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ABSTRACT

The design of appropriate heat exchangers is an essential requirement for the developextigieneration

of thermoacoustic systems. In this study, RANS method w&h S turbulence model was applied to
solve the time-dependent turbulent Navier-Stokes and energy equations for ngdibatiand heat transfer
conditions in three individual but similar parallel plate heat exchangers, edramgeries and positioned in
an oscillating helium gas environment. The numerical code is validated by comifaritmyv amplitude
oscillating flow results to the analyéiksolutions found in the literature. The effects of pressure oscillation
on the velocity and temperature distributions are discussed in detailecdggtct to thehannels’ entrance
and exit edge shapes of the heat exchangers. Three types of edge shapes, blunt, cares enthisgstudy
influence the oscillating flow behaviour and heat transfer condition diffgranthe entrance and exit of the
heat exchanger channels.

1. INTRODUCTION

Central to the efficiency of energy systems such thermoacoustic engine and coosgpmgriately
designed heat exchangers, because of the potential gain in the thermodynamic effibiehayould result
from such an improved design. This is all-important considering the extesrgige of application of an
efficient thermoacoustic system, such as in the area of economic electciticiion, gas liquefaction and
regasification, electronic cooling, space application etc. However, the prefeawmistically 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 exsihangdoeen studied in the
literature using different approaches: numerically e.g. Piccolo and Pisgii),( and Besnoin and Knio,
(2004) experimentally e.g. Shdt 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 osciflatingtructures hee 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 channelgseah(8enith

and Swift, 2003). Marxet al. (2008) experimentally studied the unsteady effects in acoustic wave at
geometrical discontinuities with rounded edge located within an acousticTthgcauthors focesl on the
effect of displacement amplitude and the curvatture radius on the pressure andlessagyZhao and
Cheng (1995) studied oscillatory convective heat transfer in a pipe, with thenttance and exit channel
edge, subjected to reciprocating flow. Aben et al. (2009) conducted a 2-D PINmexueto study the
vortex formation at the end of a parallel-plate stack using different edgessii@qesing only on adiabatic
conditions. To fill the gap of lack of extensive data for oscillatory flow hedt transfer conditions
numerical investigation becomes important for making predictions in oodeorhplement the available
experimental data. There exists few works on numerical modelling, e.g. Mdbatig2004) and Mohd Saat
(2013), but mainly on blunt edged geometries and drive ratio below 1%. In a recent nushadicéllori et

al. 2014), the flow physics in thermoacoustic heat exchangers was investigate@EBiragpproach, with
focus on the effect of entrance and exit shapes of heat exchanger channelswhéfleiwur and pressure
difference, without the effect of temperature. It was found that edge shape cemdaflthe flow and
pressure drop behaviour at considerably high drive rafips>(0.3%). In this study, the heat transfer and

flow behaviour in and around three identical exchangers are investigated 43iG§R2 modelling, through
the examination of time dependent velocity and temperature fields. Blunt, cone, ameaggvshapes are
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considered at the entrance and exit of the heat exchangers. The investigation is casitbd-espect to the
drive ratio in the system, defined as the ratio of mean pressure to the pressure amplicudetatode.

2. NUMERICAL METHOD

2.1. Geometrical and computational domain

Figure 1 shows the geometry, edge shapes and the computational domain as used in this sfeiomettye
consists of a 2D replica of a ¥2-wavelength thermoacoustic set-up of llori @04B) where three identical
heat exchangers, arranged in series are being tested in an oscillating helium gas environment.

L=900
CHX1 HHX CHX2

Acoustic wave

v Aco:rs{i;wave } ) (f\,-) D=525
L X

Resonator 32 = 4393 %

x1=34935
Blunt-adz= (bt}
=20 l
Conz-2dz= (en)
gas channel
: h=2.5
0.5/ —c d=3 Ogzive-zdz= (oz) =
) —
=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 milimetre

In Figure 1,‘Blunt-edge’ is the basic parallel plate with squared edge, cone-edge has % adgle of
inclination and ogive-edge has ogive-like shape with curvature radius r = 7mm. Thehagdgs are attached

to the solid plates of each heat exchanger for each simulation case ie punoiformity. Each heat
exchanger has nine flow channels. Fine mesh is used everywhere in the computational domain seml is cho
such that the flow structure in the heat exchangers region is not influencaaly bynsteadiness in the
oscillatory flow from the upstream and downstream of the core. The domain inlet atchoaitliefined with

respect to the pressure antinode in the experimental rig. Thedp)ahid viscous §,) penetration depths in
the channel for all edge shapes, drive ratios and temperatugs=gf2k/ap ,c, = 0.00099- 0.00105m,
5, =+2ujap,, = 0.000@ — 0.00086m, wherek [W/mK], o =2 [rad/d, p,, [kg/m], ¢, [J/kgK], and u
[Pa.§ are the thermal conductivity, angular frequency, mean density, specific heat\capakcidynamic
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, 273.15

