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Abstract
In this study, an analytical design and numerical simulation of components of turbocharger-derived microturbine 
co-generator was carried out to assess the feasibility or workability of a turbo-charger derived microturbine for 
combined heat and power generation. A simple gas turbine or Brayton cycle was modeled analytically as the 
working cycle and validated with GasTurb13. An external combustion chamber of Tubo-annular type was adopted 
and modeled. The combustion characteristic was simulated using ANSYS Fluent 2021R1. A tube-in-tube heat 
exchanger was selected as the heat recovery unit, modeled and simulated using ANSYS Fluent 2021R1. Theoretical 
predictions with less than 3% variation in the outlet temperature of the designed system heat exchanger component 
is found closely matched with the numerical simulation results obtained in this study. Other simulation results 
carried out showed that the design is considered safe and fit for fabrication. The system when fabricated can be 
used for heat and power generation efficiently as designed for.
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Introduction 
Combined heat and power generation is a power 
generation and energy recovery method with the 
potential to provide efficient energy and 
environmental benefits by reducing primary energy 
consumption and associated greenhouse gas 
emission. Manabe, (2019) pointed out that as a direct 
consequence, the concentration of greenhouse gases 
has reached alarming levels, impacting onto the 
climate of our planet. This technology is aimed at 
providing solutions to technical and social problems 
that include the reduction of greenhouse gas 
emissions from energy supply, increased 
decentralization of energy supply, improved energy 
security, minimize energy losses from electrical 
transmission and distribution networks, and 
potentially reduced energy cost to consumers 
(Maryam et al., 2013). According to Barna, (2020), 
Horizon 2020, which had run from 2014 to 2020, put 
close attention on climate action and development of 
clean and efficient energy systems and transports. 
These effects can be achieved in a micro-turbine 
system equipped with a heat recovery unit. Gas 
turbines with output power in 5 to 20kW range are 
generally classified as micro-turbines (Shah, 2005), 
and are used extensively in aviation as alternative 
power units and recently, this technology has found a 
new application as range extenders in Hybrid electric 
vehicles. In recent years, micro-turbines have seen 
increased applications as co-generation and 
distributed power generation systems. This may 
partly be attributed to their performance coupled with 
their compactness and low cost (Design of a 
Centrifugal Compressor for Micro Gas Turbine). 
Findings from the studies of (Piancastelli et al. (2014),  
Frizziero et al. (2015), Piancastelli et al. (2015))  also 
reported that Radial turbines and compressors are 
easier to manufacture but face a significant efficiency 
reduction below 200,000 Re. These factors have 
drawn more researchers to investigate the 
miniaturization and optimization of micro-turbines 
and their components. Despite extensive 
investigation and research in the micro-turbine niche, 
the cost of procurement of these systems has barely 
seen any improvement in the past decade. As pointed 
out in the study of Adam, (2012), the technology used 
in micro-turbines is derived from aircraft APUs, 
diesel engine turbochargers and small jet engines. 
Similarly, the report from the study of Laurel, (2004) 
revealed that attempts have been made to derive 
micro-turbine systems from turbo-chargers. Granted 
the technological breakthrough in materials 
engineering and turbocharger technology, the 
adaptability of a turbocharger for micro-turbine has 
received a renewed interest among researchers and 
hobbyists showcasing the feasibility of adapting 
turbocharger for turbojet application with the 
generation of up to 75N thrust from adapted 
automobile turbocharger (Usman, 2019). As pointed 
out Turbochargers are turbine-driven devices which 

are commonly integrated with internal combustion 
engines (ICE), in order to increase the engine inlet air 
mass flow and pressure (.Luca, 2021) In this study, 
design procedure framework for the construction of 
micro-turbine for combined heat and power generation 
was formulated. The procedural design was achieved 
using theoretical architecture available in the open 
literature and its functionality was validated using a 
numericals simulation approach.

