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ABSTRACT 

Global concern for climate change and greenhouse gases effect necessitates the promotion and 
development of an alternative source of energy which will drastically reduce global warming and 
ultimately pose lesser threat to climate change. Since the volatiles are composed of the condensable 
and non-condensable components, a heat exchanger is required to obtain bio-fuel from these 
volatiles. In this research heat exchanger was developed for optimum condensation of volatile vapour 
(pyro-gas) exiting in a reactor during pyrolysis process. Copper and stainless steel were selected for 
the development of heat exchanger tube and shell respectively. Mathematical equations were used in 
sizing and rating the shell and tube heat exchanger, thereby estimating the desired length, shell 
diameter and number of baffles. Computational Fluid Dynamic (CFD) simulation of the designed heat 
exchanger was done on the ANSYS software and the validation of the model was achieved by 
comparing the theoretical temperature with the temperature predicted from the simulation. Results 
from the theoretical and CFD simulation shows satisfactory similarity in terms of percentage deviation 
estimated as 4.68% for shell and 4.62% for tube respectively. Simulated percentage product yield for 
liquid (48.88% and 46.00%), and gas (9.36% and 29.12%) at 400

o
C and 600

o
C were slightly higher 

than the experimental values of liquid (47.00% and 44.00%), and gas (9.00% and 28.00%) at the 
same temperatures.  In conclusion, the designed heat exchanger can be developed and used for the 
existing reactor for efficient and effective condensation for improved bio-oil yield.    
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1 INTRODUCTION 
Energy propels human life and also essential for continuing human development. A growing global 
population necessitates more energy. The world depends heavily on fossil fuels to supply its energy 
needs.However, as global consumption increases, these fuels, particularly oil and natural gas, will be 
depleted, most likely by the end of the century [1]. Furthermore, the use of fossil fuels and nuclear 
energy is intimately linked to environmental deterioration that endangers human health via climate 
change and greenhouse gas emissions [2]. 
Many researchers and organizations has been working to promote renewable energy sources in 
response to the major social, political, and economic problems that included the need for energy 
security and the diversification of its supplies as well as a reduction in the total dependence on fossil 
fuels, the incessant changes in oil prices, and growing concerns over climatic changes and 
environmental degradation[3]. However, this new energy paradigm also necessitates new techniques 
for assessing the feasibility of alternative energy sources. The introduction of alternative energy 
sources has resulted in a more sustainability-driven approach, necessitating advanced measurements 
of a wider range of criteria [4]. Whereas in the past, the success of energy carriers was primarily 
motivated by financial considerations, leading to preferred choice of fossil fuels such as oil. 
 

Biomass pyrolysis has a lengthy history and significant future possibilities as interest in renewable 
energy grows [5]. Perhaps the first large-scale application of a gasification-related process was the 
pyrolysis of biomass to make charcoal. When wood became scarce due to abuse at the beginning of 
the eighteenth century, coke was manufactured from coal via pyrolysis [1]. According to Putra et al., 
[6], biomass resources are abundant around the world. The majority of biomass is typically derived 
from palm oil, palm, corn husks, rice, and sugarcane bagasse, with significantly smaller 
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quantitiescoming from other sources. Depending on the source of the biomass, a variety of methods 
can be used to turn it into heat and electricity. These conversion processes include combustion, 
pyrolysis, gasification, liquefaction, anaerobic digestion, and fermentation.  Because of the benefits 
pyrolysis has in storage, transportation, and application diversity, such as in internal combustion 
engines, boilers and turbines, it has garnered the most interest among these energy conversion 
techniques for producing liquid fuel products [5], [6]. 
 
Pyrolysis has been defined as ‗the incomplete thermal decomposition of biomass, generally in the 
production char, condensable liquids (tar oils and acids) and non-condensable gaseous products [5]. 
Biomass pyrolysis is a thermal conversion process achieved by robust chemical and physical 
interactions between biomass and its adjacent high-temperature conditions. It is the thermal 
degradation either in the complete absence of oxidizing agent, or with such a limited supply that 
gasification does not occur to an appreciable extent or may be described as partial gasification [7]. 

