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H I G H L I G H T S

• A heating tube inserted with spiral spring was employed to Stirling engine heater.

• The mechanism of heat transfer enhancement for enhanced tube was investigated.

• Effects of geometric parameters of on flow and heat transfer were investigated.

• The benefits of enhanced tube under oscillatory far outweigh its costs.
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A B S T R A C T

The heater of Stirling engine transfers heat from external heat sources to working gas. Improving its heat transfer
performance is favourable to save external heat sources and decrease dead volume of engine. In this study, the
flow and heat transfer characteristics of reciprocating oscillatory flow in a tube inserted with spiral spring in a
Stirling engine heater were investigated. The results indicate that the Nusselt number (Nu), friction factor (f) and
performance evaluation criterion (PEC) increased with spiral height (h) and decreased with spiral pitch (p) for
enhanced tube within the range of parameters in this study. For the optimal enhanced tube, the PEC was equal to
1.22 and the outlet temperature was significantly improved compared to smooth tube. The maximum im-
provement was 115 K in entry process and 94 K in return process, and the average improvement was 64 K in
entry process and 34 K in return process. The extra pressure consumption in the optimal enhanced tube was less
than 0.0013MPa compared to smooth tube, which could be negligible contrasting to the overall pressure in
heating tube (1.5∼ 2.5MPa). Thus, the benefits are apparent for heating tube inserted with spiral spring in
Stirling engine.

1. Introduction

The Stirling engine is a continuous external-combustion engine with
multi-fuel capability including solar, geothermal, biomass energy, in-
dustrial waste heat, etc. Compared to conventional engines, incomplete
combustion hardly occurs and fewer pollutants are generated in the
Stirling engine. Thus, Stirling engine is considered as a significant green
energy device and an important solution to the global warming pro-
blem. Stirling engine is also extremely silence in operation without
explosion sound. The theoretical heat efficiency can be high equivalent
to that of the Carnot cycle. In addition, the application of the Stirling
engine has great advantages in remote areas, where providing small
requirement of electric power through the grid is not economical [1–4].
Due to its unique features, the Stirling engine may become more pop-
ular in the future.

In the past several years, extensive studies have been conducted to
explore different impact factors on the performance of Stirling engine,
such as internal radiative heat transfer [5], multifarious loss [6], dif-
ferent kinds of working gas [7], and so on. Studies regarding the op-
timal design for Stirling engine were carried out using different
methods. For instance, Xiao et al. [8] presented a sensitivity analysis of
Beta type Stirling model and reported a method of multi-objective op-
timization for maximizing thermal efficiency and output power and
minimizing flow resistance power loss in a Stirling engine. Shendage
et al. [4] optimized geometrical parameters of a Beta configuration
Stirling engine by combining the net power output and the efficiency. In
addition, studies about cyclic thermodynamic of Stirling machine were
also performed [9–11]. For Stirling engine, the expansion and com-
pression of working gas are the driving force which derived from
heating and cooling of fluid. Thus, the performance of heat exchanger is
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crucial for the output power and efficiency of Stirling engine. The heat
exchanger in Stirling engine includes heater, cooler and regenerator,
while most studies focused on the performance of regenerator [12–14].

However, the heater also has a significant effect on the performance
of a Stirling engine. As a consequence of closed cycle operation, the
heat energy driving a Stirling engine must be transferred from a heat
source to the working medium by a heater. For the low-power Stirling
engines, the hot-side heat exchanger may simply consist of the walls of
an expansion chamber; however, for the larger power one, it requires a
larger heating surface area between the working fluid and the heat
source. Generally, tubular heat exchanger is used in Stirling engine
heater because of its high heat transfer rate [3,15]. To date, only a few
literatures regarding the design and optimization of heater in Stirling
engine were reported. El-Ehwany et al. [15,16] designed a novel elbow-
bend heating exchanger to decrease the pressure drop of Stirling en-
gine. The effects of elbow-bend geometry and tube arrangement on the
performance of air-to-water heat exchanger were studied by experi-
ments, and the corresponding empirical correlations were also deduced
for each design in this study. Ibrahim et al. [17] studied the pressure,
velocity and temperature fields inside a free piston Stirling engine and
measured the convective heat transfer coefficients between the heater
wall and the flow. Hirao et al. [1] developed a new heat exchanger to
improve the performance of Stirling engine, which was advantageous
for decreasing the energy loss from combustion gas, reducing the en-
gine weight and improving the specific power. Gheith et al. [18] re-
ported that energy exchanged in the heater was significantly influenced
by the frequency and heating temperature, while it was slightly en-
hanced with the increase of flow rate of cooling water.

