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TRANSFER IN THE HEAT EXCHANGERS OF THERMOACOUSTIC
SYSTEMS

Olusegun M. ILORI, Xiaoan MAO, Artur J. JAWORSKI
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ABSTRACT

The design of appropriate heat exchangers is an essential requirement for the development of next generation
of thermoacoustic systems. In this study, RANS method with SST k-o turbulence model was applied to
solve the time-dependent turbulent Navier-Stokes and energy equations for oscillating flow and heat transfer
conditions in three individual but similar parallel plate heat exchangers, arranged in series and positioned in
an oscillating helium gas environment. The numerical code is validated by comparing the low amplitude
oscillating flow results to the analytical solutions found in the literature. The effects of pressure oscillation
on the velocity and temperature distributions are discussed in detailed with respect to the channels’ entrance
and exit edge shapes of the heat exchangers. Three types of edge shapes, blunt, cone and ogive, in this study
influence the oscillating flow behaviour and heat transfer condition differently at the entrance and exit of the
heat exchanger channels.

1. INTRODUCTION

Central to the efficiency of energy systems such thermoacoustic engine and cooler are appropriately
designed heat exchangers, because of the potential gain in the thermodynamic efficiency which could result
from such an improved design. This is all-important considering the extensive areas of application of an
efficient thermoacoustic system, such as in the area of economic electricity production, gas liquefaction and
regasification, electronic cooling, space application etc. However, the presence of acoustically induced flow
in the technology makes the design of heat exchangers a challenging task.

Heat transfer and flow structures in and around the thermoacoustic heat exchangers have been studied in the
literature using different approaches: numerically e.g. Piccolo and Pistone, (2006), and Besnoin and Knio,
(2004); experimentally e.g. Shi et al. (2010) and Kamsanam et al. (2013); and a combination of approaches
e.g. Jaworski et al. (2009) and Yu et al. (2014). Heat transfer and oscillating flow structures have been
mostly studied using blunt edged geometries. To improve the flow and heat transfer conditions in the internal
core of thermoacoustic system, rounded edge at the entrance and exit of flow channels can be used (Smith
and Swift, 2003). Marx et al. (2008) experimentally studied the unsteady effects in acoustic wave at
geometrical discontinuities with rounded edge located within an acoustic duct. The authors focused on the
effect of displacement amplitude and the curvatture radius on the pressure and energy losses. Zhao and
Cheng (1995) studied oscillatory convective heat transfer in a pipe, with rounded entrance and exit channel
edge, subjected to reciprocating flow. Aben et al. (2009) conducted a 2-D PIV experiment to study the
vortex formation at the end of a parallel-plate stack using different edge shapes, focusing only on adiabatic
conditions. To fill the gap of lack of extensive data for oscillatory flow and heat transfer conditions,
numerical investigation becomes important for making predictions in order to complement the available
experimental data. There exists few works on numerical modelling, e.g. Morris et al. (2004) and Mohd Saat
(2013), but mainly on blunt edged geometries and drive ratio below 1%. In a recent numerical study (Ilori et
al. 2014), the flow physics in thermoacoustic heat exchangers was investigated using CFD approach, with
focus on the effect of entrance and exit shapes of heat exchanger channels on flow behaviour and pressure
difference, without the effect of temperature. It was found that edge shape can influence the flow and
pressure drop behaviour at considerably high drive ratios (D, = 0.3% ). In this study, the heat transfer and

flow behaviour in and around three identical exchangers are investigated using 2-D CFD modelling, through
the examination of time dependent velocity and temperature fields. Blunt, cone, and ogive edge shapes are
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considered at the entrance and exit of the heat exchangers. The investigation is carried out with respect to the
drive ratio in the system, defined as the ratio of mean pressure to the pressure amplitude at the antinode.
2. NUMERICAL METHOD
2.1. Geometrical and computational domain
Figure 1 shows the geometry, edge shapes and the computational domain as used in this study. The geometry

consists of a 2D replica of a Y2-wavelength thermoacoustic set-up of Ilori et al. (2013) where three identical
heat exchangers, arranged in series are being tested in an oscillating helium gas environment.