 
By using pyrolysis technology, biofuel with high fuel-to-feed ratios can be produced. As a result, in 
recent decades, pyrolysis has drawn increased attention as a process for effectively turning biomass 
into biofuel [8] - [11]. Pyrolysis is the term used to describe the thermal processing of biomass without 
air or oxygen, to yield solid (char), liquid (bio-oil), and gaseous (bio-gas) products [12]. In this process, 
without air or oxygen, the thermal breakdown of organic components in biomass begins around 350°C 
to 550°C and can reach 700°C to 800°C [13]. Under pyrolysis conditions, the compounds of carbon, 
hydrogen, and oxygen in biomass decompose into smaller molecules that take the form of gases, 
condensable vapour (tars and oils), and solid charcoal. The molecules of the object are stretched and 
rattled to the point where they are broken down into smaller molecules during the pyrolysis process 
and this is done by heating the material to extremely high temperatures that cause intense molecular 
vibrations [14].  Pyrolysis is a method that can be used to reduce a large amount of highly polluting 
industrial waste while also creating energy and/or useful chemical compounds [15]. 
Many researchers including[12], [16] – [27]have worked on pyrolysis of biomass for biofuel production 
with little or no attention paid to the design detailsof the condensing unit or heat exchanger, where the 
liquid bio-oil is obtained as a result of condensation of the vapour generated from the 
pyrolysedbiomass. Pyrolysis condensation is a process involving the thermal decomposition of 
organic materials, typically in the absence of oxygen, resulting to the formation of volatile compounds. 
These compounds are then condensed to obtain valuable products such as bio-oil, gases, and char 
[28; 29] 

 

There are varieties of heat exchangers available for this purpose, ranging from straightforward indirect 
contact heat exchangers to more intricate quenching columns. Examples are Shell and Tube Heat 
Exchangers, Plate Heat Exchangers, Finned Tube Heat Exchangers, Double Pipe Heat Exchangers, 
Air Cooled Heat Exchangers, and Adiabatic Wheel Heat Exchangers [26]. This research is therefore 
focusedto design and simulate a simple shell and tube water cooled energy release device(heat 
exchanger) for efficient and effective condensation, and improved bio-oil yield in a pyrolysis reactor. 

 

2. RESEARCH METHODOLOGY 

2.1  Materials  

This research considered the design of a cooling unit(exchanger) fora pyrolysis reactor developed by 
[5]. The exchanger designed is the shell and tube (straight single-pass) type, with water as the cooling 
medium. The exchanger is also referred to as shell and tube heat exchanger, because small diameter 
tubes are arranged in large diameter tube known as the shell. Copper, a material with high thermal 
conductivity was chosen for the tubes in order to maximize heat transfer efficiency and prevent 
deterioration from corrosion over a long period of time under operational circumstances such as 
pressures and temperatures. The material properties for the tube (copper), shell (stainless steel), and 
fluids (pyro-gas and water) are defined as shown in Table 1. Copper was selected for the tube due its 
high thermal conductivity, necessary for improved heat transfer between the hot pyro-gas and cold 
water. Stainless steel with low thermal conductivity on the other hand was selected for the shell side 
due to its ductility, toughness and malleability and more so, heat loss to the surrounding is to be 
prevented and hence the wall of the steel is assumed to be adiabatic. 

Table 1: Thermo-physical properties of selected tube materials and fluids[29], [30] 
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Name Density,      𝜌 

(𝑘𝑔/𝑚3) 

Specific heat, 
𝑐𝑝  (𝐽/𝑘𝑔𝐾) 

Thermal Conductivity, 𝑘 

(𝑊/𝑚.𝐾) 

Dynamics viscosity, 𝜇  

(𝑁. 𝑠/𝑚2) 

Copper,  8960 385 401 - 

Stainless Steel  8055 480 15.1 - 

Water  997.13 4182 0.61  0.891× 10−3 

Pyro-gas 106.7 2015.8 0.182 2.1856 × 10−5 

2.2 Design Procedure 
The procedure adopted to design the shell and tube heat exchanger include: selection of fluids to be 
placed on the tube 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 quantity 
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. Some 
selected parametric values for the design are as shown in Table2. 
 

