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Abstract

Thermoacoustic (TA) devices convert heat into mechanical work or provide cooling via acous-
tic field. Heat exchangers (HXs), which transfer energy to and from the internal components,
must be optimally designed to ensure device performance. Although numerous studies on
TA HXSs have been conducted over the past few decades, the information remains scattered
and poorly organized, making it difficult to assess progress. Moreover, there is no consensus
on design rules, the choice of working fluid, or key heat transfer parameters. Therefore, the
purpose of this review is to provide a structured overview of past developments, identify
key gaps that require attention, and provide future guidelines. This review presents the
development of TA HXs over the last 25 years, focusing on oscillating flow heat transfer
correlations, parametric studies, and design considerations for efficient engines and refriger-
ators. The analysis highlights that considerable improvements have been made in the design
and analysis of TA HXs, their heat transfer characteristics, and fabrication methodologies.
However, many existing design methodologies are borrowed from steady flow applications,
and optimizing individual parameters in isolation is often inadequate. Additionally, no com-
prehensive method exists to evaluate the effectiveness of TA HXs. To address these, the
study recommends simultaneous consideration of HX length, porosity, fin spacing, separa-
tion gap, and HX effectiveness, which is not frequently tested in the literature. Finally, a
similitude study is conducted to reduce the number of design parameters, simplify physical

analysis, and propose a new correlation of Nusselt number for oscillating flow heat transfer.
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Symbols

Description

Cross-sectional area

Speed of sound

Specific heat of water

Fin spacing

Hydraulic diameter

Frequency

Fin length

Fin thickness

Fin width

Separation gap

Convective heat transfer coefficient

Length

Mass flow rate of water

Mass flow rate of the gas that oscillates between the HXs
Nusselt number

Perimeter

Prandtl number

Heat rate pumped from the cold side of the regenerator
Heat rate pumped from the hot side of the regenerator
Conduction heat rate (stack + gas)

Heat rate conducted by the canister and insulating sleeve
Heat rate extracted at a lower temperature

Heat rate per unit length at a lower temperature

Heat rate from environment to the HX

Heat rate loss from HX to the environment
Thermoacoustically activated hydrodynamic heat rate along the stack
Reynolds number

Hydraulic radius

Entropy generation

Strouhal number

Period of sound wave

Inlet water temperature

Outlet water temperature

Temperature of cold reservoirs

Temperature of hot reservoirs

Velocity amplitude

Valensi number

Acoustic power dissipation

Input electrical power

Acoustic power loss in the heat exchanger

Acoustic power loss in the resonator

Useful acoustic power for thermoacoustic process delivered to the core
Total acoustic power

Particle displacement amplitude
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Greek Symbols

Symbol Description

Br Blockage ratio

0 Ratio of isobaric to isochoric heat capacities
Ok Thermal penetration depth
O Viscous penetration depth
€ Effectiveness

Nac Acoustic network efficiency
Nelec Electroacoustic efficiency

k Thermal conductivity

I Dynamic viscosity

(1] Porosity

p Density of gas

w Angular frequency
Subscripts

Subscript Description

A Amplitude

c Cold

H Hot

g Gas

S Solid

ref At reference temperature
rms Root mean square
Abbreviations

Abbreviation Description

BLC
CFD
COP
CHX
CHX
DR
SW
TA
TAR
TASFE
TAE
TAC
™

Boundary layer conduction
Computational fluid dynamics
Coefficient of performance
Cold heat exchanger

Hot heat exchanger

Drive ratio

Standing wave
Thermoacoustic
Thermoacoustic refrigerator
Time average steady flow equivalent
Thermoacoustic engine
Thermoacoustic core

Travelling wave

Unit

m
m

kg/m.s

kg/m3
rad/s



1 Introduction

The studies of the TA phenomenon started in the 19th century when Rayleigh discovered
that pressure waves can be amplified if they interact in phase with an oscillating heat flux [I]
[2]. Potentially, heat can be converted into mechanical work by producing oscillations in the
fluid-solid matrix interaction within a porous material when a specific temperature gradient
is imposed. Inversely, a cooling effect can be observed when gas oscillations are imposed on
a porous material forming a temperature gradient. Besides, by using waste thermal energy,
TA devices can be used for cooling purposes or to generate power [3|[4][5]. This technique
can potentially be competitive since it uses working fluids having no greenhouse effect, such
as air, helium, argon, etc., and has lower maintenance expenses because of having limited
number of moving components [6].

The terms "thermoacoustic engines" (TAEs) and "thermoacoustic refrigerators" (TARs),
based on thermodynamic cycles, are two distinct classifications for TA devices. On the
other hand, based on the phase lag between temperature and displacement, these devices
are also divided into two categories [7]. For standing wave (SW) devices, the acoustic power
delivered or produced via the thermodynamic cycle is lower than in traveling wave (TW)
devices because the time phase shift between the acoustic velocity and pressure is ~ 90° for
the SW and ~ 180° for the TW. This phase relationship is associated with the Brayton-like
cycle for SW devices and with the Stirling-like cycle for TW devices. As in SW devices, the
~ 90° lag separates heat transfer from compression and expansion, resulting in alternating
isobaric and isochoric steps similar to the Brayton cycle. Whereas in TW devices, the ~ 180°
lag causes heat exchange during compression and expansion, producing nearly isothermal
processes similar to the Stirling cycle.

HXs are essential components of TA systems. The first major step toward the use of HX
was taken in 1962, led by Carter White, and Steele according to Avent and Bowen [8]. They
demonstrated that the proper use of HXs can enhance energy conversion of a Sondhauss
tube. After that, during the 1980s, a few researchers [9] [10] from Los Alamos National Lab-
oratory refined the concept of HX to be integrated into practical TA devices. They developed
HXs, which were placed adjacent to the stack/regenerator to have a controlled temperature
gradient. The authors also tried to minimize viscous and thermal losses, emphasizing on
optimized geometry, flow channel, etc. Later, many researchers worked on different types of
HXs for TA systems starting from the early 2000s and conducted research on the optimiza-
tion methodology, flow and heat transfer characteristics, etc. These collective efforts have
gradually shaped the current state of TA HXs development and continue to guide ongoing
research in the field, that will be discussed in the following.

Achieving an optimum HX design is essential for improving the efficiency of TA devices



[10]. However, their design has been a persistent technical and engineering challenge. This
difficulty arises from the oscillatory nature of the flow, rendering existing knowledge appli-
cable to steady flow arrangements of little practical value. Consequently, conventional heat
transfer correlations developed for steady flows to the HX are debatable, leaving a gap in
reliable and unequivocal design criteria, though these correlations are still useful for the
design of practical TAEs and TARs. When designing effective HXs for transferring a speci-
fied heat load, it is primarily essential to optimize all the parameters associated to it. This

optimization serves the following purposes:

e Ensuring the heat transfer surface area is favorable to minimize acoustic power loss

caused by thermal and viscous dissipation.

e Ensuring the temperature drop between the HX and the adjacent fluid is compatible
with minimal thermal irreversibility (minimizing the loss of usable energy during heat
transfer between the HX and the adjacent fluid) [IT][12].

e Extract or transport as much heat as necessary from inside or outside the device.

In the last couple of decades, several works have been done on TA devices. Table 1 high-
lights the major review works on TA systems for the last ten years. Reviews were conducted
focusing on different aspects of TA devices such as experimental prototypes [5], optimization
of different components [13][14][15][16], multi-physics coupling [I7], performance analysis
[18][19], numerical investigation [20], unconventional working fluid [2I], categorizing TAR
[22], and advances and challenges of TA technology [23]. However, to the best of the au-
thor’s knowledge, no comprehensive review has been conducted on HXs that extensively
addresses their progress, development, parametric optimization, and performance analysis.
Although several numerical and experimental studies are found in the literature on the de-
sign, construction, performance, and development of HXs, the information is scattered, and
due to that, the development is difficult to track. Therefore, keeping that in mind, this
review tries to summarize the available information and combine them in a single source.
Various aspects and parameters of the HXs, complexities, problem-solving methodologies,
developments, and prospects are discussed and analyzed. Besides, some constructive rec-

ommendations are provided for future research and better understanding throughout the

paper.



Table 1: Summary of review articles published on TA systems

in the last 10 years

Ref Year Focus Primary topics covered Recommendations or findings
[5] 2015 TA prime - Evaluating experimental proto- - Integration of high-intensity acoustic
movers and types systems and components
TAR - Novel structures - high-pressure
ratio, and power output (TA prime
movers)
- Multi-stage self-matching traveling
wave TA devices are very promising
[13] 2015 TAR - Focused on studies with highest - Frequency and pressure are interde-
temperature difference across the pendent variables
stack - When using gas mixtures, their
- Lowest acoustical work for cooling percentage contribution should be
- Highest coefficient of performance monitored
(COP)
[14] 2017 TAR - Concept of TAR systems - More improvement is needed on TA
- Optimization techniques HXs
- Stacks and resonator tube design - Found that TARs are likely to be
lightweight and compact
[15] 2017 TAR - General review: stack, working - Stack position from the driver end
gas, resonator tube, optimization should be optimized
methods - Mylar is comparatively the most
efficient stack material
[16] 2018 TAR - Recent developments of TAR - Multistage systems can achieve
- Summary of optimization targets  higher efficiency
- Double loop-type TAR enhances ef-
ficiency and achieves low temperature
oscillations
- For single/double stage TARs,
shorter regenerator helps in achieving
reduced resistance
[17] 2021 TAR, TAE, - Multi-physics coupling effects - Active and passive acoustic-
TEG - Prospects of coupling mechanical optimization approaches
- Transducer choice depends on elec-
tromagnetism or piezoelectricity
- Multi-objective optimization yields
optimal solutions
[18] 2021 TA Stirling - Investigate components - Component dimensions/locations

engines

- Engine performance

influence performance
- Increasing number of regenerators

increases performance



Ref Year Focus Primary topics covered Recommendations or findings
[200 2022 TAR and TAE - Numerical models - Only linear porous-media model was
found for stack, regenerator, and HX
- Choice of turbulence model requires
further study
[21] 2023 TAR and TAE - Unconventional working fluids - Liquid TA devices can use compact
- System performance HX
- Transcritical fluids can generate
large pressure amplitudes
- Two-phase TAE can operate at very
low temperature differences
- Solid TA is a new concept
[24] 2024 TAE - Utilization and suppression of TA - Phase-change processes and multi-
effect stage design can reduce onset TAE
- Potential growth and application temperature
directions - Many applications identified
- Carbon-based TA loudspeakers have
large potential
[19] 2024 TAR and TAE - Working mechanism and - Widespread deployment is stalled by
performance-affecting parame- technological immaturity
ters - Linear models are not effective at
- Commercial implementation high power density and amplitude
- Computational fluid dynamics
(CFD) modelling is valuable for ad-
dressing nonlinearities
[25] 2025 TAR - Design and manufacture - Porous ceramics for stacks provide
durability
- Graphene-coated copper for HX pro-
vides high thermal conductivity
- Acoustic losses and scalability re-
main main challenges
[23] 2025 TAE - Experimental setup and numerical - TAE technology has made consider-
analysis able advancements
- Nonlinear effects in TA - Future research should prioritize
optimizing core engine components
[22] 2025 Heat-driven - Categorizing heat-driven TAR - Identified four fundamental cate-

