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In this paper, the finite volume method was used to numerically study the heat 
transfer and flow of double-pipe heat exchangers (DPHE) under static and ocean 
motion conditions. The ocean motion is simplified as a harmonic oscillation with 
the center of the DPHE as the axis of rotation. In addition the flow direction and 
the inlet Reynolds number, the effects of amplitude and period ontal heat transfer 
coefficient, pump power and thermal performance factor were also analyzed quan-
titatively. The results showed that as the heat exchanger oscillates, the total heat 
transfer coefficient, and pump power exhibit a periodic change and the period is 
half of the oscillating period of the heat exchanger. The total heat transfer coeffi-
cients for all oscillating DPHE are higher compared to static conditions, reach-
ing a maximum improvement of 9.84% at low Reynolds numbers. The total heat 
transfer coefficient and pump power of DPHE under oscillation are significantly 
regular, positively correlated with amplitude and negatively correlated with peri-
od. When the amplitude exceeds 0.5 rad/s, the oscillatory condition has thermal 
performance improvement for the oscillating DPHE with the inner tube with low 
Reynolds number and the outer tube with high Reynolds number. In the optimum 
condition, the thermal performance of the inner and outer tubes is improved by 
5.01% and 1.48%, respectively. The thermal performance coefficient of DPHE 
hardly changed when the period exceeded 5 seconds. The results herein provide 
a theoretical basis for predicting the development of offshore double-pipe heat 
exchange equipment. 
Key words: DPHE, period oscillation motion,  

heat transfer enhancement, thermal performance

Introduction

Double-pipe heat exchangers are coaxial DPHE composed of two different sizes of 
standard tubes [1]. Due to the reliable performance, they are widely used in various fields, 
including on ocean ships and offshore floating platforms. Due to the action of waves and sea 
breezes, offshore equipment will produce unstable motion which is complex and can be roughly 
divided into three axes X, Y, and Z, as shown in fig. 1 [2, 3]. This means that the equipment on 
board (including the DPHE) work under an oscillation state, so it is necessary to consider the 
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influence of ocean motions on the heat transfer 
performance of DPHE. However, the current 
researches on DPHE and its heat transfer under 
ocean motions are segregated.

On one hand, researches on DPHE con-
sidered onshore stationary applications and 
they focused on changing the pipe geometry of 
DPHE [4, 5], adding fins [6] and coiled wire [7] 
in the pipe, using nanofluids [8, 9], and metal-
lic foams [10] and other aspects to improve the 
heat exchange thermal performance.

On the other hand, the researches on 
flow and heat transfer under ocean condi-
tions focused on the flow and convective heat 

transfer in a single tube, rather than the overall thermohydraulic performance of a heat 
exchanger. These researches can be divided into experimental and simulation studies.

Pendyala et al. [11] conducted an experimental study on the flow and pressure drop 
in the low frequency (range of 0.1-1 Hz) oscillation vertical tube. When the Reynolds number 
was in the range of 500-6500, the fluctuation of the flow velocity in the tube mainly depends 
on the Reynolds number, and the correlation between the Reynolds number and the average 
flow velocity and pressure drop is established. Tian et al. [12] studied the single-phase natu-
ral circulation heat transfer in narrow, vertical, and rectangular channels under rolling motion 
conditions, and compared it with that under static conditions. The results showed that the nat-
ural circulation flow changed periodically under rolling conditions, and the heat transfer was 
enhanced, and the instantaneous Nusselt number under rolling motion conditions predicted by 
static thermal hydraulic parameters was established. Wang et al. [13] studied the single-phase 
forced circulation heat transfer of a circular tube under rolling motion and found that the larg-
er the average circulating flow rate and rolling period, the smaller the pulsation amplitude of 
Reynolds and Nusselt numbers. Chong et al. [14] used the Sieder-Tate correlation in the lami-
nar flow region and the Gnielinski correlation in the turbulent flow region predict the time-av-
eraged Nusselt number under rolling conditions, and developed a new correlation predict the 
instantaneous heat transfer characteristics of the fluid under rolling motion conditions. The 
correlations under rolling motion established according to the aforementioned experimental 
research provides a valuable basis for numerical simulation.