Table 2: Selected parameters for design of the heat exchanger  

Description Value 

Capacity of reactor 17.4 litre 
Heating element 2.5 Kw 
Temperature of pyro-gas at tube inlet, 𝒕𝐡𝐢𝐭 500℃ (773 𝐾) 

Temperature of water at shell inlet, 𝒕𝒄𝒊𝒔 25℃ (298 𝐾) 

Expected temperature of water at shell outlet, 𝒕𝒄𝒐𝒔 95℃ (373 𝐾) 

Overall heat transfer coefficient, 𝑼 665 

Mass flow rate of pyro-gas at tube inlet, 𝐦 𝐭 0.1 𝑘𝑔/𝑠 
Mass flow rate of water at shell inlet, 𝐦 𝐬 0.3 𝑘𝑔/𝑠 
inner diameter of tube, 𝑫𝐢 0.012 𝑚 
Outer diameter of tube, 𝑫𝐨 0.016 𝑚 

Number of tube, 𝑵𝐭 7 

Baffle thickness, 𝒕𝒃 0.003 𝑚 

 

2.3 Design Consideration 
The water-cooled condenser designed in this research is for an existing pyrolysis reactor developed 
by [5]. The reactor has a capacity of 17.4 litres, with Akure clay as its refractory material.It is encased 
in a steel frame with outlet vapour temperature of 500℃ and minimum flow rate of 0.1kg/s. Heat is 
generated electrically by two heating elements rated at 2.5 kW each. It was equipped with a 
temperature controller and thermocouples for varying and measuring the temperaturesin the chamber 
and the reactor.The heat exchanger was designed assuming minimum vapour mass flow rate of 
0.1kg/s and hot vapour with temperature of 500 ℃ which will drop the temperature when cooled, from 
the reactor flowing into the tube, and releasing heat to the cold water with assumed temperature of 25 
℃ 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 vapour. At this temperature, the vapour 
would have cooled down satisfactorily while still in vapour state. Further cooling of the vapour is 
expected to be obtained by placing the condensate collector in an ice-bath to obtain the bio-fuel.  

 

The diameter of tube was selected based on Tubular Exchanger Manufacturing Association (TEMA) 
standards [31], that standard tube outer diameter should be between 0.00635 and 0.0508 m. 
According to Thulukkanam[32], small tube diameters produces high heat transfer coefficient and are 
suitable for effective heat transfer. Hence in this research, the inner diameter of tube selected was 
0.012 m with an outer diameter of 0.016m, and the selected number of tube and baffle thickness are 7 
and 0.003m respectively. Few number of tubes was selected because a small heat exchanger will be 
designed which will be complemented by another heat exchanger for final cooling to get a 
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condensedbio-oil. The battle thickness was selected as recommended by TEMA standards.  During 
the design, some parameters were chosen based on the design criteria, standards and operating 
conditions. Summary of the estimated parameters are as shown in Table 3. 

Table 3: Summary of estimated parameters for the heat exchanger  

Description Value 

Heat transfer rate, 𝐐 87824 𝑊 

Temperature of pyro-gas at tube outlet, 𝑻𝒉𝒐𝒕 125.5℃ ( 𝐾) 

Average temperature of shell-side fluid, 𝑻𝒔𝒂𝒗𝒈 60℃ ( 𝐾) 

Average temperature of tube-side fluid, 𝑻𝒕𝒂𝒗𝒈 312.7℃ ( 𝐾) 

Tube wall temperature, 𝑻𝒘 186.4℃ ( 𝐾) 
Total surface heat transfer area of tube, 𝐀 0.6045 m2 
Effective mean temperature difference, ∆𝐓𝐋𝐌 218.48℃ ( 𝐾) 

Logarithmic mean temperature difference, ∆𝐓𝐋𝐌𝐓𝐃 218.48℃ ( 𝐾) 

Length of the heat exchanger, 𝑳 1.718 𝑚 
Tube pitch size, 𝑷𝑻 0.02 𝑚 

Shell inner diameter, 𝑫𝒔 0.064 𝑚 

Central baffle spacing, 𝑩 0.0352 𝑚 

Inlet baffle spacing, 𝑩𝒊 0.0373 𝑚 
Outlet baffle spacing, 𝑩𝒐 0.0373 𝑚 

Number of baffles, N𝑏  44 

Shell equivalent diameter, 𝐃𝐞 0.0158 𝑚 
Reynolds number for shell side fluid, 𝐑𝐞𝐬 11819 

Reynolds number for tube side fluid, 𝐑𝐞𝐭 17343 

Cross-sectional flow area of tube, 𝐀𝐜 0.000452 m2 
Shell side fluid pressure drop, ∆𝑷𝒔 7196.6 𝑃𝑎 

Tube side fluid pressure drop, ∆𝑷𝒕 27.49 𝑃𝑎 

 