TAR

based on configurations: either SW
or TW refrigerators, driven by ei-
ther SW or TW engines

gories

ometrical and performance parameters, design rules, and major contributions from the past

In this article, Section 2 provides an overview of TA HXs, including their types, key ge-



25 years. The aim of this Section is to introduce the commonly used HX configurations, out-
line the fundamental parameters governing their operation, and summarize research where
any part of HXs has been investigated to understand the working environment of different
research conducted. Section 3 focuses specifically on studies dedicated solely to TA HXs,
highlighting recent advancements, key findings, assumptions, limitations, and offering rec-
ommendations for future work. Section 4 reviews heat transfer models and correlations
(which are introduced in Section 2), both those adapted from steady flow applications and
those developed for oscillating flows, with emphasis on their assumptions, applicability, and
limitations. Section 5 examines the influence of critical geometrical factors, such as length,
porosity, hydraulic radius, and fin spacing (which are introduced in Section 2) on HX perfor-
mance and optimization. Section 6 discusses few broader issues, such as design challenges,
fabrication constraints, and existing research gaps focusing on dynamics of flow and numer-
ical analysis, along with recommendations to address them. Finally, Section 7 introduces a
similitude study, proposing essential design parameters and structuring a new heat transfer

correlation to support future development in TA HX’s design and analysis.

2 General review

This Section gives an overview of TA HXs, starting from the presentations of some types
(Subsection 2.1) of HXs. Further, in Subsection 2.2, the general performance parameters
are discussed, taking a global view of the device performance and also a more local view of
the performance of convective heat transfer, and in the next Subsection 2.3, some directly
applicable design rules are mentioned. Finally, the important geometrical parameters are
introduced to better understand the optimization properties discussed in later Sections of
the paper.

A typical TAR or TAE is composed of several key elements, including a resonator or
acoustic network, an acoustic driver or transducer, at least two HXs, and either a stack (in
SW systems) or a regenerator (in TW systems). The stack or regenerator serves as the core
component where the conversion between thermal and acoustic energy occurs. Regenerators
are usually composed of materials like wire mesh, stacked spheres, or ceramic honeycomb
shapes that minimize flow resistance while offering a wide surface area. The HXs are generally
divided into a hot heat exchanger (HHX) and a cold heat exchanger (CHX), positioned on
opposite sides of the stack or regenerator [26]. The HXs allow thermal communication
with external heat sources and sinks by absorbing or supplying heat from their respective
ends. The HXs are commonly built with parallel plates, finned surfaces, or compact tubular
arrangements, etc. They function by continually exchanging heat between the gas and solid

surfaces. In this sense, stacks and regerators are considered as HX because their primary



function is direct heat transfer between the gas and the solid. The main difference between
stack/regenerator and the TA HXs is that the latters transfer the heat from/to a secondary
fluid making the thermal link with external heat source/sink. Figure 1| below shows the
schematic illustration of a SW TAR, highlighting the HXs and the stack.

Resonator

i

) — — Gas

Stack Loudspeaker / Driver

Figure 1: Schematic illustration of a SW TAR, highlighting HXs and stack.

2.1 Popular types of HX

The HXs are used to transfer the heat from/to the oscillating flow to a secondary flow
which is generally water. To date, researchers have designed and analyzed several types of
HXs that are used in oscillating flow. However, none of these are specifically designed for
oscillating flow, rather many design rules are adapted from steady flow. Figure [2| shows
different geometries encountered in TA devices. In the case of finned tube HXs (Figure
(a)), copper sheets are typically used to make the fins. Each fin has a hole bored through
it so that copper tubes carrying water can pass through. Fins are assembled with the tubes
and exterior copper casing after being cut to the proper length. In most cases, parallel plate
HXs are generally built with simple parallel plates with a small space between them (Figure
(b)). The working fluid passes through the outer shell covering the plates. The heat
transfer between the plates is facilitated by the gap, which enhances the interaction between
the plates and acoustic waves, which is essential for TA phenomena. Besides, constructed
as tightly coiled, helical tubes, spiral coil HXs provide a compact design for heat transfer,
usually composed of aluminum or copper, two elements with high heat conductivity (Figure
(c)). However, the heat transfer surface area of this type of HXs is usually less than the other
two types. Figure [2] (d) shows a shell and tube HX designed by [27]). A rectangular cross-
sectioned peripheral canal supplies water to five tubes. Improved heat exchange between
the water and the metal of the HX is achieved by orienting the HX radially with regard to
the water inlet. This increases the water flow length inside the HX. With the application of
electric discharge machining technology, the fins exposed to the oscillating gas were formed,
increasing the heat transfer surface area on the gas side. Further, in recent year, a novel
printed circuit HX was designed and fabricated by Wand and Hu [28]. The HX was made



of stainless steel plates with channels etched in. In this way, HHE, stack, and AHE can be

integrated into one printed circuit HX.

P

Heater coil inside

(c)

Figure 2: (a) Finned tube HX [29] (Reused with permission), (b) Parallel plate HX [30], (c) Spiral coil HX
[31], (d) Shell and tube HX [27]. Here, blue lines represent secondary flow path.

This Subsection briefly addressed a few widely used HXs for TA systems. In the later

Sections, a detailed analysis and discussion have been conducted related to these HXs.

2.2 Performance parameters

This Subsection introduces the key performance parameters of a TA device to highlight the
importance of HXs. It also introduces various heat transfer related parameters of HXs, which
are further analyzed in later Sections.

The performance of the HX influences the overall efficiency of a TA device. To further
investigate the energy rates of a TAR, let us follow Wetzel and Herman [32], who stated
that a TAR’s COP is determined by the operation of its four main parts: the HX, the
thermoacoustic core (TAC), the resonance tube, and the acoustic driver. The COP of a

TAR is expressed as follows:

10



Qload
- )

el

COP = (1)

where Qload is the heat load supplied to the CHX. The acoustic driver transforms the
electric power input W, that is added to the system into total acoustic power Wio. The

electroacoustic efficiency, 7., for this energy conversion can be described as follows:

" — I/‘Vtot o Wtc + Wdis o Wtc + Wres + Wex (2)
clee = Wel Wel Wel 7

where Wtot is referred as the total acoustic power which is a combination of dissipated

power Wdis, and W,. refers to the useful power for TA process delivered to the core. The
component Wdis in Equation |2| describes how the acoustic power dissipates in the device due
to acoustic losses (Wres and Wex are acoustic power loss in the regenerator and HX). Further,

the acoustic network efficiency 7, is introduced and defined as Equation [3]

Nac = = (3>
Wtot

Further, the TA heat pumping at the regenerator can be defined as Equation , where Q.
is the heat rate pumped from the CHX.

copTM;_]gi. (4

The effectiveness (¢) of the HX is defined as:
e = Dlond (5)

Qe

Combining all the above discussions, the COP of the TAR can be defined as Equation [f]
(see Figure (3)).
COP = Nelec € Tac COPTAC- (6)

Hence, the overall COP for the TAR attains its peak, aligning with the core’s thermoa-
coustic COPrac, when both efficiencies 7. and 7,., along with the e, simultaneously achieve
their optimal value of unity.

Besides, the heat rate transferred to/from the HX is an important parameter of analysis.
Generally, in a TA system, the heat transfer rate of the CHX is calculated using Equation [7]
where 1, Cp, T, and T5 are the mass flow rate, specific heat, inlet, and outlet temperatures

of the secondary fluid (e.g. water), respectively.
Quond = mCy(Ty — T). (7)

11



The measured heat rate (Qy) of the HHX is comprised of five different contributions
as expressed by Equation [8, namely: Q., Q. which is the thermoacoustically activated
hydrodynamic heat rate along the stack; Qx, the conduction heat rate transported by the
solid portion of the stack and the gas; Qya, the heat rate conducted by the canister and
further by the insulating sleeve, and finally, Qleak_cold, and Qleak_hot which describe the loss
of heat to/from the HX from/to the environment. Therefore, considering the HHX and CHX

as a control volume (rather than the system’s overall perspective), the heat balance becomes:

Qn=Qc — Qleak_hot — Qi — Q2 + Qun,

L . . . (8)
Qe = Qroad + Qreak_cold + Qr1 + Qra-

Miel
Loss at driver l
S N e A (N Driver
Environment <:I|
Weor = Wee + Wyis l | .
. Wex
Wex 'J
Resonator
W W
_ s
| o | U -
Environment { Qwaste T COP. Te Co
N TAC — «— | temperature
Qn : ; Qc ’ reservoir
Qx1 Qx> Qioaa
HHX CORE CHX
Qleakfhot T
Qleak_coid

Figure 3: Graphical representation of the different heat rates. Adapted from [32].

Another key performance parameter of TA HX is the Nusselt number (Nw), which charac-
terizes the balance between convective and conductive heat transfer. A higher Nu indicates
dominance of convection, enhancing heat exchange with the working fluid. The commonly

used regression takes the form:

Nu = Nu(Re, Pr), (9)

where Re and Pr are the Reynolds and Prandtl numbers, respectively. Since this re-

12



gression is adapted from steady flow conditions, it is system specific and not universally
applicable, as discussed further in detail in Sections 4.

This Subsection introduced the fundamental performance parameters needed to evaluate
a TA HX. It was found that Qload, Nu, and ¢ are the performance parameters that are crucial
for the analysis of HXs. Therefore, these parameters are further analyzed in depth in the
later Sections 3, 4, and 5.