HHX surface temperature, K 323.15

2.2. Physical modd
The simulation is carried out using Ansys Fluent 1B€ynolds 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 egaaf®nand eq. (5)

are the effective stress tensor and the Reynolds Stresses term usedetanomentum equation for the
turbulerce affected flow.Eq. (6) is the ideal gas equation. SS® karbulence model (Menter, 1994)used

in the simulation. SST k- gave better accuracy of oscillating velocity and temperature profiles near the wal
and the core within parallel-plate heat exchanger, when compared with experimentislattssaat, 2013,

Shi et al. 2010). Pressure-based solver, PISO, and Second-order discretisation are ussohulatidin
cases. Time step of/ 250w was found to be sufficient for the convergence criteria for the transport and
energy equations (f010° and 1G). 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
=199-10°.| —| k=0152-| — 7
ity =) @

(o]

where, T, is the reference temperature (300K). The inlet and outlet boundary conditions &dre2(B4):

Py (X,t) = p, cosk'x,) - cos(wt) (8)

P, (X,t) = p,cosk'x,) - cos(t) 9

Uy, = P2 sin(k'x,) (1p

U, , = o sin(k'x,) (12)
P

oT

& X Xo 0 (12)

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

domain (Figure 1)p, = p,,D, [Pa], k'=w/c [radim], c [m/s], R[J/kgK] are the pressure amplitude at the

antinode, angulawavenumber, sound speed and specific gas constant. Subscript ‘m’ denotes mean values.
Condition (12) is set at the inlet/outlet boundaries to keep the temperatheeagfls next to the boundaries
equal to that of the reversing flow. Turbulence boundary conditions are specifexthsdf intensity and

length scale as,
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| =0.16(Re, ) ***° ¢=0.07D (13)

The Reynolds number is definedRes, :poua‘lzD/,uo . The velocity is calculated from eq. (10) and (11),

and values of density and viscosity at the reference temperature. Provided the idosuéfinienty long,

this approach provided solution with an excellent match to the experimentabisel@ionstant temperature

of 273.15K (15C) is applied to both CHX1 and CHX2 heat exchangers walls and constant temperature of
323.15 (56C) is applied orHHX wall. The resonator wall is modelled as adiabatic and non-slip boundary
conditions are applied to all walls. Reynolds number and the normalised temperaturey, &eipttude and

channel separation distance are defineRas pud/u, 6= (T, -T,)/(T, -T,),6 = y/dandU = u/y,
respectively, wherey , T, ,T,,T,,,T., and y[mm] are the velocity amplitude at the CHX2 channel inlet, local

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

3. RESULTSAND DISCUSSION

3.1. Mesh convergence study

In order to characterise the required spatial discretisation and ascertaingpeniehcy of mesh on the
simulation results (Rochie 1994), a systematic mesh refinement study was cormhiotedthe detailed
simulation study. Details of the study can be found in llori et.al (2014). M1 M32and M4 are the mesh
sizes of 43348, 70376, 113979, and 179140 respectifkeiytal 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. Heahgachavith ogive-
edge shape were used for the convergence study and approximate mesh counts were subsequently used f
the two other edge shapes (blunt and cone). Figure 2a gives the definitmn diréctions and phase)(in

the acoustic cycles for velocity, pressure, and displacement amplitudes, while Figure 2b showsitlity sensit
of the solution to the mesh refinement in terms of the axial velocityitashplat cerral location ‘c’ in the
CHX2 (Figure 1) Having established solutions that are mesh independent, the mass floaraatsh tthe
domain was also monitored to further establish the convergence of the solution.
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Figure 2: (a) definition of flow direction and the relationship between the pressure, velocigsand g
displacement amplitudes (b) Axial velocity amplitudes distribution at the desttetation in the CHX2 at
0.3% drive ratio with respect to mesh sizes.
3.2. CFD solution validation

The analytical expression for the axial velocity amplitude of an oscilléaaminar flow
channel of parallel plates with blunt edges is given as (Swift, 2001).

st9-a 2 -l

D: < 0% i 4

(13)
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whereu,, andy,are the velocity amplitude at centreline location in CHX2, and the half chaistestak
y =0 at the central channel of HHX ang = d/2. Figure 3 shows the analytical and simulation results for

the axial velocity amplitude at the centreline location in CHX2 udiegbtunt edge shape configuration at
0.3% drive ratio. The plot shows a good match between the theoretical and the ¢grealictien which
confirms the validity of the simulation method.
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Figure 3: Axial velocity at centreline location in the CHX2 at 0.3% drive ratio.