2.4 Design Calculation 

Standard equations (1-12) were used in the design of the heat exchanger 
Q = m tcpt  Thot − Thit  = m scps  Tcis − Tcos  [33]    (1) 

∆TLM = 𝐹. ∆TLMTD [34]    (2) 

∆TLM = 1 ∗ ∆𝑇𝐿𝑀𝑇𝐷 [32]      (3) 

∆TLMTD =
 Thot −Tcos  − Thit −Tcis  

𝑙𝑛⁡( Thot −Tcos  / Thit −Tcis  )
 [34]    (4)   

A = π𝐷0𝑁𝑡𝐿 [32]  (5) 

𝐿 =
A

π𝐷0𝑁𝑡
          (6) 

𝑃𝑇 = 𝑃𝑅 × 𝐷𝑜 [33]    (7) 

𝐷𝑠 = 0.637 
𝐶𝐿

𝐶𝑇𝑃
 
𝐴 𝑃𝑅 2𝐷𝑜

𝐿
 

1
2 

            (8) 

𝑁𝑏 =
𝐿

𝐵+𝑡𝑏
− 1           (9) 

𝐵 = 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 × 𝐷𝑠            (10) 

𝐵𝑖 = 𝐵𝑜 =
𝐿−( 𝑁𝑏−1  𝐵+𝑡𝑏 )

2
         (11) 

𝐵𝑐 = 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑐𝑢𝑡 × 𝐷𝑠             (12)  

where: Q is the heat transfer rate (W); m s andm t  are shell and tube sides mass flow rate (kg/s); 

𝑐𝑝𝑡  𝑎𝑛𝑑 𝑐𝑝𝑠are tube and shell sides fluid specific heat capacity (J/kgK); 𝑇𝑐𝑜𝑠 ,𝑇𝑐𝑖𝑠 , ,𝑇ℎ𝑜𝑡  and 𝑇ℎ𝑖𝑡  are shell 

outlet, shell inlet, tube outlet and tube inlet temperatures (
o
C);∆TLMTD  is Logarithmic Mean 

Temperature Difference (LMTD) (
o
C); ∆TLM  is Effective Mean Temperature Difference (

o
C); 𝐹 is 

correction factor for LMTD; Nt is Number of tubes; Ds  is shell‘s inside diameter (m); 𝐿 is the length of 

the heat exchanging tube (m); 𝐷o  is tube‘s outside diameter (m); A is thetotal surface area of tube 
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(m
2
); CTP is Tube Count Calculation Constant; CL is tube layout constant;tbis baffles thickness (m),  𝐵 

is the central baffle spacing; 𝐵𝑖  and 𝐵𝑜  are inlet and outlet baffles‘ spacing respectively. 

2.5 Model Governing Equation 
The flow of fluid inside the heat exchanger was governed by the continuity, the momentum, and the 
energy equations; Finite Element was used to discretize the equations. It was assumed that water is 
both Newtonian and incompressible, with constant thermophysical properties. The continuity, the 
momentum, and the energy equations are as given equations (13) to (15) [35] 
𝜕 𝜌𝑢𝑖 

𝜕𝑥𝑖
= 0           (13) 

𝜕 𝜌𝑢𝑖𝑢𝑗  

𝜕𝑥𝑗
= −

𝜕𝑃

𝜕𝑥𝑖
+

𝜕

𝜕𝑥𝑗
 𝜇  

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
 −

2

3
𝜇
𝜕𝑢𝑖

𝜕𝑥𝑖
𝛿𝑖𝑗 − 𝜌𝑢𝑖

′𝑢𝑗
′             (14) 

𝜕

𝜕𝑥𝑗
 𝜌𝑢𝑗 𝑐𝑝𝑇 =

𝜕

𝜕𝑥𝑗
 𝜆

𝜕𝑇

𝜕𝑥𝑗
+

𝜇𝑡
𝜎ℎ,𝑡

𝜕 𝑐𝑝𝑇 

𝜕𝑥𝑗
 + 𝑢𝑗

𝜕𝑃

𝜕𝑥𝑗
+ 

 𝜇  
𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
  −

2

3
𝜇
𝜕𝑢𝑖

𝜕𝑥𝑖
𝛿𝑖𝑗 − 𝜌𝑢𝑖

′𝑢𝑗
′       

𝜕𝑢𝑖

𝜕𝑥𝑗
        (15) 