2.3 Directly applicable design rules

Historically, equipment or systems that transform energy into useful work have been assessed
using the first law of thermodynamics, where efficiency is defined as the ratio of useful energy
output (as work or heat) to the total energy input. Nonetheless, second law analysis has
drawn more attention later as this technique shows how well the available energy is utilized
of. The goal of the second law analysis is to minimize the entropy generation to optimize
the design or operating conditions of HX [33]. Particularly in non equilibrium situations,
entropy generation can be quantified by fusing the first and second laws of thermodynamics.
These methods are different from just measuring the availability or irreversibility since those
measure only indicate the amount of potential work lost. Alfred [34] analyzed a TAE working
as a heat pump. The author applied the first and second laws in a control volume containing

the heat pump. The first law can be written as:

Qh - Qload l = 0. (10)

The second law of the system can be written as:

Qh Qload Z Sgen . (11)

where ). Sgen,; is the entropy generated in the system at all steps ¢, and T}, and T,
are the temperatures of the hot and cold reservoirs. Combining Equations [I0] and 1] and
eliminating Q,, the COP of the heat pump is:

T

o Th—T.
OOP 1 + ( _ DT Zz Sgen,i ’ (12>

TC) Qload
These expressions make it evident that decreasing entropy generation in a process is

crucial for enhancing the overall performance of the device. Entropy generation within
the regenerator Section is essential for the TA device’s operation. At the plate surface of
the HXs, heat is transferred between the gas and the plate. In such a process, entropy
generation is inevitable. Therefore, the challenge of reducing entropy generation in HXs

must be balanced with practical and economic design considerations. Besides, reducing it

13



will improve efficiency. Second law analysis helps to identify the optimal geometries for HXs
within practical constraints.

In a TA HX, entropy generation occurs due to temperature and velocity gradients in the
gas. These two factors significantly influence the overall entropy production. In narrow
channels, velocity gradients dominate, leading to higher entropy generation. Conversely, in
wider channels, temperature gradients become the primary contributor. This understand-
ing highlights the importance of identifying an optimal channel width to minimize entropy
generation.

Besides, based on literature, the working fluid is usually inert gases such as helium, argon,
or air due to their favorable thermal conductivity and specific heat properties. Further, to

analyze the thermal properties, two fundamental considerations are the thermal penetration

depth 0, = , /% and the viscous penetration depth 0, = , /3—5 [35], where p is density, k is

thermal conductivity, C), is heat capacity, w is angular frequency, and p is dynamic viscosity.
It is also mandatory to use materials with high thermal conductivity, such as copper and
aluminum, for efficient heat transfer.

For the water circulation loop, the maximum cooling water velocity inside the pipes should
be kept below a certain limit to avoid excessive noise and damage due to wear and tear of
the pipes. Additionally, the water circulation system should be able to achieve the required
water flow rate for the cooling system.

The common design models for TA devices [36][37] primarily focus on the other com-
ponents (driver, stack, etc) rather than the HX. Despite the HX playing a crucial role in
determining the device’s COP, there is a lack of practical guidance for designing an appro-
priate HX.

This Subsection covered all the fundamental directly applicable design rules for TA HXs,
which will be important to understand the later Sections 3, and 5. The understanding of

entropy, Jx, d,, and secondary flow is crucial for the later parts.

2.4 Geometrical parameters

In this Subsection, the main characteristics of the HX used in TA devices are discussed based
on an analysis of the literature. Table [2] summarizes the relevant literature, to the best of
our knowledge, where any part of the HX of the TA system (both engine and refrigerator)
was partially taken into consideration in the last 25 years. According to the literature
summarized in Table[2] the most discussed geometrical parameters of a TA HX are its length
(L, along the guide axis), hydraulic radius (Ry), and porosity (©). The Rj is dependent on
the configuration of the flow channel. For demonstration, a rectangular flow channel has
been chosen. Besides, some other fundamental parameters are highlighted in Figure []

Some important parameters such as fin length (F, or L) (for finned HX, the fin length is

14



considered as HX length (L)) and fin thickness (Fr) are visible in the close up view. @ in
this article is defined as the ratio of the flow/gas cross-section area (A4,) to the total area
(A). The inverse of porosity is defined as blockage. Further, another important parameter,
separation gap (g) is defined as the distance between the stack and the HX in a TA device.

Resonator

S
“Stack \\ Loudspeaker / Driver
. . A DF, . \
(Hydraulic radius) R, = — = = Water in L \
P 2(D+Fy) e .
Where, P is the wetted perimeter (gas solid contact surface) l * Water out \

S —

: IS

D or 2Yo - [ e —

T

L
Fin Spacing L]J\/L‘J
D) Separation gap (g)
Fin width (F,)

. A
Porosity, ¢ = Ig

Figure 4: Magnified view of a finned tube HX.

It appears from the analysis of Table[2]that a good number of studies and in depth analyses
focused on stack, resonator, HX, and loudspeaker. Note that studies solely focused on HXs
are considered in Section 3, and a separate discussion is carried out for better understanding.
Besides the reason of finding the fundamental design parameters, another purpose of Table
is to help readers understand the working environment and operating conditions of different
research and experiments where any part of HX was evaluated.

Here, only the fundamental geometrical parameters of the HX are highlighted and intro-
duced. A detailed discussion of each parameter and its optimization has been discussed in
Section 5.

15
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Table 2: Summary of previous work from 2000-2025, where the presence of

HXs is considered.

Reference | Method HX Type HX HX  Fin | Porosity Working Fluid | Stack Geometry Frequency | Resonator | Operating
Length Spac- (%) (inside res- (Hz) Type Pressure
(hot and | ing/Plate onator) (bar)
cold) Spacing
(mm) (mm)
Experimental Finned copper | - - - Air Parallel fiberglass 42 - 3.0
135] tubing
138] Experimental T/P - - - Air Stack of plates 337 - -
[39] Experimental T/P - - - He-Ar - 100-200 A/2 20
[40] Experimental T/P - - - He-Ar, He-Kr, and | - 400 - 10
He-Xe
[41] Theoretical T/P 1.47 - - He Parallel plates, circular | - A2, A/4 10
pores, pin arrays, tri-
angular pores
[42] Experimental T/P - - - Air - 10-100 - 1.0
[43] Numerical T/P - - - - Single plate - /2 -
[44] Experimental Parallel copper | - 0.8 - - - 5-70 A2 1.0
plates
[45] Experimental Finned tube 6.6 0.95 - He - 300-450 A4 10
[46] Numerical T/P 3.66 - - Air - 140 - -
[47] Experimental T/P 5.9 - - He Parallel plate 400 A4 10
[48] Numerical T/P - - 30 - 70 - - 30
[49] Numerical T/P - - - Air - 475 A4 -
[50] Experimental Copper mesh | 4.56 - - - Parallel plate - A4 -
(rolled)
[51] Experimental Plate type - 0.5 - He - 400 A4 10
[52] Theoretical T/P Variable Variable - He, Air, He-Ne, | - Variable A/2 5.0
based on | based on He-Ar, He-Xe based on
the work- | working working
ing fluid fluid fluid
53] Experimental - - - - Helium Parallel plate 250-500 A4 3.0-6.0
[54] Experimental Finned tube 50 1.0 - Ar, Ni, He, Ni-He Parallel plate - - 11
[55] Experimental Tube only - - - Air, Ni Drinking Pipette 300-600 A2 -
Experimental Finned tube - 6.0 - - - 13.1 A4 -
byd Experimental Parallel plate 35 - - Ni - 13.1 A4 -
Numerical Parallel fin - - - He Parallel plate 200 A/2 -




L1

Reference | Method HX Type HX HX  Fin | Porosity Working Fluid | Stack Geometry Frequency | Resonator | Operating
Length Spac- (%) (inside res- (Hz) Type Pressure
(hot and | ing/Plate onator) (bar)
cold) Spacing
(mm) (mm)
[59] Numerical Treated as | 10 - - - Parallel plate 20 - 5.06
porous media
[60] Experimental T/P 5 and 8* 1.0 67 Ni - 50 - 5.0
[61] Theoretical T/P - - - - Circular holes, parallel | 73.4 A/2 1.0
plates, pin arrays
[62] Experimental T/P - - - Air Corning Celcor stack 350 A4 1.0
[63] Theoretical T/P - - - Helium Parallel plate 593 - 1.0
[64] Experimental Finned tube - 1.0 - Ni - 25-125 - 2.0-12
[65] Experimental Parallel plate - 6.0 - - - 13.1 - -
and Numerical
[66] Experimental T/P 50 and 20* | - - Air - 205 A/2 -
[67] Experimental Finned Tube - 0.7 - He Parallel plate - - 40
[68] Experimental Tube HX 10 and 5* - - He Parallel and spiral 460 - 1.0
[69] Numerical Parallel plate 20 - - He - 57 A/2 10
[70] Numerical Parallel plate 7.87-31.48 - - He Parallel plate - 1.0 -
[31] Experimental Spiral coil - - - He Spiral 400 A4 10
[29] Experimental Fin and tube 20 0.7,1.4,2.1 | - He Parallel plate - A/2 -
[71] Theoretical Shell-and-Tube | 20 - - He - 84 - 31
[26] Experimental Circular pores | 10 and 20* 1.0 55 Air Honeycomb stack 155 - -
and straight
fins
[72] Numerical Parallel Plate - 6.0 - Ni - 13.1 A/4 1.0
73] Experimental Finned tube 20, 200* 1.0 - Air Parallel plate 80 - -
[74] Experimental Flat and ogive | 28 - 24.31 He - 53.6 - 1.0
and numerical edge shaped
circular pore
[75] Experimental Finned tube 20 1.1 54 Air Pores of squared | 143.2 - -
shape/ honeycomb
[76] Numerical Finned tube 3.6 and | 4 - Helium Parallel plates 500 A/2 10
1.8*
[77] Numerical Parallel Plate - 6, 4.5, 3 - Ni - 13.1 A/4 -




31

Reference | Method HX Type HX HX  Fin | Porosity Working Fluid | Stack Geometry Frequency | Resonator | Operating
Length Spac- (%) (inside res- (Hz) Type Pressure
(hot and | ing/Plate onator) (bar)
cold) Spacing
(mm) (mm)
[78] Experimental Finned tube | 20 1.1 54 and | Air Honeycomb 143.2 /2 -
and  Circular 33
pore
27] Experimental Shell and tube 23 - - He-Ar - 47 - 40
[79] Experimental Tube banks 142 - - Air and He - 14.2 - 1.0
and numerical
Experimental Parallel plate - 0.6 40 CO2 Packed stainless steel | 121 A/2 -
and numerical woven mesh screen
28] Experimental Printed circuit 5 - - COq Etched microchannels | 7.6 - up to 200
with semi-oval cross-
sections
|&T1] Experimental Microtube - - - Octafluoropropane Vacuum-jacketed - - 3.43
and numerical (R-218) microtube
[82] Numerical - TAR 16.2 | TAR 0.6 | TAR75 | Air Parallel plate 50 A/2 10
(coupled TAR and 9.2% | and 0.5, | and 79,
and TAE) TAE 18 | TAE 1.7 | TAE 60
and 55% and 0.45
I83] Experimental Heat pipe 8 - 42 Air Square pores 109.2 - 1

here, ‘*’ indicates a CHX in case of different lengths, ‘-‘either the value is not mentioned or not considered, T /P — type not mentioned, but the presence of HX is considered

to some extent.




