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Abstract 

This work investigates the advantages of placing the hot side heat exchanger of a 
Stirling engine (SE) immersed in a Fluidized Bed Combustor (FBC). This choice is 
primarily suggested by the more efficient heat transfer between the multiphase 
fluidized bed medium and the heat exchanger, as compared with immersion in the 
flue gases. Moreover, the mechanical action of the solid particles reduces fouling, a 
typical problem of biomass combustion. In the model, the heat dissipated by the 
cooler of the SE and the exhaust gases heat are recovered to produce domestic hot 
water (DHW). A mathematical model, which couples the FBC and the SE, is 
developed and used to optimize design and operating conditions, with specific 
attention to the SE hot side heat exchanger. It is shown that placing the heat 
exchanger in direct contact with the fluidized bed can lead to an improvement of 
performance in terms of fuel utilization efficiency (FUE) and shaft power output. 

Introduction 
This work present the latest developments about the possibility of placing the head 
of a Stirling Engine (SE), more specifically the hot side heat exchanger, in direct 
contact with the sand of a Fluidized Bed Combustor (FBC) [1,2].  

FBC offers several advantages with biomass. Heat transfer between the multiphase 
fluidized bed medium and the heat exchanger is much more efficient as compared 
with immersion in the flue gases. Heat transfer rates between the FB and a body 
immersed in the sand bed are typically at least 10 times larger than those attained 
with a gas [3]. This reduces the required surface area and achieves a higher flux at 
lower temperatures, reducing heat losses in the fumes. Moreover, the mechanical 
action exerted by the fluidized solid particles substantially reduces the fouling 
usually caused by impurities in exhaust gases of a biomass combustion process [4]. 
The physical cleaning action of the sand keeps the exchange coefficients constant 
over time and reduce the need for maintenance [5]. 
Another advantage comes from the typical temperatures in a FBC, about 850 °C, 
perfectly compatible with those required for optimal operation of the SE. For 
example, typical temperatures required for the supply of SE EG-1000 employed by 
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Figure 1. Schematic of the proposed CHP system. 

Sunpower [6] range from 600 °C (873 K) to 950 °C, with the upper temperature 
limited by the characteristics of the construction materials. At these temperatures, 
emissions of nitrogen oxides are low, to the benefit of the related environmental 
issues [7] [8]. Obviously, the hot side temperature should be as near as possible to 
these values, to achieve acceptable values of specific power and efficiency.  

In this paper we explore the possibility of achieving the required temperatures with 
the minimum possible amount of fuel, by recuperating the heat leaving the system 
with the exhaust gases to preheat the fluidization and combustion air. A model, that 
couples the FBC with the SE and includes a heat exchanger that recovers the 
thermal energy of the exhaust gases, is adopted to assess the profitability of this 
layout and to attempt the optimal design of the heater when immersed in the FBC. 

The Proposed CHP System 
Figure 1 shows a schematic of the proposed system. It is a combined heat and 
power (CHP) generation system, which consists of a FBC fed by biomass, a SE to 
yield mechanical energy and two heat exchangers to recover heat from the exhaust 
gases and yield domestic hot water (DHW). A fan balances the pressure drop 
through the fluidized bed. The hot-side heat exchanger of the SE is immersed in the 
FB, whereas the working gas is cooled at the cold-side by a water stream. The 
exhaust gases of the FBC are sent to a heat exchanger. The water stream is first 
heated through the cooler of the SE, then by the exhaust gas in the heat exchanger. 

Numerical Model 

Model for the FBC. The description starts from the definition of the control 
volume, hereinafter CV, identified by the surface that surrounds the volume of the 
fluidized bed, and interacts with the external environment in different ways, as 
shown schematically in Figure 1. The generation term '''

bQ&  in the FBC block 
represents the heat released by the combustion of the biomass, assumed complete.  
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Figure 2. Control volumes of the Stirling engine model. 

The shaft power PSE delivered by the SE is converted into electric energy by an 
alternator. Heat losses through the FBC and the heat exchanger walls are neglected. 
The performance of the CHP system is measured by the fuel utilization efficiency 
(FUE). Details about the numerical model of the FBC can be found in [1]. 

Model for the SE. Following Bandurich, Chen and Normani [9,10], the engine is 
modelled as partitioned into five compartments (Figure 2), i.e. the compression 
space cV , the expansion space eV , the heater volume hV , the cooler volume kV , and 
the regenerator volume rV . Cooler, heater and regenerator volumes form together 
the dead volume dV . The mathematical model consists of mass and energy 
balances, making up a system of differential-algebraic equations (DAEs), under the  
following assumptions: the system is closed (no fluid leakage); the working fluid is 
ideal; effects of inertia of the working fluid are negligible; the dead space is 
isothermal; pressure in the dead space is uniform; compression and expansion 
spaces are adiabatic; the volumes of the compression and expansion spaces vary in 
time with sinusoidal law; wall temperatures of heater and cooler are uniform and 
constant, and equal to the respective gas temperatures; 80% of total pressure drop 
occurs inside the regenerator [11]. The mechanical power output is overestimated, 
since the model of the SE does not take into account mechanical friction [10]. 
 