From the above analysis, it is found that the studies regarding the
heat transfer enhancement of heater were very limited. If the heat
transfer between external heat source and working gas is enhanced, the
energy consumption of heat source or the dead volume of hot end can
be reduced, and the engine efficiency can be improved [19]. Extensive

researches on the heat transfer enhancement of steady flow, such as
developing heat exchanger with special surface structure [20–22] or
with tube inserts [23–28], have been done. However, it is well known
that the flow in Stirling engine is cyclic reversion and the flow para-
meters changes obviously with time. Therefore, the conclusions about
the heat transfer enhancement characteristics for unidirectional steady
flow cannot be directly applied to the Stirling engine heaters
[19,29,30].

To date, only a few of studies on the heat transfer enhancement of
oscillatory flow were reported. Kato et al. [31] studied the heat transfer
of channel-shaped and flat-shaped heat exchangers in a Stirling engine
and found that the former one was more superior in terms of the
combination property. Kuosa et al. [32] investigated the enhancement
of heat transfer and pressure loss of oscillatory flow with a few cir-
cumferential slots inside heat exchanger tubes in a Stirling engine.
Kölling et al. [33] utilized a few tubes with special surface structure in
Stirling heater to increase heat transmittance from heat source and
reduce deposit formation of biomass fuels. Although some special sur-
face structure could improve the heat transfer of heater, the deforma-
tion treatment of heater tube wall would weaken its resistance to high
temperature and high pressure. Thus, comparing with special surface
structure, tube inserts might be more suitable for Stirling engine heater.
Besides, the method by tube inserts is more easily processed. Previous
studies demonstrated that a tube with spiral inserts presented higher
heat transfer than smooth tube for steady flow [34–36].

In this study, the spiral spring was designed and applied in Stirling
heating tube. The flow and heat transfer characteristics in a tube in-
serted with spiral spring were studied under oscillatory flow by using a
three-dimensional unsteady numerical simulation, and that of a smooth
tube was also studied as reference. The mechanism of heat transfer
enhancement in the tube inserted with spiral spring under oscillatory
flow was evaluated. Further, the effects of geometric parameters of the
spiral spring on the flow and heat transfer were discussed.

Nomenclature

cp specific heat (J kg−1 K−1)
d inner diameter of heating tube (mm)
d0 diameter of insert (mm)
f frequency (Hz) or the friction factor
F1 blending function
h spiral spring height in the vertical section (mm) or heat

transfer coefficient (Wm−2 K−1)
k turbulent kinetic energy (m2 s−2)
L overall length (mm)
l1 end length (mm)
l2 middle length (mm)
Nu Nussle number
P pressure (Pa)
p pitch of spiral spring (mm)
P0 average pressure in a cycle (Pa)
P1 amplitude of pressure in a cycle (Pa)
∼Pk production limiter to prevent the build-up of turbulence in

stagnation regions (kg2 m−1 s−3)
q heat flux (Wm−2)
r radius (mm)
Re Reynolds number
Remax maximum Reynolds number
Reω kinetic Reynolds number
S invariant measure of the strain rate (s−1)
t time (s)
T temperature (K)
u velocity (m s−1)
um,max amplitude of bulk mean velocity (m s−1)

e turbulent dissipation rate (m2 s−3)

Greek symbols

α blending constant
β blending constant
Δ difference value
Φ energy dissipation due to viscosity (Wm−3)
λ thermal conductivity (Wm−1 k−1)
μ viscosity (kg m−1 s−1)
μ t turbulent dynamic viscosity (kg m−1 s−1)
θ phase angle (°)
ρ density (kg m−3)
σ blending constant
ω specific dissipation rate (s−1) or angular velocity (rad s−1)

subscripts

0 comparison object
ave average
cold cold end
hot hot end
i tensor
in inlet
m mean
max maximum
min minimum
out outlet
w wall
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2. Geometry and mathematical models

2.1. Geometry model

The sketch and geometric parameters of a heating tube inserted
with spiral spring in Stirling engine are depicted in Fig. 1 and Table 1,
respectively. The geometry of the insert is maintained similarly to that
of conventional helical coil but the sections near the both ends are
straight. The cross sections perpendicular to the axis of tube and per-
pendicular to spiral spring are presented in Fig. 1(a) and (c). The flow
and heat transfer characteristics of a smooth tube were also studied as
reference. In this study, compressible helium (He) was selected as the
working medium. The physical parameters of He, including density,
specific heat capacity, heat conductivity coefficient, and viscosity, were
variable with respect to the operating conditions.

