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The flow and heat transfer characteristics of oscillatory flow in a smooth tube and two-start spirally cor-
rugated tube were investigated by using a three-dimensional unsteady numerical simulation. The simu-
lation was performed under variable properties, pressure and velocity conditions, with helium (He) as the
working medium. The results indicated that longitudinal swirl vortexes were generated with the guid-
ance of a spirally corrugated channel in a two-start spirally corrugated tube in which the fluid flowed spi-
rally forward. The heat absorption (Q) of a two-start spirally corrugated tube exceeded that of a smooth
tube (Q0). The difference in the average heat absorption was 561 W and the average of Q/Q0 was 1.36. At
the same inlet and wall temperatures of 575 K and 1000 K, the outlet temperature of the smooth and spi-
rally corrugated tube increased by 205 K and 365 K, respectively. Therefore, the spirally corrugated tube
presented a superior heat transfer performance when compared to that of the smooth tube. Two types of
performance evaluation criterion (PEC) calculation methods in a cycle were used to evaluate the heat
transfer enhancement of a spirally corrugated tube. The average value of transient PEC in a cycle was
1.69, and the PEC calculated by average parameters in a cycle was 1.38. When compared with the change
of pressure in a MPa level in a heating tube, the pressure drop of hundreds of Pa was negligible. However,
the outlet temperature of the heating tube could be subject to an additional temperature increase of hun-
dreds of K with the negligible pressure drop of hundreds of Pa. Thus, the benefits were apparent for the
heat transfer enhancement by using spirally corrugated tubes in the heater.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

An energy system is the foundation of human survival and
development. An energy conversion device is one of the cores of
the energy system. The operating conditions of several energy con-
version machines including Stirling engines and refrigerators,
reciprocating internal combustion engines, gas and refrigerant
compressors, and pulse-tube refrigerators are under oscillatory
flow [1,2]. Thus, it is crucial to study the performance of a heat
exchanger under oscillatory flow because it is related to the energy
conversion efficiency and energy saving benefits.

Previous studies on heat transfer and flow frictional loss used
for the design of heat exchangers of these machines were mainly
based on unidirectional steady flow conditions. Urieli et al. [3] sim-
plified oscillatory flow in a cycle into a series of steady flow in sev-
eral very short time intervals in Stirling engines and studied the
heat and mass transfer in oscillatory flow by using a steady flow
equation. Kanzaka et al. [4] studied the oscillatory flow in Stirling
engines with a modified stable flow correlation. Paek et al. [5]
investigated the thermal performance of heat exchangers in a ther-
moacoustic cooler and developed oscillatory flow heat transfer
coefficients by using a steady-flow correlation and a modified Rey-
nolds number (Re). However, there is significant difference
between oscillatory flow and steady flow. The oscillatory flow is
characterized by cyclic reversion and the obvious change in flow
parameters including velocity, pressure, density, and temperature
in a short period of time. Therefore, the heat transfer correlations
for steady flow cannot be directly applied to the design of heat
exchangers for oscillatory flow [6–8].

Recently, the heat transfer characteristics of oscillatory flow
machines, such as Stirling engine, thermoacoustic refrigeration
system, pulse tube refrigerators, and others, have caused increas-
ing worldwide attention [9–12]. Xiao et al. [7], Ni et al. [13], and
Kanzaka et al. [14] studied the heat transfer performance of a hea-
ter in a Stirling engine, and different oscillatory heat transfer cor-
relations were proposed. Xiao et al. [15] and Wang et al. [16]
studied the heat transfer performance of a regenerator in a Stirling
engine. The former proposed a correlation equation for the dura-
tion of perturbation in regenerator, and the latter analyzed the
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Nomenclature

cp specific heat (J kg�1 K�1)
D outside diameter (mm)
d hydraulic diameter (mm)
Dx cross-diffusion term (kg m�3 s�2)
e corrugation depth (mm)
f frequency (Hz) or the friction factor
F1 blending function
Gk production of k due to mean velocity gradients (kg2

m�1 s�3)
Gx generation of x (kg m�3 s�2)
h heat transfer coefficient (Wm�2 K�1)
k turbulent kinetic energy (m2 s�2)
L length (mm)
Nu Nussle number
P pressure (Pa)
P0 average pressure in a cycle (Pa)
P1 amplitude of pressure in a cycle (Pa)fPk production limiter to prevent the build-up of turbulence

in stagnation regions (kg2 m�1 s�3)
Q heat adsorption (W)
r radius (mm)
Re Reynolds number
Remax maximum Reynolds number
Rex kinetic Reynolds number
s screw pith (mm)
S invariant measure of the strain rate (s�1)
t time (s)
T temperature (K)

um average velocity of fluid (m s)
um,max amplitude of bulk mean velocity (m s)
Yk dissipation of k due to turbulence (kg2 m�1 s�3)
Yx dissipation of x due to turbulence (kg m�3 s�2)
e turbulent dissipation rate (m2 s�3)
Gk effective diffusivity of k (kg m�1 s�1)