3 Review of recent literature focused on HX

This Section reviews key studies that have specifically focused on TA HXs, including their
design, analysis, and experimental methodologies. The main ideas and assumptions in these
articles are critically evaluated. Furthermore, research gaps are identified, and recommen-
dations are provided where applicable to guide future investigations.

In the most recent years, several studies have been conducted on the design and opti-
mization of TA HXs. Some are focused on optimizing the Fj, and D of finned tube HXs [84]
[45] [74] [29] [11] [72]. Besides, other types of HXs such as circular pores, parallel plates, etc.
have been analyzed to a certain extent [78] [26] [85].

Paek et al. [84] examined the HX’s thermal performance in a TA cooler. The research
encompassed the development of experimental procedures and computational techniques
designed to assess oscillating flow heat transfer coefficients. Colburn J factor (defined as the
ratio of the convective heat transfer coefficient to the mass flow rate and specific heat capacity
of the fluid), or dimensionless heat transfer coefficients, were calculated using oscillating flow
variables and then compared to steady flow measurement. The results were further compared
with steady flow correlations and heat transfer coefficients were predicted by boundary layer
conduction model that is further presented in Subsection 4.1. Precise predictions could
not be obtained using a steady-flow correlation, and the boundary layer model which is
frequently employed in TA computations failed to predict heat transfer coefficients and the
effect of Re on heat transfer. Although the study recommended using time averaged steady
flow equivalent equations (see Subsection 4.1) to predict convective heat transfer in HXs, it
focused only on finned tube configurations. Therefore, other types of HXs, such as circular
pore, shell and tube, and similar designs should be investigated under comparable working
conditions to draw definitive conclusions.

Piccolo et al. [78] aimed to fill this gap while exploring the optimal geometrical configura-
tion of the HX considering R}, g, and @. In addition, the research highlighted the influence of
the g, and @ difference between HX and stack, overall emphasizing the need for an optimized
relationship between these parameters. The study also focused on the gas side heat transfer
coefficient calculation. The authors examined the performance of two types of HXs: finned
tube and circular pore (in circular pore HX, instead of fin, simply circular pores are drilled
along the guide axis). The circular pore HX was found to have lower performance than the
former one, which is a clear indication of some acoustic loss mechanism. The authors pre-
dicted that though circular pore HX has a smaller heat transfer area compared to finned tube
HX, the viscous dissipation occurring on the HX’s surfaces could be partially responsible for
the observed behavior. Authors predicted that in the circular pore HX, the larger pore sizes

and surface interactions may lead to an increased g_Z’ intensifying viscous dissipation and

19



thereby reducing HX performance compared to the finned tube HX, where optimized fin
geometry helps regulate this effect. However, this prediction may not be entirely accurate,
as the ratio g—: is actually v/Pr, which depends only on fluid properties and is independent
of geometry. Therefore, for future study, it is recommended to investigate different circular
pore HXs with varying pore size and flow regimes (i.e the article only considered laminar
regime) to have a clear understanding of the loss mechanism.

For an enhanced thermal analysis, a symmetrical arrangement of three identical HXs was
used in [74], with one HHX positioned in the middle between two CHXs. Both CFD and
experimental studies were conducted by the authors to validate the results. The results
suggest that the minor losses in the TA system are mainly driven by the drive ratio (DR,
defined as the ratio of dynamic pressure amplitude and mean pressure). The authors noted
that a minor drop in heat transfer performance occurs at a low drive ratio when profile
edges (flat and ogive) are present. On the other hand, the effect gradually decreases as the
DR rises, and the two edge shapes perform similarly at high amplitudes. Nonetheless, the
computational analysis discovered that the ogive edge reduced flow velocity at the entrance
and exit of the HX gas channels, hence minimizing vortex formation and shedding. This
resulted in a notable decrease in pressure loss, particularly at high amplitudes. Thus, the
study suggested that the overall performance of TA systems will be enhanced by (ogive)
tube-HXs with profiled gas channels.

Kamsanam et al. [29] studied how D affects the finned tube HX’s thermal performance.
Under a variety of testing circumstances, the heat transfer rate between two finned tube HXs
placed side by side in an oscillatory flow was studied. The ¢ of the HXs and heat transfer
coefficient were calculated and discussed. Besides, as findings, the authors mentioned that
with the increase of D, the heat transfer increases. The reason behind this conclusion is
related to the increased @ of the HXs, which fundamentally reduces minor losses. Besides,
the authors also examined the ¢ of the HXs. As findings, it was reported that the HX
having the largest D showed higher €. However, at a % (normalized fin spacing) near
2, the € goes beyond 1, which is impractical. The reason behind this is probably due to
the method used to calculate the maximum heat transfer rate which is given by Qload =
MoscCp(Th — T¢), where 1y is the mass flow rate of the gas that oscillates between the
HXs. Further research is necessary to accurately define the maximum heat transfer rate,
considering the gap between the two HXs. Additionally, the mass flow rate 1., as defined,
may not fully reflect the behavior of oscillating flow due to differences in velocity and thermal
boundary layer development compared to steady flow conditions.

Mabhlalela et al. [86] investigated the influence of different blockage ratios (8.) (28%,
36%, 42%, 47%, and 59%) of HX on the performance of a TAE. As key findings, the authors

mentioned that efficiency is inversely correlated to onset temperature and directly to volu-
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metric velocity. Authors also suggested that decreasing the (3., decreases volumetric velocity
and reduces efficiency, which is a direct contradiction to Kamsanam et al. [29], where their
efficiency increased with increasing @. Further, the authors recommended an optimal f, of
42% to 47%. Therefore, further studies are recommended to investigate the effect of & on
CHX, considering also the Fr and F7,, as these factors may also influence the heat transfer
behavior, which were not considered in these studies.

To study the thermal behavior of HXs and stack plates of TA devices, a simplified model
of heat transfer was developed by Herman and Chen [87]. The authors reported that there
is a minimal correlation between the HHX and CHX’s thermal behaviors. This suggests
that it is possible to analyze the CHX, and HHX’s performances independently. However,
this conclusion was made on the assumption that the behavior of HHX does not affect
the behavior of CHX, which might not reflect the practical situation fully. Therefore, it is
necessary to conduct experimental research separately on the HHX, and CHX to validate or
counter the findings of this numerical research.

Saat and Jaworski [72] created a two dimensional ANSYS Fluent CFD model of flow
over a pair of hot and cold HXs to interpret the unsteady characteristics of heat transfer
phenomena observed in a previous study [56]. The simulated results demonstrated that
the existence of temperature gradients modifies the velocity profiles within the HX plates,
indicating intriguing modifications in the flow structure. The fluid and temperature profiles
of the computer models and the experimental data follow a similar general pattern, however,
with differences in magnitude particularly noticeable in the hot region, with a discrepancy
of 30% with the experimental results, making it difficult to develop a concrete conclusion.
The reason for this discrepancy can be that the geometry considered by the authors during
CFD was an extreme simplification of the experimental geometry. Here, the authors only
considered two plates of the HX, though the HX used in the experiment was geometrically
more complex, changing the dynamics of flow and heat transfer characteristics.

Yang and Hu [88] used artificial intelligence with physical modeling for system optimiza-
tion. In order to optimize the channel geometry inside the core of a supercritical COy TAE,
the authors presented a methodology that integrates deep reinforcement learning, artificial
neural network-built surrogate models, and CFD simulations. The optimized channel design
effectively balanced the heat transfer performance of the HHX, and CHX, resulting in a
significant increase in the CHX’s cooling capacity.

From the above discussion, it is visible that a considerable advancement has been made in
understanding and optimizing the performance of HX for oscillatory flow conditions. Stud-
ies have demonstrated that the optimized geometry plays a vital role in minimizing acoustic
losses and enhancing performance. The intricate relationships between flow dynamics and

heat transfer have been identified through the use of CFD models and experimental con-
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figurations; the outcomes of these efforts have led to proposals of new HX architectures.
However, a large number of limitations can also be observed from the recent research: (a)
one of the drawbacks is the heavy reliance on idealized models and design, and experiments
limited by scale and the range of parameters tested, leaving a gap in our understanding of
how different variables interact under diverse operational conditions; for instance, all the
above mentioned studies discussed in this Section considered Re only up to the laminar re-
gion. (b) Further, the limited investigation of the long-term performance and robustness of
HXs under repeated thermal cycling and acoustic stresses, which are frequent in real-world
applications, is another noteworthy drawback. To overcome the first drawback, it is recom-
mended to simplify the problem initially by examining a plate of HX and evaluating its heat
transfer properties. Further, the system could be made complex by adding one more plate
and differentiating the characteristics of fluid flow and heat transfer. Later, the system can
be made more complex to a practical HX and compared. This way, the heat transfer char-
acteristics of oscillating flow could be understood better, helping in designing efficient HXs
for TA systems. Also, the ideal way of analyzing the geometrical parameters is to analyze
L, @, and g simultaneously. Regarding the second issue, more research should be conducted
under repeated thermal cycling and acoustic stresses, and on life cycle analysis and compare
them to reach a definite conclusion. Finally, it is imperative to have clear and standardized
design criteria, as existing guidelines sometimes lack consistency, leading to varying results

across different studies.

4 Discussion on heat transfer models

This is a key point when reviewing works on HX in TA devices as a correct description of
HX and especially of their performances relies on an accurate modeling of heat exchange
between the fluid and the solid. This Section therefore reviews the existing models and
makes it apparent that there is no consensus on the estimate of heat transfer coefficient in
oscillating flow. For simplification, the Section is divided into two parts. Subsection 4.1
highlights the models adapted from steady flow equations, and 4.2 discusses the correlations
developed from oscillating flow experiments. Further, recommendations are provided on

selecting proper corelation based on Re of the flow.