The Reynolds stresses were modelled using Boussinesq hypothesis that relates Reynold stress to the 
mean velocity gradient as given in equation (16) 

−𝜌𝑢𝑖
′𝑢𝑗

′      = 𝜇𝑡  
𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
 −

2

3
 𝜌𝑘 + 𝜇𝑡

𝜕𝑢𝑘

𝜕𝑥𝑘
 𝛿𝑖𝑗        (16) 

where 𝑘 is the turbulent kinetic energy per unit mass given by equation (17): 

𝑘 =
1

2
 𝑢′

2    + 𝑣 ′
2    + 𝑤 ′2                (17) 

To obtain the optimum prediction of turbulence, the accuracy of two different turbulence models 
(Realisable 𝑘 − 𝜀 model and RNG 𝑘 − 𝜀 model) were adopted [35].The turbulent energy and turbulent 
dissipation rates in the realisable𝑘 − 𝜀 model are given in equations (18) and (19) respectively. 

𝜕

𝜕𝑡
 𝜌𝑘 +

𝜕

𝜕𝑥𝑗
 𝜌𝑘𝑢𝑗 =

𝜕

𝜕𝑥𝑗
  𝜇 +

𝜇 𝑡

𝜎𝑘
 

𝜕𝑘

𝜕𝑥𝑗
 + 𝐺𝑘 − 𝜌𝜀       (18) 

𝜕

𝜕𝑡
 𝜌𝜀 +

𝜕

𝜕𝑥𝑗
 𝜌𝜀𝑢𝑗  =

𝜕

𝜕𝑥𝑗
  𝜇 +

𝜇 𝑡

𝜎𝜀
 

𝜕𝜀

𝜕𝑥𝑗
 + 𝜌𝐶1𝑆𝜀 − 𝜌𝐶2

𝜀2

𝑘+ 𝑣𝜀
     (19) 

where Gkis the generation of turbulent kinetic energy; c1, C2 are constants; and 𝜇𝑡  is the turbulent 
velocity. 

2.6 Computational Fluid Dynamics (CFD) Simulation 
In order to validate the designed details of the heat exchanger, its 3D model was developed and 
simulated using SolidWorks2014 and ANSYS FLUENT 14.0 software packages respectively [36], [37]. 
The complete model comprises the shell fluid (water) domain, tube fluid (pyro-gas) domain, the tube 
and baffle (copper) domain. Since adiabatic condition is expected on the shell wall, the shell model is 
not required. An imaginary wall is assumed to be on the surface of the shell fluid domain with zero 
heat flux assigned to it, hence indicating no heat is lost across the wall. Steady state heat transfer 
simulation was considered as in the theoretical design, to predict the outlet temperatures on the tube 
and shell sides as shown in Figures 1a and b, 2a and b and 3a and b respectively.   
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Figure 1: (a) Model with first Inlet/Outlet side   (b) Model with second Inlet/Outlet side 

 

Figure 2: (a) Shell fluid (Water) domain    (b) Tube fluid (Pyro-gas) domain 

 

Figure 3: (a) Tube and baffles (Copper)          (b) Meshed Tube and Baffles 
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2.6.1 Grid independence study 
Four distinct meshing element counts of approximately 6.8, 7.3, 8.4, and 10.2 million were 

constructed and utilized to study the independence of model outputs from meshing. The results 
showed that 8.4 million elements have a 2% lower degree of independence than 10.2 million 
elements. Therefore, as shown in Figure 4, the adopted grid number (elements) in the computational 
domain was around 8.4 Million in order to maintain abalanced trade-off between convergence time 
and solution correctness.  

 

Figure 4: Front view of the meshed model with mesh details 

2.6.2 Simulation solution procedure 
ANSYS release 14.0, a piece of commercial CFD software, was used to implement the numerical 
simulation. ANSYS-FLUENT's CFD code, which employs the finite volume technique (FVM), was 
used to resolve the governing equations and boundary conditions [30].  
Structured hexahedral elements in the walls‘ normal directions were used to isolate the computational 
domain. The SIMPLE (Semi Implicit Pressure Linked Equations) technique was used to couple 
pressure and velocity. The boundary conditions and governing equations were integrated over the 
computational domain using second-order up-wind methods. The near-wall regions were modeled 
using the improved wall function. The scaled residual values were specified to be less than 10

-4
 for 

continuity equation, fewer than 10
-6

 for velocity, turbulent kinetic energy and dissipation rate, and less 
than 10

-7
 for energy respectively, for the convergence condition to be satisfied. 

