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ABSTRACT  

Thermoacoustic machines, Stirling engines or coolers, and pulse tube coolers are 

examples of energy systems that operate based on oscillatory flow principles. This class of 

technology would achieve an improved efficiency from appropriately designed heat 

exchangers, stacks, regenerators and thermal buffer tubes. In this paper, heat transfer and 

oscillatory flow behaviour in three identical parallel-plate heat exchangers, one ‘heat 

source’ positioned between two ‘heat sinks’, are investigated using numerical method. The 

effect of different plate edge shapes on heat transfer, flow structures and acoustic pressure 
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drop are examined at a selected drive ratio of 0.3 – 2.0%. Flow parameters show a strong 

dependency on drive ratio and flow direction, especially at low excitation where gas 

displacements are below or comparable to the heat exchanger length. Cone edge shape 

minimises the flow complexity better than other shapes with a negligible effect on the heat 

transfer. The result of this study will benefit the design and development of compact and 

high-efficiency heat exchangers for the next generation of oscillatory-flow energy and 

thermal management systems.  

  

    

1.0 INTRODUCTION   

  

A variety of energy and thermal management systems such as thermoacoustic 

devices, pulse tube coolers, and Stirling engines or coolers in cryogenic applications can 

achieve high efficiency because they rely on an acoustically induced working fluid to do 

energy transfer within their heat exchange components – heat exchangers, stacks, 

regenerators, and thermal buffer tubes. However, it is crucial to first understand 

thermalfluid processes in oscillatory flows, especially between the solid boundary and 

oscillating gas, from a component design perspective. Here, the challenge is to design 

compact and thermally efficient internal components because of the relatively short 

acoustic displacement amplitudes of the oscillating gas. Simultaneously, the flow losses 

due to geometrical discontinuity and changes in flow directions must be minimised to 

prevent loss of system efficiency (Wheatley et al., 1983; Olson and Swift, 1997).   

For a few decades now, heat transfer and flow structures in oscillatory flows have 

been studied theoretically, numerically, experimentally or through a combination of these 
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methods by researchers around the world (Kurzweg, 1986; Mackley and Stonestreet, 1995; 

Wang and Vanka, 1995; Swift, 2001; Oddy et al., 2001; Sert and Beskok, 2002: 2003; Paek 

et al. 2005). Piccolo and Pistone (2006) integrated linear acoustic theory through a 

numerical calculus with a simplified energy conservation model to estimate the optimal 

heat exchanger (HEX) length and magnitude of the heat transfer between gas and solid 

walls of the thermoacoustic system. Besnoin and Knio (2004) numerically investigated 

flow interaction within a stack and HEXs using a vorticity-based scheme for stratified flow. 

Mozurkewich (1998) developed an analytical model based on parallel-plate geometries for 

stack and HEX. Assumptions of laminar flow and gas temperature variation along the HEX 

length or stack were imposed. They observed that the gas temperature within the HEX 

could be quite non-uniform. The unsteady characteristic of heat transfer processes in a 

parallel plate structure was studied by Shi et al. (2010) through PLIF measurement 

techniques. The authors obtained a 2D temperature distribution of the gas around a 

parallelplate HEX as a phase function in an acoustic cycle and obtained a space-cycle 

Nusselt number (Nu) against the Reynolds number. The thermal potential in their heat 

transfer coefficient expression is obtained by subtracting the wall temperature from the 

channel’s midpoint temperature. Jaworski et al. (2009) and Yu et al. (2014) used a 

combination of experimental and numerical methods to evaluate flow conditions and heat 

transfer in parallel plate structures. In the studies above, parallel plate geometries with 

square-edge shape (i.e., 90° edges) were used for investigations, and the effect of the 

channel edgeshape on flow and heat transfer was omitted. A few studies on numerical 

modelling of minor losses in oscillatory flow exist, e.g., Morris et al. (2004). Mohd-Saat 

(2013) used a CFD approach to study thermal-fluid processes inside a set of square-edge 

parallel-plate structures and at a drive ratio (DR) of 0.3 to 0.83% to replicate the 
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experimental condition of Shi et al., 2010. The author reported a good match between their 

results and the test data and observed laminar oscillatory flows in the parallel plates 

(simulation and experiment) at a low DR ≤ 0.3%. Also, they found that numerical 

turbulent and laminar models gave identical results at this operating condition. Merlki and 

Thomann (1975) have shown experimentally that at a critical Reynolds number (Recrit) of 

~400, a transition from laminar flow to turbulence occurred in circular pipes.  

Channel edge shapes of heat exchange components in oscillatory flow are important 

in designing and developing high-efficiency systems. It has been found by Cao et al. (1996) 

that the time-averaged heat transfer rate across the stack plate was concentrated at the edges. 

This result was later by Mozurkewich (1998) using an analytical boundary value method, 

observing that the time-averaged heat transfer is concentrated over the area that is of the 

order of the gas displacement amplitude. In the numerical study of Zoontjens et al. (2009), it 

was further shown that the stack plate half-thickness has a profound influence on the flow 

structure and heat flux distribution at the edges of the plate. The authors suggest that the 

generation of vortices around the stack region can be altered by plate thickness. In a 

different CFD study by the same authors, they showed that using a stack with a round edge 

could improve the cooling rate and the overall coefficient of performance of thermoacoustic 

refrigerator (Zoontjens et al., 2008). The authors investigated the effect of different edge 

shapes (except a cone edge shape) on system performance and observed that a round edge 

shape decreases the flow resistance and acoustic streaming at high amplitudes. However, the 

authors ignored the effects of resonator diameter and duct surfaces and used a half plate 

stack of infinite width and plate count located in a theoretical half-wavelength resonator 

operating at sub-atmospheric pressure. Their numerical model used a laminar viscous model 
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to simulate high amplitude excitation known to be in the turbulent region (Merlki and 

Thomann, 1975; Olson and Swift, 1997) and require turbulence models (Ilori et al., 2014; 

Mohd-Saat, 2017). Therefore, an opportunity to considered other edges shapes and high 

accuracy simulation techniques does exist. Also, the effect of proximity of other 

components near the stack extremities needs to be understood.  

