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A B S T R A C T   

The heater in a Stirling engine is a component connecting external heat source and internal working medium. 
Enhancing the heat transfer of the heater is key to improve the actual efficiency of the Stirling engine. Currently, 
tubular heaters are the most commonly used heat exchangers, and their tube clusters are primarily arranged in a 
U-shaped. In this study, the heat transfer performance of a novel torsional tube cluster heater was investigated 
using numerical simulations. The temperature, pressure, and velocity cloud patterns were analysed. The results 
indicated that the lateral scouring velocity component of the external flue gas was generated using the torsional 
tube cluster heater without altering the heating chamber volume, thereby prolonging the heating time and flow 
path of the working medium. The temperature of the outlet working medium was increased by 53 K by using a 
torsional tube cluster heater, thereby enhancing the work power of the working medium entering the expansion 
chamber. In addition, the torsional tube cluster heater displayed broad applicability to different working medium 
types for heat transfer enhancement. This study provides a feasible strategy to improve the practical operation 
efficiency of a Stirling engine from the perspective of tube cluster optimization of the heater.   

1. Introduction 

Stirling engines are external combustion engines that can use tradi
tional and renewable energy. Stirling engines also have the advantages 
of high theoretical efficiency, simple structure, and low noise [1–3]. 
Therefore, they have been widely used in the fields of waste heat re
covery [4,5], underwater power [6], space power [7,8], and micro- 
combined heat and power [9,10]. A Stirling engine consists of an 
expansion chamber, a compression chamber, a heater, a regenerator, 
and a cooler. The thermal expansion and cooling compression of the 
working medium are the intrinsic driving power of the external work. 
The temperature difference between the heat source and the working 
medium for the heater significantly exceeded that between the cold 
source and the working medium for the cooler. Therefore, the 
enhancement of heat transfer in the heater is vital for increasing the 
practical operation efficiency of Stirling engines [11,12]. 

Stirling engine heaters are typically classified into finned and tubular 
types. Heaters with different types of fins are commonly used for low- 
power Stirling engines below 100-watt level owing to their simple 
structure and small heat exchange capacity [13–16], whereas the 
tubular heaters with large heat exchange capacities are widely used in 

various Stirling engines[5,17,18]. The general strategy for enhancing 
the heat transfer of tubular heaters is to optimize the geometric pa
rameters of the heater, such as tube length, inner tube diameter, and 
tube amount [19–21]. The empirical correlation of heat transfer in a 
heater can be built by studying the heat transfer and pressure drop under 
different geometric parameters, which can be adopted to guide the 
Stirling engine heater design [22]. Additionally, the effects of the geo
metric structure of different assembly units, including heating tubes, 
cooling tubes, and regenerators, on the thermal efficiency, output 
power, and flow resistance losses can be investigated synergistically 
[23]. This strategy can optimize the geometric structure of the heat from 
the perspective of maximising the overall performance of the Striling 
engine. Although the heat-transfer performance can be improved by 
optimising the geometric structure of the heater, the size of the heating 
chamber generally increases, thus affecting the structural compactness 
of the Stirling engine. 

The application of various types of spoilers has been demonstrated to 
be effective in improving the heat transfer performance of heat ex
changers [24–26]. Such strategies for heat transfer enhancement have 
been widely applied in conventional flow, whereas the applications 
under the conditions of the heat exchanger in a Stirling engine are still 
limited. These studies have shown that heat transfer enhancement 
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significantly depends on the spoiler structure. The spoiler can be placed 
either outside or inside the heating tube of a Stirling engine. For 
instance, the velocity distribution of the heat source gas was changed 
using guide and diffuser plates outside the heating tube cluster surface, 
thereby enhancing heat transfer performance [27]. The convective and 
radiative heat transfer of the heater can be changed by adding steel wool 
between the tube cluster and the heating chamber [12], in which sec
ondary and rotating flows were generated to significantly increase the 
comprehensive heat transfer coefficient of the heater. The application of 
circular, pin, or rectangular fins inside the heater is also an effective way 
to enhance the heat transfer performance [13]. Additionally, inserting a 
spiral coil inside the heating tube or adopting a spiral-corrugated tube 
can generate a spiral flow field and extend the flow path of the fluid, 
thereby enhancing the heat transfer performance of the heater [11,28]. 
These methods can sufficiently disturb the flow field and thus enhance 
the heat transfer performance; nevertheless, they are usually accompa
nied by significant resistance loss. 

New technologies must be developed for heat transfer enhancement 
in Stirling engines that neither increase the heater tube volume nor 
turbulence resistance significantly. From this perspective, changing the 
arrangement of the heater tube clusters may be an effective approach. 
The heating tube clusters are generally arranged as straight type 
[22,29–32] and U-shaped [17,21,33–35]. The straight type consists of 
several identical straight tubes arranged at equal spacing. The heat 
transfer performance is significantly affected by the tube arrangement, 
such as circular, square, or staggered [22,30]. For instance, the 
arrangement of straight tubes in a square formation was more effective 
than other tube arrangement for a solar Stirling engine heater when 
adopted in a micro-cogeneration system [31]. Nevertheless, there are 
also some research findings showing that a circular arrangement is the 
most effective configuration under specific geometrical parameters 
compared to square and staggered arrangements [22]. Although opti
mizing the arrangement of the straight-type heating-tube clusters 
enhanced the heat-transfer performance of the heater to a certain extent, 
the regenerator and expansion chamber were connected to both ends of 
the straight heating tube, resulting in a large space occupying to cause a 
large volume of Stirling engine. 