Full hexahedron grids were generated in the area of flow domain
and local grid refinement was applied in the boundary layer, as shown
in Fig. 2. Prior to the formal calculation, the grid independence was
firstly tested. The results showed that the difference of average Nu
number was less than 1% for the grids of 2.63 million and 3.16 million,
and the difference of average pressure drop was less than 2.2%. Con-
sidering solution accuracy and calculation time, a grid system of 2.63
million was used in the numerical simulation.

2.2. Mathematical model

The governing equations for describing compressible oscillatory
flow in Stirling engine heater are as follows [37]:

Continuity equation:

∂
∂

+ ∇ → =
ρ
t
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Momentum equation:
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where ρ, μ, cp, λ, P, T and t denotes the density, viscosity, constant-
pressure specific heat, thermal conductivity, pressure, temperature, and
time, respectively. →u denotes the velocity vector, and Φ represents
energy dissipation. The expressions of ∇→u , ∇→u( ) and Φ are based on
existing literature [38].

The k-ε model and k-ω model are the main simulation models for
unsteady oscillatory flow. According to the study of Ibrahim et al. [39],
the k-ωmodel is more suitable than k-εmodel. Moreover, the k-ωmodel
includes standard k-ω model and shear-stress transport (SST) k-ω
model, and the latter one is an improvement of the former one [40,41].
Thus, the SST k-ωmodel was applied in this study. The equations for the
SST k-ω model are as follows:

The turbulence kinetic energy equation:
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The specific dissipation rate equation:
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where the term k denotes turbulent kinetic energy, ω denotes spe-
cific dissipation rate, u denotes velocity, F1 denotes a blending function,

S denotes an invariant measure of the strain rate, ∼Pkdenotes a pro-
duction limiter to prevent the build-up of turbulence in the stagnation
regions in the SST model, and β*, α, β, and σ denotes constant that is
computed by blending the corresponding constants of the k-εmodel and
k-ω model. The expressions for F1, S, Pk, and the values of constants are
based on extant studies [42].

The simulation conditions of boundary connected with cold end
(regenerator end) and hot end (expansion chamber end) were specified
by Eqs. (6) and (7), respectively. As a consequence of a periodic re-
versing oscillatory flow in Stirling engine heater, the working gas
flowed from cold end to hot end in entry stage. During this period, the
cold end was inlet boundary (Tin= 575 K), while the hot end was outlet
boundary (Tout is the value calculated). On the contrary, the working
gas flowed from hot end to cold end in the return stage. During this
period, the hot end was inlet boundary (Tin= 920 K), while the cold
end was outlet boundary (Tout is the value calculated). Thus, the loca-
tions of inlet and outlet were alternating in a cycle.

=u u ωtsin( )m,max (6)

= −P P P ωtcos( )0 1 (7)

where um,max denotes the amplitude of bulk mean velocity, and ω de-
notes the angular velocity. In this study, the operating parameters are
shown in Table 2. The frequency of Stirling engine was equal to 10 Hz,
the time of one cycle was equal to 0.1 s, and the temperature of wall
was a constant (1000 K).

There are two kinds of Re number in the field of oscillatory flow
research, which are expressed by Eqs. (8) and (9), respectively. The
Remax number is based on the amplitude of the bulk mean velocity,
which is similar to the Reynolds number in steady flow. The Reω
number represents the ratio of viscous dissipation time to flow cycle
time and it is a dimensionless frequency.

=Re
ρu d

μ
m

max
,max

(8)

=Re
ρωd

μω

2

(9)

The expressions of Nu number, h, f are shown in Eqs. (10)–(12).
Different from steady flow, the flow and heat transfer are variable with
time in oscillatory flow, which will be reflected on their calculation
parameters. Therefore, in this study, there are two kinds of Nu number:
transient and average. The former one represents the heat transfer of a
heating tube in a moment, while the latter one represents the heat
transfer of a heating tube in a flow cycle. The average Nu number was
calculated by average parameters in a flow cycle, such as average
temperature, average heat flux. Similarly, others average calculation
parameters, such as average f, were also calculated with this method.