Greek symbols
U energy dissipation due to viscosity (Wm�3)
Cx effective diffusivity of x (kg m�1 s�1)
k thermal conductivity (Wm k�1)
l viscosity (kg m�1 s�1)
lt turbulent dynamic viscosity (kg m�1 s�1)
h phase angle (�)
q density (kg m�3)
x specific dissipation rate (s�1) or angular velocity (rad

s�1)

subscripts
0 comparison object
ave average
i tensor
m mean
max maximum
min minimum
w wall
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transient characteristics of the oscillatory flow and the associated
thermodynamic process in the regenerator. Kanzaka et al. [14] ana-
lyzed the heat transfer coefficient of the cooler in a Stirling engine
and presented a correlation of heat transfer coefficient of the work-
ing gas. Ibrahim et al. [17] calculated the overall heat transfer for
the heat exchangers in a free piston Stirling engine to optimize
critical design parameters. Additionally, the influence of operating
parameters on heat transfer in other oscillatory flow machines
including a thermoacoustic refrigeration system and pulse tube
refrigerators were performed by Nsofor et al. [8] and Tang et al.
[18], respectively.

In addition to the heat transfer characteristics, a few studies
also examined pressure drop or friction coefficients of oscillatory
flow in heat exchangers. Zhao et al. [19] investigated instantaneous
and cycle-averaged friction coefficients in oscillatory tube flow.
The results showed that the friction coefficients depended on the
kinetic Reynolds number (Rex) in conjunction with the dimension-
less oscillation amplitude of fluid. Pan et al. [20] studied the heat
transfer and pressure drop of oscillatory flow in a spirally coiled
tube heat exchanger, and the heat transfer enhancement mecha-
nism was interpreted by using the field synergy principle. Saber-
inejad et al. [21] studied the heat transfer of turbulent oscillatory
flow in a tube filled with porous media. Two correlation equations
were introduced for the maximum friction factor and space-cycle
averaged Nusselt number (Nu) in terms of different parameters.

To date, the heat transfer and friction characteristic of oscilla-
tory flow have been extensively studied. However, there is a pau-
city of studies on the enhancement of heat transfer of oscillatory
flow although it is extremely significant to improve the perfor-
mance of machines operating under oscillatory flow. Recently,
variable approaches were utilized for heat transfer enhancement
in heat exchanger, including surface-shaped heat exchangers
[22–24], finned tubes [25,26], and inserts within tubes [27–30].
Most of the heat transfer enhancement methods in previous stud-
ies were based on unidirectional steady flow. However, studies on
oscillatory flow are very limited. To the best knowledge of the
authors, only Kato et al. [31] and Kuosa et al. [32] performed stud-
ies on heat transfer enhancement under oscillatory flow. Kato et al.
[31] studied the heat transfer of channel-shaped heat exchangers
and flat-shaped heat exchangers in a Stirling engine and found that
the former was more superior in terms of the combination prop-
erty. Kuosa et al. [32] investigated the enhancement of heat trans-
fer and pressure loss of oscillatory flow with a few circumferential
slots inside heat exchanger tubes in a Stirling engine. The results
showed that the Carnot efficiency and the ratio of the shaft power
and pumping loss were effectively enhanced.

In this study, the flow and heat transfer characteristics of oscil-
latory flow in the heater as well as the heat transfer enhancement
were investigated by using a three-dimensional unsteady numeri-
cal simulation. The temperature, velocity, and pressure fields in a
smooth tube and a two-head spirally corrugated tube were exam-
ined in the reciprocating oscillatory state with variable properties,
pressure, and velocity. The mechanism of heat transfer enhance-
ment in the spirally corrugated tube under oscillatory flow was
studied, and its heat transfer enhancement capacity compared to
that of a smooth tube was evaluated.

2. Physical and mathematical models

2.1. Physical model

Fig. 1 shows the physical model of the two-start spirally corru-
gated tubes. The geometric parameters are as follows: corrugation
depth e = 3 mm, outside diameter D = 16 mm, hydraulic diameter
d = 13.3 mm, and length L = 400 mm. The structure of the tube in
the middle 200 mm is spiral corrugated in which the screw pith



Fig. 1. Structural diagram of the two-start spirally corrugated tube.
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(s) is 40 mm. The flow and heat transfer characteristics in the spiral
corrugated tube are compared to those in the smooth tube. The
geometric parameters of the smooth tube are as follows: L = 400
mm and d = 13.3 mm.

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
are variable with respect to the operating conditions.

2.2. Mathematical models

2.2.1. Governing equations
According to general governing equations for the unsteady flow

of compressible viscous fluid [33], body forces and internal heat
sources are neglected, and the governing equations for describing
compressible oscillatory flow and heat transfer are as follows:

Continuity equation:

@q
@t

þr � ðq u!Þ ¼ 0 ð1Þ

Momentum equation:

q � @ u!
@t

þr u!� ðq u!Þ ¼ �rP � 2
3
r½lðr � u!Þ� þr � ½lðr u!ÞT �

þ r � ½lðr u!Þ� ð2Þ
Energy equation:

qcp � @T
@t

þ qcp u
!�rT ¼ r½kðrTÞ� þ @P

@t
þ u!�rP

� �
þU ð3Þ

where q, t, P, l, T, cp, and k denote the density, time, pressure, vis-
cosity, temperature, constant-pressure specific heat, and thermal
conductivity, respectively. Additionally, u! denotes the velocity vec-

tor, r u! and ðr u!ÞT denote two tensors, and U denotes energy dis-

sipation due to the viscosity. The expressions for r u!, ðr u!ÞT and U
are based on extant studies [34].