Compared to experimental research, numerical simulation may involve lower costs 
and higher accuracy. Bagherzadeh and Javadi [15] conducted a 2-D study of the flow field 
around a circular cylinder with swing thin plates. Rahman and Tafti [16] conducted a numerical 
simulation analysis on the heat transfer enhancement characteristics of an oscillating flat plate-
fin in the flow field. Yang and Chen [17] performed numerical simulations on the turbulence 
and heat transfer characteristics of a heating block in the oscillating cylinder channel, and used 
the Arbitrary Lagrangian-Eulerian method to analyze the time-dependent moving boundary 
problem of the flow field. Through the visualization of flow field, the vortex structure and Nus-
selt number distribution caused by fluid oscillation in the heat exchanger at different times were 
displayed. It was found that eddy current played a key role in enhancing heat transfer. Rui and 
Tao [18] numerically studied the heat transfer and flow of fluid with constant wall temperature 
in a tube under periodic cosine oscillation.

Figure 1. The sketch of the three axis  
of ocean motion [2, 3]



Zhu, Z., et al.: Numerical Investigation of the Thermohydraulic Performance ... 
THERMAL SCIENCE: Year 2023, Vol. 27, No. 6B, pp. 4919-4933 4921

According to the aforementioned researches, ocean motion can improve the heat 
transfer effect in the tube. It is speculated that the thermohydraulic performance of DPHE 
should be improved under ocean motion, but usually only the enhanced heat transfer in the 
heat exchange tube is studied, and there is no related study to study the overall performance 
of DPHE. Therefore, the total thermohydraulic performance of double-pipe heat exchangers 
under ocean motions which was simplified to a periodic cosine oscillation was numerically 
studied in this paper. In order to eliminate the influence of flow state on flow and heat transfer 
performance, the cold and hot fluids in the DPHE were limited to vigorous turbulent flow state.

Model

Physical model

Hashemian et al. [4, 19] studied the flow and heat transfer of the improved geometry 
of the DPHE in the static state only. In this paper, their geometric model of DPHE is used to 
study the fluid-flow and heat transfer characteristics under oscillating motion. The specific 
parameters are shown in tab. 1, and the schematic diagram of the geometric model is shown in 
fig. 2. The boundary conditions for this model use velocity inlet, pressure outlet. The turbulence 
intensity I = 5%, hydraulic diameter of inner pipe and outer pipe D = 30 mm. All walls of the 
heat exchanger are non-slip wall conditions. The working fluid is water-liquid and the tube 
material is steel with thermal conductivity of 16.3 W/mK.

Figure 2. Geometric structure and flow direction of the model

Table 1. The geometry of the tube
Name of parameter Symbol Value

The length of the tube L 500 mm
The diameter of the inner tube Da 30 mm
The diameter of the outer tube Db 62 mm
The thickness of the inner tube δ 1 mm

Table 2. Physical parameters of fluid
Parameters Unit Hot fluid Cold fluid

Temperature, t [K] 325.15 298.15
Density, ρ [kgm–3] 987.1 997.0
Special heat capacity, cp [Jkg–1K–1] 4175 4178.5
Thermal conductivity, λ [Wm–1K–1] 0.6502 0.6085
Dynamic viscosity, μ [Pa·s] 5.33 ⋅ 10–4 9.03 ⋅ 10–4
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In order to facilitate calculation, research and analysis of the model, the following 
rationalization assumptions are made:
 – It is assumed that during the oscillating process, fluids are considered continuous and in-

compressible, the fluid temperature at the inlet of the tubes is constant and the physical 
properties are independent of temperature. The specific physical parameters are shown in 
tab. 2.

 – During the transient simulation, the hot and cold fluids remain in an unsteady-state.
 – In terms of ship design, due to the long and narrow design of ships and floating platforms, 

rolling, pitching, and yawing motions are more common. Considering the aforementioned 
three common oscillatory motions, the single-DoF ocean oscillatory motion is simplified to 
the cosine law [20].