=Nu hd
λ (10)

Fig. 1. Schematic diagram of a heating tube inserted with spiral spring.
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The performance evaluation criterion (PEC) was used to evaluate
the thermo-hydraulic performance of enhanced tube in this study. The
formula was proposed by Webb [43], as shown in Eq. (13). In view of
heat transfer and friction characteristics, the larger PEC means the
better combination property of enhanced tube.

=PEC Nu Nu
f f

/
( / )

0

0
1/3 (13)

where Nu0 and f0 are the calculation value based on smooth tube at
the same Reynolds number.

2.3. Reliability validation

Since the working gas was in reversing oscillatory flow, it would
spend some time from the beginning of calculation to the regular flow.
As shown in Fig. 3, the flow and heat transfer of working gas in the first
three cycles fluctuated obviously. After the fourth cycle, the flow and
heat transfer tended to be stable and regular. In various phase angles,
the errors of Nu number for the fifth cycle and the seventh cycle were
all smaller than 2%. Thus, the final simulation results selected the fifth
calculating data in this case. Similarly, the flow regular validations for
other cases were also conducted.

To validate the accuracy of model, the numerical simulation results
under reversing oscillatory flow in a smooth tube were compared with
the research results of Xiao et al. [44] and Zhou et al. [45]. The com-
parisons of our numerical simulation results with analytical solutions or
experiment results in literatures on velocity change regular were shown
in Fig. 4. Fig. 4(a and b) represents the velocity change with radial
position, which reflects the flow regular with space. Fig. 4(c and d)
represents the velocity change with phase angle, which reflects the flow
regular with time. From above figures, it can be seen that the simulation
results agreed well with the analytical solutions. Moreover, the change
trends of simulation results were consistent well with experiment re-
sults in literatures, but the deviations were bigger than that compared

with analytical solutions. This is because the experimental apparatus
like contact hot wire anemometer (HWA) in literature [45] or particle
Doppler dynamic analyser (PDA) in literature [44] inevitably existed
errors in reciprocating oscillatory flow, especially for high frequency
and high velocity conditions. In a word, the model verification results
on velocity were in an acceptable range, which indicates that the cal-
culation model was accurate. Furthermore, more detailed model ver-
ifications on velocity were shown in the supporting information.

The comparisons between our numerical simulation results and
experiment results in the literature on pressure and temperature were
also carried out. When Reω was equal to 215, the pressure change with
phase angle is shown in Fig. 5. The influence of wall temperature of
heating tube on the average fluid temperature in a cycle at axis centre is
presented in Fig. 6. To better display the curve change regular, the
amount of case for different wall temperature in our numerical simu-
lation was more than that in experiment in literature [45]. From Figs. 5
and 6, it could be seen that our numerical simulation results on pressure
and heat transfer were in good agreement with the experiment results
of Zhou et al [45]. This further validates that the model in our simu-
lation was reliable. Moreover, more detailed contrast data between our
numerical simulation results and research results in the literature are
shown in supporting information.

3. Results and discussion

3.1. Heat transfer enhancement mechanism of tube inserted with spiral
spring

The stream with alternating flow direction was realized successfully
by using a three-dimensional unsteady numerical simulation. As shown
in Fig. 7, the fluid flowed from left side (regenerator end) to right side
(expansion chamber end) during the entry process while the flow di-
rection was opposite during the return process. The streamlines in
smooth tube were straight but they were helical in tube inserted with
spiral spring, in which the flow path of working gas was lengthened and
the velocity magnitude was increased. As a result, the velocity gradient
near the wall was enhanced and the corresponding flow boundary was
thinned.

Fig. 8 shows the streamline of the radial cross section in the center
of the tube inserted with spiral spring at different phase angles. It is
observed that longitudinal vortices were generated by the guidance of

Table 1
Geometry parameters of a heating tube inserted with spiral spring.

Geometry parameters/
mm

L l1 l2= L-2 l1 d d0 p h

Values 300 42 216 8 2.4 24, 27, 30,
33, 36

0.6, 1.2,
1.8

Note: The length of the smooth tube is L=300mm and its inside diameter is
d=8mm.