The selection of the turbulence model is crucial to the accuracy
of the numerical results. The k-e model and k-x model are com-
monly used in engineering applications for unsteady-state turbu-
lent flow. Ibrahim et al. [35] studied the applicability of the k-e
model and k-xmodel for numerical simulations in oscillatory flow
conditions. The results showed that the agreement of the k-x
model with the experiment exceeds that of the k-x model. The
k-x model includes the standard k-x model and shear-stress
transport (SST) k-x model, and the latter corresponds to an
improvement of the former. Previous studies indicated that the
SST k-x model is more accurate and reliable for a wider class of
flows when compared to the standard k-x model [36,37]. There-
fore, the SST k-xmodel was employed for further numerical inves-
tigations in the present study. The transport equations for the SST
k-x model are as follows:

The turbulence kinetic energy equation:

@

@t
ðqkÞ þ @

@xi
ðqkuiÞ ¼ @

@xi
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@k
@xi

� �
þ Gk � Yk ð4Þ
The specific dissipation rate equation:

@
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ðqxÞ þ @

@xi
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@xi
Cx
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@xi

� �
þ Gx � Yx þ Dx ð5Þ

where the term Gk represents the production of k due to mean
velocity gradients, Gx represents the generation of x, Ck and Cx

represent the effective diffusivity of k and x, respectively, Yk and
Yx represent the dissipation of k and x due to turbulence, respec-
tively, and Dx represents the cross-diffusion term. Their expres-
sions are as follows:

Gk ¼ fPk ð6Þ

Gx ¼ aqS2 ð7Þ

Yk ¼ b�qkx ð8Þ

Yx ¼ bqx2 ð9Þ

Ck ¼ lþ rklt ð10Þ

Cx ¼ lþ rxlt ð11Þ

Dx ¼ 2ð1� F1Þqrx2
1
x

@k
@xi

@x
@xi

ð12Þ

where F1 denotes a blending function, S denotes an invariant mea-

sure of the strain rate, fPk denotes a production limiter to prevent
the build-up of turbulence in the stagnation regions in the SST
model, and b�, a, b, and r denote constants that are computed by
blending the corresponding constants of the k-e model and k-x

model. The expressions for F1, S, fPk , and the values of constants
are based on extant studies [38].

All the governing equations were solved by using the Fluent
15.0 software, which is based on the finite volume method. The
three-dimensional double precision (3DDP) model was selected
as the computational fluid dynamics (CFD) model to calculate the
velocity, pressure, and temperature fields in the heating tube.
The solution setup was a pressure-based implicit transient solver.
The scheme of pressure–velocity coupling was PISO. The PRESTO!
was chosen for the spatial discretization. The time step size was
fixed, and it was considered as 1/360 of a cycle time.

2.2.2. Boundary conditions
The boundary conditions connected to cold end and hot end

were set by Eqs. (13) and (14), respectively, which were specified
by using the user defined function (UDF).

u ¼ um;max sinðxtÞ ð13Þ

P ¼ P0 � P1 cosðxtÞ ð14Þ
where um,max denotes the amplitude of bulk mean velocity, and x
denotes the angular velocity. Additionally, P0 represents the average
pressure in one cycle, and P1 denotes the amplitude of pressure in
the oscillatory flow. In this study, um,max = 11 m/s, x = 20 p rad/s,
frequency f = 10 Hz, the time of one cycle is 0.1 s, P0 = 2 MPa, and
P1 = 0.5 MPa. It should be noted that the locations of inlet and outlet
are alternating in a cycle because the flow of fluid in heating tube is
a reciprocating oscillatory flow. During an entry process, the fluid
flows from cold end to hot end. In this period, the cold end was
set as inlet boundary (Tin = 575 K), while the hot end was set as out-
let boundary (Tout was the calculated value). In contrary, the fluid
flows from hot end to cold end in a return process. In this period,
the hot end was set as inlet boundary (Tin = 920 K), while the cold
end was set as outlet boundary (Tout was the calculated value). On



Fig. 3. Mesh independence check of two-start spirally corrugated tube.
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the surface of tube wall, the no-slip condition was assumed, and the
temperature was 1000 K.

2.2.3. Parameter definition
In the oscillatory flow, there are two types of Re, and they are

expressed as follows:

Remax ¼ qum;maxd
l

ð15Þ

Rex ¼ qxd2

l ð16Þ

where the Remax is based on the amplitude of the bulk mean veloc-
ity, and this is similar to Re in unidirectional steady flow. The Rex is
a dimensionless frequency that represents the ratio of the time
scale of viscous dissipation to the time of one cycle. In this study,
Remax = 4608 and Rex = 350.