Coupling of the FBC and SE models. The coupled model consists of a steady-state 
lumped CSTR that describes the FBC, and the Bandurich-Normani (B-N) model 
that describes the SE. Coupling is achieved by equating the heat flux pairs: 
• the heat flux , ( )SE b ext h bed hQ U A T T= −&  from the FBC to the SE, and hQ& , the heat 

flux absorbed by the SE as it shows in the B-N model [2]; 
• the heat flux , ,0( )c c ext c k wQ U A T T= −&  from the cooler of the SE to the water 

stream, and kQ& , the heat flux output as it shoes in the B-N model [2]. 

Therefore, the coupling conditions of the model can be written as: 
 , ( )SE h b ext h bed hQ Q U A T T= = −& & ,     , ,0( )c k c ext c k wQ Q U A T T= = −& &  (1) 

where cU  is the heat transfer coefficient between the heat exchanger of the cooler 
of the Stirling engine and the water stream. These coupling conditions are justified 
since, at steady state, the thermal power absorbed and released by the engine are 
respectively equal to that transferred from the bed to the heat exchanger of the 
heater and that transferred from the heat exchanger of the cooler to the water 
stream, respectively. The problem consists of finding the temperatures of the 
heater, hT , and cooler, kT , which satisfy Equations (1.a) and (1.b), by means of an 
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iterative method. The first step consists of setting a first guess value for the 
solutions, namely the temperatures of heater, (0)

hT , cooler, (0)
kT , and outlet 

temperature air, ,1airT , from the pre-heater (REG). ,1airT  is calculated for a given 

effectiveness, regη , of the regenerator, that is:  

 , ,reg reg reg id reg reg reg idQ Q Q Qη η= ⇒ =& & & &  (2) 

where ( ), ,reg id air p air bed inQ m c T T= −& &  is the ideal thermal power recovered by 

regenerator, and regQ&  is its effective value. Thus, the outlet air temperature ,1airT  

from the regenerator is given by: 
 ( ) ( ), ,1 ,0 ,1 ,0 ,reg air p air air air air air reg air p airQ m c T T T T Q m c= − ⇒ = +& && &  (3) 

The FBC and SE models are solved separately to compute the heat fluxes ( )n
SEQ& , 

( )n
hQ& , ( )n

cQ& and ( )n
kQ& , then ( )n

hT  and ( )n
kT  are corrected as follows: 

 
( )
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where hσ  and kσ are the relaxation parameters adopted to increase the convergence 
rate and improve the stability of the iterative method. The choice of two different 
values is suggested because the convergence rate of hT  is different than the 
convergence rate of kT . In this work hσ  and kσ are fixed respectively to 16 and 

0.1. The convergence error at the nth iteration, ( 1)nε + , is computed as: 

 ( ) ( )
1

2 2 2
( 1) ( 1) ( ) ( ) ( 1) ( ) ( )n n n n n n n

h h h k k kT T T T T Tε + + + = − + − 
 

 (5) 

The solution is considered converged when ( 1) 410nε + −≤ . The heat recovered for 
production of DHW, the temperatures of the exhaust gases and of the output water 
stream ( ,2wT ), and the thermal power to deliver DHW, DHWQ& , are thus computed, 

along with the mechanical efficiency mη  and the FUE, given respectively by: 

 SE
m

fuel fuel

P

m LHV
η =

&
     ,       SE DHW

fuel fuel

P Q
FUE

m LHV

+
=

&

&
  . (6) 

Results 
The FBC parameters here adopted are the same adopted in [1], while the 
parameters of the Stirling engine refers to an experimental Stirling engine made by 
El.Ma with nominal electrical power of 500 W. Figure 4left reports the mechanical 
efficiency of the CHP system versus the fuel mass flow rates for different
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Figure 4. Mechanical energy efficieny (left) and mechanical power output [W]. 

 

  
Figure 5. Temperature of the bed (left) and thermal power to DHW (right). 

effectiveness ηreg of the regenerator (REG). The CHP system equipped with a 
regenerator for the pre-heat of the air supply presents a mechanical efficiency 
higher than the CHP system without such regenerator (ηreg=0): the system with 
regeneration allows to get high bed temperature with a fuel mass flow rate much 
lower than the system without regeneration, even for relatively low efficiency of 
the regenerator. Moreover, it can be noticed that the CHP system with regeneration 
presents an optimal fuel mass flow rate with respect to the mechanical efficiency 
while, as reported in Figure 4right, the mechanical energy is continuously increasing 
it the range of fuel flow rates investigated. Figure 5left shows the bed temperature at 
different fuel mass flow rates and effectiveness of the regenerator. Tbed have to be 
larger than 600 °C to sustain the combustion of biomass, and lower than 1100 °C to 
ensure proper operation of the combustor. Therefore, this operative constraints 
about Tbed limit the feasible solutions. However, it is worth noticing that feasible 
solutions are present with mechanical efficiency about 20%.  

Figure 5left shows the bed temperature at different fuel mass flow rates and 
effectiveness of the regenerator in order the feasible solutions. In particular, the bed 
temperature. The thermal power supplied for domestic uses, QDHW, at different fuel 
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mass flow rates and effectiveness, is reported in Figure 5right. QDHW decreases with 
increasing the effectiveness of the regenerator, due to the fact that the thermal 
energy of the exhaust gases is used to preheat the feed air, therefore the available 
thermal energy of the exhaust gases to be delivered to the domestic hot water 
decreases. Finally, FUE is about 92% for all of the solutions.   
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