Fig. 2. Hexahedron meshes of a heating tube inserted with spiral spring.

Table 2
Operating parameters of a heating tube inserted with spiral spring in numerical simulation.

Operating parameters Tcold (K) Thot (K) Tw (K) um,max (m/s) ω (rad/s) f (Hz) P0 (MPa) P1 (MPa) Remax Reω

Values 575 920 1000 21 20π 10 2 0.5 5300 127

Fig. 3. The flow validation of a heating tube inserted with spiral spring for
p=24mm, h=1.8mm.
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spiral spring inserts. An angle between the streamline and the heating
wall surface was produced. The flush effect of fluid to wall facilitated
the mixture of cold fluid in core flow region and heat fluid in boundary
region.

Furthermore, the size, number and location of vortices in the radial
cross section were various with time, which could be separated to the
following four stages: (i) transition stage from return process to entry
process (θ=0°), a larger vortex in upside still exited while an incon-
spicuous vortex near the insert appeared gradually; (ii) entry process
(θ=0°∼180°), the upper vortex disappeared, while the inconspicuous
vortex gradually grew up in downside and moved to the center of tube;
(iii) transition from entry process to return process (θ=180°), the

grown-up vortex still exited while an inconspicuous vortex near the
insert appeared gradually; (iv) return process (θ=180°∼360°), the
grown-up vortex disappeared, while the inconspicuous vortex gradually
grew up in upside and moved to the center of tube. It is noteworthy that
the time when the two vortices sizes were similar appeared after the
transition moment of flow direction, because it would spent some time
when working gas flowed from the inlet to the center of heating tube. In
summary, the vertex originated from insert around, grew up towards
the center of tube, and finally disappeared. Moreover, it can be inferred
that the changing vortices were beneficial to the radially uniform heat
transfer in a cycle for heating tube.

The temperature cloud patterns of heating tube are shown in Fig. 9.

Fig. 4. The comparison of numerical simulation results in our study with experiment results and analytical solutions in literatures on velocity: (a) The dimensionless
velocity change with radial position for Reω=900; (b) The velocity change with radial position for Reω=251; (c) The dimensionless velocity change with phase
angle for Reω=1800, r/R=0.85; (d) The velocity change with phase angle for different Reω.

Fig. 5. The comparison of numerical simulation results in our study with ex-
periment results in literature on pressure.

Fig. 6. The comparison of numerical simulation results in our study with ex-
periment results in literature on temperature.
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The fluid temperature gradually decreased during the entry accelera-
tion phase (e.g., θ=0°, θ=60°), while that gradually increased during
the entry deceleration phase (e.g., θ=120°, θ=180°). This could be
attributed to the following reasons: (i) the inlet fluid temperature
(575 K) was significantly lower than the wall temperature (1000 K); (ii)
the fast gas velocity would generate large temperature gradient near the
wall, thus the temperature in heating tube was low. Unlike the entry
phase, the fluid temperature gradually increased and then slightly de-
creased during the return acceleration phase (e.g., θ=180°, θ=240°).
During the return deceleration phase (e.g., θ=300°, θ=360°), the
fluid temperature slightly gradually increased. The reasons that dif-
ferent from entry process could be interpreted as follows: (i) the inlet
fluid temperature (920 K) was just slightly lower than the wall tem-
perature (1000 K), and it was higher than the fluid temperature in the
start of return process (θ=180°). (ii) During the return stage, after the
stranded fluid in transition phase (θ=180°) flowing out from heating
tube, the temperature variation regularity was similar to that during the
entry stage.

As shown in Fig. 9(a) and (b), the spiral spring insert could change
the flow path of working gas and observably enhance the flush of fluid
to wall surface. The low temperature fluid was guided from the core
flow area to the tube wall. In this way, the temperature gradient of the
fluid near the tube wall increased, and hence the thickness of thermal
boundary layer decreased. Thus, the heat transfer from heating wall to
working gas was effectively promoted, resulting in higher temperatures
in enhanced tube at different phase angels. Moreover, the heat transfer
enhancement performance of the middle spiral part of enhanced tube
was obviously superior to that of two ends straight part.