The heat transfer coefficient (h) and the Nusselt number (Nu)
are calculated as follows:

h ¼ q
TW � Tm

ð17Þ

Nu ¼ hd
k

ð18Þ

where Tw denotes the temperature of wall (1000 K), Tm denotes the
average temperature of the fluid, and Q represents the average heat
flux of wall.

The definition of the friction factor (f) is as follows:

f ¼ jDPj
ðL=dÞqu2

m=2
ð19Þ

where um represents the mean velocity of the fluid. The oscillatory
flow in heating tube is characterized by cyclic reversion, and thus
the pressure drop from the inlet to the outlet changes alternatively
positive and negative. The absolute value of the pressure difference
jDPj was used when calculating the resistance coefficient in this
study.

2.3. Reliability verification

2.3.1. Grid independence verification
The fluid domain was discretized by full hexahedron mesh gen-

erated with the commercial software ICEM CFD 15.0 as shown in
Fig. 2. The density of the boundary meshes near the wall was
increased. Prior to the numerical simulation, the grid indepen-
dence test was first performed, which was shown in Fig. 3. Four
calculation models with grid numbers corresponding to 817152,
1485632, 2467200, and 3224800 were set up for the two-start spi-
rally corrugated tube. When the grid numbers correspond to
2467200 and 3224800, the difference of average Nu is approxi-
mately 2% and the maximal difference of the instantaneous Nu is
Fig. 2. Hexahedron meshes of two-
approximately 5%. Thus, the calculation results are considered as
independent with respect to the grid number when the number
of grids exceeds or is equal to 2467200. The calculation time and
precision were considered, and the model with a grid number of
approximately 2.5 million was selected for the calculation. Simi-
larly, the grid independence of smooth tube was also tested and
validated to obtain an appropriate grid quantity.

2.3.2. Model validation
In order to validate the accuracy of model, the numerical simu-

lation results of velocity distribution in a smooth tube were first
compared with the experimental results of Zhou et al. [39]. The
experiments were performed in a smooth tube under oscillatory
flow. The cold end and hot end pistons performed a sinusoidal
reciprocating motion with fixed phase difference, and this was per-
formed via asynchronous motors with variable frequency and a
synchronous pulley. The test region was in the middle area of
the tube between the compression chamber and expansion cham-
ber. The working medium was air. The static pressure was 0.1 MPa
and the temperature ranged from 285 K to 400 K. The experimental
and numerical simulation results of velocity distribution in the
smooth tube flow are shown in Fig. 4. Specifically, Fig. 4(a) reflects
the change in velocity with respect to the space while Fig. 4(b)
reflects the change in velocity with respect to time. It is observed
that the simulation results are in good agreement with the exper-
imental results, and this indicates that the model used in the calcu-
lation is accurate.

2.3.3. Flow stability validation
For the reciprocating oscillatory flow in a heater, the flow is

periodically changed. The heat transfer and flow regular in a cycle
is the same as those in next cycle. However, in our numerical sim-
ulation, it would spend some time from the calculation beginning
to the moment of regular flow. Before that moment, the calculation
start spirally corrugated tube.



Fig. 4. Numerical simulation and experimental results [39] of velocity in the
smooth tube (a) the radial velocity distribution in the center of the tube at different
phase angles (b) the average velocity in the center of tube at different Rex values.

Fig. 5. Flow stability of the two-start spirally corrugated tube (a) the heat flux of
wall (b) the pressure drop of the tube from the cold end to the hot end.
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results would be affected by initialization value to a large extent
and the change regular of flow was unstable. After that, the calcu-
lation results could reflect the actual flow and heat transfer regular
of reversing oscillatory flow.

In our numerical simulation process, some flow and heat trans-
fer parameters in several positions were monitored constantly,
such as the average heat adsorption of wall and the pressure drop
from cold end to hot end, as shown in Fig. 5. It could be calculated
from Fig. 5(a) that the difference on average heat adsorption of
wall between the third and fourth cycle was 1.9% while that differ-
ence on transient heat adsorption of wall was 5.5%. Thus, the
change regular of heat transfer was considered as stable after the
third cycle in this case. The change regular of pressure drop from
cold end to hot end was shown in Fig. 5(b). Its left and right ordi-
nates all represented pressure drop but their scale was signifi-
cantly different. The pressure drop change regular in first two
cycles could be easily shown in left ordinate and the rest could
be conveniently shown in right ordinate. From Fig. 5(b), it could
be seen that the change regular of pressure drop from cold end
to hot end was unstable in the first three cycles while it gradually
became stable after the fourth cycle. The difference on average
pressure drop from cold end to hot end between the fourth and
fifth cycle was 28%. It should be noted that the overall change
range of pressure in heater was 1.5 MPa to 2.5 MPa, while the pres-
sure drop from cold end to hot end was less than 2 kPa. Therefore,
compared to the change of overall pressure in heater, the pressure
drop error between the fourth and fifth cycle was acceptable.
Accordingly, when heat transfer, pressure drop, and calculation
time were considered together, the flow regular was considered
as stable after the fourth cycle.
3. Results and discussion