Materials and Methods

Turbine Cycle Modelling
The power cycle modelled for the envisaged 
microturbine system is a simple Brayton cycle (Figure 
1). This process shown in Figure 2a and Figure 2b 
consists of four stages including Isentropic 
compression, Constant pressure heat addition, 
Isentropic expansion and Constant pressure heat 
rejection for a closed Brayton cycle. The design points 
consisting of the independent thermodynamic variables 
and specific turbocharger properties were first 
considered. These parameters include the ambient 
pressure P , ambient temperature T , pressure ratio r  1 1 p

and compressor and turbines efficiency denoted as η  c

and η  respectively. In addition, the turbine outlet t

temperature T  of 900 K was chosen considering the 4

limit of the current materials.
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Figure 1: Basic Configuration of a Gas Turbine Engine

(a) P – V Diagram 
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(b) T – S Diagram 

Figure 2: Simple Brayton cycle P – V and T – S 
Diagram

Modelling air as an ideal gas, the compressor outlet 
temperature was computed using Equation (1)

Defining the turbine isentropic efficiency in terms of 
temperature, the turbine inlet temperature (TIT) was 
estimated from Equation (2).

From combustor energy balance, the air fuel ratio was 
obtained using Equation (3):

The system network outputs were determined using 
E q u a t i o n s  ( 4 )  a n d  ( 5 )  w h i l e t h e
theoretical power output was computed from 
Equation (6).

The specific fuel consumption was determined using 

Equation (7)

A summary of selected and estimated parameters used in the turbine cycle modelling is presented in Table 1.
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Combustor Modelling 
The combustor or burner is the component of the 
mic ro tu rb ine  sys t em where  combus t ion
takes place. Typically, in gas turbine, air at elevated 
t e m p e r a t u r e  a n d  p r e s s u r e  i s  f e d  i n t o
the burner where energy is added at constant pressure. 
T h e  e n e r g i z e d  a i r  i s  s u b s e q u e n t l y
channelled to the turbine where work is done on the 
s y s t e m  b y  t h e  h i g h  t e m p e r a t u r e  a n d
high pressure air. Among other requirements, the 
c o m b u s t o r  m u s t  m a i n t a i n  a  s m o o t h ,
stable and sustained combustion under varying air 
m a s s  f l o w  r a t e .  To  m e e t  t h e  s t a t e d
requirement, air flowing into the combustor is 
d is t r ibuted  as  pr imary  a i r  and  d i lu t ion
air as pointed out in the study of  Keerthana et al. 
(2019) is considered and applied in this study. The 
design procedure adopted follows the models defined 
by Lefebvre, (1983). The reference area equivalent of 
the external combustor casing was determined from 
Equation (8) as obtained from (Lefebvre, 1983) 
following the initial design parameters Uref chosen 
between 6.5 - 7 m/s for optimum combustion, density 
of air (p3)at 445K and pressure of 3 bar and has a value 

3of 2.33kg/m . 

The system flame tube cross-sectional area and 
diameter are obtained using Equation (10) extracted 
from the study of Rashid and Elijah (2019) as follow:

The minimum length of flame tube required was 
estimated from Equation (11) extracted from 
(Lefebvre, 1983) considering a pattern factor of 2 and 
transverse quality of 20%.

where: A and pf (pattern factor) are constants.The 

lengths of the primary and secondary zones were 

o b t a i n e d  f r o m  E q u a t i o n s  ( 1 2 )

and (13) respectively following Melconian Moldak 

( 1 9 8 5 )  r e c o m m e n d a t i o n  a s

reported by (Rashid and Elijah, 2019). 

Air Mass Flow Rate Distribution

The mass flow rate required at the primary and 

secondary zones was computed from Equation (14) 

using an equivalence ratio of 0.9 and 0.7 respectively. 

The mass flow rate in the dilution zone was obtained as 

the difference between the net mass flow rate and the 

mass flow rate at the primary and secondary zones.

Air Admission Zones

The diameter and number of holes in each zones of 

mass flow of the combustion chamber are proportional 

to the mass flow rate of the air jet intended for the 

section. 60% of the air mass required in the primary 

zone was designed to be admitted axially through the 

swirler inlet. The number of holes within the span of 

the primary zone of the flame tube was evaluated using 

Equation (15) according to Rashid and Elijah (2019) 

given as: 

The system stream jet diameter dj was estimated using 

Equation (16) and the geometric diameter

The momentum flux ratio j of the system is given by 
Equation (18), according to (Lefebvre, 1983): 