Compared to the straight-type tube clusters, the U-shaped tube 
clusters have been widely adopted in Stirling engines owing to their high 

space utilization. The working medium was arranged inside the heating 
tube, and the heat source was arranged outside the heating tube, in 
which the middle part of the heating tube was bent into a U-shape 
[9,36–38]. The operation condition and working medium characteristics 
significantly affected the heat transfer of the U-shaped tube cluster 
heater (denoted as UTH) [39]. Xiao et al. [40] investigated the effects of 
heating power, oscillatory frequency, and gas pressure on the heat 
transfer characteristics of a U-shaped tube cluster heater, in which an 
increase in gas pressure was favorable for enhancing the heat transfer of 
a U-shaped tube cluster heater. Ni et al. [41] studied the type of working 
medium (i.e., helium, carbon dioxide, and nitrogen) on the heat transfer 
characteristics of a U-shaped tube cluster heater. The results indicated 
that the heat transfer coefficients of carbon dioxide and nitrogen were 
slightly lower than those of helium. These studies were primarily con
ducted by building empirical heat transfer correlations, which can be 
adopted to forecast the heat transfer performance of a U-shaped tube 
cluster heater. 

In summary, most of the current studies on UTH have focused on the 
effect of the operating conditions and working medium characteristics 
on the heat transfer performance of the heater. There has been a lack of 
exploration into further optimization of the structure and arrangement 
of U-shaped tube cluster heaters. An excellent tube cluster arrangement 
structure is crucial for improving the performance of Stirling engine 
heaters. Heaters with U-shaped tube cluster arrangements capture the 
maximum marked share and are widely used in various fields. The tube 
cluster arrangement structure improves heat transfer and reduces en
ergy loss, which might benefit all of them. In addition, compactness is a 
critical factor in determining the wide application of Stirling engines in 
various fields, such as aerospace and submarines. The important goal for 
the tube cluster structure optimization of the heater is heat transfer 
enhancement, while its space ratio should not be ignored, and it is best 
not to add to its size. Therefore, if there is a more efficient tube cluster 
arrangement than the U-shaped tube cluster, which could enhance the 
heat transfer without compromising the compactness, or reduce the 
heating chamber volume without affecting the heat transfer, the 
comprehensive performance of the Stirling engine would be improved, 
and its application would be more promising. 

From these perspectives, this study aims to design a novel torsional 
tube cluster heater (i.e. a torsional tube cluster heater) to enhance the 

Nomenclature 

C1 constant number 
C2 constant number 
C3 constant number 
cp specific heat (J⋅kg− 1⋅K− 1) 
d expansion chamber diameter(mm) 
di inner diameter of heating tube (mm) 
do outer diameter of heating tube (mm) 
D heating chamber inside diameter(mm) 
Gb turbulence kinetic energy due to buoyancy (J⋅kg− 1) 
Gk turbulence kinetic energy due to velocity gradient (J⋅kg− 1) 
h heat transfer coefficient(W⋅m− 2⋅K− 1) expansion chamber 

height(mm) 
H heating chamber height(mm) 
k thermal conductivity (W⋅m− 1⋅k− 1) turbulent kinetic 

energy (J⋅kg) 
l1 length of outer tube (mm) 
l2 length of inner tube (mm) 
P pressure (Pa) 
rn distance between tube outlet and heater center(mm) 
rw distance between tube inlet and heater center(mm) 
R bend radius of tube(mm) 

ST viscous dissipation(W⋅m− 2) 
SE the heat of solid (J) 
t ime (s) 
T temperature (K) 
u velocity (m⋅s− 1) 
YM fluctuating dilatation 

Greek symbols 
α circumferential torsional angle of outer tube(◦) 
β circumferential torsional angle of inner tube(◦) 
δ expansion chamber wall thickness(mm) 
λ thermal conductivity (W⋅m− 1⋅k− 1) 
ε dissipation rate(m2⋅s− 2) 
μ viscosity (kg⋅m− 1⋅s− 1) 
μt turbulent dynamic viscosity (kg⋅m− 1⋅s− 1) 
ν dynamic viscosity(m2⋅s− 1) 
ρ density (kg⋅m− 3) 

subscripts 
i,j coordinate directions 
k turbulent kinetic energy (J⋅kg) 
ε dissipation rate(m2⋅s− 2)  
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heat transfer performance without compromising its compactness 
compared to the conventional UTH. This study was conducted using 
three-dimensional numerical simulation methods. First, the velocity, 
temperature and pressure fields in a torsional tube cluster heater were 
investigated to explore the heat transfer enhancement mechanism. 
Second, the influences of the torsional geometric parameters and fluid 
operating parameters on the exit temperature of the working medium in 
the heater tube (i.e., the inlet temperature of the working medium in the 
expansion chamber) were studied. Finally, the heat transfer enhance
ment capacity of the torsional tube cluster heater is investigated using 
different types of working media. The goal of this study is to increase the 
heater outlet temperature under the same external heat source and 
heater inlet conditions, thereby improving the working ability of the 
working medium in the expansion chamber of the Stirling engine. 