To improve oscillatory flow conditions and minimise nonlinear effects associated 

with geometrical discontinuity, Smith and Swift (2003) used a rounded edge shape at the 

inlet and outlet of flow channels in their experiments. Marx et al. (2008) studied the 

unsteady effects at geometrical discontinuities in acoustic ducts. They considered the 

impact of the transition’s curvature radius and the displacement amplitude in the pressure 

and energy losses calculation. Zhao and Cheng (1995) experimentally investigated the 

oscillatory convective heat transfer in a pipe with a rounded entrance and exit channel edge 

that was subjected to reciprocating flow. Their pipe was heated uniformly, and the thermal 

potential was obtained by subtracting the wall temperature from the fluid temperature at 

the inlet or outlet of the pipe. Aben et al. (2009) carried out 2D PIV experiments to study 

the vortex formation at the end of a parallel-plate stack using different edge shapes at an 

adiabatic condition. Weiyang and Fatimah (2016) considered edge shapes of parallel 

structures consisting of hot and cold plates placed in direct contact with each other. The 

authors considered a single drive ratio of 0.3%. However, a range of high excitations are 

used in a real system, and heat exchange components are separated with gaps that result 

from the geometric discontinuity due to different pattern and porosity of flow channels 

from individual elements. Takeyama (2018) experimentally studied the flat and spherical 

edge shapes of components of a coaxial thermoacoustic system to determine the influence 

of the inner tube length and the edge shapes of the outer tube on the energy conversion. It 
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was concluded that the edge shape is an important design consideration for achieving high 

efficiency in a coaxial system. A recent study by Tartibu and Kunene (2019) considered 

similar edge shapes to Takeyama (2018) for a stack located in high amplitude excitation 

using the CFD approach. The authors focused on acoustic streaming but did not discuss 

heat transfer or compare their results with theoretical or experimental data.    

It should be noted that the research works mentioned above used either a single or 

a pair of simplified geometries for their investigations. Also, studies that used real HEXs 

(e.g., Brady, 2011; Kamsanam et al., 2016) have reported that the conductive heat loss 

through the working fluid is difficult to estimate because of unsymmetrical arrangement, 

which suggests that a more accurate heat balance calculation can be obtained using 

symmetrically arranged HEXs. Also, the nonlinear flow behaviour associated with the 

geometrical discontinuity can be minimised using an appropriately designed channel edge 

shape. Interestingly, modern manufacturing techniques such as additive manufacturing can 

produce inherently complex shapes (Wong and Hernandez, 2012) and allow the design and 

manufacture of heat exchange components with edge shapes.  Currently, oscillatory flow 

data are relatively scarce compared to the extensive data available for steady flow (Kays 

and London, 1964). Therefore, numerical investigations are necessary to complement the 

available experimental data to enhance the understanding of heat transfer processes in 

oscillatory flows.  

This paper focuses on the effect of edge shapes on heat transfer, flow behaviour and 

oscillatory pressure drop of HEXs, using a CFD approach. The velocity profile, pressure 

and temperature fields, heat fluxes in the form of Nusselt number (Nu), flow behaviour and 

the pressure drop due to minor losses are examined against the system DR, defined as the 

ratio of the maximum pressure amplitude to the mean pressure in the system. The HEX is 
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parallel plates with leading and trailing edges (depending on flow direction) of different 

shapes – square, cone, ogive, and round. The significance of this study is that changes in 

the heat transfer characteristic can be linked to a specific flow behaviour such as vortex 

shedding and turbulence. It is also envisaged that the symmetric arrangement of HEXs will 

facilitate an improved heat transfer performance estimation, leading to a reliable design 

guideline for heat exchange components under oscillatory flow conditions. Furthermore, 

the system performance can be improved by using heat exchange components with cone 

edge shapes to minimise losses associated with the geometrical discontinuity between 

components and changes in directions in oscillatory-flow devices.       

2.0 Computational Model  

This CFD study is developed based on the experimental setup described in (Ilori et 

al., 2018). The test data from the setup is used as the initial and boundary conditions in the 

simulation. Furthermore, the simulation results are compared to the analytical solution and 

the available test data. The overview of the setup schematic is shown in Fig. 1. It is 9.8 m 

long and consists of a test section, a cylindrical resonator, and an acoustic driver (Fig. 1a). 

The test section is positioned at 4.29 m from the pressure antinode at the closed end of the 

resonator, po (x = 0). Three identical crossflow HEXs are arranged symmetrically in the test 

section for characterisation under oscillatory flow conditions. The acoustic driver excites 

the pressurised helium gas (chosen because of its low Prandtl number). Further detail about 

the test rig is not repeated here since it has been published elsewhere.  

  

2.1 Numerical Domain   

Fig. 1b is a 2D replica of the test section in the experimental setup. It is chosen as 

the computational domain and has a length (L) of 900 mm. The axial location (x) in the 
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direction of the acoustic propagation is normalised by L (i.e., x/L). The inlet and outlet 

positions are at distances x/L = 4.27 and x/L = 5.27 from the pressure antinode (po), 

respectively. Three identical parallel plates are arranged in series with a 4 mm horizontal 

gap between two adjacent HEX set, irrespective of the edge shape. A hot heat exchanger 

(HHX) is placed between two cold heat exchangers (CHX1 and CHX2). Fig. 1c shows all 

the edge shapes. The square edge has 90° sharp corners, The cone edge has a divergence 

angle (α) of 34.8o, the ogive edge has an ogive-like shape with a curvature radius of 7 mm, 

and the round-edge is a half-circle with a radius of 1.25 mm. For every simulation case, 

three HEXs (Fig. 1b) with the same edge shape are used as a set. There are nine flow 

channels in each HEX with a flow length (𝑙) of 28 mm, including the edge shape. The 

porosity [𝜎 = 𝑑/(ℎ + 𝑑)] is 54.5%, and the domain length (L) is chosen such that the flow 

is not disturbed near the domain inlet and outlet boundaries to ensure that flow structures 

in the vicinity of HEXs is not influenced by any unsteadiness from the upstream or 

downstream regions.    

Thermal and viscous penetration depths are defined as – 

1.05 mm and  0.86 mm for the investigated range of temperature  

(15 – 50°C), where 𝑘𝑓, 𝜔, 𝜌𝑚, 𝑐𝑝, and 𝜇 are thermal conductivity, angular frequency, mean 

density, isobaric heat capacity and dynamic viscosity. The Prandtl number, 𝑃𝑟 =   (𝛿𝑣/𝛿𝑘 

)2 = 𝜇𝑐𝑝/𝑘𝑓 =1.46 – 1.49. The drive ratio (DR) is the pressure amplitude at the antinode 

divided by the mean pressure in the system, i.e., 𝐷𝑅 = |𝑝0 |/𝑝𝑚 × 100%. The wavelength 

is defined as 𝜆 = 𝑐⁄𝑓, where c and f are the speed of sound and frequency, respectively. 