2.2.3 Swirler Design

The swirler is a crucial component of the combustor 

that ensures recirculation and thorough air-fuel 

mixing. A static vane axial-flow single air swirler was 

considered for the inlet of the flame tube. For practical 

air swirler with strong swirls, the swirl number
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To fulfil the combustion requirement envisaged, 12% 
of compressed air entering the reference area is 
channelled axially to the primary zone in the 
combustion chamber. Thus, the cross sectional area of 
the required swirler is calculated as follows:

Diffuser
A diffuser is required between the primary zone and the swirler to further slow the pace of incoming air and raise the static pressure 
for an efficient and stable combustion. The divergent angle of the diffuser and the corresponding length were obtained using Equation 
(22) as described by Melconian and Moldak (1985) and reported by Ramon and Pedro (2013):

The length of the required dome is calculated using equation (23) as follows: 

A summary of selected and estimated parameters used for the system combustion modelling is 
presented in Table 2.

Table 2: Selected and Estimated Parameters for 
the System Combustor
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Heat Exchanger Unit Modelling
The heat exchanger is an integral part of a 
combined heat and power system. A tube-in-
tube heat exchanger is considered in this this 
study. This is due to its simplicity and relative 
effectiveness in areas where low pressure 

luids are concerned. Considering the factors 
in this work, a heat exchanger with the 
following specifications in mind is designed 
in this study: An upper limit of 3kW heat 
delivery rate is chosen along with the 

Mass flow rate of water considered is 
0.02kg/s. The expected outlet temperature of 
water is calculated using the  energy quation 
given in Equation (24) as:

A copper tube with an internal diameter of 
10.0225cm and thickness 0.29cm was 
considered for the inner pipe while a copper 
tube of internal diameter 12.226cm was 
considered for the outer pipe over several 
iterative considerations. Thus, the system heat 
transfer coefficient was obtained using 
Gnielinski's (1976) correlation for turbulent 
flow in tubes expressed in Equation (26) as 
follows:

where f is the Darcy frictional factor expressed 
mathematically as:

The Reynold number of the flue gas in the 
inner tube was estimated using Equation (28) 
and the effective length of the tube was 
determined from Equation (29)
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Results and Discussion

The design calculations of the microturbine co-

generator components were done through the 

application of appropriate design equations. 

Computational fluid dynamic simulation analysis of 

microturbine co-generator parts was carried out to 

ascertain the functionality of the system using 

Solidworks software. The results of the simulation of 

some of the microturbine co-generator parts are given 

in Figures. 3 to 6 respectively. The summary of the 

analytical computation and numerical simulation 

results obtained are presented in Tables 2 and 3.

Numerical Simulation
The microturbine co-generator onsidered in this 
study can be divided into three subsystems namely 
the thermodynamic cycle of the microgas turbine, 
combustor and heat recovery unit. A design point 
analysis was carried out using GasTurb13 Trial 
version to evaluate the thermodynamic cycle based 

on initial design parameters to enable comparison with 
the analytical results obtained. The numerical 
evaluation carried out in this study requires initial 
inputs or design points including the air mass flow rate, 
ambient temperature and pressure, turbine inlet 
temperature, compression ratio and  isentropic 
fficiency of compressor and turbine. Figure 3a and 
figure 5a show the pressure-volume and temperature-
entropy diagram of the envisioned system generated by 
the software from the inputted design points. Each node 
on the curves indicates an important point in the cycle, 
the value of which may significantly alter the overall 
characteristics of the entire cycle. Node 1-3 in Figure 3a 
shows the isentropic compression which occurs 
between the compressor inlet and outlet leading to an 
increase in density and elevated temperature of air. 
Node 3-4 as shown in Figures 3a and 5a represent the 
additionof heat at constant pressure. Node 4-5 on the P-
V curve shows the expansion process whereby the 
energized fluid expands and work is done on the 
turbine. Presented in Figure 4 are the obtained 
numerical evaluation results in this study. Table 4 
summarizes the results of the software numerical 
evaluation in comparison with the analytical results.
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The results obtained based on analytical computation and numerical simulation of the
thermodynamic cycle is summarised in Table 2.