2. Physical and mathematical models 

2.1. Physical model 

Fig. 1 shows a schematic diagram of the Stirling engine heater. The 
tube clusters were placed in a cylindrical heating chamber. The heat 
source was a high-temperature flue gas from natural gas. The flue gas 
flowed downwards from the top of the heating chamber. The heat 
released during the process was absorbed by the heating tube cluster. 
The heating system comprised of 26 tubes, where the inlet end was 
connected to a regenerator and the outlet end was linked to an expan
sion chamber. The working medium in the heating tubes was heated by 
the flue gas when it passed through the heater. This study compared the 
performance of two types of heater tube clusters: a conventional UTH 
and a novel torsional tube cluster heater (TTH). The single heating tube 
of the TTH included two connected torsional sections, where the outer 
perimeter l1 corresponds to the torsion angle α and the inner perimeter l2 
corresponds to the torsion angle β. Structure diagrams of the two types 
of heater tube clusters are presented in Fig. 1 (a) and Fig. 1 (b). The 
geometric parameters of the UTH in this study are largely inspired by the 
literature [42]. The TTH has the same parameters as UTH except for the 
shape of the heating tubes. The geometric parameters of the heater are 
listed in Table 1. 

2.2. Mathematical modelling 

2.2.1. Control equations 
The flow inside the heater was assumed to be compressible, turbu

lent, and non-isothermal. The control equations are as follows: 
Continuity equation: 

∂ρ
∂t

+∇⋅(ρ u→) = 0 (1)  

where the u→ denotes the velocity vector. 
Momentum conservation equation: 

∂(ρ u→)

∂t
+∇ u→⋅(ρ u→) = - ∇P −

2
3
∇[μ(∇⋅ u→)]+∇⋅[μ(∇⋅ u→)

T
] +∇⋅[μ(∇ u→)]

(2) 

Energy conservation equations: 

∂(ρT)
∂t

+∇⋅(ρ u→T) = ∇⋅(
k
cp

gradT)+ ST (3)  

where ST denotes the thermal energy converted from the mechanical 
energy owing the viscous effect. 

k-ε turbulence equation: 

∂
∂t
(ρk)+

∂
∂xi

(

ρk u→i

)

=
∂

∂xj

[(

μ +
μt

σk

)
∂k
∂xj

]

+Gk +Gb − ρε − YM (4)  

∂
∂t
(ρε)+ ∂

∂xi

(

ρε u→i

)

=
∂

∂xj

[(

μ

+
μt

σε

)
∂ε
∂xj

]

+ ρC1Sε − ρC2
ε2

k +
̅̅̅̅̅
νε

√ +C1ε
ε
k
(C3εGb)

(5)  

where 

C1 = max
[
0.43,

η
η + 5

]
, η = S

k
ε, S =

̅̅̅̅̅̅̅̅̅̅̅̅
2SijSij

√
(6)  

where Sij is the strain rate tensor, Gk is the generation of turbulence 
kinetic energy due to mean velocity gradients, Gb is the generation of 
turbulence kinetic energy due to buoyancy, YM is the contribution of the 

Fig. 1. Structure diagram of the Stirling engine heater: (a) UTH; (b) TTH.  
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fluctuating dilatation incompressible turbulence to the overall dissipa
tion rate. σk, σε, C1ε, C2ε, and C3ε are the model constants used to cali
brate based on different flow types, such as shear flows and 
homogeneous flows. 

Thermal conductivity equation for solid domain: 

∂
(
ρcpT

)

∂t
= ∇⋅(λ∇T)+ SE (7) 

A more detailed explanation of each symbol in the above formulas is 
provided in the literatures [11,18,42]. 

2.2.2. Boundary conditions 
The boundary conditions for the numerical simulation were deter

mined by theoretical calculations based on a Stirling engine, including 
fuel combustion calculations (i.e., natural gas combustion), and each 
part of the heat transfer calculation (i.e., the heat transfer between the 
flue gas and tube outer wall, heat conduction of the tube wall, and heat 
transfer between the inner tube wall and working medium). The 
boundary condition values were first assumed and then they were tested 
by calculating the heat balance, where the heat released from the 
combustion of natural gas was equal to the heat absorbed by the heater 
and flue gas. Iterative calculations were conducted until the deviation 
between the assumed and calculated values was less than 5 %. Subse
quently, the values of the boundary conditions are determined. The 
basic parameters of the Stirling engine and the final boundary conditions 
applied in the numerical simulation were as follows: 

The operation parameters of the Stirling engine, which was designed 
for use in a micro-cogeneration system, were as follows: rated output 
power of 1000 W, natural gas as fuel, helium as the working medium (as 
well as hydrogen, nitrogen, air, argon, and carbon dioxide as the con
trasting working medium in our study (see Section 3.4.3)), average 
pressure of 2.0 MPa, piston diameter of 56 mm, piston stroke of 25 mm, 
rotational speed of 1500 r/min, and frequency of 25 Hz. 