The acoustic Reynolds number is described as 𝑅𝑒 = 𝜌𝑢1,𝑚𝑖𝑑 𝑑⁄𝜇, where  

𝑢1,𝑚𝑖𝑑 is the velocity amplitude at the centre of HHX (x/L = 4.77) (Wakeland and Keolian,  
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2004; Tang et al., 2014). Locations x/L = 4.72, 4.75 4.79 and 4.82 (i.e. points 1, 2, 3, and 4 

in Fig. 1b) correspond to positions of thermocouples and pressure transducers in the test 

section. Locations a, b and c are in the central flow channel of CHX2, at x/L = 4.79, 4.80 

and 4.81, respectively. Fig. 2 shows the definition of flow directions, consisting of twenty 

phases in one acoustic cycle. Phases 𝜙1 – 𝜙10 denote the suction stage while phases 𝜙11 

– 𝜙20 represent the ejection stage.   

  

2.2 Governing Equations  

Time-dependent Navier-stokes (N-S) equations are solved in ANSYS Fluent 17.0 

using finite volume method (FVM) (ANSYS Inc., 2016; Versteeg and Malalasekera, 2007). 

Reynolds Averaged N-S (RANS) equations are used (Nijeholt et al.,2005; MohdSaat, 

F.A.Z., 2013; Ilori et al. 2014), which are derived from N-S equations by time-averaging 

the transport and energy equations, with variables (such as velocity) decomposed into mean 

and fluctuating components, 𝜙 = 𝜙  + 𝜙′. In a conservative form, the continuity, 

momentum, energy equations are written as:  

                  (1)  

    

     (2)  

     (3)  

where F, SG and SN are the external force, and user-defined source terms in ANSYS Fluent, 

E and 𝜅 are the internal energy and turbulent kinetic energy. The effective stress tensor is 

defined as:   
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            (4)  

Eq. 4 represents the stress tensor under the influence of turbulence with effective viscosity, 

𝜇𝑒𝑓𝑓 = 𝜇 + 𝜇𝑡, where 𝜇 is the laminar viscosity and 𝜇𝑡 turbulent viscosity. Similarly, the 

effective thermal conductivity 𝑘𝑒𝑓𝑓 = 𝑘𝑓 + 𝑘𝑡 is the sum of mean thermal conductivity, 𝑘𝑓 

and turbulent conductivity 𝑘𝑡 calculated as 𝑘𝑡 = 𝜇𝑡𝑐𝑝/𝑃𝑟𝑡. The turbulence Prandtl number 

(𝑃𝑟𝑡 ) has a constant of 0.85. The turbulent viscosity (𝜇𝑡) is calculated using the turbulence 

model. The Reynolds Stresses term,  are solved through additional equations 

provided by the turbulence model.   

          (5)  

The Kronecker delta 𝛿𝑖𝑗 is included to correctly model the normal component of Reynolds 

Stress. In addition to the governing equations, pressure and density are related through the 

ideal gas equation:  

𝑝 = 𝜌𝑅𝑇                    (6)  

Shear Stress Transport (SST) k-ω turbulence model (Menter, 1994), Pressure Implicit 

Splitting Operators (PISO) algorithm, and second-order discretisation are used in all 

simulation cases. Default values are retained for constants in the SST k-ω turbulence 

model. Calculations start at an assigned time step size, 𝛥𝑡 = 1⁄𝑁𝑓, where 𝑁𝑓 is the number 

of time steps over a complete flow cycle. Here, 𝑁𝑓 = 600 as determined after the sensitivity 

check on the time discretisation. Residuals are allowed to fall below 10-5 for the continuity, 

momentum, and turbulence, and 10-7 for energy equations.   
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2.3 Initial and Boundary Conditions 

  

Temperature-dependent viscosity and thermal conductivity are defined as (Bird et 

al., 2006, Incropera et al., 2007):   

𝜇 = 1.99 ⋅ 10−5 ⋅ (𝑇⁄𝑇𝑟𝑒𝑓)0.68  𝑘𝑓 = 0.152 ⋅ (𝑇⁄𝑇𝑟𝑒𝑓)0.72      (7)  

where subscript ‘ref’ denotes the reference temperature (here, 𝑇𝑟𝑒𝑓 = 300K).   

pressure amplitudes and phases measured at the inlet and outlet locations (cf. Fig. 1) in 

experiments are used as acoustic boundary conditions in the simulation and described by: 

𝑝1,𝑖𝑛(𝑥, 𝑡) = 𝑝1,𝑖𝑛 ⋅ 𝑐𝑜𝑠( 𝜔𝑡 + 𝜙𝑖𝑛)             (8)  

𝑝1,𝑜𝑢𝑡 (𝑥, 𝑡) = 𝑝1,𝑜𝑢𝑡 ⋅ 𝑐𝑜𝑠(𝜔𝑡 + 𝜙𝑜𝑢𝑡)            (9)  

Turbulence boundary conditions are specified in terms of turbulence intensity and length 

scale as (Russo and Basse, 2016; ANSYS Fluent, 2016):  

𝐼 = 0.16(𝑅𝑒1(𝑖𝑛,𝑜𝑢𝑡 ))−0.125    ℓ = 0.07𝐷          (10)  

The acoustic Reynolds number is defined as 𝑅𝑒1(𝑖𝑛,𝑜𝑢𝑡) = 𝜌𝑟𝑒𝑓𝑢1(𝑖𝑛,𝑜𝑢𝑡)𝐷⁄𝜇𝑟𝑒𝑓 for the domain 

inlet and outlet. The acoustic velocities in the 𝑅𝑒1(𝑖𝑛,𝑜𝑢𝑡) is calculated as:  

                (11) 

               (12)  

The density and dynamic viscosity at 300 K (the reference temperature) are used in the 

acoustic Reynolds number. CHX1 and CHX2 are maintained at a constant temperature of  

15ºC, and HHX is held at 50ºC to replicate the experimental thermal boundary conditions.  

Additional thermal conditions are specified at the inlet and outlet as:  
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                  (13)  

Condition (13) is used to keep temperatures of cells next to boundaries equal to that of the 

reversing flow. The resonator wall is modelled as adiabatic, and Non-slip boundary 

conditions are applied to all walls (CHX1, HHX, CHX2 and resonator).   

The following dimensionless variables are introduced:   

                     (14)  

                    (15)  

                    (16) 

Expressions (14) is the vertical distance in the flow channel normalised by the plate 

separation distance. The velocity amplitude in equation (15) is normalised using 𝑢1,𝑚𝑎𝑥 

which is the peak velocity amplitude in the positive oscillatory flow direction (cf. Fig. 2).  