Figure. 3a: Generated P – V Diagram    

 Figure. 3b: Generated T – S Diagram

Table 2: Summary of Analytical and Software Validation Results 

Figure. 4: GasTurb13 Generated Parameters 
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Simulation of the designed system combustion 
Unit

The combustor forms the central part of the system in 
this study. This component determines the 
performance of the whole system since failure or fault 
in or around the combustor could render the whole 
system inoperable. In addition to the results obtained 
from the analytical design, the combustion process 
within the combustion chamber was simulated using 
ANSYS 2021R1 with the geometrical model in 
simplified 2D form. The 2D model was created in 
ANSYS workbench Fluent Spaceclaim as a 
rectangular plane with an equivalent length of the 
combustion chamber and the width set to an 
equivalent radius of the combustion chamber to take 
advantage of the symmetry. An orifice was created 
2cm along the axis to prime fuel injection. The planar 
model was then imported into the  Fluent meshing 
workbench. Edge sizing with 300 divisions was 
applied along the axis and length boundary. 100 
divisions were applied to the air inlet face and 10 
divisions were pplied to the fuel inlet. The mesh was 
further refined with face meshing set to a quadrilateral 
ethod. The model was imported into the  fluent solver 
and the energy equation was  activated. Air and n-
Butane were created and assigned as oxidants and fuel 
respectively. Corresponding boundary conditions 
were assigned. Specie transport and reaction were 
used as combustion mechanism. The Solution was 
initialized using hybrid initialization and the solver 
was initiated. The temperature and pressure 
distribution obtained within the combustor are 
presented in Figures 5a and 5b respectively. 

Simulation of the Designed System Heat 
Exchanger Unit

A numerical simulation of the system heat exchanger 

was similarly carried out using ANSYS 2021R1. A 

double pipe or pipe-in-pipe heat exchanger was 

considered. This selection is based on the modularity 

and effectiveness of the double-pipe heat exchanger in 

low power applications as it is the case in this study. The 

result of the analytical design process in this study was 

validated using ANSYS fluent solver. The procedure 

involves modelling the heat exchanger based on a 

delivery power of 3kW and exhaust of the microturbine 

as hot influx fluid. The 3D model was created using 

Solidworks software and imported into ANSYS 

Spaceclaim and refined as shown in Figure 6.The 

Transient state, k-epsilon model was selected in the 

solver with gravity effect considered. The 

corresponding materials (copper, water and flue gas) 

were assigned to each body. Water was assigned to the 

fluid body within the annulus while flue gas was 

assigned to the fluid body in the tube and copper was 

assigned to solid walls. The inlet temperature was 

assigned as 900 K for flue gas and 300 K for water. The 

mass flow inlet of flue gas and water were set to 0.31 

kg/s and 0.02 kg/s respectively and the solution was 

initiated. The result was analysed using the ANSYS 

fluent post-processing with the analysis restricted to the 

annulus fluid body domain (water). The simulated 

result in Figure 6 revealed that the temperature of 

outflux water volume ranges between 361 K and 367 K 

within 1.6% of the analytic prediction was attained in 

this study. It is interesting to point out that the initial 

results from the analytical design parameter in this 

study show close agreement with software- generated 

parameters as in the case of the working cycle. It was 

also noted that the theoretical predictions obtained for 

Figure. 5a: Temperature Distribution 

  Figure. 5b: Pressure Distribution
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the heat exchanger closely matched the results of the 

numerical simulation carried out using ANSYS 

numerical simulation software with less than a 3% 

variation in the outlet temperature of the designed 

system. These variation values are minimal thus 

implying that the base part is suitable under design 

condition and it will satisfactorily serve its intended 

purpose

Figure. 6: Temperature Distribution of water in Heat Exchanger

Table 3: Heat Exchanger Characteristics

Conclusion
An Attempt was made in this study to assess the 
workability of turbine charger-derived microturbine 
via analytical design and complementary numerical 
simulation of core components. Results obtained 
from the analytical design and also corroborated by 
numerical simulations were based primarily on 
previously established theoretical framework 
particularly those of Lefebvre (1983). The close 
agreement between the results from theoretical 
computations and those of numerical simulation 
obtained principally from GasTurb13 for the working 
cycle at the design stage and ANSYS CFD for the 
combustion and heat exchanger components unit of 
the system demonstrate the practicability of a 
combined heat and power generated system 
conceived in this study. A numerical simulation 
software result with less than a 3% variation in the 
outlet temperature of the designed heat exchanger unit 
of the system is obtained in this study. These variation 

values are minimal thus implying that the base part is 
suitable under design condition and it will satisfactorily 
serve its intended purpose.
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