The boundary conditions used in this study included three parts. 
Their types and setting values were as follows: (i) Flue gas side: the inlet 
was set as the velocity boundary condition, the velocity was set to 1–5 
m/s, and the temperature was set to 1647 K. The outlet was set as the 
pressure boundary condition, and the pressure was set to 0 Pa. The cy
lindrical heating chamber wall was set as an adiabatic wall. (ii) Working 
medium side: The inlet was set as the velocity boundary condition, the 
velocity was set to 5–25 m/s, and the temperature was set to 600 K. The 
outlet was set as the pressure boundary condition, and the pressure was 
set to 2 MPa. The cylindrical heating-chamber wall was set as an adia
batic wall. (iii) Tube wall: The contact regions between the solid and 
fluid domains (inner and outer wall surfaces of the heating tube) were 
associated together using the Ansys meshing. The interfaces were 
automatically generated for the coupling of the solid/fluid heat transfer 
when the mesh was imported into Fluent. 

2.2.3. Other setting information about numerical simulation 
The finite volume method was used to compute the flow through the 

heater. The numerical simulation used a coupled flow-solid calculation 
model. The SIMPLE algorithm was employed to couple the pressure and 
velocity using a separation solver for the pressure basis. To select a 
suitable turbulence model, the studies with different turbulence models 
(standard k-ε model, RNG k-ε model, realizable k-ε model, standard k-ω 
model, SST k-ω model) were conducted for a tube cluster heater, and the 
results were compared with the study in literature [34]. The results 
show that the numerical simulation using a realizable k-ε model could be 

achieve the best accuracy with relatively few iteration steps, which was 
selected for this study. The detailed comparison results are shown in 
Fig. 2. During the numerical simulation, the convergence was consid
ered to be achieved when the energy equation was below 10-6, and the 
other equations were below 10-4. 

2.3. Reliability verification 

2.3.1. Grid independence verification 
Grid-independence validation was performed prior to the calcula

tions. The calculation zone for TTH was divided into six sets of grids 
ranging from 9.2 to 19.4 million. The inlet velocities of the flue gas and 
working medium were set to 3 and 15 m/s, respectively. As shown in 
Fig. 3, increasing the grid number from 14.96 million to 17.6 million 
only led to a change of less than 0.02 % in the working-medium tem
perature at the heater tube outlet. Thus, to balance calculation time and 
accuracy, a grid number of approximately 15 million was adopted for 
subsequent calculations. 

2.3.2. Model validation 
To verify the validity of the model, the numerical simulation results 

in this study were compared with experimental [43] and simulation 
results [34] in the literatures. For the former, the study object was a U- 
shaped heater cluster (similar to the UTH in this study), whose geo
metric model is shown in Fig. S1(a) in the Appendix. The detailed geo
metric and operating parameters during the simulation are based on 
experimental information in the literature [43], which are described in 
the Appendix . Fig. 4 (a) shows the output power of the Stirling engine at 
three different heating temperatures. The error between the numerical 
simulation results and the experimental results was in the range of 
1.2–5.6 %. For the latter, the study object was similar to a U-shaped 
heating tube cluster but more similar to a V-shape in the turn-back bend 
part. The geometric model is shown in Fig. S1 (b) in the Appendix . The 
detailed geometric and operating parameters during the simulation 
were based on the data in the literature [34], which are described in the 
Appendix . Fig. 4 (b) shows the temperature distribution of the work 
medium at various locations in the heating tube at a phase angle of 180◦. 
The temperature distribution and spatial variation in the numerical 
simulation were consistent with results in the literature, with errors 

Table 1 
Specific geometric parameters of the Stirling engine heater Unit: mm.  

Heater type D H d h rw rn R di do δ α/◦ β/◦ l1 l2 

UTH 110 142 60 50 42 26 9 3 4 2 0 0 115 65 
TTH 110 142 60 50 42 26 9 3 4 2 40–150 30–80 124–168 71–80  

Fig. 2. Comparison and selection of turbulence models.  
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below 1.5 %. Thus, it was confirmed that the model implemented in the 
numerical simulation was reliable. 