In equation (16), the temperature is normalised with the fluid, wall, reference hot (here 

50°C) and reference cold (here 15°C) heat exchanger temperatures (Yu et al., 2014; Zhao 

and Cheng, 1995).  

  

2.4 Mesh Sensitivity  

A mesh convergence check was performed to ascertain the simulation results’ 

independence on mesh refinement (Roache, 1994). The mesh resolution was refined until 

the solution became unaffected for the Ogive-edge HEX. Here, converged solutions from 

mesh counts of 43,348 (C1), 70,376 (C2), 113,979 (C3) and 179,140 (C4) are compared 

for the mesh sensitivity check. Mesh count C3 was found sufficient for obtaining solutions 

independent of the mesh size. The maximum y+ everywhere in the wall region is 0.327 (i.e. 
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y+ < 1). Fig. 3a shows the centerline velocity amplitude (x/L = 4.80) in the CHX2 with a 

square edge shape. Once the C3 mesh is selected for the study, similar mesh size is used on 

all other edge shapes. It was ensured that fine mesh is present everywhere in the simulation 

domain, and twelve grid points are present within the boundary layer and the vicinity of 

HEXs to properly resolve heat transfer and flow conditions in the boundary  

layer.    

  

2.5 Numerical Model Validation   

An analytical expression for laminar flow in a channel formed by parallel plates 

with squared edge-shape was proposed by Swift (2001) and is defined as:   

          (17)  

where 𝑦 = 0 at the central channel of HHX and 𝑦𝑜 = 𝑑⁄2. The author found that the porosity 

of the geometry must be considered if the plate thickness and comparable to the separation 

distance between two plates. The solution from expression (17) is compared with the 

square-edge simulation results at DR = 0.3%, where the flow is considered laminar (Merlki 

and Thomann, 1975; Shi et al., 2010; Ilori et al., 2014). Fig. 3b shows the comparison 

between the centreline velocity amplitude in the CHX2 and the analytical solution with the 

porosity of the HEX duly considered. The maximum discrepancy between the two results 

is below 3%.   

Furthermore, the simulation results are compared to the test data (Ilori et al.,2018) 

in the form of pressure amplitudes and the gas temperature near the edges of HHXs to gain 

increased confidence in the numerical solution. Fig. 3c shows the predicted and measured 

pressure amplitudes at location x/L = 4.79 (cf. Fig. 1b). Both results are in good agreement, 
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with a maximum discrepancy below 6% for the suction and ejection stages. In Fig. 3d, the 

measured gas temperature was compared to predictions at T1, T2, T3 and T4 near CHX1, 

CHX2, and HHX edges. Similar trends can be observed in both results for all the locations. 

At DR = 0.7%, the gas displacement amplitude (𝜉1 = 𝑢1⁄𝜔) is 27.98mm. The maximum 

difference between measured and predicted gas temperatures for the three HHXs is below  

1% for 0.3 ≤ DR ≤ 1.5%. This result is consistent with the findings in Piccolo and Pistone 

(2006) at a similar range of operating conditions. The authors also used parallel plate 

structures with square edge shape in their numerical investigation.   

  

3.0 RESULTS AND DISCUSSION  

 Initial simulation studies focused on mesh sensitivity and model validation, as discussed 

in section 2.5. With sufficient confidence in the numerical method, further investigation of 

HEXs performance with other edge shapes was carried out and discussed in terms of 

velocity and temperature fields, heat transfer processes and acoustic pressure drop (𝛥𝑝1). 

Effects of laminar and turbulence models and adiabatic and imposed constant temperature 

on walls on thermal-fluid processes in oscillatory flows have been reported elsewhere (Ilori 

et al., 2018); hence, such details are not repeated here.     

  

3.1 Effect of Edge Shape on Velocity Profile   

Table 2 summarises simulation results for all edge shapes (square, cone, ogive, and 

round). The corresponding range of values of 𝜉1 are 12–76.6 mm, 10.9–73.7 mm, 11.4– 

75.2 mm and 11.8–76.5 mm for square, cone, ogive, and round edge shapes, respectively, 

at acoustic Reynolds number (Re1) of 96 – 672, for all DRs. The CHX2 is the closest to the 
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velocity antinode in the test rig, and locations around it are chosen for data sampling to 

determine the influence of edge shape. Fig. 4 shows the velocity at CHX2 inlet (x/L = 4.79) 

(cf. Fig. 1c). The velocity profiles are plotted for y/2, and comparisons for velocity phases, 

𝜙1, 𝜙4, and 𝜙7 are made for edge shapes at 0.3 ≤ DR ≤ 2.0%. The effect of cone edge shape 

appears to be more noticeable compared to other edge shapes. The influence is within the 

viscous penetration depth, 𝛿𝑣 =0.84 mm (average value), at DR = 0.3% and 0.65%. Fig. 5 

shows velocity profiles at x/L = 4.80 and 𝜙4 for DR = 0.65% and 1.0%, which indicate a 

diminished effect of edge shapes on the fluid flow. In Fig. 6, the cone-edge has velocity 

amplitudes of 10%, 12% and 4% lower at DRs of 0.3%, 0.65% and 2.0%, respectively, in 

comparison to the square-edge. Similarly, the ogive-edge is 6%, 7% and 1.8% lower, while 

the round-edge is 2%, 1.4% and 0.2% lower, for the DRs.   

Fig. 7 shows the comparison between flow behaviour at DRs 0.3 and 1.0% (𝜙7) in 

the form of vorticity contours, calculated as 𝜔𝑣 = 𝜕𝑣⁄𝜕𝑥 − 𝜕𝑢⁄𝜕𝑦, where u and v are 

velocity components in x and y-directions. In Fig. 7a, a pair of vortex structures can be seen 

in the flow channels and at the end of the CHX2 (right side) where they remain attached. 

The pair of vortices are symmetrical about the centreline of the channel and have equal but 

opposite strengths. All edge shapes appear to have a similar effect due to low acoustic 

displacement at DR = 0.3%. However, at a much higher displacement at DR = 1.0% (Fig. 

7b), a different flow behaviour can be observed at the edges. The pair of vortices has 

become elongated and distorted for the square-edge, while they are elongated, nearly 

symmetrical about the centreline, and less distorted for other edge-shapes. The difference 

in flow behaviour means a difference in HX’s heat transfer and pressure drop performance 

due to each edge shape. The vortex strength at the end of plates (in the wake) for 1.0% DR 



16  

  

can create a strong disturbance if pushed back into the flow channel. Corners of square 

edge shape caused more disruptive flow separations and generated more vortices, which 

can cause increased energy dissipation and pressure losses. This could explain the observed 

distortion in the acoustic pressure drop profile (Fig. 12) that will be discussed in the later 

section.    

