal efficiency of the designed heat 

exchanger is sufficient and acceptable for industrial applications. 

 

 

Figure 7 Variation of Water Outlet Temperature with time 
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Figure 8 Variation of Syngas Outlet Temperature with time 

Figure 7 shows that the temperature of water at its outlet increases from 299K (260C) to 303K (300C) 
within 15 minutes, while figure 8 shows that the temperature of syngas at its outlet decreases from 400K 

(1270C) to 360K (870C) within 15 minutes 

 

CONCLUSION 

In this research, the development of shell and tube heat exchanger for syngas cooling to a much lower 

temperature was carried out. Design procedures and consideration as recommended by literatures was 

carefully adopted. The designed heat exchanger was evaluated to perform numerical simulation using 

computational fluid dynamics (CFD) tools. Results from the theoretical and CFD simulation shows that the 

heat exchanger is efficiently designed to reduce the temperature of the syngas below 90 provided the 

designed input parameters are obtained. The shell and tube heat exchanger prototype was developed and the 

parameters such as heat duty, capacity ratio, effectiveness, overall heat transfer coefficient were determined. 
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