3.1. Flow and heat transfer characteristics of the fluid in the heating
tube

The streamline distribution of fluid is shown in Fig. 6. In order to
better describe the flow process of fluid in the heating tube, the
flow process is divided into two phases: (i) the entry stage in which
the working medium flows from the cold end to the hot end and
the phase angle ranges from 0� to 180� as shown in Fig. 6(a), (b-
2), (c), and (d-2); (ii) the return stage in which the working med-
ium flows from the hot end to the cold end and the phase angle
ranges from 180� to 360� as shown in Fig. 6(b-3) and (d-3). Fur-
thermore, the flow is in transition from the return stage to the
entry stage when phase angle is 0� as shown in Fig. 6(b-1) and
(d-1) and from the entry stage to the return stage when phase
angle is 180�. The left side of the heating tube is defined as cold
end (that is the inlet of the entry stage or the outlet of the return
stage), and the right side is defined as hot end (that is the outlet
of the entry stage or the inlet of the return stage). The results show
that the flow line in smooth tube is smooth without any perturba-
tions in the flow process. However, the flow line in the spirally cor-
rugated tube is spiral because the spiral channel in the spirally
corrugated tube can produce a helical guide force and enhance
the disturbance of the fluid to the boundary area. The development
of boundary layer is hindered by a periodic spiral channel and the
heat transfer between tube and fluid is enhanced.

Fig. 7 shows the heat flux distribution in the heating tube wall.
It is observed that the heat flux in the entry stage exceeds that in
the return stage for both the smooth tube and spirally corrugated
tube. This is because the wall temperature is constant (1000 K)
for both types of tubes while the temperature of fluid in the entry
stage is lower than that in return stage. Therefore, the temperature
gradient near the wall for the entry stage exceeds that in the return
stage. The heat exchange in the entry stage significantly exceeds
that in the return stage. Additionally, the heat transfer in the spi-
rally corrugated tube exceeds that in the smooth tube. For exam-
ple, when the phase angle is 120�, the average boundary flux
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Fig. 6. Streamline of the fluid in the heating tube (a) global streamline in the smooth tube, (b) local streamline in the middle part of the smooth tube (40 mm) along the axis
direction, (c) global streamline in the two-start spirally corrugated tube, (d) local streamline in the middle part of the spirally corrugated tube (40 mm) along the axis
direction.

θ =0° 

θ =60° 

θ =120° 

θ =180° 

θ =240° 

θ =300° 

Fig. 7. Boundary heat flux in the heating tube at different phase angles (left: smooth tube; right: two-start spirally corrugated tube).
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density of smooth tube is 123713 W/m2, while that of spirally cor-
rugated tube is 226188W/m2.

Fig. 8 shows the change in heat absorption with respect to the
phase angle. It is observed that the heat absorption in the spirally
corrugated tube exceeds that in the smooth tube for majority of a
cycle. The difference in the average heat absorption is 561 W and
the average of Q/Q0 is 1.36. The maximum heat absorption is
obtained for the two types of tubes when the phase angle approx-
imately corresponds to 135�. This is affected by the fluid velocity in
conjunction with the proportion of the amount of cold fluid to the
total amount of fluid. The fluid velocity in the tube is high when
the phase angle is 90�. However, the relative small proportion of



Fig. 8. Change in heat absorption with the phase angle.
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cold fluid to the total fluid results in lower heat absorption when
compared to that at approximately 135�. Similarly, the extremely
low fluid velocity leads to low heat absorption when the phase
angle is 180� although the proportion of cold fluid to the total fluid
is relatively high. Therefore, the maximum heat absorption occurs
when the phase angle is between 90� and 180�, and this approxi-
mately corresponds to 135�. Additionally, it is observed from the
Q/Q0 curve that the capacity of heat absorption in the spirally cor-
rugated tube evidently increases when compared to that in the
smooth tube when the phase angle exceeds 45�. This is because
the cold fluid from inlet at that moment begins to flow into the spi-
rally corrugated section that is located in the middle of tube. An
angle exists between the groove and axis of tube that can guide
the fluid flow forward in a spiral pattern and disturb the fluid near
the wall. Hence, the development of boundary layer is hindered,
and the temperature gradient near the wall is enhanced. As a
result, the heat transfer in the spirally corrugated tube is increased.
After a period of time, the temperature of the fluid in the spirally
corrugated tube is significantly higher than that in the smooth tube
as shown in Fig. 9. The difference of temperature between the fluid
and wall decreases, and this reduces Q/Q0. When the phase angle
approximately corresponds to 280�, the Q/Q0 is less than 1. This
is because the fluid temperature in the spirally corrugated tube sig-
nificantly exceeds that in the smooth tube at that moment, and the
temperature gradient near the wall also decreases as shown in
Fig. 9. Thus, the capacity of heat absorption is weakened. When
the phase angle exceeds 315�, the fluid temperature in the smooth
tube also increases. Therefore, the heat adsorption of smooth tube
is similar to that of the spirally corrugated tube.