L=900
CHX1 HHX CHX2
y Acoustic wave Acoustic wave
f[ }\ ) D=52.5
X
x1=34935 Resonator  x2 = 4393 5
Blunt-adza (bt)
20 ]
] Cone-2dze (cn)
gas channel

I -5 :

T el

I —

=4
(b) ()

Figure 1. (a) Schematic of heat exchangers arrangement, (b) enlarged view of heat exchanger and the edge
shapes (c) fine mesh in the computational domain. All dimensions are in millimetres.

In Figure 1, ‘Blunt-edge’ is the basic parallel plate with squared edge, cone-edge has 17.4° angle of
inclination and ogive-edge has ogive-like shape with curvature radius r = 7mm. The edge shapes are attached
to the solid plates of each heat exchanger for each simulation case to provide uniformity. Each heat
exchanger has nine flow channels. Fine mesh is used everywhere in the computational domain and is chosen
such that the flow structure in the heat exchangers region is not influenced by any unsteadiness in the
oscillatory flow from the upstream and downstream of the core. The domain inlet and outlet are defined with

respect to the pressure antinode in the experimental rig. Thermal (&, ) and viscous (5, ) penetration depths in
the channel for all edge shapes, drive ratios and temperatures ared, = ,/2k/ap,c, = 0.00099 — 0.00105m,
8, =+2ulap, = 0.00082 — 0.00086m, where, k [W/mK], @ =27f [rad/s], p,, [kg/m’], ¢ , W/kgK], and

[Pa.s] are the thermal conductivity, angular frequency, mean density, specific heat capacity and dynamic
viscosity respectively. The operating parameters for the simulation are given in table 1.

Table 1. Operating parameters as used in the CFD simulation

Parameters Values/descriptions
Medium Helium
Mean pressure, MPa 0.1
Frequency, Hz 57

Drive ratio, % 03<D, <20
CHX (1&2) surface temperature, K 273.15

HHX surface temperature, K 323.15

2.2. Physical model

The simulation is carried out using Ansys Fluent 15.0. Reynolds Averaged Navier-stokes (RANS) equations
are solved for turbulence model and are written in the index form as follows:
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Equations (1)-(3) are the mass, momentum and energy equations for the RANS equation. Eq. (4) and eq. (5)
are the effective stress tensor and the Reynolds Stresses term used to model momentum equation for the
turbulence affected flow. Eq. (6) is the ideal gas equation. SST k- turbulence model (Menter, 1994) is used
in the simulation. SST k-® gave better accuracy of oscillating velocity and temperature profiles near the wall
and the core within parallel-plate heat exchanger, when compared with experimental data (Mohd Saat, 2013,
Shi et al. 2010). Pressure-based solver, PISO, and Second-order discretisation are used in all simulation
cases. Time step of 7/250@ was found to be sufficient for the convergence criteria for the transport and
energy equations (10°, 10°, and 10™®). Compressibility effect was considered due to the short channels of the
heat exchangers (Swift, 2001).

Temperature-dependent viscosity and thermal conductivity are defined as

T 0.68 T 0.72
=1.99-107° | —| , k=0.152-| — 7

o o

where, T, is the reference temperature (300K). The inlet and outlet boundary conditions are (Swift, 2001):

p,(x,t) = p,cos(k'x,)-cos(wt) )

p,(x,t)= p,cos(k'x,) - cos(at) 9

u,, =L sin(k'x,) (10)
pﬂlc

u, » =L sin(k'x,) (11)
P

oT

el =0 12

ax X1,Xy ( )

where, p;, p, [Pa],u, ,and u,,[m/s], are the pressure and velocity amplitudes at inlet and outlet of the

a,l»
domain (Figure 1) p, = p,,D,[Pa], k'= a)/ ¢ [rad/m], ¢ [m/s], R[J/kgK] are the pressure amplitude at the
antinode, angular wavenumber, sound speed and specific gas constant. Subscript ‘m’ denotes mean values.
Condition (12) is set at the inlet/outlet boundaries to keep the temperature of the cells next to the boundaries
equal to that of the reversing flow. Turbulence boundary conditions are specified in terms of intensity and
length scale as,
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1=0.16(Re, ) "'* (=0.07D (13)

The Reynolds number is defined asRe, = Po“a\l,zD / 4, . The velocity is calculated from eq. (10) and (11),

and values of density and viscosity at the reference temperature. Provided the domain is sufficiently long,
this approach provided solution with an excellent match to the experimental solutions. Constant temperature
of 273.15K (15°C) is applied to both CHX1 and CHX2 heat exchangers walls and constant temperature of
323.15 (50°C) is applied on HHX wall. The resonator wall is modelled as adiabatic and non-slip boundary
conditions are applied to all walls. Reynolds number and the normalised temperature, velocity amplitude and

channel separation distance are defined as Re = pu,d/u, 0=(T, -T,) (T, =T,),6=y/dandU = ulu,
respectively, where u; T,.1,.T,,T,, and y [mm] are the velocity amplitude at the CHX2 channel inlet, local

fluid temperature, local wall temperature, reference hot and cold temperatures in the domain, and vertical
distance in the channel respectively.