In one flow cycle, the heat transfer enhancement performance in the
entry process was more effective than that in the return process (Fig. 9).
This is because the difference of temperature between the inlet fluid
and the wall in return process (80 K) was much smaller than that in
entry process (425 K). Thus, the increase range of temperature was
relatively small in return process. For the Stirling engine, in entry
process, the outlet fluid of heating tube flowed into expansion chamber
to work, and the increase of outlet fluid temperature could effectively
improve the efficiency of Stirling engine. However, in return process,
the outlet fluid of heating tube flowed into regenerator to release heat,
and the released heat was saved by regenerator for preheating working

gas in next cycle. The outlet fluid of regenerator then flowed into cooler
for cooling. In other word, in return process, the increased temperature
of outlet fluid was indirectly applied to increase the gas temperature in
expansion chamber and save external heat source. However, the re-
quirement of performance for the regenerator and cooler was raised as a
result. Therefore, the heat transfer enhancement of heating tube in
entry process was more significant than that in return process for im-
proving the performance of Stirling engine.

The pressure cloud patterns of different radial cross sections and
their position in the z-axis direction in heating tube are displayed in
Fig. 10. It is found that the pressure distribution in space was uniform at
every moment and it was difficult to discover the pressure change from
inlet to outlet. This suggests that the pressure difference between the
inlet and outlet was small to negligible compared to the overall pressure
in heating tube. In addition, the pressure distribution in enhanced tube
was all close to that in smooth tube. Thus, the extra pressure con-
sumption in enhanced tube could be ignored comparing with the
overall pressure in heating tube. In summary, the heating tube inserted
with spiral spring has considerable profit and tiny loss.

3.2. Effects of the insert height h

The geometric parameters of enhanced tube mainly include the
spiral spring height h in the vertical section and spiral spring pitch p.
The variations in the transient Nu number versus the phase angle for
different values of h for p=24mm are shown in Fig. 11. It is found that
the transient Nu number increased with velocity magnitude; however, a
time delay existed in this process. For instance, when the phase angle
was 90°, the velocity value was maximal in entry process; nevertheless,
the maximum Nu number was obtained when the phase angle was
approximately at 110°. This is because the fast velocity resulted in a
thin velocity boundary layer. As a result, the thickness of temperature
boundary layer was reduced. The changes of flow pattern brought
changes of heat transfer, but some time was needed for the convection
heat transfer. Thus, the maximum Nu number was acquired after the
maximum velocity.

As shown in Fig. 11, the heat transfer in entry process was much
superior to that in return process. This is because the inlet temperature
of working gas in entry process (575 K) was lower than that in return

Fig. 7. Streamlines in heating tubes by velocity magnitudes (m/s): (a) and (b) smooth tube; (c) and (d) tube inserted with spiral spring for p=24mm, h=1.8mm.

Fig. 8. Streamline of the radial cross section in the center of the tube inserted with spiral spring for p=24mm, h=1.8mm.
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process (920 K). Under the condition of constant wall temperature
(1000 K), the temperature gradient near the wall in entry process was
greater than that in return process. Therefore, the Nu number in entry
process was larger than that in return process.

As shown in Fig. 11, the heating tube inserted with spiral spring

presented superior heat transfer enhancement compared to smooth tube
(h=0) in various phase angles. With the increase of h, the effects of
heat transfer enhancement were strengthened. The mechanism can be
analyzed as follows: with the increase of h, the perturbation of insert to
fluid was enhanced and the centrifugal force of spiral flow was

Fig. 9. Temperature cloud pattern of the axial cross section in the center of the heating tube: (a) smooth tube; (b) tube inserted with spiral spring for p=24mm,
h=1.8mm.

Fig. 10. Pressure cloud pattern of different radial cross sections in heating tube: (a) smooth tube; (b) tube inserted with spiral spring for p=24mm, h=1.8mm.
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enlarged. Meanwhile, the interaction force between fluid and wall was
strengthened and the flush angle of fluid to wall also became larger,
resulting in the enhancement of heat transfer.

Fig. 12 shows the variation of average Nu number, average f, and
PEC in a cycle with h. Compared to smooth tube (h=0), the heating
tube inserted with spiral spring presented more superior heat transfer
performance in a cycle, while the resistance also increased. In addition,
the average Nu number, average f and PEC in a cycle increased with h.
The increase range of PEC also increased with h. When h was 1.8mm,
the PEC was 1.22, indicating that the comprehensive heat transfer en-
hancement of tube inserted with spiral spring was superior.