 – In order to characterize the oscillation center of the DPHE, the rotation axis in the DPHE is 
assumed to be the same as the rotation axis of the ship’s motion [21].

 – The wall is assumed to be smooth without heat loss, ignoring the effect of buoyancy and 
gravity is considered on the Z-axis.

Governing equations and turbulence model

The CFD code was used for numerical simulation. According to the previous assump-
tions, the flow and heat transfer primarily follow the continuity equation, energy equation and 
momentum equation [22, 23]. The equations are:
 – Continuity equation
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 – Energy equation:
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where V is velocity, u, v, w are the directions of co-ordinates, p and ρ – the pressure and density, 
µ – the dynamic viscosity, τ – the time, F – the body force and composed of gravity, g, Coriolis 
force and centripetal force, F1 =ω2ls ( ls is distance between fluid micelle and oscillation center). 
Therefore, Fu = F1u + 2ρω × V, Fv = F1v, Fw = F1w + g, and F1u, F1v, and F1w are the components 
of the centripetal force on the co-ordinate axis.

In order to ensure the accuracy of turbulence model, the heat transfer coefficient, 
Nusselt number, and friction coefficient, f, of the solution results of different models (standard 
k-ε, realizable k-ε, standard k-ω, SST k-ω and Reynolds stress) are compared with Gnielinski 
equation and Petukhov correlation [24]. The Reh is constant at 16668, and the Rec are between 
9936-36433.
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The comparison results are shown in fig. 3. Compared with other turbulence models, 
the standard k-ε model has the smallest error. The maximum error of Nusselt number between 
the simulation result and Gnielinski equation is 5.4%, while the maximum error of f between 
the simulation result and Petukhov correlation is 4.1%. Therefore, the turbulence model adopts 
the standard k-ε equation (scalable wall function).

Figure 3. Deviation of the results of each turbulence model with empirical correlation

Independence test

The discretization process of the com-
putational region has a significant influence 
on the simulation results. In this work, struc-
tured hexahedral mesh is generated. Since the 
change of flow field near the wall needs to be 
considered, this part of the grid is refined, as 
shown in fig. 4. The maximum size of the cell 
is 5 ⋅ 10–4 m, the number of layers is 5, and 
the growth rate is 1.2. The grids skewness is 
mainly distributed in the range of 0.02-0.48, 
the maximum skewness is 0.72 and the thick-
ness of the first layer of the grid immediately 
above the wall is all less than Y +. Five different 
numbers of meshes are generated for mesh independence test. When the grid number exceeds 
7.7 ⋅ 105, Nusselt number and f increase by just 0.7% and 0.03%, respectively, with the increase 
in the number of grids, which implies the sufficient mesh number to simultaneously reduce the 
cost of calculation. 

Additionally, the numerical simulation’s results are significantly influenced by the time 
step option. At present, Courant number [25, 26] is commonly used to express the relationship 
between grid size and transient calculation time step. The specific expression is shown in eq. (6). 
In order to ensure the accuracy of numerical simulation results, the Courant number should be less 
than 1. Although the smaller time step has a high degree of consistency with the actual value, it 
will increase the high computational cost at the same time. Considering the calculation time and 
accuracy, the courant number is set to 0.5 and time step is set to 0.005 second, respectively:

vCo
x
τ∆

=
∆

(4)

Figure 4. The grid structure of DPHE
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Numerical method

Parameter definition

For the flow and heat transfer of single DPHE, the total heat transfer coefficient, K, 
and pump power, P), are important characterization factors. The parameters involved in this 
study are calculated as follows.