In addition to the increase in heat absorption, the heat transfer
enhancement in spirally corrugated tube can be also demonstrated
Fig. 9. Average temperature of the overall fluid in the heating tube.
by the increase of temperature at the tube outlet. Fig. 10 shows the
change in temperature at the inlet and outlet with each phase
angle. During the entry stage (h = 0–180�), the inlet temperatures
of both types of heating tubes correspond to 575 K while the outlet
temperature of the spirally corrugated tube significantly exceeds
that of the smooth tube. The maximum difference in the outlet
temperature between the spirally corrugated tube and smooth
tube is 160 K and the average difference is 60 K. Additionally, dur-
ing the first half of entry stage (approximately prior to 113�), the
outlet fluid originates from the return stage of the previous cycle
with a relatively high initial temperature. During the second half
of entry stage (approximately after 113�), the outlet fluid origi-
nates from the cold end of the current cycle with a relatively low
initial temperature. Thus, there exists a turning point for the outlet
fluid temperature (Fig. 10(a) and (b)). However, the turning point is
not apparent for the spirally corrugated tube because of its higher
heat transfer capacity when compared to that of the smooth tube.
At the second half of entry stage, the temperature of outlet fluid in
the smooth tube is approximately 780 K while that in the spirally
corrugated tube is approximately 940 K. This indicates that with
the same inlet temperature of 575 K and the same wall tempera-
ture of 1000 K, the outlet temperature of smooth and spirally cor-
rugated tube can increase by 205 K and 365 K, respectively.
Therefore, the heat transfer in spirally corrugated tube significantly
improves. At the return stage, the inlet temperatures of the two
types of tubes correspond to 920 K while the outlet temperature
of the spirally corrugated tube exceeds that of the smooth tube.
The average difference of the outlet temperature is 73 K and the
maximum difference is 136 K. The Stirling engine heating tube is
considered as an example, and the relative high outlet temperature
during the entry stage increases the temperature of the fluid that
flows into the expansion chamber. As a result, the fluid exhibits a
relatively high working capacity. Similarly, the higher outlet tem-
perature at the return stage also increases the temperature of the
fluid that flows into the regenerator. In this manner, lesser energy
is required in the regenerator to preheat the fluid during the entry
stage, and the consumption of external heat sources is correspond-
ingly reduced. Thus, in combination with the heat absorption and
outlet temperature, the spirally corrugated tube exhibits a superior
performance in terms of heat transfer when compared to that of
the smooth tube.

Cross-section cloud patterns were obtained to understand the
heat transfer and flow conditions of heating tube at different times
and spaces. The patterns are 50 mm per interval along the central
axis of heating tube and an axial section is obtained at x = 0 as
Fig. 10. Temperature change in the heating tube at the inlet and outlet with respect
to the phase angle (a) entry stage of the smooth tube, (b) entry stage of the spirally
corrugated tube, (c) return stage of the smooth tube, (d) return stage of the spirally
corrugated tube.
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shown in Fig. 11. When the phase angle is 0�, the fluid in the tube
originates from the previous cycle with a relatively high tempera-
ture. The temperature of the fluid in the spirally corrugated tube
exceeds that in the smooth tube. When the phase angle is 120�,
the flow is in the entry stage. The temperature of the fluid gradu-
ally increases along the entry direction. The temperature increase
in the spirally corrugated tube exceeded that in the smooth tube.
With respect to the smooth tube, a large area of ‘‘cool” color in
the temperature field is observed, and the temperature distribution
in the core flow area of tube is not uniform. With respect to the spi-
rally corrugated tube, an additional area of ‘‘warm” color in the
temperature field is observed and its temperature distribution is
also more uniform in the core flow area of tube. Furthermore, the
high temperature gradient of wall is beneficial for the heat transfer.
When the phase angle is 180�, the flow is in transition between the
θ =0°

θ =60°

θ =120°

θ =180°

θ =240°

θ =300°

Fig. 11. Temperature cloud pattern of the heating tube (left:

θ =0°

θ =60°

θ =120°

θ =180°

θ =240°

θ =300°

Fig. 12. Velocity cloud pattern of the heating tubes (left: sm
entry stage and return stage. However, when the phase angle is
240�, the flow occurs during the return stage and the working
medium flows from the hot end to the cold end of tube. Accord-
ingly, the temperature of fluid gradually increases along the return
direction. The fluid temperature in the spirally corrugated tube
exceeds that in smooth tube due to the enhancement in the heat
transfer in the spirally corrugated tube.

Fig. 12 shows the velocity cloud pattern of the heating tubes. It
is observed that the velocity distribution in the smooth tube is
relatively uniform along the space when compared to that in the
spirally corrugated tube. The velocity is close to 0 m/s when the
phase angle is 0�. Approximately an equal amount of velocity
magnitude is observed when the phase angles are 120� and 240�.
It should be noted that the flow is during the entry and return
stage when the phase angles are 120� and 240�, respectively.
smooth tube; right: two-start spirally corrugated tube).

ooth tube; right: two-start spirally corrugated tube).
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Additionally, the velocity that is close to the wall is lower than that
in the core area. There is a significant variation in the velocity dis-
tribution between the spirally corrugated and smooth tubes. The
velocity in the spirally corrugated tube changed obviously at differ-
ent time and space. This is because the fluid flows through the spi-
rally corrugated channel and the boundary layer of fluid is
destroyed. The radial flow in local area is formed and it can take
the fluid from boundary to mainstream area, decreasing the angle
between velocity vector and temperature gradient vector. Thus,
the synergy becomes better and the local heat exchange is
strengthened.