4.1 Adapted from steady flow equations

The classical method of defining heat transfer through a HX is the boundary layer conduction
(BLC) method developed by Swift [89]. Till date, this method is still widely used in TA and
incorporated in DeltaEC [90] and it defines the heat transfer coefficient h with respect to

thermal conductivity K as:
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h= min(Rp, ) (13)

Heat transfer correlations of the form Nu = Nu(Re, Pr) in the traditional steady flow
model are adapted to the case of oscillatory flows using the time average steady flow equiv-
alent (TASFE) model [91]. This adaptation involves averaging these correlations over an
acoustic cycle. In this process, the velocity represented in the Re of the steady flow cor-
relation is assumed to be the velocity amplitude (V') and sinusoidally oscillating and is
substituted in the conversion process as V sin(wt). Next, the resulting time dependent Nu

is calculated as the time average over a half cycle.
1 T/2

T/2 Jo
where T is the period of the acoustic wave, w is the angular frequency, and ¢ is the time.

Nuraspg = Nu(Re sin(wt), Pr) dt, (14)

Similarly, in the root mean square-Reynolds (RMS-Re) model [7§|, the Re appearing in
the correlation of steady flow is substituted by particle rms (square root of the average of

the squares of the speeds of gas molecules) velocity.

Rerms
Ntyys = Nu ,Pr). 15
( V2 ) 15)

All the above mentioned correlations are developed from steady flow and can not properly
catch the behavior of oscillating flow heat transfer, therefore, are not widely used now in
experimental research, except BLC. The BLC model remains in use because of its simplicity
and reasonable accuracy in some conditions and it is also used as a benchmark for comparison

with newer models.

4.2 Correlations developed for oscillating flow

In this Subsection, the various heat transfer correlations (the form was introduced in Subsec-
tion 2.2) developed by different authors through experimentation are gathered and evaluated.
Besides, some recommendations are provided on the choice of proper correlations by the end
of this Subsection.

Paek et al. [84] first experimentally proved that the steady flow equations are not ap-
plicable for oscillating flow and developed a heat transfer correlation for TA HXs using the
Colburn J factor. Following the work, several researchers [45][92][78][29] conducted experi-
ments and developed correlations for the oscillating Nu.

A finned tube aluminum HX with a fin spacing of 0.54 mm was investigated by Paek et
al. [84]. The system was operated under three distinct mean pressures (20 bar, 13.3 bar, and

6.7 bar) and driven close to its resonant frequency (136-155.9 Hz). This HX was integrated
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as CHX in a TA cooler that was filled with three He-Ar mixtures (44% He, 33% He, and
22% He). After converting the Colburn J factor to the Nu, the measurement’s heat transfer
correlation was found to be (where subscript A denotes that Re is calculated using velocity

amplitude, and the characteristic length is Rp,):

Nu = 1.303 Re%320t pr0-33, (16)

In equation [I6] Res determines the relative importance of inertial to viscous forces in
oscillating flow, which controls the convective mixing and heat transfer. Whereas Pr governs
the relative rate of momentum and thermal diffusion. In TA devices, the choice of working
gas mixture is driven by the aim to reduce viscous effects while promoting thermal exchange
between the fluid and the solid; the Pr is a criteria for this goal. Correlation laws as Equation
permits to determine, for a given fluid, the evolution of the effectiveness of convective heat
transfer with acoustic amplitude. It should be noted that compared to this initial definition
of Nu number, additional effects such as end effects are also included in most of the system
studied in the literature.

A copper parallel plate HX with 0.95 mm D, and 0.15 mm Fr was evaluated by Nsofor et
al [45]. The device was operated at mean pressures between 3 bar and 8 bar and operation
frequencies between 300 Hz and 450 Hz, and the TAR was loaded with He. Following the
conversion of the Re,,,s to the Rey, the measurements’ heat transfer correlation was found
to be:

Nu = 0.548 Re%* PrOH, (17)

Tang et al. [92] constructed an experimental setup that mimicked the pulse tube refrig-
erator’s operational conditions in order to study the heat transfer capabilities of a copper
finned HX that is cooled by water flowing through channels around it. The fins measured
20 mm in length in the direction of flow, 0.75 mm Fr, and 0.75 mm apart. At three mean
pressures (25 bar, 30 bar, and 35 bar), He was the working gas, and the operating frequency
ranged from 40 Hz to 110 Hz. The test findings were summed up as follows using the Valensi

number (Va) and Reg.

Nu = 0.43 Re%%70 V2475 (18)
2
Va= —meDh. (19)
i

Heat transfer measurements were conducted by Kamsanam et al. [67] on paired finned-
tube HXs (without stack) positioned side by side in a He-filled resonator. Three copper HXs

with Fp, of 20 mm, Fr of 0.3 mm, and D of 0.7 mm, 1.4 mm, and 2.1 mm were examined.
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Following the conversion of the Colburn J factor to the Nu, the correlation derived from the

regression of their data is:

—1.2541
Nu = 0.203 Re%0% prt-33 (&> .

Dy,

Piccolo and Jaworski [78] did an experimental investigation with two types of HXs namely

(20)

finned tube and circular pore. In the direction of flow, F; was 2 cm. The HX itself was
mechanically supported during its production by a 2 c¢m thick copper ring with an internal
radius of 10.5 cm and an external radius of 14 cm. The cooling water travels through a 14
mm copper tube that has been crushed to create a rectangular cross-section pipe with an
area of 2 cm by 0.5 cm, right outside the HX. The experiment was run at the resonance

frequency of 143 Hz. The derived correlation was:

Nu = 0.47 Re%* Pr3. (21)
Kamsanam et al. [29] did experimental research on a TA system with three HXs having
different D of 0.7 mm, 1.4 mm, and 2.1 mm. The resonator was a half wavelength resonator,

and the system was operated at resonance frequency. The derived correlations respectively
for the three different D are:

1
Nu = 0.10 Repns Pro-™. (22)
Nu = 0.16 Re:* pr070, (23)
Nu = 1.56 Re:2% pr03t, (24)

The above discussion shows that the developed equations are system-specific, that is valid
only for the system from which it was developed (Table . Also, all the correlations are
valid only for the specific working fluid that was used during experiments. Therefore, it is
necessary to reconsider the formulation of the Nu correlations, which is further considered
in Section 7. However, with careful consideration, it is possible to generalize some of those
for different Res and frequencies. Table [3] shows the Rey range for a TA system and the
corresponding suitable Nu equations. The errors are relative to the data provided by Piccolo
and Jaworski [78] and are calculated based on the range of Rey selected for them. Figure
was developed using different oscillating flow correlations and using data provided by
Piccolo and Jaworski [78]. Note that for RMS-Re, and TASFE model, the Nu equation is
adapted from the laminar steady flow equation. Figure [5| supports the recommendations
made in Table [8] Nevertheless, considering a wide range of Re,, the analysis shows that

comparatively the most suitable correlations are BLC and the correlation developed by Tang
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et al. [92]. The later is actually an approximate equation developed from BLC. However,

note that BLC cannot predict the change of Nu with the change of Rey4 .
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Table 3: Recommended heat transfer correlations based on Rea. Also,

comparison among correlations developed for oscillating flow.

Correlation Ref.| Adaptability Mean | Frequency Mean | Assumptions Limitations Comments

based on | Abs. (Hz) pres-
Res num- | % sure
ber Error (bar)

1.303 Re% 320t py0-33 [84] | 500 - 4000 27 Close to its | 20, When peak to peak gas dis- | The equation was ver- | The modified TASFE
resonant 13.3, placement is smaller than | ified for upto Rea | model can be
frequency and the HX length, the effective | 4000 and peak to peak | adapted to fu-
(136-155.9) 6.7 heat transfer area is perime- | particle displacement | ture research after

ter multiplied by displace- | range varied from 2.5 | verification
ment amplitude mm to 5.3 mm
0.548 Re%33 pro-11 [45] | 0- 150 12 300 - 450 3, and | Fin equation assumes heat | Re was defined with | Effect of frequency
8 conduction occurs only | rms velocity, and a | on heat transfer was
along the length of the fin. | single drive ratio (Dr | analyzed, which can
Also, the velocity equation | 0.02) was considered be adapted in future
assumes a lossless standing research
wave
0.43 Re% 870V ¢0-475 [92] | 200 - 1200 24 40 - 110 25, 30, | The temperature of the os- | Va range of 150 to | More  experiments
and 35 | cillating flow is taken as the | 350 was considered. | can be conducted
average of the temperatures | The equation has not | for higher Re and
measured at both ends of the | been tested or wvali- | also considering
HX. 1D heat conduction was | dated for turbulent os- | geometrical variation
considered for fin efficiency | cillatory flows or for | of HX
calculation higher pressure ratios.
0.47Re% 4 prt/3 [78] | 200 - 2000 Base Resonance - For water side convective | The correlation has an | Finned tube HX
data frequency 143 heat transfer coefficient cal- | R? value of 0.73, and | was superior to
culation, the fin surface tem- | all experiments were | circular pore de-
perature was assumed to be | conducted at a fixed | sign in the specific
similar to water temperature | frequency configurations
m [89] | Any range 18 - - - Adapted from steady | Good in providing an

flow

average value
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Correlation Ref.| Adaptability Mean | Frequency Mean | Assumptions Limitations Comments
based on | Abs. (Hz) pres-
Re number | % sure
Error (bar)
0.203 Rel; 3606 pyr0-33 (i)71'2541 [67] | Not quali- | 78 Resonance Variable| Experiments were con- | Fin efficiency was | Provides large error
fied frequency (max ducted by setting two | adapted from the
40) HXs side by side (no | steady flow concept
stack/regenerator).  Also,
the water side heat trans-
fer was determined by
steady flow experiments
and was considered valid for
oscillating flow conditions
TASFE [91] | 200 - 300 13 - - - Adapted from steady | Better for low

flow

Reynolds number
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Figure 5: Nu based on Re, using different correlations developed for oscillating flow (base data extracted
from Piccolo and Jaworski [7§].)

5 Discussion on geometrical parameters

This Section examines the geometrical parameters introduced in Section 2.4 and evaluates
them in the context of optimizing the design of TA HXs. Recommendations are provided
throughout the discussion.

