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A B S T R A C T

The heat transfer and pressure drop under oscillatory condition in helical rectangular channel heat exchangers
are numerically investigated by using uniform design method. The correlations of three models with different
ratios of height to width are obtained. The results show that the channel with the largest ratio of length to width
has a larger heat transfer rate and a lower friction factor. Then, the field synergy principle is used to analyze heat
transfer enhancement of helical rectangular channel heat exchanger. Besides, the Performance Evaluation
Criteria (PEC) method has been used to compare the thermal-hydraulic performances of helical rectangular
channel heat exchanger with helically coiled tube heat exchanger. The results show that the helical rectangular
channel heat exchanger has a better performance operating at high frequency and high velocity. So it is more
suitable for the Stirling type machines. Finally, a helical rectangular channel heat exchanger was experimentally
used in our thermal-compressor system to verify the present numerical result.

1. Introduction

Helically coiled tube heat exchanger is widely used in many fields
due to its heat transfer enhancement compared to the straight tube.
Dean [1] firstly studied the heat transfer in helically coiled tube and
found its function of heat transfer enhancement in 1927. After that, a
large number of studies on helically coiled tubes have been reported.
The recent review of flow and heat transfer characteristics in helically
coiled tubes was presented by Naphon et al. [2]. Fsadni et al. [3,4]
presented a review on the two-phase heat transfer and pressure drop in
helically coiled tube heat exchangers. Huminic et al. [5] presented a
review on the heat transfer and fluid flow characteristics in helically
coiled tubes using conventional fluids and nanofluids as working fluids.
For the simulations on helically coiled tubes, Bolinder et al. [6] studied
helical square ducts by using a finite-volume method. Jayakumar et al.
[7,8] also studied the helically coiled tube and presented its local
Nusselt number. Recently, Tang et al. [9] presented a numerical study
of flow characteristics in a helically coiled pipe. However, the coiled
tubes with other type of cross-section in oscillating flow have not been
studied.

As one of the main application areas, helically coiled tube heat
exchanger is widely used in cryogenic engineering, such as J-T re-
frigerators and other cryocoolers [10–16]. The J-T refrigerator

normally works at the steady flow condition. Zhou et al. [10] numeri-
cally studied and optimized tube-in-tube helically coiled heat ex-
changers using for JT refrigerators. And the optimal design parameters
of the heat exchanger were obtained at temperature of 300 K–200 K.
Ardhapurkar et al. [11] experimentally studied the helically coiled tube
heat exchanger for the multi-component mixtures at cryogenic tem-
peratures. Dizaji et al. [12] reported a comprehensive second law
analysis for tube-in-tube helically coiled heat exchangers. For other
cryocoolers, they normally work at the oscillatory flow condition. For
the high frequency cryocoolers, Stirling pulse tube cryocooler always
uses helical tube as its phase shifter. Zhi et al. [13] used a cold helically
coiled tube as the inertance tube to obtain the temperature below 5 K in
a three stages pulse tube cryocooler. Liu et al. [14] also used a cold
helically coiled tube as the inertance tube to obtain a temperature 10 K
in a single stage cryocooler. For the low frequency cryocooler, Pan et al.
[15,16] used a helically coiled tube as the 77 K heat exchanger of VM
cryocooler. Even this type heat exchanger has an important application
at the oscillatory flow condition, the related researches are few.

Only a few researches have studied the mechanism of heat transfer
in oscillating flow [17–22]. Simon et al. [17] presented the coefficients
of pressure drop and heat transfer for oscillating flow in Stirling engine
heat exchangers. Guo et al. [18] experimentally studied the transient
convective heat transfer in a helical tube for single and two phase flow
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and proposed a series of correlations at the oscillatory flow condition.
Bouvier et al. [19] described an experiment to study the oscillating flow
inside a cylindrical tube. The results showed the difficulty of defining a
dimensionless heat flux density to model local heat transfer in the os-
cillating flow. The exergy losses of oscillating pipe were investigated by
Gül et al. [20]. Kuosa et al. [21] also studied the tubular heaters and
coolers in Stirling engines. Recently, Tang et al. [22] experimentally
investigated a finned heat exchanger operating in laminar oscillating
flow, and a new correlation of the Nusselt number to the maximum
Reynolds number and the Valensi number was proposed.

In our previous works [23], the heat transfer and pressure drop for
oscillating flow in helically coiled tube heat-exchanger were numeri-
cally investigated. In order to explore a higher performance heat ex-
changer, this article studies the helical rectangular channel heat ex-
changer at the oscillatory flow condition by using CFD method. The
field synergy principle method and Performance Evaluation Criteria
(PEC) were used to analysis and compare the performance of different
coiled tubes. The field synergy principle is presented by Guo et al. [24],
which has been used to analyze the heat transfer enhancement of many
heat exchangers [23,25,26]. It indicated that the heat transfer rate
depends not only on the flow and temperature fields but also on their
synergy. PEC is presented by Webb [27] to assess the performance
advantages offered by enhanced heat transfer surfaces. Beigzadeh et al.
[28] has used this method to study the performance of helically coiled
tube.

Firstly, three different helical rectangular channel heat exchangers
(with different ratios of height to width) at the oscillatory flow condi-
tion are simulated. The correlations of Nusselt number and friction
factor for each model are obtained and validated. Then the flow char-
acteristic and the mechanism of heat transfer enhancement for the os-
cillating flow in helical rectangular channel are analyzed. At last, the
overall themal-hydraulic performances of each model are compared.
The results show that the helical rectangular channel heat exchanger
has a better performance working at high frequency.

2. Physical model

Fig. 1 shows the schematic diagram of the geometry for the helical
rectangular channel heat exchanger. In the Stirling engine or re-
frigerator, the void volume of heat exchanger has a great influence on
its performance [15,16]. For comparing the heat transfer and pressure
drop of different heat exchangers with the same void volume, the cross-
sectional areas of each simulation model are set at a constant value.
There are three simulation models being studied in this work. Three
models have a different aspect ratio b/a. The cross-sectional area of
each simulation model is equal to the area of helically coiled tube (with

diameter of 3mm). The detailed summary of the geometric data are
shown in Table 1, where H is the coil pitch, DC is the diameter of coil, L
is the length of tube, a and b are the length and width of cross-section,
Dh is the hydraulic diameter, which can be calculated by:
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The Dean number for the helical rectangular channel can be cal-
culated by:
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For the oscillating flow, where the Remax is the Reynolds number
defined as:
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The other dimensionless parameters characterized the flow in he-
lical rectangular channel heat exchanger can refer to our previous work
[23]. Finally, the time-averaged Nu number and friction factor can be
expressed in the following form [23]:

=N u aVa De( /10) Prosc
b c 0.3 (4)

Nomenclature

a length of cross-section (mm)
b width of cross-section (mm)
Dh hydraulic diameter (mm)
L length of channel (mm)
De Dean number
f friction factor,frequency
H coil pitch (mm)
Nu Nusselt number
Pr Prandtl number
r pipe radius (mm)
Rc pitch circle radius (mm)
Re Reynolds number
t cycle time (s)
V velocity (ms−1)
Va Valensi number

Greek symbols

β transition critical dimensionless value

Subscripts

A amplitude
cri critical
in inlet
max maximum
osc oscillatory flow

Superscripts

– average

Fig. 1. The schematic of helical rectangular channel heat exchanger in present simula-
tion. (The helically coiled tube was used for comparison).
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