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ABSTRACT 
 

Thermoacoustic system is a system introduced as an alternative technology for refrigerators 
or heat engine because it uses environmentally friendly gases as a working medium. 
Thermoacoustic system usually uses noble gaseous as working medium and air has been 
widely used since it is available abundantly and easy to handle when performing experiment. 
Other than air, helium is also frequently used in thermoacoustic system because its low 
Prandtl number is expected to improve the performance of thermoacoustic system. This 
paper reports the computational results of heat transfer performance across tube banks 
heat exchanger when air and helium are used in thermoacoustic environment. The transient 
cases of thermoacoustics were solved using the Shear-Stress-Transport k-ω turbulence 
model.  The model was first validated with experimental results with air as the working fluid. 
The validated model was then solved for helium. Results showed that helium offers higher 
Nusselt number (6.52%) and Colburn-j factor (11.25%) compared to air at lower Reynolds 
number. Hence, the study suggests that the use of helium gas is favorable if better heat 
transfer is to be achieved in thermoacoustic energy system. 
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1.  INTRODUCTION 
 
Environment sustainability has always been an important issue recently. Rapid development of 
technologies resulted in the emergence of green technologies and green energy. Research and 
developments on technologies have been focusing on minimizing the impact of the technologies 
towards the environment. Thermoacoustics was introduced as one of the green technologies in 
sustaining the environment. Thermoacoustics are more reliable in the perspectives of parts and 
components because there are no moving parts inside a thermoacoustic system, resulting in 
better dimensional tolerance [1]. Thermoacoustics uses noble gases as their working medium 
hence reducing the negative impact towards the environment [2]. There are various options for 
the working mediums of the thermoacoustics. Most study uses air as working medium, but 
helium, argon, hydrogen, and nitrogen are also some other choices that could be used as the 
working medium of thermoacoustics system. The choice of working medium to be used in the 
thermoacoustic system is important because the fluid dynamic properties of these working 
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mediums affect the thermal performance of the system since conversion of energy happens in the 
particles of the working medium [1]. 
 
Common thermoacoustic system consists of four basic components including a long resonator 
tube connected to an acoustic driver with stack (a porous media with microchannels) and heat 
exchanger inside the resonator tube [3]. The simplicity of the system also makes it less 
dimensional critical compared to conventional refrigerators and power generator [4]. The 
systems work by inducing the working gases to oscillate inside the resonator tube. Oscillating 
gases will undergo thermodynamic processes such as compression and expansion. In these 
thermodynamic processes, working gases carry heat and exchange heat with the working 
components including stacks, heat exchanger, and resonator wall [3,5,6] Hence, it can be seen 
that working gas plays an important factor for the performance of thermoacoustic system, 
because the thermal properties of working gases highly influence the thermal performance of the 
system [4]. 
 
Various heat transfer studies have been done in relation to thermoacoustics, however most 
studies use air at standard atmospheric pressure as working medium. This is probably because 
air at atmospheric pressure is easier to handle and is available abundantly in the open 
environment. Gases such as Helium are light in density, hence losses are to be expected if the 
system is not designed to handle the gas properly. Apart from air, gases such as helium, argon, 
nitrogen, and hydrogen have shown a different behaviour in fluid dynamic properties [1,7] and it 
was found that a better thermoacoustic performance can be obtained for gases with lower Prandtl 
number [1,5]. Some studies suggested that a binary mixture where the lighter gas holds a larger 
weightage in the mixture would help to reduce the Prandtl number [5,8]. However, regardless of 
binary mixture or pure monoatomic gases, the decision of gases to be used as working medium is 
highly dependent on the operating condition of the system due to the different performance of 
gases under different working condition especially under different mean pressure [1]. 
 
Helium is widely used in various studies due to its low Prandtl number, because reduction of 
Prandtl number is expected to increase the thermal performance of the thermoacoustic system. 
However, low Prandtl number sometimes might not be the only reason for selecting helium as 
working gas [8]. In certain working conditions and applications, the effect of helium gases has 
been reported to be less effective compared to other gases [9,10]. Performance of thermoacoustic 
system is not calculated solely based on Prandtl number, but other parameters too. Hence, it is 
important to understand how Prandtl number is affecting the thermal performance of heat 
transfer in thermoacoustic environment and analysis should also be done to understand the effect 
of other parameters towards thermoacoustics performance using different gases. This study 
focuses on the heat transfer performance in thermoacoustic environment when helium is used as 
the working medium. The performance of the system is presented in terms of dimensionless 
parameter known as Colburn-j factor. 
 