Primarily in the TASFE model, and first and second law analyses, for simplicity, a single
plate of an HX is considered. However, in practical cases, this assumption is not valid and
there are more than one plate. All the available experimental work in the literature also
considers HXs having multiple plates. Therefore, in this Section, discussions are carried
out on practical HXs. Besides, from the above discussion of Section 2.4, four fundamental
parameters are found: L, R, g, and @, which must therefore be set appropriately for the
optimal design of TA HXs. Besides these general parameters, for finned tube HXs, Frp, Fp,
and D are important for optimal design. Therefore, each of these parameters is discussed in

this Section, summarizing the scaling rules given by previous researchers.
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5.1 Length of HX (L) and separation gap (g)

Two important parameters in HX design are L, and g. g keeps the HHX from obstructing
the regenerator/stack pores and reduces adverse thermal conduction from the HHX to the
CHX in a TA device. As most of the recent studies conducted in the literature evaluated
these two parameters simultaneously, therefore, in this Subsection, both are considered. To
study the effect of CHX length (L.) on the heat rate per unit length (gj.,q), Piccolo [58]
did a numerical study. To analyze the effect of L., simulations were performed at a fixed
stack position and (,, while varying the DR, D, and Ly. The author suggested that the
cooling load increases quickly in the range of 0 < L, < X; (X is the particle displacement
amplitude) and becomes almost constant when L. > Xj.

Further, in the earlier research, Swift [10] suggested that L./2X; ~ 1 is the optimum
configuration for efficient interelement heat transfer. This result is supported by the claims
that a particle can only transfer heat over a distance of 2X7, and that the total number of
particles capable of taking part in interelement heat transfer is equal to the gas component
contained within a distance of 2X; from the stack edge. A similar observation was also
claimed by Saat et al. [93], where the authors did a numerical study considering two plates.
However, Swift [89] provided experimental evidence of improved engine performance with
shorter HXs (&~ X7) in a subsequent study. Swift’s reasoning considers only the heat flux, but
in practical application, the heat coming to the HX is not mainly due to heat transport; edge
effects and other HX effects are also important. Further, even lower values of (Lg/X; = 0.6)
of optimum length were found by Besnion and Knio [94]. The difference between Swift [89],
Saat et al. [93], and Besnion and Knio [94] comes from the number of considered variables.
Swift, and Saat et al. analyzed the L alone, where the former authors considered L and g
together with drive ratio (DR). Besnion and Knio [94] found that the cooling load peaks at
a particular g for a certain L.. Similarly, the cooling load peaks at a predetermined L. at a
fixed g, as can be seen in Figure @, which depicts that for all values of g, q],.4 peaks at a well
defined L.. As observed, when deviating from the optimum length of the HX, the curves
show a nearly sharp drop. A similar trend can be seen in the results obtained in [95], which
was conducted at a low DR, where the value also decreases gradually.

Further, a numerical simulation of the flow in a Section of a half wavelength cooler was
carried out by Marx and Blanc-Benon [96]. The authors numerically investigated HXs and
zero-thickness stack plates, and to save computing costs, a high operating frequency was
selected. The research primarily focused on how geometrical parameters affect the refriger-
ator’s COP. The authors found that there is an optimum value of g to obtain a high COP
and cooling power. The recommended g for a TAR is 0.2X; to 0.4X;. Besnion and Knio
[97] also suggested 0.40X; as the g, noting that larger or smaller gaps than this drastically

reduce cooling load. This occurs because X; limits the heat exchange between the HXs, and
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Figure 6: Variation of ¢f ,, with L. scaled with (2X; + d;). Curves are generated for different stack and g,
and DR [94]. (Redrawn with permission).

the stack, which is controlled by particle transport. As a result, the cooling load decreases
as the distance widens, due to the reduction in thermal coupling between the stack and the
HXs. Similar results were mentioned by Besnion and Knio [94], as can be seen in Figure m,
where an optimum value of ¢ is visible, and a lower or higher value decreases the ¢| 4 for
the CHX.

From the discussion of this Subsection, it is evident that initially when L was considered
alone, a lot of discrepancies were found among the results. Further, by considering the ratio
between the L and the X; along with the g, coherence between the different investigations
was found. Later, it was further found that DR could be a deciding factor for the peak
of qj,,q- Therefore, it is recommended that for HX, at least L and g should be optimized
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simultaneously, and the DR may suggest the optimal combination.
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Figure 7: ¢|,.q and Nu of CHX at various g scaled by (2X; + dx) [04]. (Redrawn with permission).

5.2 Effect of porosity (?)

The complicated turbulent flow patterns are thought to be caused by the difference in @
[08]. Tijani et al. [4I] suggested that to avoid abrupt flow entrance effects, the HX and
stack should have matching @. This recommendation is based on the assumption that equal
& allow the gas to flow without significant disturbances.

Besides, the @ of the HX is related to the viscous dissipation and dissipation of acoustic
power. Piccolo and Jaworski [78] conducted research with two different HXs having a & of
54% (Anx1) and 33% (Anxa). The authors found that Agx;, having the higher @, had 23%
more efficiency (calculated using a simplified 1D heat transfer model). The lower performance
of Apxe 1s associated with some less known acoustic loss mechanisms. One reason for this

behavior could be the higher viscous dissipation in Apxo. Indeed, the local V' in Apxs
o1
@2
velocity amplitude in Agx;. Thus, for Agxe, the viscous dissipation per unit area should be

2
approximately (%) = 3.28 times greater than that of Agx;. Auxo’s surface area (—ﬁfﬁg;) is

approximately 0.61 times smaller than Agx;, meaning that Agxs’s acoustic power dissipation

for a given volumetric flow should be approximately or 1.64 times greater than the

is nearly twice that of Ayx;. Furthermore, Matveev et al. [99] mentioned the same, that
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higher @ minimizes the eddy production in acoustic flow. In addition, the dissipation of
acoustic power is defined as A,p,,V? [100], therefore, increasing V', increases the overall
acoustic power loss.

Therefore, it can be concluded from these studies that when the HX is situated in high-
velocity areas of the acoustic field, its comparatively small pore geometry, and @ might have
a significant impact on flow losses. Nevertheless, Ntimane and Tartibe [T01] suggested that
the performance of a TW TAE would be improved by considering a relatively shorter CHX
having larger pores. However, the proper reason behind it could not be understood properly;
therefore, further research is necessary to establish the fact or counter it.

Further, the inner spacing of the plates may exert a significant impact on the thermovis-
cous and heat transfer characteristics of the flow around the stack’s edges, the HXs [29], and
the region between these two elements [94]. The sudden variations in the sections and the
multi-dimensional nonlinear mechanisms, including the production of harmonics, nonlinear
thermal effects, and swirling jets, are controlled by the inner spacing, and g. Therefore, the
inner spacing of the stack and the HX should be given proper consideration.

Belaid and Hireche [102] investigated four inner spacings (blockage ratio, /3,) for the HX
to investigate the impact of it on the TA cooling performance by varying the thickness of
the HXs. The authors also analyzed the effect of the g. The authors observed that the
temperature around the CHX increases significantly when the f3, increases (Figure [§)). This
is not favorable for HX because, in order to have thermal pumping, the fluid temperature on
the sides of the CHX needs to be lower than the solid temperature. The authors highlighted
that the presence of turbulence increases the fluid’s temperature. Therefore, the results of
the study validated that a lower value of 3, reduces the dimensions and the effects of the
vortex and gives a better refrigeration efficiency. However, in practice, it is quite difficult to
fabricate stacks, and CHXs having a certain small 8, while maintaining the instructions for

other parameters.

5.3 Effect of hydraulic radius (R;)

The Ry, offers valuable information about flow characteristics and facilitates the analysis of
pressure drop and heat transfer efficiency. Lower pressure drops and better heat transfer
efficiency are typically linked to an optimized Rj,. Through numerical modeling of parallel
plate stacks and HXs, Cao et al. [I03] demonstrated the correlation between the L and Rj,.
This result suggests that the L of HXs with small pores (Rj,/dr < 1) may be shorter than
2X1, which is likewise the finding of another computational investigation [58|. However, for
finned tube and plate HXs, the R, also depends on the D (in addition to F}), which is

discussed in the following Subsection.
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Figure 8: Temperature fields for the gap between the stack and the CHX at two different blockage ratios
(left image S, :1, and right image §,: 3/2 [102]).(Reused with permission).

5.4 Effect of fin spacing (D or 2Y0) or plate spacing (parallel plate HX)

The thermal performance of a TA system is significantly influenced by the plate spacing of
HXs. Recent research published by Kamil et al. [104] concluded that the COP, coefficient
of performance relative to Carnot (COPR), and efficiency of a TAR are highly dependent
on the HXs. The results of the study are shown in Figure [0} At a specific ratio of plate
spacing to thermal penetration depth (D/dy), the TAR operates at its best because the gas
and the HX plates are in perfect thermal contact. It is evident from Figure |§| (a) that the
D /6y values needed to achieve optimal cooling power fall within a range of values between
5 and 7.5. However, as the distance between the plates grows, the COP and COPR values
also increase (refer to Figure [9] (b)). Considering both cooling power and thermal/overall
performance, the optimal value D/d;, is equal to 7, based on the data displayed in Figure |§|
(a and b) from reference [104].

Further, to study the effect of D, Kamsanam et al. [29] designed three finned tube HXs
with fin spacings of 0.7 mm, 1.4 mm, and 2.1 mm, respectively. The authors found that the
value of the oscillating Nu increases with the increase of D. Similar findings were highlighted
by Besnoin and Knio [94], where both the power density, ¢ .4, and consequently the heat
transfer coefficient, increased with D. Piccolo and Pistone [105] reported that, for a given
oscillation amplitude of the flow, the heat transfer surface area rapidly increases with D/
when D/6, < 2.0. The heat exchange length increases until D/dy is approximately 5.0;

beyond this point, there is minimal change in the heat exchange length. Therefore, when
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Figure 9: The effect of D/d;, of HX on (a) cooling power, and overall efficiency and (b) COP, and COPR
[104]. (Redrawn with permission).

the D is slightly increased (comparatively), it eventually increases @, resulting in reduced
blockage and less effect of nonlinearities. However, a different set of results was reported
by [86], where the authors observed that increasing the @ beyond a certain limit leads to
a decrease in performance. This apparent contradiction may stem from differences in the
experimental setup. In [86], the stack was positioned between two HXs, whereas in [29], the
two HXs were placed side by side. This difference in experimental procedure influences the
flow dynamics and heat transfer characteristics.

Based on the discussion in Section 5, it is evident that, apart from the g, there is significant
inconsistency among researchers regarding other parameters such as L, &, and D. This

variability primarily arises from differences in the methods of analysis. Also, given the
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complexity of the system, focusing on individual parameters for design optimization proves
to be inadequate. The discrepancies observed in the literature stem from the simultaneous
analysis of only a few parameters. Therefore, it is recommended that when evaluating HX,
its L, g, ¢, and D should be optimized concurrently, considering both maximum heat transfer

efficiency and minimum viscous dissipation.