The Reynolds number is calculated:
eRe

VDρ
µ

= (5)

where ρ is the density, µ – the dynamic viscosity, and V – the inlet velocity. The total heat trans-
fer coefficient K:

QK
S LMTD

=
⋅

(6)

where S is the total heat transfer area of the tube wall and cold water and LMTD – the logarith-
mic average temperature difference, calculated from eq. (9):
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for counter-flow
1 h,in c,out 2 ,out c,in( ), ( )ht t t t t t∆ = − ∆ = − (8)

where tc,in and tc,out are the average temperature of the cold water inlet and outlet surface, re-
spectively. Parameters th,in and th,out are the average temperature of the hot water inlet and outlet 
surface, respectively. 

Heat transfer quantity, Q is defined:
h c

2
Q Q

Q
+

= (9)

where overall heat transfer quantities of the hot water in the inner pipe and the cold water in 
the outer pipe are:

h ,h ,h h,in h,out c ,c ,c c,out c,in( ), ( )p m p mQ c q t t Q c q t t= − = − (10)
Pump power, P is defined as:

c,in c,out ,c h,in h,out ,h( ) ( )v vP p p q p p q= − + − (11)
where pc,in and pc,out are the average pressure of the cold water inlet and outlet surface, respectively. 
The ph,in and ph,out are the average pressure of the hot water inlet and outlet surface, respectively.

The average K and P per period, K ¯ and P̄ is calculated:
2 2
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τ τ

τ τ τ τ
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Nusselt number is by definition:
eNu

hD
λ

= (13)

where convective heat transfer coefficients of the hot water in the inner pipe and the cold water 
in the outer pipe are:
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Friction factor, f is calculated:
in out

2
2 ( )d p p
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L Vρ

−
= (15)

where pin and pout are the average pressure of the corresponding water inlet and outlet surface, 
respectively.

The simulation schemes

In order to save on computing resources, the static DPHE is initially calculated. After 
the convergence of the calculation, the heat transfer and flow in the DPHE are now stable. By 
then writing a user-defined function based on C language, the periodic cosine function is im-
ported into the software to make the stationary DPHE in a periodic cosine oscillation state. The 
cosine function of the angular velocity of oscillating motion can be expressed:

2cosA
T
τω π =  

 
(16)

where A and T are oscillating amplitude and period, respectively. 
Transient solution is used to study the flow and heat transfer of the periodically os-

cillating DPHE. In this study, the second order FVM is used to solve the governing equations. 
Under the same calculation accuracy, the SIMPLE algorithm based on pressure and velocity 
coupling is used to minimize the calculation convergence time, and the interpolation scheme 
of the pressure equation is of second order [27]. The first-order upwind scheme is used to 
discretize the turbulent kinetic energy and turbulent dissipation rate, the second-order upwind 
discretization scheme is used for the momentum equation, and the first-order implicit method is 
used to discretize the transient formulation. Only the convergence standard of the energy term 
is set to 10–7, whilst the other convergence standards are set to10–6.

Model validation

In order to check the accuracy of the numerical simulation results, the transient Nusselt 
number and f of the simulation results are compared with the results of [18]. The comparison results 
are shown in fig. 5. Compared with [18], the simulation results show that the maximum errors of 
average Nusselt number and f are within 10%, demonstrating that the simulation results are reliable.

Figure 5. Deviation of present study with [18]
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Results and discussions

Transient characteristics of K and P

In the simulation process, the steady-state heat transfer of static DPHE was simulated 
initially, and when τ = 0 seconds, the DPHE begins oscillating in the form of the periodic cosine 
function. Figure 6 shows the changes of K and P with flow time at various DPHE oscillating 
periods in the performance of counter-flow (Rec = 23184, Reh = 16668, A = 0.5 rad/s):
 – As can be seen, the heat transfer and flow in the DPHE experienced an unstable process at 

the beginning of periodic motion and then developed into a periodic process. The red line 
indicated the time required for transient K and P to develop into a periodic motion. When 
T = 5 seconds, 10 seconds, 15 seconds, and 20 seconds, transient K shown periodic char-
acteristics after 2.5 seconds, 2.6 seconds, 2.6 seconds, and 2.6 seconds, respectively, and 
P illustrated periodic characteristics after 1.9 seconds, 1.9 seconds, 2.5 seconds, and 2.5 
seconds, respectively. With the increase in T, whether K or P, the time required to develop 
to the periodic change state also increased.