  

3.2 Effect of Edge Shape on fluid temperature   

Table 2 shows gas temperature values at the CHX2 inlet. The gas temperatures 

increase in the order of 𝑇𝑠𝑞 > 𝑇𝑟𝑛 > 𝑇𝑜𝑔 > 𝑇𝑐𝑛, at DR = 0.3%, while the order changed to 𝑇𝑐𝑛 

> 𝑇𝑜𝑔 > 𝑇𝑟𝑛 > 𝑇𝑠𝑞, at DR = 0.65%. Fluid temperatures are higher DR = 0.65% than all other 

DRs for all edge shapes, which indicates that it could be favourable for heat transfer 

consideration. Fig. 8 shows the temperature profiles at CHX2 inlet (x/L = 4.79) for 0.3 ≤ 

DR ≤ 2.0%. An annular effect [14, 17] can be observed at 𝜙7 for all edge shapes at DR = 

1.0%. At DR of 1.5 – 2.0%, a similar effect is present at 𝜙10 and 𝜙7. Fig. 9 shows that the 

time-averaged temperature strongly depends on the DR at the flow channel inlet, centreline 

midpoint and outlet locations location a, b and c in Fig. 1c, with temperature gains from 

both CHX1 and CHX2 having similar trends to temperature changes in HHX at DR > 1.0%. 

The rate of decrease within the HHX channel is very rapid at 0.3 ≤ DR ≤ 0.7%. Likewise, 

the rate of increase in temperature in the CHX1 and CHX2 is rapid at the same range of 

DR, indicating that displacement amplitude is below or comparable to the heat exchanger 

length. At DR > 0.7%, a slight decrease (HHX) or increase (CHX1 and CHX2) can be seen, 

which indicates a lower heat transfer rate that can be attributed to the displacement 

amplitude been larger than the heat exchanger length.    
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At the inlet of CHX2, the fluid temperature is warmer than the channel midpoint at 

DR ≤ 0.65% due to the influence of the warmer fluid exiting the HHX. The gas 

displacement amplitude was not large enough to rapidly move the fluid to the heat exchange 

area of the CHX2, where it can reject heat at heat sink (CHX2) temperature, hence, causing 

an imbalance between heat gained and heat rejected. A similar effect can be observed at 

the outlet of CHX1 (Fig. 9c). The cone edge shape yielded the highest temperature within 

the HHX, followed by ogive, round, and square edge shapes for all cases. Within the CHX1 

and CHX2, the order of influence was the opposite. From  

temperature profiles in Figs 8 and 9, it is thus clear that the edge shapes influenced the heat 

transfer in heat exchanger channels. The link between the velocity and temperature 

amplitudes can also be seen in Figs 4 to 9. However, as previously observed in 

(Mozurkewich, 1998), the gas temperature of the exchanger can be quite non-uniform 

rather than anchored to the wall temperature when observed at an individual phase within 

the acoustic cycle. Therefore, the effect of edge shape on the global heat transfer rate will 

be examined next.  

  

3.3 Effect of Edge Shape on Heat Transfer  

The effect of edge shapes on HEXs’ heat transfer behaviour is considered in this 

section. From the temperature profiles (shown in Fig. 8), heat flux values on HEX walls 

can be estimated to gain an insight into the heat transfer within the flow channels.  

  

3.3.1 Heat flux calculation  

The local heat flux as a function of axial location and phase is defined as:  
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               (18)    

Following a standard convention, the negative sign indicates heat transfer from the solid 

wall to the fluid, while the opposite is heat transfer from gas to a solid wall. A combination 

of the space-averaged and cycle-averaged local heat fluxes would yield the space-cycle 

averaged heat flux for the HEXs, which is given by (Shi et al., 2010; Zhao and Cheng, 1995)  

  
The local heat flux, 𝑞(𝑥, 𝜙), as a function of space and phase are obtained (ANSYS 

Fluent, 2016) and averaged over one flow cycle as indicated in equation (19). The heat flux 

is shown in Fig. 10 for 0.3 ≤ DR ≤ 2.0%.  For the CHX1, HHX and CHX2, heat fluxes 

increase with the increase in DR, which are more rapid between 0.3 ≤ DR ≤ 1.0% than the 

remaining DRs. According to the symmetric heat exchanger arrangement, the heat balance 

in terms of heat flux can be written as:  

𝑞ℎ = 𝑞𝑐1 + 𝑞𝑐2                  (20)  

Equation (20) indicates that the heat flux from HHX should be equal to the combined heat 

fluxes from CHX1 and CHX2. However, the net heat flux from CHX1 and CHX2 is slightly 

higher than HHX’s at each DR. For instance, the combined heat flux for CHX1 and CHX2 

is 8.2% higher, at DR = 0.3% for the square edge. The imbalance is not accounted for in 

the numerical model due to the adiabatic wall condition. In the actual experiments, this 

would mean a heat leak to the surrounding. Fig. 10 shows heat fluxes having similar trends 

for the edge shapes. Square edge gave the highest heat fluxes at both low and high DR 

compared to other edge shapes, and this can be attributed to the effect of flow disturbances 

associated with this edge shape (cf. Fig. 7), which promotes heat transfer. The cone-edge 

gives the lowest heat fluxes. The maximum and minimum heat fluxes for square and cone 



19  

  

edge shapes occurred at DR  = 2.0% in the HHX with values of 3728 W/m2 (square-edge) 

and 3596 W/m2 (cone-edge). As previously remarked, the consideration here is twofold: 

on the one hand, the minimisation of acoustic pressure drop is desirable from the viewpoint 

of the overall efficiency of oscillatory flow systems. On the contrary, the reduction in the 

heat transfer performance of the heat exchanger is undesirable as this will impinge on the 

system’s overall thermal performance. The edge shapes caused a slight reduction in the 

heat flux, especially at DR = 0.3%, which is about 40% (cone-edge), 27% (Ogive edge) and 

8% (round edge), compared to the square-edge shape. At DR = 2.0%, this about 4%, less 

than 1%, and less than 0.5% for the edges, respectively.  However, the heat flux loss 

vanished as DR increases especially at DR = 3.0%, which then makes the study more 

interesting as the practical oscillatory flow will normally operate at a much higher DR 

(Swift, 2001)   

  

3.3.2 Nusselt number calculation  

The local instantaneous Nusselt number is defined as  

                (20)
 
 