The effects of h on the transient outlet temperature of fluid for
p=24mm are shown in Fig. 13. In the entry process, the inlet tem-
perature of fluid was 575 K; the outlet temperature of fluid is shown in

the left part of Fig. 13. In the first half of entry process, the outlet
temperature increased with time. This is because the outlet fluid was
the residual fluid in heating tube at the previous cycle. The later re-
sidual fluid flowed out from outlet, the longer time of fluid was heated,
leading to a higher outlet temperature of fluid. When the above fluid all
flowed out from heating tube, the outlet fluid was the fresh gas which
flowed from inlet and then heated by wall. Thus, there was an obvious
decline of outlet fluid temperature. At this point, it began to enter into
the second half of the process. In this period, the velocity of fluid in
heating tube gradually decreased. Thus, the heated time of fluid was

Fig. 11. Effects of the spiral spring height in the vertical section for the tran-
sient Nu number for p=24mm.

Fig. 12. Effects of the spiral spring height in the vertical section for the average
Nu number, f, and PEC in a cycle for p=24mm.

Fig. 13. Effects of the spiral spring height in the vertical section on the transient
temperature of outlet fluid for p=24mm.

Fig. 14. Effects of the spiral spring height in the vertical section on the average
temperature of outlet fluid in a cycle for p=24mm (Histograms represent the
average outlet temperature of fluid, and lines represent the maximum or
average difference values of outlet temperature of fluid between enhanced tube
and smooth tube.).

Fig. 15. Effects of the spiral spring height in the vertical section on the average
pressure consumption in a cycle for p=24mm.

Fig. 16. Effects of the pitch of spiral spring on the transit Nu number for
h=1.2mm.
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gradually extended under the condition of constant flow path. As a
result, the outlet temperature of fluid gradually increased with time. In
the first half of entry process, the increase of outlet temperature of fluid
was not obvious with the increase of h. This is because the temperature
of residual fluid in heating tube at the previous cycle was high and there
was no much rise space for temperature of outlet fluid. Therefore, al-
though the heat transfer characteristics were improved for enhanced
tube, there was only slight increase for outlet temperature of fluid. In
the second half of entry process, with the increase of h, the outlet
temperature of fluid was improved apparently. This indicates that the
heat transfer characteristics of heating tube were enhanced by inserting
spiral spring. In this period, the outlet temperature of fluid for

enhanced tube at h=1.8mm was about 100 K higher than that of
smooth tube. The improvement of outlet temperature in heating tube
was benefit to enhance the work ability of gas in expansion chamber.

In the return process, the flow direction reversed. The inlet tem-
perature of fluid was 920 K and the outlet temperature of fluid is shown
in the right part of Fig. 13. In the first half of return process, the outlet
fluid was the residual fluid in heating tube at the entry process. The
outlet temperature increased with time. This is because the later re-
sidual fluid flowed out from outlet; the longer time of fluid was heated,
resulting in a higher outlet temperature of fluid. Moreover, in this
period, with the increase of h, the outlet temperature was improved. In
the second half of return process, the outlet fluid was the fresh gas
which flowed from inlet and then heated by wall. The difference be-
tween the inlet fluid temperature (920 K) and the wall temperature
(1000 K) was relatively small, and hence the rise space for temperature
of outlet fluid was limited. Therefore, the effect of heat transfer en-
hancement was not significant.

The effects of h on the average temperature of outlet fluid in a cycle
are shown in Fig. 14. The maximum difference values of outlet fluid
temperature between enhanced tube and smooth tube reflected the heat
transfer enhancement of enhanced tube in the second half of entry
process. In other words, it represented the superiority of enhanced tube
on heat transfer compared to smooth tube. The average difference va-
lues reflected the heat transfer improvement of enhanced tube in a
whole cycle. Actually, in several periods of a cycle, the superiority on
heat transfer of enhanced tube could not be fully displayed because of
the limits of the temperature increase space.

As shown in Fig. 14, with the increase of h, the average outlet
temperature of fluid in a cycle was improved, and the improvement was
significantly stronger in the entry process than that in the return

Fig. 17. Effects of the pitch of spiral spring on the average Nu number, f, and
PEC in a cycle for h=1.2mm.

Fig. 18. Effects of the pitch of spiral spring on the transient temperature of
outlet fluid for h=1.2mm.

Fig. 19. Effects of the the pitch of spiral spring on the average temperature of
outlet fluid in a cycle for h=1.2mm.