3. Results and discussion 

3.1. Heat transfer characteristics in the heater 

The heat transfer characteristics of the UTH and TTH were investi
gated under flue gas and working medium inlet flow rates of 1 m/s and 5 
m/s, respectively, as tutorial examples. Fig. 5 shows the heat flux dis
tribution on the heater tube wall. The highest heat flow density was 
observed in the top zone of the tube cluster, owing to the vertical 
flushing heating effect of the flue gas. The heat flow density of the outer 
tube cluster is considerably higher than that of the inner tube cluster. 
This is because the outer tube cluster was arranged less densely than the 
inner tube cluster, thus leading to sufficient accessibility to the flue gas 
to enhance heat transfer. The working medium flowed from the bottom 
of the outer tube cluster to the bottom of the inner tube cluster, whereas 
the flue gas flowed downward from the top of the heating chamber 
(shown in Fig. 1). This fluid flow mode caused a greater temperature 
difference between the working medium and the flue gas in the outer 
tube cluster than in the inner tube cluster. Additionally, the counter 
current heat exchange between the working medium and the flue gas in 
the outer tube cluster was more efficient than the down current heat 
exchange mode in the inner tube cluster. The heat flux on the TTH wall 
was higher than that on the UTH wall, particularly in the outer region 
(Fig. 5 (a) and 5 (b)). This is attributed to the increased cross-flushing 
velocity brought by the TTH, resulting in more adequate heat transfer. 
A lower working medium temperature was achieved in the outer tube 
cluster compared to that in the inner tube cluster; thus, the advantage of 
heat absorption was more obvious. 

Flue gas was used as the external heat source for the heater. It flowed 
from the top to the bottom of the heating chamber. During this process, 
it flowed through the heating tube cluster and transferred heat to the 
working medium inside the heating tubes. For certain flus-gas inlet 
temperature and working-medium inlet temperatures, the heat absorbed 
by the working medium increased as the flus-gas outlet temperature 
decreased. Correspondingly, the outlet temperature of the working 
medium increased, and the work capacity was enhanced after entering 
the expansion chamber. Therefore, a lower flue gas outlet temperature 
and a higher working medium outlet temperature were preferred. Fig. 6 
shows the temperatures of the flue gas outside the heating tube, tube 
wall, and the working medium inside the heating tube. The flue gas 
flushed the heating tube cluster from top to bottom, and the temperature 
gradually decreased, particularly in the contact zone with the tube 
cluster. Fig. 6 (a) shows the flue gas temperature cloud pattern at a cross- 
section of x = 0 mm. The blue low-temperature and green medium- 
temperature zones occur earlier in the TTH than in the UTH, and a 
larger blue low-temperature zone around the heating tube occurs in the 
TTH. Fig. 6 (a) also shows the flue gas temperature distribution cloud 
pattern at the cross sections of y = 0 mm and y = 80 mm. Compared with 
the UTH, the blue low-temperature zone was more pronounced near the 
heating-tube zone, whereas the temperature was more evenly distrib
uted in the other zones of the y sections for the TTH. The above tem
perature distribution characteristics demonstrate that under the same 
inlet flue gas conditions, the flue gas temperature inside the TTH 
decreased significantly, and more heat was absorbed by the working 
medium inside the tube cluster. 

The wall temperature distributions of the different heating tubes in 
the same cluster presented a similar tendency, and the wall temperature 
of the TTH was higher than that of the UTH (Fig. 6 (b)). The working 
medium temperature in the tube was similar to the tube wall tempera
ture, and only a slight difference between the temperatures of the 
working medium and the wall was observed (shown in Fig. 6 (b) and 
Fig. 6 (c)). These findings illustrate that the heat transfer between the 
tube wall and the working medium inside the tube was more adequate 

Fig. 3. Grid independence verification of the heater.  

Fig. 4. Model validity verification of the heater: (a) with reference [43]; (b) 
with reference [34]. 
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Fig. 5. Heat flux patterns in the wall of the heaters: (a)UTH; (b)TTH.  

Fig. 6. Temperature cloud patterns of different parts: (a) the flue gas; (b) the wall; (c) the working medium.  

F. Xin et al.                                                                                                                                                                                                                                      



Applied Thermal Engineering 248 (2024) 123334

7

than that between the flue gas and the tube wall. Furthermore, as shown 
in Fig. 6 (c), the working medium was gradually heated from the inlet to 
the outlet, resulting in a gradual increase in the temperature. The tem
perature increasement of the working medium in the TTH exceeded that 
in the UTH. This indicates that the working medium had a more robust 
working capacity for TTH after entering the expansion chamber. 

3.2. Flow characteristics in the heater 

The velocity distribution cloud patterns of UTH and TTH are shown 
in Fig. 7. The flue gas flow in the heating chamber was obstructed by the 
tube cluster and expansion chamber, as indicated by the velocity of the 
central axis cross section. The obstruction of flue gas flow was most 
significant at the top of the tube cluster bend and the top of the 
expansion chamber, in which a large low-velocity zone highlighted in 
dark blue was observed. Flue gas flow obstruction was also observed 
near the tube wall, except at the top of the tube cluster bend, which 
resulted in localized low-velocity zones near the tube wall. Compared 
with the UTH, the localized low-velocity zone was more evident in the 
TTH. Moreover, as shown by the flue gas velocity at the heating chamber 
outlet, the flue gas velocity in the inside region for the UTH was 
significantly lower than that in the outside region, whereas the flue gas 
velocity variation between the inside region and outside regions for the 
TTH was insignificant. This indicates that the TTH arrangement can 
improve the uniformity of the flue gas velocity at the radial cross section. 