 –  Furthermore, for any T, P required a shorter time than K to reach the periodic motion state, 
which could be attributed to faster momentum transfers than heat. 

 – With the periodic oscillation of DPHE, K and P also presented a periodic motion state, and 
their periods were half of that of DPHE (as shown by the blue line). 

 – As the DPHE oscillation period increases, Kmax and Pmax increases, whilst Kmin and Pmin de-
creases. After T reaches 10 seconds, the values of Kmax, Kmin, Pmax, and Pmin tend to be con-
stant. When T increased from 5-20 seconds, Kmax increases from 1286.0-1289.4 W/m2K 
and the corresponding Kmin decreases from 1246.1-1233.0 W/m2K. Likewise, Pmax increases 
from 0.1902-0.1908 W and Pmin decreases from 0.1873-0.1859 W.

In general, Kmax varies little by T, while Kmin varies more. Furthermore, the  
ΔK (ΔK = Kmax – Kmin) and ΔP (ΔP = Pmax – Pmin) were positively correlated with T when T is in 
the range of 5~20 seconds.

The effect of amplitudes on K and P of DPHE

The total heat transfer coefficient K is an important indicator to evaluate the heat 
transfer capacity of the heat exchanger. The K̄ of a periodically oscillating DPHE is compared 
with the stationary condition. Figure 7 shows the effect of amplitudes on K̄ at nine different 
Reynold number (counter-flow) when the oscillation T = 10 seconds. Noticeably, for the same 
Reh, the K̄ under oscillating motion was higher than that of the static tube. When A = 1 rad/s, the 
K̄ is highest. With the increase of A from 0 to 1 rad/s, K̄ increased by 9.84 %, 7.67%, 7.47%, 
7.38%, and 7.38% for varying Rec. However, when A = 0.25 rad/s, not all variations of K̄ are 
positive. When Rec = 36433, the maximum decrease in K̄ of DPHE is –0.89%. For the same Rec 
with different Reh, the enhancement effect of K̄ is diminished. With the increase of A from 0-1 
rad/s, K̄ increased by 7.47%, 3.55%, 2.46%, 2.15%, and 2.32% for varying Reh. The aforemen-
tioned difference is that when A = 0.25 rad/s, the low Reh number brings about a weakening of 
heat transfer.

The oscillating motion with amplitude above 0.5 rad/s was found to destroy the bound-
ary-layer of the fluid near the tube wall in section 4.1 and 4.2, enhancing radial heat transfer, 
and thus the heat transfer was enhanced. When the amplitude is equal to 0.25 rad/s, the effect of 
oscillatory motion on heat transfer is small and unstable. The improvement in heat transfer to the 
DPHE caused by periodic oscillation gradually declines as Reynold rises. The improvement of 
heat transfer is decreasing as the Reynold number increases. This indicates that the fluid-flow with 
high Reynold number is more difficult to receive perturbations from oscillatory motions.
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Figure 6. The changers of K and P with flow time at various DPHE oscillating periods;  
(a) total heat transfer coefficient when T = 5 seconds, (b) pump power when T = 5 seconds,  
(c) total heat transfer coefficient when T = 10 seconds, (d) pump power when T = 10 seconds,  
(e) total heat transfer coefficient when T = 15 seconds, (f) pump power when T = 15 seconds,  
(g) total heat transfer coefficient when T = 20 seconds, and (h) pump power when T = 20 seconds
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Figure 7. The effect of amplitudes on K̄; (a) average total heat transfer coefficient  
when Reh = 16668 and (b) average total heat transfer coefficient when Rec = 23184

Figure 8. The effect of amplitudes on P̄; (a) average pump power when Reh = 16668 and  
(b) average pump power when Rec = 23184