6 Challenges

This Section addresses the general challenges associated with TA HXs. Unlike Sections 3, 4,
and 5 - which provide in depth technical analyses along with specific recommendations on
design, methodology, and analysis. This Section focuses on broader issues such as manufac-
turing, turbulence, and numerical studies. Recommendations are offered both for addressing
these challenges and for guiding future research.

An optimal HX should minimize pressure drop and acoustic power loss while ensuring
effective heat transfer. However, achieving this balance is challenging, yet to address these
challenges, this Section is divided into three Subsections. First, fabrication challenges are
discussed, highlighting fundamental manufacturing constraints and possible solutions. Next,
turbulence measurement and treatment are examined as turbulence significantly affects HX
efficiency and acoustic performance. Finally, the challenges of conducting numerical studies

are explored, along with recommendations for improving simulation accuracy and reliability.

6.1 Fabrication challenges

There are fundamentally two major fabrication challenges while designing a HX for TA
devices: pressure endurance, and the ratio of hydraulic radius to thermal penetration depth
(Rp/dk). Besides, among other challenges, maintaining optimum dimension of F;, and & of
HX are considerable.

It requires careful consideration to ensure that the HX can withstand a high pressure
difference. Through the separation walls, cross-flow HXs experience a pressure difference
between the increased mean pressure inside and the nearly ambient pressure outside. This
pressure difference raises the possibility of wall rupture. Further, as metals lose strength at
high temperatures and can no longer endure high pressure, designing the HHX presents a
significant challenge.

Another parameter that determines the HX’s performance is the ratio of the R, to the
dx. Arnott et al. [106] have declared that all the gas molecules participate in heat transfer
at a ratio close to unity. Moreover, according to [45], increasing the mean pressure enhances
the heat transfer of the HXs; however, as the mean pressure rises, d, decreases. When oy

for a given gas at a given working frequency decreases, the R, /d; ratio deviates from the
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desired range (1 to 2); based on Arnott and Rott’s analyses [106], keeping this ratio close to
1 is challenging as Rj; would be very small.

Furthermore, another design problem is the low @ of cross-flow HXs. Low @ raises the
velocity and displacement amplitude inside the HXs, which in some cases can be an advantage
when adjusting the L to the particle displacement ratio; however, may increase viscous losses.
As a result, the HX’s overall pressure drops, and acoustic power loss increases [100]. Low @
constrains the cross-sectional area of the channel, sometimes restricting both the gas to metal
contact area and the heat transfer capacity of the HX. Small gas to solid contacts necessitate
increasing the L in the direction of the oscillatory flow, which eventually increases pressure
drop and acoustic power loss. Therefore, it is necessary to adjust @; however, fabricating a
HX with very high & yet having enough heat transfer surface area is difficult.

Nevertheless, many of the above mentioned design restrictions imposed on potential HX
forms can be overcome by using metal additive printing, a relatively new manufacturing
technique that works layer by layer to form the entire part [I07]. Hamood et al. [107]
manufactured and tested three sets of HXs for TA systems using aluminum and stainless
steel (Figure . Moreover, Wang et al. [I08] mentioned that Inconel is an outstanding
material for laser based additive manufacturing, though its adaptability for TA HX is a
matter of concern. Further, to address the issue of poor thermal contact and gas leakage
in traditional SW TAEs, Chen et al [109] fabricated an integrated stack using a "bottom
up" layer by layer approach with the assistance of additive manufacturing. This study
proved the feasibility and dependability of employing additive manufacturing for TA energy
conversion, showing additive manufacturing’s significant potential as a vital tool for future
research. Therefore, it is recommended to use an additive manufacturing process wherever

the geometry is complex.

Figure 10: HX made by additive manufacturing [I07].(Reused with permission).
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6.2 Turbulence

In TA, to date, the effects of turbulence are not fully understood, as mentioned in Subsection
5.2. The performance of HXs largely depends on the turbulence and the eddy formation.
Ideally, laminar flow across the HX would enable predictable heat transfer; in practice,
turbulence promotes thermal diffusion, which, depending on the scale and structure of the
turbulence, can either increase or decrease the system’s performance. In some cases, small-
scale turbulence close to HX can amplify the convective heat transfer; however, excessive
turbulence can disrupt the phase relationship between temperature and pressure oscillations
and increase viscous losses.

According to literature, solving the Navier-Stokes equations directly, or introducing a
turbulence model are two viable methods to address the impacts of turbulence. Nevertheless,
some researchers suggested that one can replicate the transitory effects of turbulence without
the need for an additional model by utilizing high-fidelity numerical schemes, particularly
if they are three dimensional [110] [III]. Similar to this, another method that has been
employed in the literature is the employment of a laminar model in commercial programs
with fine meshes and time steps, because these try to solve the macroscale and such models
behave similarly to a Large eddy simulation (LES). On the other hand, these models do
not employ any sub-grid model, which enables the numerical diffusion to dissipate even the
smallest turbulent vortices [112] [113]. Nevertheless, no solid experimental data indicating
the most appropriate turbulence model for TA are found in the literature. Although the
k-w SST turbulence model is the most widely used RANS model and provides comparatively
better results [114][85][115], the best turbulence model for a genuine TA device should be
assessed. Nevertheless, very recently Abdelmaged et al. [I16] experimentally confirmed
that a transition from laminar to a different regime occurs at a Re of 240 to 272 (here, Re
is defined using the velocity amplitude and §,). To determine the critical Re (the Re at
which flow changes), velocity fluctuations and Reynolds stress were estimated. At a Re of
272, an increase in Reynolds stress was observed at the boundary of the viscous penetration
depth, indicating a shift in the flow regime. Though this experiment was conducted in an
empty duct, but could be used as a ground for understanding. Besides, Ramadan et al.
[117] investigated the characteristics of oscillating flow velocity field at the exit of different
mesh grid regenerators, where a critical Re of 50 was determined, after which the flow
becomes highly dissipative. Nevertheless, more experimental research should be conducted
to determine when the laminar to turbulent transition occurs because turbulence favors heat
transfer while increasing acoustic losses. It is of primary importance to progress on this

understanding for a better design of HX.
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6.3 Challenges with numerical study

We have software capable of modeling the operation of entire machines, but these tools rely
on simplified descriptions of individual components, particularly HXs. Conversely, there are
codes that can capture the detailed behavior within a HX, yet they fail to converge when
applied to a full machine due to the wide range of time and spatial scales involved. The
challenge in numerical studies is to bridge this gap.

There are some recognized design models available in literature for TA devices, such as
DeltaEC [90], SAGE [I18], PC-TAS [I19]. The most widely used design tools are DeltaEC,
developed by Los Alamos National Laboratory, and SAGE, developed by David Gedeon,
though both are performance oriented and only partly discuss HX. Further, these codes
are fundamentally different from each other, with DeltaEC using integration of the wave
equation and SAGE using the finite difference method. SAGE is classified as a third-order,
nodal analysis tool, while DeltaEC employs a similar one-dimensional approach that, to
some extent, incorporates third-order characteristics [120]. In DeltaEC, several HX types
are modeled based on gas flow geometry: parallel plate, TX (tubular), SX (screen), PX
(porous), and variable exchangers VXT1, VXT2, VXQ1, and VXQ2. The parallel plate,
and TX are smooth and short, SX and PX are porous and tortuous, while the VX models
account for variable temperature and heat density along their length [I2I]. The DeltaEC
HX model requires the user to adjust the solid temperature of the HX to get the heat flux or
vice versa, besides providing the dimensions of A,, L, and ¢. In SAGE, a more generalized
object-oriented interface is used. SAGE can model matrix type heat exchangers (i.e. woven
screen, random fiber, packed sphere, etc.,), tubular HX, fin HX etc. by connecting solid
to fluid components, facilitating the prediction of axial temperature distribution [T18] [122].
SAGE also employs semi-empirical terms for the friction factor, Nusselt number, and axial
conductivity ratio. The use of few of these HXs such as fin type, parallel plates, etc. are
seen in the literature and discussed in Table [2] and Figure[2 Further, smooth, short parallel
plate, and TX models are straightforward, numerically stable, though they may oversimplify
real geometries. SX and PX exchangers enhance heat transfer through increased surface
area but involve additional parameters and can be sensitive to user input. SAGE HXs offer
flexible modeling of complex geometries and solid-fluid interactions; however, reliance on
semi-empirical correlations may limit accuracy. A direct distinction of these software from
CFD is how it treats geometry and transport phenomena. CFD is capable of solving the
governing equations on a mesh conforming to the actual geometry or close to the actual
geometry [123|, providing output of local heat and fluid flow. Complex flow patterns like
secondary flows, vortices, and flow reversal can be captured using CFD, in contrast to the
more straightforward methods of DeltakC and SAGE. Nevertheless, this high-fidelity insight
may come at a significantly higher computational cost (compared to DeltaEC and SAGE).
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Yet after years of development, the TA phenomenon is difficult to describe with numerical
calculations, as length scales that vary from a few millimeters inside the HXs to an order
of meters inside the resonator. Furthermore, it is exceedingly challenging to evaluate the
coupled nonlinear impacts of parameters on each other because the parameters that are
crucial to the performance assessment of these devices are highly nonlinear and strongly
dependent on one another. Therefore, the computational cost of the numerical algorithms
required to assess these effects is very high. For example, transient simulations typically
require time steps between 1.0 x 107> and 2.5 x 107 seconds [124] [125]. As a result, it is the
main obstacle to the full simulation of complex systems and has mainly prevented further
research from going beyond two dimensional models [I126]. However, macroscopic domain
simulations using commercial software could be a solution to full device simulation as for
example, can be seen in Table [dl Macroscopic domain simulations using ANSYS Fluent and

CFX are recommended for comprehensive device analysis based on literature results.

Table 4: Full device simulation - commercial software.

Reference | Considered Param- | Turbulence Model Software with

of article | eters reference

[127] Cta, Csf, Rp, and @ Laminar ANSYS-CFX [128§]

[129] @, B, and C K—¢ ANSYS-Fluent
[128]

[130] &, 3, and C (LES COMSOL  Multi-
physics [131]

[132] &, B, and C K —c¢ ANSYS-Fluent

[133] ¢, B, C and F, Lattice Boltzmann Method | D2Q9 (mesh gener-

(LBM) ation) [134]

[114] &, B, and C K—-w -

[85] é, B, and C K—w ANSYS-Fluent

[115] &, B, and C K—-w ANSYS-Fluent

Here Cy4 - coefficient of drag, Csy - coefficient of skin friction, 3 - viscous resistance factor,

C' - nonlinear inertia resistance factor, and F, - Forchheimer number.