Compared to UTH, TTH provided a longer flow path for the fluid, 
especially for the working medium within the tube, which inevitably 
resulted in a higher pressure loss. An additional pressure loss of 0.2 Pa 
was achieved for the external flue gas in the TTH compared with that in 
the UTH, which was negligible in comparison with the overall pressure 
in the heater. As shown in Fig. 8, the pressure of the helium flow inside 
the tube was approximately 2 MPa. The pressure difference between the 
import and export of the working medium for the UTH was 458 Pa, 
whereas it was 646 Pa for TTH. The additional pressure consumption of 
188 Pa is only 0.0094 % of the tube pressure. Therefore, compared with 
the total pressure inside the tube, the additional pressure loss caused by 
the TTH arrangement was minimal. 

3.3. Effect of tube cluster torsional characteristics on the heat transfer 
performance of the heater 

Fig. 9 shows that the outlet and inlet temperature differences of the 
working medium change regularly in the TTH under different inside and 
outside torsional angles (i.e. α and β). The inlet velocities of the working 
medium and flue gas were 15 and 3 m/s, respectively, in all cases. Fig. 9 
(a) shows the results for the sum of the inside and outside torsional 
angles set at 180◦, where the torsional angle of the outside tube excee
ded that of the inside tube. The maximum outlet temperature of the 
working medium (893.7 K) was achieved at α = 140◦ and β = 40◦. The 
temperature difference between the outlet and inlet was 293.7 K, and 
the rate of temperature increase was 48.95 % in this case. As the 
torsional angle of the outside tube increased, the working-medium 
temperature increase in the heating tube initially increased and then 
decreased. This observation can be attributed to two reasons. First, the 
increased length of the heating tube was more significant when the 
outside torsional angle was increased compared to the identical inside 
torsional angle, thus extending the heating path and time of the working 
medium in the heating tube. Second, the temperature of the working 
medium outside the tube increased to a greater extent than that inside 
the tube (Fig. 6 (c)). Thus, increasing the torsional angle of the outside 
tube was beneficial for increasing the overall working-medium tem
perature. The heat transfer in the outside tube was adequate when 

Fig. 7. Velocity cloud patterns of the heaters: (a)UTH; (b)TTH.  

Fig. 8. Pressure cloud patterns of the working gas in heaters: (a)UTH; (b)TTH.  
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achieving a certain point (e.g., α = 140◦, β = 40◦). Beyond this critical 
point (e.g., α = 150◦, β = 30◦), the inadequate heat transfer in the inside 
tube dominated the overall performance of the heater tube, and 
increasing α led to a reduction in the working medium outlet tempera
ture. As shown in Fig. 9 (b), under the premise that the sum torsional 
angles of the inside and outside tubes are fixed at 120◦, among the cases 
where the torsional angle of the outside tube is less than, equal to, and 
greater than the inside tube torsional angle, the former case is the most 
unfavourable to heat transfer, and the latter case is the most beneficial to 
heat transfer. Considering Fig. 9 (a) and (b), for the overall arrangement 
of the heating tubes, the outside tube torsional angle should exceed that 
of the inside tube and should be appropriately increased. 

3.4. Effect of operating conditions on the heat transfer performance of the 
heater 

3.4.1. Effect of flue gas inlet velocity 
Fig. 10 shows the influence of the flue gas inlet velocity on the heat 

transfer performance of the heater; the working medium inlet velocity 
was set to 15 m/s as an example. When the flue gas velocity increased 
from 1 to 5 m/s, the temperature difference between the flue gas inlet 
and outlet for the UTH decreased from 940 to 587 K, with a maximum 
temperature decrease of 57.07 %, and the temperature difference be
tween the flue gas inlet and outlet for the TTH decreased from 991 K to 
631 K, with a maximum temperature decrease of 60.17 %. The larger the 
inlet flow velocity of the flue gas, the higher the outlet temperature of 
the flue gas, and the smaller the temperature difference between the flue 
gas inlet and outlet (shown in Fig. 10 (a)). This is because a higher flue 
gas flow rate results in a weaker cooling capacity per unit mass of flue 
gas in the working medium. Under the same flue-gas inlet velocity, the 
outlet temperature of the flue gas for the TTH was lower than that for the 
UTH, accompanied by a larger temperature difference between the flue- 
gas inlet and outlet. This indicated that the heat transfer performance of 
the TTH was superior to that of the UTH. Fig. 10 (b) shows the working- 
medium outlet temperature and the temperature rise from the inlet to 
the outlet under different flue-gas inlet velocities. When the flue gas 
velocity increases from 1 to 5 m/s, the temperature difference between 

Fig. 9. Effect of torsional characteristics of tube cluster on heat transfer per
formance of heater: (a) α + β = 180◦, α > β; (b) α + β = 120◦, α < β, α = β, α 
> β. 