Figure 8 shows the effect of amplitudes on P̄ at ten different Reynolds number when 
the oscillation period T = 10 seconds. The P̄ of the DPHE under periodic oscillation is higher 
than that of the static DPHE, which indicates that the oscillation brought a higher pump power 
to the heat exchanger. The P̄ increases with the increase of A. As the amplitude increased from 
0-1 rad/s, the P̄ is enhanced by 28.33%, 12.13%, 6.52%, 3.89%, and 2.56 for various Rec and 
the P̄ is enhanced by 6.52%, 6.46%, 5.65%, 4.97%, and 4.15% for various Reh. This implied 
that when Reynolds number was large enough, the effect of additional inertial force on the ve-
locity boundary-layer was relatively reduced. The oscillating motion of heat exchanger would 
change the additional force on the fluid in the tube, and these forces affected the magnitude of 
friction pressure drop. When Re was low, the oscillation made the fluid in the tube subject to a 
large additional force and created a large pressure drop and pump power.

The effect of periods on K and P of DPHE

Further to the amplitude, the oscillation period is also a factor that can influence the 
performance of DPHE. Figure 9 shows the relationship between K̄ and various period at ten 
different Reynold number (A = 0.5 rad/s, counter-flow) while fig. 10 shows the relationship 
between P̄ and T. The T = 0 means that the DPHE is in a static state. For each Reynold number, 
the K̄ was the highest at T = 5 seconds. When T = 5 seconds, compared to the K̄ of the static 
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DPHE, the K̄ of the oscillating DPHE increased by 4.53%, 2.44%, 1.78%, 1.47% and 1.27% 
for various Rec. The K̄ of the oscillating DPHE increased by 1.78%, 0.54%, 0.70%, 1.10% and 
1.28% for various Reh. Similarly, the P̄ was the highest at T = 5 seconds. Compared to the P 
of the static DPHE, the P̄ of the oscillating DPHE increased by 9.74%, 3.55%, 1.66%, 0.97% 
and 0.65 % for various Rec. The P̄ increased by 1.66%, 1.62%, 1.47%, 1.27%, and 1.06% for 
various Reh compared to the stable DPHE.

Figure 9 illustrates that changing the oscillation period has little effect on the K̄ of 
the DPHE. The effect of the oscillation period on the K̄ of the DPHE becomes smaller as the 
Reynolds number increases. Figure 10 demonstrates that the effect of the oscillation period on 
P̄ of DPHE becomes smaller as the Reynolds number increases. The P̄ increases as T becomes 
shorter. Whilst the highest P̄ of the outer tube appears at T = 5 seconds.

Figure 9. Variation of K̄ with various T; (a) average total heat transfer coefficient  
when Reh = 16668 and (b) average total heat transfer coefficient when Rec = 23184

Figure 10. Variation of P̄ with various T; (a) average pump power when Reh = 16668 and  
(b) average pump power when Rec = 23184

Thermal performance of the inner and outer side

Heat transfer and pressure drop are important parameters in heat exchanger design. It is 
desirable to obtain a lower pressure drop at the highest heat transfer rate. To quantify the enhanced 
heat transfer indicator of the inner and outer tubes of DPHE, the equation can be used [4]:

( )
o s

1/3
o s

(Nu / Nu )
/f f

η = (17)
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Figure 11 shows the relationship between heat transfer performance η and various 
amplitudes under ten different Reynolds number when the T = 10 seconds. Figure 12 shows the 
variation of η with varying periods when A = 0.5 rad/s. The effect of oscillatory motion on the 
heat transfer performance of DPHE inner and outer tubes differs.