Fig. 13 shows the velocity vector of the radial cross section at
the center of spirally corrugated tube at different phase angles. It
is observed that vortexes are generated by the axial pressure gra-
dient, viscous force, and inertial force. The direction of fluid veloc-
ity changes with time, and the size and position of the vortex also
differ with each phase angle. Thus, the flow field is continually
changing. For example, when the phase angle is 120�, the longitu-
dinal vortex center exhibits a certain degree of deviation from the
geometric center of the spirally corrugated tube, and two vortices
are formed at this moment. When the phase angle is 240�, the lon-
gitudinal vortex center coincides with the geometric center, and
only a single vortex is formed. Thus, it is difficult to describe the
oscillatory flow in a spirally corrugated tube with a general law,
and the similarity corresponds to the formation of longitudinal
vortex as shown in Fig. 14. The guiding roles of the spirally corru-
gated channel to fluid are diffused into the core area of fluid in the
tube, and the fluid flows forward in a spiral form. Thus, the mixing
of fluid in the tube is enhanced, and this results in the enhance-
ment of heat transfer in the spirally corrugated tube.
θ =0° θ =60

θ =180 θ =240

Fig. 13. Velocity vector of the radial cross section

Fig. 14. Vortex core region for the spirally corru
3.2. Resistance characteristics of heating tube

Generally, an increase in the resistance of flow is inevitable
when the heat transfer of the heating tube is enhanced. With
respect to the superior heat transfer components, it is necessary
to strengthen the heat transfer without a serious resistance in
the flow. Although the spirally corrugated channel can promote
the mixing of fluid, the flow distance increased along the tube
length, and the pressure drop between inlet and outlet also
increased. Therefore, the resistance of flow would increase in the
spirally corrugated tube.

As shown in Fig. 15, the pressure distribution is uniform for
both the smooth and spirally corrugated tube whether it is a radial
or axial distribution. Thus, it is inferred that the response of the
pressure change to time is very fast, and the slight change of pres-
sure can be quickly spread to the overall heating tube. Fig. 16
shows that the cold end and hot end pressure curve of smooth
and spirally corrugated tube basically coincide. However, in the
flow process, a certain pressure will be consumed, and the inlet
and outlet pressure is not equal. The transient pressure drop from
the inlet to the outlet is calculated, and the results indicate that a
pressure difference exists between the smooth and spirally corru-
gated tubes. Nevertheless, its order of magnitudes is low when
compared to the overall pressure in the tube. Thus, the pressure
drop cannot be observed obviously in Figs. 15 and 16. However,
Fig. 17 shows the change of pressure drop from cold end to hot
end for smooth pipe and spirally corrugated. Fig. 18 shows the
average velocity of the cold end and hot end for a smooth pipe
and spirally corrugated pipe where the change rate of velocity cor-
responds to the acceleration. The acceleration of fluid in a smooth
° θ =120° 

θ =300

in the center of the spirally corrugated tube.

θ =0° 

θ =120° 

θ =240° 

gated tube in the spirally corrugated part.
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θ =60°

θ =120°

θ =180°

θ =240°
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Fig. 15. Pressure cloud pattern of the heating tubes (left: smooth tube; right: two-start spirally corrugated tube).

Fig. 16. Pressure change of the cold end and hot end for the heating tube.

Fig. 17. Pressure drop from the cold end to the hot end for the heating tube.

Fig. 18. Average velocity of the cold end and hot end for the heating tube.

Fig. 19. Change in Nu with phase angle of the smooth tube and the spirally
corrugated tube.
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pipe that is calculated from Fig. 18 is in accordance with the
change in the pressure drop curve as shown in Fig. 17. Thus, the
pressure difference is the driving force for the change in velocity
in the smooth pipe. However, the relationship between velocity
change and pressure drop in a spirally corrugated pipe is different
from that in a smooth pipe. This is because it is necessary for the
driving force of pressure difference to overcome the resistance of
spirally corrugated channel in addition to generating acceleration
of fluid in a spirally corrugated pipe.

3.3. Evaluation of heat transfer performance of heating tube

From the curve of Nu with the phase angle (Fig. 19), the results
indicate that the heat transfer of spirally corrugated tube is



Fig. 21. Change in transient PEC with phase angle in the spirally corrugated tube
relative to the smooth tube.