3. RESULTS AND DISCUSSION

3.1. Mesh convergence study

In order to characterise the required spatial discretisation and ascertain the independency of mesh on the
simulation results (Rochie 1994), a systematic mesh refinement study was conducted before the detailed
simulation study. Details of the study can be found in Ilori et.al (2014). M1, M2, M3 and M4 are the mesh
sizes of 43348, 70376, 113979, and 179140 respectively. A total of 113979 cells was used with y+ below 1
everywhere in the wall region having the maximum value of 0.327 i.e. y+ < 1. Heat exchangers with ogive-
edge shape were used for the convergence study and approximate mesh counts were subsequently used for
the two other edge shapes (blunt and cone). Figure 2a gives the definition of flow directions and phase (¢) in
the acoustic cycles for velocity, pressure, and displacement amplitudes, while Figure 2b shows the sensitivity
of the solution to the mesh refinement in terms of the axial velocity amplitude at central location ‘c’ in the
CHX2 (Figure 1). Having established solutions that are mesh independent, the mass flow rate through the
domain was also monitored to further establish the convergence of the solution.

——Velocity 5
$10 —— Displacement 46 ——1
&9 $11| == Pressure (‘ 4
8 #12 ; 87 —aM2
87 13 , /’M o8 —— M3
o d14 <2 / b1 b9 e
£ 1
55 e N '::" 0 ‘{q)u $16 0
=
=1
ba ot 3 \¢11 419
-2
3 617 3 $12 /}'{ $18
2 518
b1 $19 2 $17
- - ' D,=03% a1s
Positive flow direction Negative flow direction
(@) (b)

Figure 2: (a) definition of flow direction and the relationship between the pressure, velocity and gas
displacement amplitudes (b) Axial velocity amplitudes distribution at the centreline location in the CHX2 at
0.3% drive ratio with respect to mesh sizes.

3.2. CFD solution validation

D, <0.3%

The analytical expression for the axial velocity amplitude of an oscillatory laminar flow ( )in a
channel of parallel plates with blunt edges is given as (Swift, 2001).
h|(l+ify— ;
¢ cosh((1-+i)y, /3, ]
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where u., and y_ are the velocity amplitude at centreline location in CHX2, and the half channel distance.
y =0 at the central channel of HHX and y, = d/2 . Figure 3 shows the analytical and simulation results for

the axial velocity amplitude at the centreline location in CHX?2 using the blunt edge shape configuration at
0.3% drive ratio. The plot shows a good match between the theoretical and the predicted solution which
confirms the validity of the simulation method.

6
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Phase angle (°)

Figure 3: Axial velocity at centreline location in the CHX2 at 0.3% drive ratio.

3.3. Effect of edge shape on velocity profile
Summary of simulation results is given in table 3. Fluid flow characteristics are related to change in the
velocity profiles. The effects of plate edge on velocity profiles within the heat exchangers channel at all the
drive ratios (0.3 — 2.0%) are shown in Figure 4.

Table 3. Summary of the simulation results for all edge shapes

D, (%) Blunt Cone Ogive
u,,, T Re u, ., T Re U, ,, T Re
as) | as) | as) | &

0.3 4.33 | 313.71 | 106 | 3.90 | 307.54 | 96 | 4.07 | 310.85 | 100
0.65 9.32 | 314.92 | 228 | 8.19 | 317.87 | 201 | 8.60 | 317.26 | 211
1.0 14.22 | 313.52 | 348 | 13.46 | 313.37 | 330 | 13.69 | 314.01 | 336
1.5 21.69 | 310.77 | 532 | 19.89 | 311.07 | 487 | 20.69 | 311.40 | 507
2.0 27.42 | 31048 | 672 | 26.38 | 311.24 | 646 | 26.93 | 310.51 | 660

The corresponding displacement amplitudes (& = u/® ) at different drive ratios range from 12 — 76.56mm,