Fig. 20. Effects of the the pitch of spiral spring on the average pressure con-
sumption in a cycle for h=1.2mm.

Fig. 21. Inlet and outlet pressure for smooth tube and enhanced tube for
h=1.8mm, p=24mm.
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process. The average outlet temperature of fluid for smooth tube in the
entry process and in the return process was 873 K and 908 K, respec-
tively. However, for tube inserted spiral spring (h=1.8mm), the
average outlet temperature of fluid in the entry process and in the re-
turn process increased to 937 K and 942 K, respectively. Furthermore,
in the entry process, the maximum temperature difference of outlet
fluid temperature between enhanced tube and smooth tube was 115 K,
while that was 94 K in the return process.

In a cycle, the pressure values in cold end were larger than that in
hot end during the entry acceleration process and return deceleration
process, while it was contrast in the entry deceleration process and
return acceleration process. In order to measure the pressure con-
sumption of a heating tube in one cycle, the absolute values of pressure
difference between the cold end and hot end were calculated in dif-
ferent phase angles and the average values were then calculated. As
shown in Fig. 15, compared to smooth tube (h=0mm), some pressure
was consumed with the improvement of outlet fluid temperature for
enhanced tube. With the increase of h, the pressure consumption by the
enhanced tube was increased. When h was 1.8mm, the average pres-
sure consumption in a cycle for enhanced tube was 1256 Pa larger than
that for smooth tube.

3.3. Effects of the screw pitch p

The effects of p on the flow and heat transfer of fluid at h=1.2mm
are shown in Figs. 16–20. With the decrease of p, the heat transfer was
enhanced and the pressure consumption was enlarged. Consequently,
the outlet temperature was also improved. The mechanism can be
analyzed as follows: with the decrease of p, the number of laps in per
unit length was increased and the flow path of fluid was lengthened.
Meanwhile, the velocity of fluid was improved, and the velocity and
temperature boundary layer was thinned. Thus, the heat transfer was
enhanced along with the enlarging of the pressure consumption of flow.
Furthermore, compared Figs. 11-15 with Figs. 16–20, it can be found
the influences of h on flow and heat transfer were more remarkable
than the influence of p.

A suitable method to evaluate the benefits and costs for enhanced
tube is the key to study the technology of heat transfer enhancement.
The most common evaluation index in steady-state flows is PEC, which
was also used in this paper (Figs. 12 and 17). However, it is also es-
sential to evaluate the effect of enhanced tube according to the actual
situation in Stirling engine heater. From Fig. 21, it can be seen that the
pressure in Stirling engine heating tube changed from 1.5 to 2.5MPa.
However, the extra pressure consumption for enhanced tube was only
less than 0.0013MPa compared to smooth tube. Meanwhile, the extra
outlet temperature increase of fluid was significantly, as shown in
Figs. 14 and 19. Thus, the benefits in temperature rise exceeded the
costs in pressure consumption in the enhanced tube.

4. Conclusions

(1) The streamlines in smooth tube were straight, while helical
streamlines together with longitudinal vortices were obtained in the
tube inserted with spiral spring. The size, number and distribution
of vortices were various with time and location. The flush effect of
fluid to wall caused by helical flow was favourable to the mixture of
cold fluid in core flow region and heat fluid in boundary region. The
temperature gradient near the wall was increased and thermal
boundary layer was thinned, hence promoting the heat transfer
from heating wall to working gas.

(2) Within the range of parameters in our study, the Nu number, f and
PEC increased with h and decreased with p for the enhanced tube.
The influence of h on flow and heat transfer was more remarkable
than that of p. With the optimal geometric parameters (h=1.8mm,
p=24mm) of insert for enhanced tube, the PEC was 1.22, in-
dicating excellent heat transfer enhancement performance for

enhanced tube.
(3) Under same boundary conditions, the outlet temperature of en-

hanced tube was higher than that of smooth tube. The maximum
difference in entry process and in return process is 115 K and 94 K
respectively, and the average difference in entry process and in
return process is 64 K and 34 K respectively. In a cycle, the average
pressure consumption in enhanced tube is 1256 Pa larger than that
in smooth tube. However, contrasting to the pressure change of
heating tube in Stirling engine (1.5∼ 2.5MPa), the extra pressure
consumption is small to ignore. Therefore, the benefit of tube in-
serted spiral spring far outweighs its costs.
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