ℎ𝑐is the local instantaneous heat transfer coefficient defined as:   

                  (21)
 
 

The thermal potential for heat transfer coefficient 𝛥𝑇(𝑥, 𝜙) is defined as 𝛥𝑇(𝑥, 𝜙) = 

𝑇𝑤(𝑥)− 𝑇𝑖(𝜙). 𝑇𝑖(𝜙) is the mean of gas temperatures at x/L = 4.72, 4.75, 4.79 and 4.82 

that is:   

                (22)
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The thermal potential for heat flux is defined differently from the ones proposed by Zhao 

and Cheng (1995), Shi et al. (2010) and Wheatley et al. (1983). It should be noted that the 

choice of 𝛥𝑇(𝑥,𝜙) is application dependent, and the definition here is based on the 

symmetrical heat exchanger arrangement. The space-cycle averaged Nu is defined for 

CHX1, HHX and CHX2 as   

  
where subscripts h, c1, and c2 denote the Nu for HHX, CHX1, and CHX2, respectively. 

The space-cycle Nu as a function of DR is shown in Fig. 11. Overall, the numerical 

spaceaveraged Nu increases with DR and has a good match with the experimental values. 

The Nu increase is rapid for all edge shapes at DR < 0.65%, which becomes gradual at DR 

> 0.7%. This behaviour agrees well with the description in the literature and the 

thermoacoustic design guidelines (Swift, 2001; Piccolo and Pistone, 2006). The difference 

between the magnitudes of predicted and measured Nu at the considered DR can be 

attributed to some factors. Firstly, the experimental results are obtained for the flat-edge 

tube-heat exchanger configuration of Ilori et al. (2018), which has a slightly different 

geometry than the parallel-plate type in the simulation. Secondly, there is a difference in 

the calculation methods for heat transfer coefficients. In the experiment (Ilori et al., 2018), 

the heat transfer coefficient and the Nu were calculated from equations (24) and (25) as:   

                     (24)  

                    (25)  

where the Nu is in terms of heat exchanger length l.   

Therefore, the highlighted difference in the calculation method could contribute to the 

observed difference.   
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3.4 Effect of Edge Shape on Acoustic Pressure Drop  

Fig. 12a-c show the 𝛥𝑝1 across CHX1, HHX, and CHX2. Data is sampled at  

locations x/L = 4.72, x/L = 4.75, x/L = 4.79, and x/L = 4.82 (points 1, 2, 3, and 4 in Fig. 1c).  

The result is presented as a function of time, normalised by the period of oscillation, i.e., 

𝑇𝑝 = 1⁄𝑓 (Smith and Swift, 2003). Cone edge shape minimised the 𝛥𝑝1 better than the 

other edge shapes, and this key for performance improvement of oscillatory flow devices.  

At 0.3<DR<0.65%, the edge shape effect on 𝛥𝑝1 is less pronounced, as observed in the 

vorticity contours at DR = 0.3%. In Fig 12(a), the maximum 𝛥𝑝1 is present at 0< 𝑡/𝑇𝑝<0.3 

in the suction phase of the acoustic cycle for DR > 0.3%. As the DR increases, the distortion 

in the 𝛥𝑝1 profile increases significantly due to minor losses created by the sudden 

crosssection decrease. However, cone-edge shape exhibits a lower 𝛥𝑝1 than the other edge 

shapes. The edge shape’s influence on the 𝛥𝑝1 shows a strong dependence on the DR and 

flow direction. Also, the influence of the HEXs’ symmetrical arrangement can easily be 

inferred (Fig. 12a-c). At 0.3 < 𝑡/𝑇𝑝 < 0.5, has the lowest 𝛥𝑝1 and the flow enters an ejection 

phase (0.5 < 𝑡/𝑇𝑝 < 1) the 𝛥𝑝1 is at its lowest for all edge shapes. Fig. 12b shows the 𝛥𝑝1 

across the HHX. In the suction stage (0 < 𝑡/𝑇𝑝 < 0.5), the distortion in the 𝛥𝑝1 is less 

pronounced than that of CHX1 in a similar stage. The magnitude of 𝛥𝑝1 remains almost 

the same between the ejection stage in CHX1 and the suction stage in HHX. Similar 

behaviour is observed when the flow exits HHX and enters CHX2, as shown in Fig.12c. 

However, during the ejection stage in CHX2 at 0.5 < 𝑡/𝑇𝑝 < 1, the sudden increase in the 

cross-section increases the 𝛥𝑝1 as seen in CHX1 previously. The cone edge minimised the 



22  

  

𝛥𝑝1 across the HEXs compared to the other edge shapes. It is noteworthy that the 𝛥𝑝1 may 

depend on the sampling location. However, the exact locations are used to compare the 

effects of the edge shapes; therefore, the plots reflect the role of each edge shape in 

minimising the 𝛥𝑝1 across the three HEXs.   

Fig. 13 shows the comparison between measured and predicted 𝛥𝑝1 across HHX 

and CHX2 heat exchangers with square edge-shape. There is a qualitative agreement 

between the two results as the trends in both plots (Fig. 13a and b) are similar, and the 

effects of the sudden change in the cross-section and edge profile are present in both cases. 

However, the measured 𝛥𝑝1 is considerably higher than predicted. This difference is as 

high as a factor of two at both suction and ejection stages (0 < 𝑡/𝑇𝑝< 0.5 < 1). As previously 

remarked, the discrepancy in the results can be attributed to the geometry difference.    

  

4. CONCLUSION  

The effect of edge shapes on heat transfer and acoustic pressure drop in the 

oscillatory flow HEXs has been investigated numerically. The investigation was carried 

out for drive ratios of 0.3 ≤ DR ≤ 2.0% for four different edge shapes – square, cone, ogive, 

and round. It was found that the heat transfer and the acoustic pressure drop show a strong 

dependency on the drive ratio for the studied edge shapes.   

For the heat transfer, the square-edge and round-edge Nu values are higher than 

those of cone-edge and ogive edge. The wall heat fluxes and Nu increase with the increase 

in drive ratio for all edge shapes. The increase is rapid until DR = 0.7% and then became 

gradual. Furthermore, it was found that the thermal potential for the heat transfer coefficient 
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can be defined to reflect the contribution of gas temperatures at the channel inlet and outlet 

to the HEXs performance.   