3.3. Effect of edge shape on veocity profile

Summary of simulation results is given in table 3. Fluid flow characteristcsetated to change in the
velocity profiles. The effects of plate edge on velocity profiles withinhtbat 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 Ui o T Re U; o T Re
misy| misy| misy|

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
20 |27.42]310.48| 672| 26.38| 311.24| 646| 26.93| 310.51| 660

The corresponding displacement amplitudés=(u/w ) at different drive ratios range from 1276.56mm,

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 5mm into the cffagoet 1b), taken the length

of the edge shapes into consideration. The choice of this location is basicdliyetmine the extent of
influence of the edge shape on flow and heat transfer through the velocity and tempeddlies at that
location. Other locations could as well be considered if such is desired. For clarity saif@yehee of edge
shape on velocity profilat the inlet of the channel are compared at eight different pheke$4, ¢7, $10,
$11,¢14,$17, andp20 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. ¢ alitdrs cone edge shape
appears to be most effective by reducing the velocity amplitudes t@lines below that of blunt and ogive
edge shapes. This is an indication that the presence of these edge shapsednihe turbulent effects in

the flow. The velocities in Tdé 3 give Reynolds numbers that range from 10&72, 100- 660 and 96-

646 for the three plate edges respectively. As can be seen from the plots en4rigudrive ratios 0.3

2.0%, flow symmetry is not present for all the edge shapes, though the reduction etotity eamplitude

due to the presence of ogive and cone edge shapes can be seen from the profiles excep ¢a0 @rate

$20 respectively. The asymmetric profiles are more noticeable at the suctioncstatjedfive ratios and

edge shapes but the fluid moves at higher velocity causing large gas displacement during thetagection s
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Figure 4: velocity profiles at inlet channel of CHX2 for all drive ratios {0230%) and edge shape®lunt,
cone and ogive.

3.4. Effect of edge shape on temperaturedistribution

The effect of temperature is examined through the temperature profiles presernfégurie 5. The
temperature profiles for all drive ratios and edge shapes at eight diffdvasds within one acoustic flow
cycle similar to that of velocity profiles are shown. The instantaneous tempesasin@ain as a function of
phases in the acoustic cycle, normalised by the wall, reference hot and cold températuesigie shapes
clearly reduce the maximum fluid temperature at the inlet into the CHX2 at the drivefrat8%. 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 teompasaexperienced. At higher
drive ratio of 0.65%, cone edge shape gave the highest fluid temperature fdptedogive and the blunt
edge shapes. The temperatures at this drive ratio are the highest foreathtios. At 1.0% and 1.5% drive
ratio, ogive edge gave highest fluid temperature value, while at 2.0%, cone edgeh@akighiest
temperature value. At drive ratios 1.5% and 2.0%, blunt edge gave the lenvpstature values, while cone
edge gave lowest at the 1.0% drive ratio. From the temperature profilesure Big is thus clear that the
edge shapes have influenced the heat transfer in the heat exchanger channel bubadiysiers required
to make a final conclusion on the role played by each edge shape.



ICR 2015, August 16 - 22 - Yokohama, Japan

0.5 4

——bt_$10
—m—cn_010
og_$10

0.8

—e—bt $1
—8—bt_§4
—t— bt_§7
——bt_¢10
——bt_$11
—a—bt_d14
——bt_¢17
—— bt_$20
cn_o1

——cn_gd
——cn 47
——cn_$10
——cn_§11
—4—cn_p1d
—8—cn_$17
—t—c1_$20
—og_b1
—0g b4
—t0g_$7
=il 0g_010
% og 611
—m0g_$14
N op_ 917
0.9 0g_320

——bt_$1
—m—bt_pa
—i—bt_$7
—+—bt_$10
—#—bt_$11
—e—bt_$14
—i—bt $17
——bt_$20
—en_éi
——cn_j4
—8—cn_¢7
—i—cn_$10
e c_p11
——cn_$14
—g=cn_(17
—t—cn_$20
—oz_d1

0.5+

oz ¢4
——o0 47
——o0g_$10

og_¢11
——0g $14

og_17
0.1 0.3 0.6 0.9 o2 620

Figure 5: Temperature profiles at the inlet channel of CHX2 for all drivesrédi3- 2.0%) and edge shapes
— blunt, ogive and cone

4. CONCLUSION

This paper studies fluid flow and heat transfer performance of thermoacaurstielgplate 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 respectent diffee ratios. It is
observed that there is a fluid flow variation, specifically the velocity ampljtasl a function of phase within

the acoustic cycle. This flow variation can be minimised when ogive and cone edgeaskaps=d at the
entrance and exit of the flow channel. The results suggest the possibié edige shapes on temperature
values at the inlet into the heat exchanger channel but further analjdie wequired in order to give a
conclusive remark. Generally, the presence of edge shapes helps to reduce the caomfiexitizat results

from the discontinuity of the geometry as related to thermoacoustic systeme ®wotlrwill consider the
plate-edge effect on flow separation at the edges of the heat exchanger aadlthefréemperature effects
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in terms of dimensionless correlations. Additional plate-edge shapes will alsadlsel gb further explore
the possibility of using plate-edge for the improvement of thermoacoustic system.
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