 

3. RESULTS AND DISCUSSION 
Mathematical equations were used to size and rate the exchanger, thereby estimating the desired 
length, diameter and number of baffles. Sizing the exchanger deals with estimation of geometric size 
and rating considers the determination of pressure drop and coefficient of heat transfer of the fluids.  

 

3.1 CFD simulation results  

The combined 3-D model (material, component, fluid flow and geometry combinations) of the 
designed shell and tube heat exchanger used for the simulation consists of four major parts namely, 
tube and baffle domain (solids), and pyro-gas and water domain (fluids). The domains were meshed 
using fine mesh options and the front view, showing the seven tubes, and shell inlet and outlet pipes 
can be seen in Figure 5. Similarly, meshed tubes and baffles are shown in Figure 6. The simulation 
results are shown in Figures 7 to 10 while Table 4 shows the verification of theoretical and simulation 
results respectively. 
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Figure 8: Static temperature contours at tube 
outlets 

 

 

Figure 5: Meshed complete model  Figure 6: Meshed tube and baffle model 

3.2 Verification of Theoretical and Simulation Results    

For console display, area-weighted average static temperature of shell inlet and outlet, and tube inlet 
and outlet were computed. At the inlets, the initial selected temperatures were imputed, while at the 
outlet were the computed in FLUENT. Static temperature contours of the hot pyro-gas at the seven 
tubes inlets as shown in Figure 7, with the legend showing different level of temperature in Kelvin (K). 
As the hot pyro-gas loses heat to water; its temperature drops. Figure 8 shows the contour of 
temperature for the cooled pyro-gas at the tube outlets.  
 
Similarly, the temperature contour on the shell inlet is shown in Figure 9. In this case, water absorbs 
heat from the pyro-gas, thereby increasing the shell outlet temperature as shown in Figure 10.  

 

 

 

Figure 7: Static temperature contours at tube 
inlets 
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3.3 Simulation Validation 

The validation of the model was achieved by comparing the theoretical temperature with the 
temperature predicted from the simulation. The percentage deviation between the theoretical and 
simulated results was used to ascertain the accuracy of the simulated results obtained in comparison 
with the theoretical values. These results are presented in Table 4.  

Table 4: Validation of the simulation tests  

 
Parameter 

Temperature (℃) Deviation (%) 

Theoretical Simulation 

Shell outlet 95 99.45 4.68 

Tube outlet 125.5 119.7 4.62 

The estimated percentage deviations for the tube side and shell side are 4.62 and 4.68% respectively. 
This deviation of the simulation from the experimental data might be due to human error in handling, 
and as well suggested that the coldness of the cooling water should be enhanced. 
 
The validation also compared the percentage product yield (liquid and gas). Experimental data [5] was 
used to predict product yields from simulation at to different temperatures. Obtained results are 
presented in Table 5 

 

Table 5: Percentage Yield of Products 

Reactor 
Temperature 

o
C 

Percentage Experimental Yield (%) Percentage Simulation Yield (%) 

Liquid Gas Liquid Gas 

400 
600 

47.00 
44.00 

9.00 
28.00 

48.88 
46.00 

9.36 
29.12 

 

Product percentage yield from simulation are slightly higher than the experimental values. The 
results also revealed that liquid yield decreases with increase in temperature, while more of gas is 
produced at higher temperatures. 

4. CONCLUSION   

In this research, the design and simulation of a heat exchanger for the condensation of pyrolysis 
products were carried out. Performance evaluation was carried out usingCFD tool. Results from the 
theoretical and CFD simulation shows satisfactory similarity in terms of percentage deviation 
estimated as 4.68% for shell and 4.62% for tube respectively. Simulated percentage product yield for 
liquid (48.88% and 46.00%), and gas (9.36% and 29.12%) at 400

o
C and 600

o
C were slightly higher 

Figure 9: Static temperature contour at shell 
inlet 

Figure 10: Static temperature contour 
shell outlet  
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than the experimental values of liquid (47.00% and 44.00%), and gas (9.00% and 28.00%) at the 
same temperatures.Therefore, it was inferred that the designed heat exchanger can be developed 
and used for the existing reactor for efficient and effective condensation for improved bio-oil yield.      
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