412 F. Xin et al. / International Journal of Heat and Mass Transfer 127 (2018) 402–413
significantly superior when compared to that of the smooth tube.
However, as shown in Fig. 20, the overall resistance of the spirally
corrugated tube exceeds that of the smooth tube. Specifically, a
sharp bulge exists in the phase angles of 0� (h = 360�) and 180�,
in which the fluid is in transition from the entry stage to the return
stage and the velocity is very small, thereby resulting in a high
resistance coefficient. The bulge in smooth tube is evidently higher
than that in the spirally corrugated tube. This is because the
streamline in smooth tube is flat and the velocity is close to 0 m/
s when the phase angles are h = 0� and 180�. However, with respect
to the spirally corrugated tube, there is local flow in the corrugated
channel. The velocity decreases in the transition of fluid from the
entry stage to return stage. However, it is greater than that in
smooth tube, as shown in Fig. 18. Therefore, the bulge in the spi-
rally corrugated tube is lower than that in the smooth tube in
the resistance curve when the phase angle is h = 0� and 180�. Nev-
ertheless, with respect to the actual physical process in the heating
tube, the bulge of resistance coefficient at approximately h = 0� and
h = 180� is caused by a decrease in the velocity in the transition
stage but not the pressure consumed by the flow.

Although the spirally corrugated tube exhibits a more superior
heat transfer performance, its resistance of flow is high when com-
pared to that of the smooth tube. The heat transfer enhancement is
generally evaluated by combining the heat transfer and resistance
characteristics. The performance evaluation criterion (PEC) was
commonly used to evaluate the heat transfer enhancement for
steady flow. A higher PEC represents a higher heat transfer
enhancement [40]. The PEC is defined as follows:
PEC ¼ Nu=Nu0

ðf=f 0Þ1=3
ð20Þ

In our study, the transient PEC change regular with phase angle
in the spirally corrugated tube relative to the smooth tube was
shown in Fig. 21. The curve change trend was resulted by the com-
bination effect of theNu curve (Fig. 19) and the f curve (Fig. 20) It can
be seen that the transient PEC value was greater than 1 at the most
moment of a cycle, which indicates the favorable heat transfer
enhancement of spirally corrugated tube to some extent. However,
the transient PEC was inconvenient to quantitatively evaluate the
heat transfer enhancement performance of the enhanced tube
because the transient PEC values were different at different phase
angles. In this study, two methods were used to calculate the PEC
value in a cycle with the intent to comprehensively evaluate the
heat transfer enhancement of oscillatory flow: (i) the average of
transient PEC in a cycle, and (ii) the PEC that was calculated by the
average parameters (e.g., average velocity, average temperature)
in a cycle. In our study, the PEC calculated by method (i) was 1.69
Fig. 20. Change in fwith phase angle of the smooth tube and the spirally corrugated
tube.
while that calculated by method (ii) was 1.38. The second calcula-
tion method can weaken the error caused by the change of flow
direction for fluid.

In the actual application condition, the pressure change in heat-
ing tube is at the MPa level. An additional hundreds K of tempera-
ture was obtained for the outlet temperature of heating tube, at the
expense of only hundreds Pa of pressure. A study by Jing et al. [41]
showed that the maximum temperature difference between the
cold end and hot end in the regenerator of Stirling engine is 352
K and the average temperature difference is 330 K. However, the
benefits of temperature increase are due to the significant
drop in pressure, where the maximum pressure drop is about
60000 Pa and the average pressure drop is 35517 Pa, as shown in
Figs. 22 and 23. When compared with the smooth tube, the pres-
sure change in the spirally corrugated tube consumed an
Fig. 22. Temperature of cold end and hot end in a regenerator [41].

Fig. 23. Absolute value of pressure drop from cold end to hot end in regenerator
[41].
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additional average pressure drop of 430 Pa (Fig. 17) while the out-
let temperature increased by 160 K (Fig. 10). Thus, the benefits for
the heat transfer enhancement are evident by using a spirally cor-
rugated tube in heater.

4. Conclusions

In this study, the flow characteristics of oscillatory flow and
heat transfer enhancement by spirally corrugated tubes were
numerically examined. In a two-start spirally corrugated tube,
the fluid flows in spiral forward and longitudinal swirl vortexes
are generated with the guidance of a spirally corrugated channel.
Thus, the mixture of fluid in the entire flow area increased and
the heat transfer performance is enhanced. Increased heat absorp-
tion is obtained in the spirally corrugated tube when compared to
that in the smooth tube for the main part of a cycle. The difference
of average heat absorption is 561 W and the average of Q/Q0 is
1.36. The outlet temperature of smooth and spirally corrugated
tube increases by 205 K and 365 K, respectively, at the same inlet
and wall temperatures corresponding to 575 K and 1000 K. The
average value of transient PEC in a cycle is 1.69, and the PEC calcu-
lated by average parameters in a cycle is 1.38. Although the excess
pressure (several hundreds of Pa) in the spirally corrugated tube is
consumed when compared to that in smooth tube, it is negligible
when compared with the pressure change in MPa level in the heat-
ing tube. However, a significant increase in the temperature at the
tube outlet is obtained by the additional cost of negligible pressure
drop. Thus, heat transfer enhancement is feasible by using spirally
corrugated tubes in a heater under an oscillatory flow.
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