When T = 10 s, for A ≤ 0.5 rad/s, the thermal performance of the outer tubes all ob-
tain a small improvement. When A ≥ 0.5 rad/s, the η of the outer tubes with low Rec (Rec = 
9936, Rec = 16561) decreases with the increase of A, which indicated that the enhancement 
effect of heat exchanger obtained by increasing amplitude was less than the pressure drop 
loss, resulting in the deterioration of thermal performance. The lowest η is taken to be 0.974 
at A = 1 rad/s, Rec = 9936. The f of outer tube with high Reynolds number (Rec = 23184,  
Rec = 29810, Rec = 36433) is less affected by A and its efficiency remains essentially invariant. 
The thermal performance of the inner tube is the opposite of the outer tube. When A ≥ 0.5 rad/s, 
the η of the inner tubes with low Reynolds number (Rec = 16668, Rec = 27779) increases with 
the increase of A. The highest η is taken to be 1.0502 at A = 1 rad/s, Rec = 16668. The η of the 
inner tubes with high Reynolds number (Rec = 38891, Rec = 50003, Rec = 61115) decreases with 
the increase of A. The lowest η is taken to be 0.978 at A = 1 rad/s, Rec = 38891.

Figure 11. Variation of η with various A; (a) thermal performance when  
Re h= 16668 and (b) thermal performance when Rec = 23184

Figure 12. Variation of η with various T; (a) thermal performance when  
Reh = 16668 and (b) thermal performance when Rec = 23184

Compared with the η of the static DPHE, when A = 0.5 rad/s and T = 5 seconds, the 
η of the outer tubes increase by 0.43%, 0.69%, 0.76%, 0.80%, and 0.80%. Differently, the η 
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of the inner tube reaches the maximum value of the oscillatory state when A = 0.5 rad/s and  
T = 5 seconds, varying by 1.48%, –0.71%, –1.15%, –1.20%, and –1.18%, respectively, and then 
remained almost unchanged with the increase of T. It is shown from the fig. 2 that the thermal 
performance of the DPHE could not be changed by continuously increasing the period under 
this condition. It indicates that the period variation of the oscillatory motion has little effect on 
the thermal performance. The thermal performance of the heat exchanger can be optimized by 
appropriately reducing the inlet Reynolds number of the inner tube.

Conclusions

In this paper, a DPHE in a static state and periodic cosine oscillation state are numerically 
studied. The effects of amplitude (A = 0.25 rad/s, 0.5 rad/s, 0.75 rad/s, and 1.0 rad/s) and period  
(T = 5 seconds, 10 seconds, 15 seconds, and 20 seconds) are investigated when the Reh in the 
inner tube is constant at 16668 and the outer tube is varied at 9936, 16561, 23184, 29180, and 
36433. Furthermore, analysis is performed when the Rec in the outer tube is constant at 23184 
and the inner tube is varied at 16668, 27779, 38891, 50003, and 61115. The main conclusions 
are as follows.

 y The periodic oscillation motion enhances the fluid turbulence in the casing heat exchanger, 
thins the boundary-layer, enhances the heat transfer effect, but also creates a high pump 
power.

 y In the periodic motion state, the heat transfer and pressure drop of the heat exchanger also 
have periodic laws, and the period is half that of the periodic motion of the heat exchanger. 
The changes of heat transfer and pressure drop are not synchronous with the periodic oscil-
lation.

 y For low Reynolds number, the heat transfer enhancement by oscillatory motion is more 
pronounced. The total heat transfer coefficient of DPHE is improved by up to 9.84%. While 
for high Reynolds number, the total heat transfer coefficient of DPHE increased by only  
2.32%. The pump power of DPHE under oscillation is positively related to its Reynolds 
number and amplitude and negatively related to its period.

 y When the amplitude exceeds 0.5 rad/s, the oscillation condition has thermal performance 
enhancement for the inner tube with low Reynolds number and the outer tube with high 
Reynolds number. The change of oscillation period has little effect on the thermal perfor-
mance. In general, the thermal performance of the inner and outer tubes is better when the 
period is smaller.
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Nomenclature
A – amplitude, [rads–1]
cp – specific heat capacity of fluid, [Jkg–1K–1]
D – equivalent diameter of outer pipe, [mm]
f – fraction factor
h – heat transfer coefficient, [Wm–2K–1]
K – total heat transfer coefficient, [Wm–2K–1]

K̄ – average total heat transfer  
coefficient, [Wm–2K–1]

L – length of the tube, [mm]
Nu – Nusselt number (=hDe/λ)
p – pressure, [Pa]
P – pump power, [W]
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