10.89 — 73.66mm, and 11.37 — 75.21mm for blunt, cone and ogive edge shapes respectively. The results
presented here are taken at inlet location of the CHX2 at Smm into the channel (Figure 1b), taken the length
of the edge shapes into consideration. The choice of this location is basically to determine the extent of
influence of the edge shape on flow and heat transfer through the velocity and temperature profiles at that
location. Other locations could as well be considered if such is desired. For clarity sake, the influence of edge
shape on velocity profile at the inlet of the channel are compared at eight different phases, ¢1, ¢4, ¢7, ¢10,
o011, ¢14, 17, and $20 for all edge shapes. Taking a close look at the results suggests the effectiveness of the
edge shape on the flow structure at the entrance and exit of the channels. At all drive ratios cone edge shape
appears to be most effective by reducing the velocity amplitudes to the values below that of blunt and ogive
edge shapes. This is an indication that the presence of these edge shapes minimised the turbulent effects in
the flow. The velocities in Table 3 give Reynolds numbers that range from 106 — 672, 100 — 660 and 96 —
646 for the three plate edges respectively. As can be seen from the plots in Figure 4, at drive ratios 0.3 —
2.0%, flow symmetry is not present for all the edge shapes, though the reduction in the velocity amplitude
due to the presence of ogive and cone edge shapes can be seen from the profiles except for phases ¢10 and
$20 respectively. The asymmetric profiles are more noticeable at the suction stage for all drive ratios and
edge shapes but the fluid moves at higher velocity causing large gas displacement during the ejection stage.
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Figure 4: velocity profiles at inlet channel of CHX2 for all drive ratios (0.3 —2.0%) and edge shapes — blunt,
cone and ogive.

3.4. Effect of edge shape on temperature distribution

The effect of temperature is examined through the temperature profiles presented in Figure 5. The
temperature profiles for all drive ratios and edge shapes at eight different phases within one acoustic flow
cycle similar to that of velocity profiles are shown. The instantaneous temperature is shown as a function of
phases in the acoustic cycle, normalised by the wall, reference hot and cold temperatures. The edge shapes
clearly reduce the maximum fluid temperature at the inlet into the CHX2 at the drive ratio of 0.3%. The blunt
edge shape gave the highest temperature value followed by the ogive and the cone edge shapes. This
indicates that when the gas velocity amplitudes are lower, higher fluid temperature is experienced. At higher
drive ratio of 0.65%, cone edge shape gave the highest fluid temperature followed by the ogive and the blunt
edge shapes. The temperatures at this drive ratio are the highest for all drive ratios. At 1.0% and 1.5% drive
ratio, ogive edge gave highest fluid temperature value, while at 2.0%, cone edge gave the highest
temperature value. At drive ratios 1.5% and 2.0%, blunt edge gave the lowest temperature values, while cone
edge gave lowest at the 1.0% drive ratio. From the temperature profiles in Figure 5, it is thus clear that the
edge shapes have influenced the heat transfer in the heat exchanger channel but a further analysis is required
to make a final conclusion on the role played by each edge shape.
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Figure 5: Temperature profiles at the inlet channel of CHX2 for all drive ratios (0.3 —2.0%) and edge shapes
— blunt, ogive and cone

4. CONCLUSION

This paper studies fluid flow and heat transfer performance of thermoacoustic parallel-plate heat exchangers
under oscillatory flow conditions using 2D CFD simulation approach. The effects of entrance and exit shapes
of the heat exchangers on velocity and temperature are examined with respect to different drive ratios. It is
observed that there is a fluid flow variation, specifically the velocity amplitude, as a function of phase within
the acoustic cycle. This flow variation can be minimised when ogive and cone edge shapes are used at the
entrance and exit of the flow channel. The results suggest the possible role of edge shapes on temperature
values at the inlet into the heat exchanger channel but further analysis will be required in order to give a
conclusive remark. Generally, the presence of edge shapes helps to reduce the complexity in flow that results
from the discontinuity of the geometry as related to thermoacoustic system. Future work will consider the
plate-edge effect on flow separation at the edges of the heat exchanger and the results of temperature effects



ICR 2015, August 16 - 22 - Yokohama, Japan

in terms of dimensionless correlations. Additional plate-edge shapes will also be studied to further explore
the possibility of using plate-edge for the improvement of thermoacoustic system.
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