Regarding the acoustic pressure drop (𝛥𝑝1), the cone edge shape gave the lowest 

value at all drive ratios, especially at drive ratios of 1.0 ≤ DR ≤ 2.0 in the region of 0 < 𝑡/𝑇𝑝 

< 0.3 for the CHX1 and 0.5 < 𝑡/𝑇𝑝 < 0.8 for CHX2. This is interesting since practical 

oscillatory-flow systems operate at much higher amplitudes. Therefore, this study suggests 

that the use of cone edge shape will be beneficial at high DRs and improve the performance 

of oscillatory flow systems. Future work will consider the determination of minor loss 

coefficients associated with a sudden change in the cross-section of the heat exchanger flow 

channels.   
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NOMENCLATURES  

  

CHX1   cold heat exchanger 1  

CHX2   cold heat exchanger 2  

C    mesh count  

𝑐    speed of sound, m/s  

𝑐𝑝    specific heat capacity, J/kgK  

𝑑    heat exchanger channel height, m   

𝐷    domain inlet and outlet height  

DR    drive ratio  

𝐸    internal energy, J  

𝑓    frequency, Hz   

ℎ    plate thickness, m  

ℎ𝑐    heat transfer coefficient, W/m2.K   

HEX    Heat exchanger  

HHX    hot heat exchanger  

𝑘′    angular wavenumber, rad/m   

𝑘𝑓    thermal conductivity, W/mK  

𝑙    heat exchanger length, m  

L    length of the computational domain, m  

𝑁𝑢    Nusselt number  

𝑝1    pressure amplitude, Pa   

𝑝    pressure, Pa  

𝑃𝑟    Prandtl number  

𝑃𝑟𝑡    turbulence Prandtl number  

𝑞    heat flux, W/m2  

𝑅𝑐    specific gas constant, J/kgK  

𝑅𝑒    Reynolds number  

𝑡    time, s  
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𝑇    fluid temperature, K, °C  

𝑇𝑝    Period of oscillation, s  

𝑢    velocity amplitude, m/s   

𝑢𝑐2    centreline velocity amplitude in CHX2  

𝑈    normalised velocity amplitude, m/s  

v  velocity (y-component), m/s   

𝑥, 𝑦    spatial and transverse distance, m   

𝑦𝑜    half channel distance, m  

  

Greek symbols  
  

in    inlet of domain  

inlet    inlet of heat exchanger    

out    outlet of domain  

outlet    outlet of heat exchanger  

𝛥    difference  

𝛿    normalised vertical channel 

distance  

𝛿𝑖𝑗    Kronecker delta  

𝛿𝑘    thermal penetration depth, m  

𝛿𝑣    viscous penetration depth, m  

𝜔    angular frequency, rad/s  

𝜔𝑣  

𝜌  

  

  

vorticity, l/s 

density, 

kg/m3  

𝜇    viscosity, kg/m.s  

𝜇𝑡    turbulent eddy viscosity, 

kg/m.s  

𝜙    Phase angle, °  

𝜆    wavelength, m  

𝜅    turbulent kinetic energy, m2/s2  

𝜉    displacement amplitude, mm  

𝜎    heat exchanger porosity   

𝜃  

  

  

  normalised temperature   

Subscripts   
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crit  critical  

c  cold   

 cold heat exchanger 1   cold 

heat exchanger 2   effective  

fluid condition  Source term  

hot heat exchanger   heat 

exchanger  

 arbitrary point  mean value  

     maximum condition     

mid    mid-point or centre  

N    Source term  

𝑜    reference value or condition  

Ref    reference value  

1    amplitude, acoustic or oscillating variable  

𝑠    edge shape condition  

t    turbulence  

𝑤    wall  

𝑠𝑖𝑚    Simulation  

sq    square-edge shape  

cn    cone-edge shape  

og    ogive-edge shape  

rd    round-edge shape  

  

  

  

List of figures  

Fig. 1  (a) Schematic of experimental setup (b) Computational domain (c) Edge 

shapes – square, cone, ogive, and round shapes. Locations 1 (x/L = 4.72), 2 

(x/L = 4.75), 3 (x/L = 4.79), 4 (x/L = 4.82), a (x/L = 4.79), b (x/L = 4.80) and 

c (x/L = 4.81) are used for data sampling. Oscillating variables are identified 

with numbers from their location (e.g., location 1 has temperature T1).  

Location ‘a’ is at 5 mm into the gas channel, measured from the stagnation 

point on edge shapes. All dimensions are in mm.  

Fig. 2  Velocity and displacement amplitudes vs. phase angle.  
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Fig. 3  
(a) velocity amplitude against phase angle at DR = 0.3% (x/L = 4.80) (b) 

theoretical and predicted velocity amplitude vs. phase angle at DR = 0.3% 

(x/L = 4.80) (c) Measured and predicted Pressure amplitudes vs. phase angle 

for square-edge shape at DR = 0.3% (x/L = 4.79) (d) measured and predicted 

gas temperatures (T1, T2, T3 and T4) at 0.3 ≤ DR ≤ 1.5%.  

Fig. 4   Velocity profiles vs. δ (y/d) at 0.3 ≤ DR ≤ 2.0% (x/L = 4.79).   

In the legend, flow phases 1, 4 and 7 are represented for square-edge (sq)  

as sq_ 1, sq_  4, and sq_  7, cone-edge (cn) as cn_ 1, cn_ 4, and cn_ 
7, ogive-edge (og) as og_ 1, og_ 4, and og_ 7, and round-edge (rd) 

as rd_ 1, rd_ 4, and rd_ 7.  

  

Fig. 5 Centreline velocity profile at the middle of CHX2 (x/L = 4.80) for square (sq), cone 

(cn), ogive (og), and round (rd) edge shapes for 4 (a) DR =  

  

0.65% (b) DR = 1.0%.  

Fig. 6  Velocity amplitudes vs. DR for square (sq), cone (cn), ogive (og) and round 

(rd) edge shapes (x/L = 4.79).  

Fig. 7  Vorticity (1/s) contours for square, cone, ogive, and round edge shapes,  

respectively, at 7 (a) DR = 0.3% (b) DR = 1.0%.  

Fig. 8 Cross-sectional temperature profiles at 0.3 ≤ DR ≤ 2.0% (x/L = 4.79). In the legend, 

the flow at phases 1, 4 and 7 are presented for square-edge (sq)  as sq_ 1, 

sq_ 4 and sq_ 7, for cone-edge (cn) as cn_ 1, cn_ 4 and cn_ 7, for ogive-

edge (og) as og_ 1, og_ 4 and og_ 7, and round-edge (rd) as rd_ 1, rd_

4 and rd_ 7.  
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Fig.9  Temperature profiles of CHX1, CHX2 and HHX for square (sq), cone (cn), 

ogive (og) and round (rd) edge shapes (a) inlet (b) centreline and (c) outlet. 