Fig. 10. Effect of flue gas inlet velocity on the heat transfer of the heaters: (a) 
the flue gas outlet; (b) the working gas outlet. 
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the working medium inlet and outlet for the UTH increases from 118 to 
353 K, with a maximum temperature increase of 58.83 %. In contrast, 
the temperature difference between the working medium inlet and 
outlet for the TTH increases from 126 to 394 K, with a maximum tem
perature increase of 65.67 %. The higher the flue gas inlet velocity, the 
higher the working medium outlet temperature, and the larger the 
temperature rise of the working medium from the inlet to the outlet. This 
is because, for a larger flue gas inlet velocity, more heat is transferred to 
the working area per unit of time. For the same flue gas inlet velocity, 
the working medium outlet temperature of the TTH was higher than that 
of the UTH, and a larger temperature increase in the working medium 
from the inlet to the outlet was observed. Specifically, when the inlet 
velocity of the flue gas was 5 m/s, an additional temperature rise of 41 K 
for the working medium was obtained in the TTH compared with that in 
the UTH. Thus, the working ability of the working medium for the TTH 
was stronger. 

3.4.2. Effect of working medium inlet velocity 
The influence of the working-medium inlet velocity on the heat- 

exchange performance of the heater was investigated using a flue-gas 
inlet velocity of 3 m/s as an example; the results are shown in Fig. 11. 
When the working medium velocity increased from 5 to 25 m/s, the 
temperature difference between the flue gas inlet and outlet for the UTH 

increased from 567 to 731 K, with a maximum temperature decrease of 
44.38 %, and the temperature difference between the flue gas inlet and 
outlet for the TTH increased from 595 to 797 K, with a maximum 
temperature decrease of 48.39 %. The greater the working-medium inlet 
velocity, the lower the outlet temperature of the flue gas, and the greater 
the temperature difference between the flue gas inlet and outlet (shown 
in Fig. 11 (a)). This is because, with an increase in the working-medium 
inlet velocity, the flue gas per unit mass was cooled more efficiently by 
the working medium. Under the same working-medium inlet velocity, 
the flue-gas temperature at the outlet of the TTH was lower than that at 
the UTH, accompanied by a larger temperature difference in the flue gas 
between the inlet and outlet. Thus, TTH achieved better heat exchange 
performance. With an increase in the inlet velocity of the working me
dium, the heat transfer enhancement of the TTH was more significant. 
For example, when the working-medium inlet velocity was 5 m/s, the 
flue-gas temperature drop from the inlet to the outlet for the TTH 
increased by 28 K than that for the UTH. Whereas it reached 66 K when 
the inlet velocity was 25 m/s. This indicated that more heat was trans
ferred from the flue gas to the working medium inside the tube, thereby 
increasing the power capability of the Striling engine. Fig. 11 (b) shows 
that when the working-medium velocity increased from 5 to 25 m/s, the 
temperature difference between the working-medium inlet and outlet 
for the UTH decreased from 610 to 163 K, with a maximum temperature 
increase of 101.67 %, and the temperature difference between the 
working-medium inlet and outlet for the TTH decreased from 663 K to 
182 K, with a maximum temperature increase of 110.5 %. The higher the 
inlet velocity, the lower the outlet temperature and the lower the tem
perature rise in the working medium. This is because the flue gas absorbs 
less heat per unit time at higher working medium velocities. Under the 
same working-medium inlet velocity, the working-medium outlet tem
perature of the TTH was higher than that of the UTH, accompanied by a 
higher temperature rise of the in working medium. For example, when 
the inlet velocity of the working medium was 5 m/s, the temperature of 
the working medium further increased by 53 K in the TTH compared 
with that in the UTH, thus enhancing the power capability of the 
working medium into the expansion chamber. 

The superiority of the TTH in terms of heat exchange is shown in 
Fig. 12. The heat-absorption capacity of the working medium at the TTH 
was significantly higher than that at the UTH. With an increase in the 
flue gas and working medium flow rates, the advantage of the TTH in 
terms of heat transfer was more significant. The heat absorption of the 
TTH increased by 183–910 J/s compared to that of the UTH within the 
range of working conditions in this study. In addition, the working- 
medium temperature rise ratio of TTH was increased by 6.5 %~12 % 
than that of UTH. With an increase in the flue gas flow rate, the working- 

Fig. 11. Effect of working medium inlet velocity on the heat transfer perfor
mance of the heaters: (a) The flue gas outlet temperature and temperature drop; 
(b) The working gas outlet temperature and temperature rise. 

Fig. 12. Superiority of TTH over UTH in heat absorption and temperature rise 
ratio of working medium. 
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medium temperature rise ratio of TTH relative to UTH first increased 
and then decreased, whereas the temperature rise ratio of TTH relative 
to the UTH increased continuously as the working-medium flow rate 
increased. 