7 Similitude study for future research

Considering the above discussion, it can be concluded that variations in operating parameters
(mean pressure, frequency, working fluid, mean temperatures) and geometrical characteris-

tics (even for HX of the same configuration) have a significant impact on heat transfer in
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oscillatory flow. Besides, a lot of discrepancies are visible in the approaches leading to a lot
of complexities in the design and analysis. Therefore, it is necessary to order a map for the
design and analysis of HX for TA systems. As a result, a dimensional analysis and similitude
can be a useful tool for examining and forecasting the behavior of the complex system. By
using the concepts of spatial homogeneity and similarity, these techniques make physical
issues easier to understand and handle through modeling, analysis, and experimentation.
The system can be made simpler by using simplification to find the essential dimensionless
parameters that control the system’s behavior. Without having to cope with the complex-
ities of the complete system, this simplification facilitates an easier understanding of the
underlying physical events and favors applicability of results to other configurations.

For conducting dimensional analysis, two commonly used methods are Rayleigh’s method
and the Buckingham Pi theorem. Rayleigh’s method is efficient when dealing with a small
number of variables. However, since the TA HX involves many variables, the Buckingham
Pi theorem is chosen for this study. The process begins by identifying all relevant variables
and determining their fundamental dimensions. The number of dimensionless groups, known
as 7 groups, is then calculated as the difference between the total number of variables and
the number of fundamental dimensions. These 7 groups are formed by selecting suitable
repeating variables that include all essential dimensions, simplifying the problem into a
dimensionless form.

As mentioned, the first step is to define and classify all the variables needed to define the
physics of the system considered, such as dimensions, gas properties, solid properties, other
independent, and dependent variables.

To begin with, all the geometric dimensions that define the TA HX are considered based
on Figure [l Here, those are listed as A, Ry, Fy, or L, Fr, D, &, The blockage ratio has not
been considered here as it is inversely proportional to @.

For the calculation of gas, one fundamental assumption is taken into account: the fluid
is an ideal gas. Here, T,y is defined as a reference temperature at a constant tempera-
ture location in the HX (especially the CHX). Hereinafter, any variable defined with ‘ref’
as a subscript is evaluated at this constant 7.f. This assumption is made to evaluate the
temperature-dependent variables. While running experiments, this 7;.; can be adjusted
according to the needs of the analysis. Besides pressure, there are fundamentally four pa-
rameters needed to specify an ideal gas: those are 7, a, K, and u, which are the ratio of
isobaric to isochoric specific heat, the speed of sound in the medium, thermal conductiv-
ity, and dynamic viscosity. Here, two extremely important parameters of gas density p and

specific heat C), are not separately considered as they are already incorporated in +.

= —". (25)
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Moreover, from the ideal gas consideration, the below relationships are originated. For
an ideal gas, based on kinetic theory, the value of ¢ = w = 0.5 (Equations and .

However, for noble gases that are used in TA, such as argon, helium, etc., this value changes.

(26)

Therefore, for noble gases, the values of ¢ and w should be determined. Nevertheless, under

the ideal gas assumption, the determination of ¢ and w is neglected in this calculation.

o(T) = aret (Tif)% | (27)

Mﬂ=Kﬁ(TY- (2)

W) = (1) (20)

The properties of the solids include the material, Ky and p;C;. The other miscellaneous
independent variables are referred to here as Sundry variables. For a TA HX, the variables
are Qload, P, Tiet, and f. The pressure is defined as Equation , where P(t) is a 1st order
acoustic term. Similarly, other variables such as temperature also possess a mean and a

fluctuating part.

P =P, + P(t). (30)

Now, the dependent variables are those variables that depend on the above mentioned

independent variables. The independent variables can be adjusted when designing the ex-

periments, but dependents are nonadjustable directly. The fundamental dependent variables

are temperature T'(x,t), velocity V(z,t), pressure P(z,t), effectiveness ¢, and efficiency 7.
Among these, ¢, and 7 are already dimensionless.

To summarize, all the considered list of variables are:
e Geometry: A, Ry, L (or Fy), Fr, D, ®

o Gas: v, Gyef, Kyef, fret, ¢ W

e Solid: K, psC

o Sundry: Qioads Prus Trers

e Dependent: T'(x,t), V(x,t), P(x,t), e, n

A clear understanding will provide us with four fundamental variables: length, tempera-
ture, time, and mass. Considering this, the repeating variables are taken as L, P,,, aref, and

Tier- All the other variables are normalized using the repeating variables and the results are:
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For more clarity, some adjustments are made. For instance, << is replaced with the
m

pCyp
K

and represent the same property of the gas. Further, the cooling load % is theoretically

Pr, which can be written as . This replacement is done because both are dimensionless

debatable to be defined by the cross-sectional area of the HX instead of its length. However,

we will keep it normalized with L as most current research defines the property Qioaa with

refTr

L. Finally, we replace % with the more relevant thermal penetration depth term of

Krer

P (density and specific heat are considered in 7).

TA systems, likely 1‘;—2, where 05, =

Density, which is incorporated in 7, can be normalized as ”reliaAfL, which is usually referred

ref

to as the Re. The term L can be replaced with the more sophisticated term 9, = 4 /%
(viscous penetration depth) as suggested by [45]. Thus, for the HX of a TA system, where S;
is the Strouhal number (ratio of inertial forces due to unsteady periodic velocities to inertia

forces due to changes in steady flow):

[T(z,t) ]
Tref ATEf ﬁ &
P(z,t) L2 L (SL
Pret Ok
V(z,t) — v Pr Ry, (31)
Qref 'g KsTrer pSCsTref R
€ aremeL P €
Qload S
/’7 PmarefL2 ¢

The principle of similitude recommends keeping the dimensionless independent variables
on the right side and the dependents on the left, that’s what has been done in the above
Equation A clear observation shows that by grouping the variables and normalizing
them using the repeating variable, we have reduced nearly half of the relevant parameters.
This results in a significant reduction in the number of experiments required compared to
previous approaches. The list of non-dimensional numbers identified in Equation [31| should
be considered when analyzing TA HXs, although in most literature, only a few of these are
typically taken into account. Moreover, dimensional analysis of the fundamental equations
(continuity, momentum, and energy) shows that the considered 24 variables are sufficient for
the dimensional analysis of TA HX.

From the above discussion and literature review, it is noticeable that a modification in the

regression variables of Nu = Nu (Re, Pr) is necessary. In the conventional Nu equations, Re
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provides the flow pattern considering inertial and viscous forces, and Pr defines momentum
and thermal diffusivity. However, in acoustically oscillating flow, the flow characteristics
differ from conventional fluid flow as the particles move back and forth in a periodic motion.
Therefore, based on the similitude study, it is recommended to reconsider the formation of
the regression analysis and to include the acoustic frequency by incorporating the Strouhal

number (St). The recommended correlation formation is therefore:

Nu = Nu(Re, Pr,St). (32)
In the Equation [32] the characteristic length scale of the Re can be the velocity amplitude

and the hydraulic diameter. Whereas, in the St, the common choice can be plate spacing or
D or Ry, (needs to be defined by experiment). Besides, the set of Equations in [31| needs to

be considered for proper analysis and optimization.

8 Conclusion

This review provides a thorough evaluation of HXs in TA systems, addressing their configura-
tions, performance parameters, key geometrical considerations, design criteria and method-
ologies, limitations, and prospects. The study synthesizes research from various sources,
spanning both experimental and numerical approaches and ranging from studies on isolated
solid plates to entire HXs and full TA devices. The review covers a broad range of viewpoints,
including the performance of the device, heat transfer, entropy generation, and practical de-
sign issues. It also delves into design limitations and provides strategies for overcoming these
challenges. By integrating studies of different natures, the review not only highlights critical
insights from various research perspectives but also identifies the gaps and challenges that
remain in optimizing TA HX design. Based on the extensive discussion, the key conclusions

are summarized below.

e Currently, there is no well defined methodology for designing HXs for TA systems. Many
of the existing design criteria and methodologies are directly adopted from steady flow
applications, which do not fully account for the unique flow patterns and dynamics of
oscillating flow. Given the significant differences between steady and oscillating flow
regimes, further research is essential to develop a comprehensive and optimized design
methodology tailored to TA HXs.

e Given the complexity of the system, focusing on individual parameters for design op-
timization proves to be inadequate. The discrepancies observed in the literature stem
from the analysis of only a few parameters. Therefore, it is recommended that when
evaluating HX, at a minimum, its L, g, @, and D should be optimized concurrently

along with varying DR, considering both maximum heat transfer and minimum viscous
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dissipation. Ideally, the set of similitude parameters determined in Section 7 should be

considered.

e Different types of HXs have been discussed in the literature. However, based on some
recent studies, it appears that finned tube HXs are comparatively more studied than
other types of HXs. However, more constructive research should be conducted on their
performance and optimization, specially on Fj, and Fr, and g. Additionally, additive

fabrication may be considered depending on their geometrical complexity.

e The steady heat transfer models are not fully applicable to oscillating flow. For laminar
regime, the adopted steady models significantly underestimate the heat transfer. Fur-
ther, the developed correlations for oscillating flow are also system specific. Therefore,
this study has organized all available oscillating flow correlations according to the Re
and suggests a new form of regression correlation for consideration in future research

to better understand and evaluate the heat transfer processes.

e So far, no proper method has been developed for analyzing the ¢ of TA HXs. The prob-
lem generally lies in the measurement of the property Qioaq. Therefore, further research

is necessary to establish a proper experimental method to quantify this properly.

e One of the major challenges of oscillating flow is turbulence. The behavior of turbulence
and its effects on HX are not yet properly understood. Therefore, further research is
necessary to understand the phenomena and optimize HX design to minimize its adverse
effects. Advancing in numerical methods can help in understanding the phenomena and
optimizing the design.

e In this study, a similitude study has been conducted, which identifies fundamental pa-
rameters for better optimization and analysis. This simplification facilitates an easier
understanding of the underlying physical events without having to cope with the com-

plexities of the complete system.

Several paths for future research were drawn in this paper. The main ones are: future
studies should optimize TA HXs by considering all key design parameters collectively and
using the Equations in 31| to reduce the number of experiments and variables, with convec-
tive heat transfer evaluated via Equation . The determination of Qload requires further
research, accounting for oscillatory flow, turbulence, end effects, and laminar to turbulent
transition. While the k-w SST turbulence model is more accurate than other RANS models,
custom numerical models may improve predictions. Finally, different HXs and additive man-
ufacturing with aluminum alloys should be explored for superior heat transfer in complex

geometries.
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