Locations a, b, and c (i.e. x/L = 4.79, x/L = 4.80, and x/L = 4.81). Similar 

locations are used for all heat exchangers.  

Fig. 10  Space-cycle averaged heat flux vs. DR for CHX1, HHX and CHX2.  

Fig. 11  Measured and predicted Nu vs. DR.  

Fig. 12  
𝛥𝑝1 vs. 𝑡/𝑇𝑝 for all edge shapes – square (sq), cone (cn), ogive (og), and 

round (rd) at DR = 0.3%, 1.0% and 2.0% (a) CHX1 (b) HHX (c) CHX2.  

Fig. 13  
Measured and predicted 𝛥𝑝1 vs. 𝑡/𝑇𝑝 for square edge shape (sq) at pm = 1 

bar, DR = 1.4% across (a) HHX (b) CHX2.  

    

  



35  

  

  
Fig. 1: (a) Schematic of experimental setup (b) Computational domain (c) Edge shapes – 

square, cone, ogive, and round shapes. Locations 1 (x/L = 4.72), 2 (x/L = 4.75), 3 (x/L =  

4.79), 4 (x/L = 4.82), a (x/L = 4.79), b (x/L = 4.80) and c (x/L = 4.81) are used for data 

sampling. Oscillating variables are identified with numbers from their location (e.g.,  

location 1 has temperature T1). Location ‘a’ is at 5 mm into the gas channel, measured 

from the stagnation point on edge shapes. All dimensions are in mm.  
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Fig. 2: 

Velocity 

and 

displacement amplitudes vs. phase angle ( ).  
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 (c)    

 
(d)   

Fig. 3: (a) velocity amplitude against phase angle at DR = 0.3% (x/L = 4.80) (b) 

theoretical and predicted velocity amplitude vs. phase angle at DR = 0.3% (x/L = 4.80) (c)  

Measured and predicted Pressure amplitudes vs. phase angle for square-edge shape at DR 

= 0.3% (x/L = 4.79) (d) measured and predicted gas temperatures (T1, T2, T3 and T4) at  

0.3 ≤ DR ≤ 1.5%.   
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   Fig. 4: Velocity profiles vs. δ (y/d) at 0.3 ≤ DR ≤ 2.0% (x/L = 4.79).   

In the legend, flow phases 1, 4 and 7 are represented for square-edge (sq) as sq_ 1, sq_ 

4, and sq_ 7, cone-edge (cn) as cn_ 1, cn_ 4, and cn_ 7, ogive-edge (og) as og_ 

1, og_ 4, and og_ 7, and round-edge (rd) as rd_ 1, rd_ 4, and rd_ 7.   
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(a)  
U 

  

 

Fig. 5: Centreline velocity profile at the middle of CHX2 (x/L = 4.80) for square (sq), 

cone (cn), ogive (og), and round (rd) edge shapes for 4 (a) DR = 0.65% (b) DR = 1.0%.  
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Fig. 6: Velocity amplitudes vs. DR for square (sq), cone (cn), ogive (og) and round (rd)  

 edge shapes (x/L = 4.79).     
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 (a)   

  

(b)  

Fig. 7: Vorticity (1/s) contours for square, cone, ogive, and round edge shapes, 

respectively, at 7 (a) DR = 0.3% (b) DR = 1.0%.  
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 Fig. 8: Cross-sectional temperature profiles at 0.3 ≤ DR ≤ 2.0% (x/L = 4.79). In the 

legend, the flow at phases 1, 4 and 7 are presented for square-edge (sq)  as sq_ 1,  

sq_ 4 and sq_ 7, for cone-edge (cn) as cn_ 1, cn_ 4 and cn_ 7, for ogive-edge (og) as 

og_ 1, og_ 4 and og_ 7, and round-edge (rd) as rd_ 1, rd_ 4 and rd_ 7.   
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Fig. 9: Temperature profiles of CHX1, CHX2 and HHX for square (sq), cone (cn), ogive  

(og) and round (rd) edge shapes (a) inlet (b) centreline and (c) outlet. Locations a, b, and 

c (i.e. x/L = 4.79, x/L = 4.80, and x/L = 4.81). Similar locations are used for all heat 

exchangers.  
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Fig. 10: Space-cycle averaged heat flux vs. DR for CHX1, HHX and CHX2.  

  

  

Fig. 11: Measured and predicted Nu vs. DR.  

  



46  

  

   

Fig. 12: 𝛥𝑝1 vs. 𝑡/𝑇𝑝 for all edge shapes – square (sq), cone (cn), ogive (og), and round 

(rd) at DR = 0.3%, 1.0% and 2.0% (a) CHX1 (b) HHX (c) CHX2.  
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 (a)    

  

 sq_1.4% (sim)  sq_1.4% (expt) 

 
(b)   Fig. 13: Measured and predicted 𝛥𝑝1 vs. 𝑡/𝑇𝑝 for square edge shape (sq) at 

pm = 1 bar,  

DR = 1.4% across (a) HHX (b) CHX2.  
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Table 1: Geometric and operating parameters for simulation  

Parameters  Values/descriptions  

Fluid  Helium  

Mean pressure (𝑝𝑚 ), MPa  0.1  

Frequency (f), Hz  

0. 

Drive ratio, %  

CHX1 surface temperature (Tc1), ºC   

HHX surface temperature (Th), ºC  

CHX2 surface temperature (Tc2), ºC   

Inlet boundary location, mm  

Outlet boundary location, mm  

  

  

  

Table 2: simulation results for all edge shapes at Tc1,c2 = 15ºC, Th = 50ºC, pm = 1 bar and 

Re1 = 96 – 672  

𝐷𝑅 (%)  Square  Cone  Ogive  Round  

  𝑢1,𝑠𝑞  
(m/s)  

T  
(K)  

𝑢1,𝑐𝑛  
(m/s)  

T  
(K)  

𝑢1,𝑜𝑔  
(m/s)  

T  
(K)  

𝑢1,𝑟𝑑  
(m/s)  

T  

(K)  

0.3  4.3  313.7  3.9  307.5  4.1  310.9  4.2  313.1  

0.65  9.3  314.9  8.2  317.9  8.6  317.3  9.2  316.3  

1.0  14.2  313.5  13.5  313.4  13.7  314.1  14.2  313.7  

1.5  21.7  310.8  19.9  311.1  20.7  311.4  20.9  312.3  

2.0  27.4  310.5  26.4  311.2  26.9  310.5  27.4  311.9  

  

  

  

  

  

  

  

  

  

  

  