3.4.3. Effect of working medium kinds 
A Striling engine can use various gases such as H2, He, N2, air, Ar, and 

CO2 as the working media. Fig. 13 shows the outlet temperature and 
pressure drop of the heater using different types of working medium for 
a flue gas inlet velocity of 3 m/s and working medium inlet velocity of 
15 m/s. The maximum outlet temperature was obtained by using helium 
as the working medium. The outlet temperature of the working medium 
with helium were 859 K and 889 K for UTH and TTH, respectively. 
Compared with using other types of working media, the outlet temper
ature increase of TTH compared to UTH was the most notable when He 
was used as the working medium. The outlet temperature was primarily 
affected by the density and specific heat of the working medium, in 
which a greater density and specific heat were unfavourable for a tem
perature rise. The relative molecular mass of H2, He, N2, air, Ar, and CO2 
successively increased and the densities gradually increased. However, 
compared with the other working media, H2 possessed a relatively large 
specific heat, whereas Ar possessed a small specific heat, thus displaying 
a non-monotonic decrease tendency for the outlet temperature, as 
shown in Fig. 13. 

The pressure drop was mainly affected by the density and viscosity of 
the working medium; higher density and viscosity caused a more sig
nificant pressure drop. The relative molecular masses and densities of 
H2, He, N2, air, Ar, and CO2 gradually increased, whereas Ar exhibited a 
relatively large viscosity. As a result, the pressure drop in the working 
medium also displayed a non-monotonically increasing tendency, as 
shown in Fig. 13. The pressure consumption of the working medium was 
the greatest when argon was used, whose pressure consumption was 
5978 and 8627 Pa for UTH and TTH, respectively. The extra pressure 
consumption of the TTH compared to that of the UTH was the largest 
when argon was used as the working medium. 

The outlet temperature of the working medium increased 10 ~ 30 ◦C 
when adopting TTH compared with UTH regardless of working medium 
kinds, accompanied by the increase of pressure drop of 227 ~ 1169 Pa, 
which was extremely small relative to the average system working 
pressure (2 MPa) in the heating tube. When considering the outlet 
temperature and pressure drop simultaneously, H2 and He were superior 
in the TTH within the working range of this study. 

4. Conclusions 

In this study, a novel torsional tube cluster heater was designed to 
improve the heat transfer capacity of the heater, with the aim of 
increasing the actual operation efficiency of the Striling engine. 
Compared with a general U-shaped heater, the torsional tube cluster 
heater enhanced the lateral scouring velocity component of the flue gas 
towards the heating tubes, thus leading to more efficient heat transfer 
between the external heat source and the internal working medium. The 
main conclusions are as follows:  

(1). The heat transfer enhancement characteristics of the torsional 
tube cluster heater were closely related to the torsional structural 
parameters. At a certain torsional angle, a better heat transfer 
capacity of the torsional tube cluster heater is achieved when the 
outside tube torsional angle exceeded the inside tube torsional 
angle. With an increase in the torsional angle of the outside tube, 
the working-medium outlet temperature in the heating tube first 
increased and then decreased for a certain total torsional angle. In 
this study, the maximum outlet temperature of the working me
dium (893.7 K) was achieved for outer tube circumferential 
torsional angles of 140◦ and inner tube circumferential torsional 
angles of 40◦. The temperature difference between the outlet and 
inlet was 293.7 K, and the rate of temperature increase was 48.95 
% in this case.  

(2). The heat transfer enhancement characteristics of the torsional 
tube cluster heater were affected by the operating parameters. As 
the flue-gas inlet velocity increased, the temperature difference 
between the flue-gas inlet and outlet decreased, whereas that 
between the working-medium inlet and outlet increased. The 
maximum flue-gas temperature drops were 57.07 % and 60.17 %, 
and the maximum working-medium temperature increase were 
58.83 % and 65.67 % for the UTH and TTH, respectively. As the 
inlet velocity of the working medium increased, the temperature 
difference between the flue gas inlet and outlet also increased. 
However, the temperature difference between the inlet and outlet 
of the working medium decreased. The maximum drops in the 
flue-gas temperature were 44.38 % and 48.39 %, and the 
maximum increases in the working-medium temperature were 
101.67 % and 110.5 % for UTH and TTH, respectively. The 
temperature of the working medium at the outlet of the torsional 
tube cluster heater was 53 K higher than that of the U-shaped 
heater when the flue gas and working medium inlet velocities 
were was 3 and 5 m/s, respectively. An improvement in the outlet 
temperature of the working medium resulted in a higher work 
capacity in the expansion chamber.  

(3). The heat transfer enhancement characteristics of the torsional 
tube cluster heater differed when different types of working 
media were used. Regardless of the type of working medium 
used, the outlet temperature of the working medium in the 
torsional tube cluster heater was higher than that of the U-shaped 
heater. The additional pressure loss caused by the torsional tube 
cluster heater was negligible relative to the system pressure (2 
MPa). These results demonstrate the superiority of the torsional 
tube cluster heater in enhancing the heater heat transfer capacity, 
which is beneficial for improving the actual operational effi
ciency of the Striling engine. 
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