 
2. METHODOLOGY  
 
2.1 Experimental and Computational Setups 
 
In this study, a 2-dimensional model, as shown in Figure 1, was solved for several cases using air 
and helium as working medium. The computational fluids dynamics model was benchmarked 
using experimental results of air as working medium in a quarter wavelength standing wave rig 
with tube banks placed at a location of approximately 0.17λ from the pressure antinode (the hard 
end of the resonator). The wavelength, λ, for the benchmark case was calculated to be 4.5 m and 
the corresponding resonance frequency of the rig is 14.2 Hz [11]. The length of the quarter 
wavelength resonator in the experimental setup is 6.6 m [12]. However, the computational 
domain was only solved for a total length of 1 meter within the tube banks area, as shown in 
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Figures 1 and 2. The tube banks were arranged with 9 tubes in an in-line arrangement with 
transverse pitch, ST, equals the longitudinal pitch, SL (SL = ST = 45 mm). The tube banks are made 
of tubes with diameter of 20 mm. In the experiment, the oscillatory flow for thermoacoustic 
environment was supplied by a loudspeaker (Precision Device 1860) that was controlled using 
an amplifier (FLP-MT1201) and a function generator (AFG 21005). The resulting velocity and 
temperature data were taken at two points in upstream and downstream locations of the tube 
banks by using the hotwire anemometer (ST-732). The measured location is as shown in Figure 
2. The two locations are corresponding to a location of v1 = 4.23 m and v2 = 4.77 m. Type-K 
thermocouple was connected to a Picolog signal conditioner (TC08) to read the temperature at 
the upstream and downstream locations of the tube banks heat exchanger. Temperature data was 
taken at locations T1 = 4.338 m and T2 = 4.662 m, respectively. These velocity and temperature 
data were used to calculate the heat transfer performance. The experimental data was used for 
validating the computational fluid dynamics model when air is used as the working medium. The 
boundary conditions of the computational fluid dynamics models were set up according to the 
experimental set up that was used for validation of CFD model. The test section for the 
experimental set up is as shown in Figure 2 [12]. Fluid flow in oscillatory motion in 
thermoacoustic system where there is not a distinct inlet or outlet since the fluid exits and enters 
the system periodically. Hence, the inlet and outlet locations are denoted as x1 and x2 instead, as 
shown in Figure 1. The locations of x1 and x2 are 4 m and 5 m, respectively, from the pressure 
antinode (x = 0). User-defined functions were used at these locations of, x1 and x2 to induce 
standing wave into the system producing the thermoacoustic effects. Equation (1) and Equation 
(2) represent the pressure and mass flux values that were hooked at the location of x1 and x2, 
respectively. Pressure amplitude was obtained from the drive ratio as stated in Equation (3) 
where Pm represents the mean pressure or working pressure of the system, which is the 
atmospheric pressure in this case. The amplitude of pressure at the location of pressure antinode, 
Pa, was obtained from experimental data that was measured using a piezoresistive pressure 
transducer (Endevco 8510B-2) which was connected to a Dataq datalogger for data processing. 
The wave number is represented as kw calculated using Equation (4) [13], frequency represented 
by f, and speed of sound represented by c. The operating conditions and the parameters set for 
boundary conditions are shown in Table 1. 
 
𝑃 =  𝑃𝑎 cos 𝑘𝑤𝑥1 cos(2𝜋𝑓𝑡)                                                                                                                             (1) 
 

𝑚′ = 
𝑃𝑎
𝑐

sin𝑘𝑤𝑥2 cos(2𝜋𝑓𝑡 + 𝜃)                                                                                                                     (2) 

 

𝐷𝑅 = 
𝑃𝑎
𝑃𝑚

                                                                                                                                                                (3) 

 

𝑘𝑤 =
2π𝑓

𝑐
                                                                                                                                                               (4) 

 

 
 

Figure 1. Geometry Modelling for CFD. 
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Figure 2. Experimental set up near the test section with tube banks heat exchanger. 

 
Table 1 Operating parameters of investigated cases 

 

 Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 

Working Medium Air Air Air Helium Helium Helium 

Operating Frequency 
(Hz) 

14.2 14.2 14.2 14.2 14.2 14.2 

Tube Configuration Inline Inline Inline Inline Inline Inline 

Surface Temperature (°C) 80 80 80 80 80 80 

Drive Ratio (%) 1.22 2.17 3.11 11.31 20.00 30.00 

Pressure Amplitude (Pa) 1220 2170 3110 11310 20000 30000 

Mean Pressure (Pa) 100000 100000 100000 100000 100000 100000 

Mass Flux (kg/m2s) 3.00 5.34 7.65 4.02 7.11 10.66 

 
The model was solved for three different values of drive ratios and two different working media 
as shown in Table 1. The drive ratios that were used in the representation of the thermoacoustic 
flow environment is related to the parameters of flow like the velocity and the Reynolds numbers. 
Three drive ratios were selected where the values were selected according to the experimental 
values. The maximum, minimum, and average values were selected from the large range of 
available experimental data. These three drive ratios were tested and modelled for an inline tube 
banks configuration with 80°C tube surface temperature. 
 
Grid independency test was done on the model for several element sizes to obtain the most 
suitable mesh for solving the model. Independency grid test was done by evaluating the changes 
in velocity at locations v1 and v2 for four different element sizes which are 0.005 m, 0.004 m, 0.003 
m, and 0.002 m. Velocity data for the purpose of grid sensitivity investigation is as shown in Figure 
3 for all the four element sizes. CFD models for 0.004 m, 0.003 m, and 0.002 m reported a similar 
velocity data. Hence, meshing with 0.003 m element size was selected for this investigation as it 
provides the minimum computational effort without compromising the sensitivity of the results 
based on the grid size. 
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Figure 3. Grid sensitivity based on velocity for four different element sizes of mesh used in the 
computational domain. 

 
2.2 Model Validation 
 
The model was solved for 10 cycles (10000 timesteps) before data can be obtained for analysis. 
This is to ensure that the transient stage has reached steady stage of oscillatory flow condition. 
Velocity data were taken at location v1 to be compared with velocity obtained from experimental 
approach. Figure 4 shows the comparison between the experimental velocity data and the CFD 
velocity data.  
 

 
 

Figure 4. Validation of CFD model with experimental data. 
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Velocities at low drive ratio of 2.17% and 1.22% were reported with almost similar values 
between experiment and CFD while there is a slight difference in the case where drive ratio is 
3.11%. This could be due to the unpredicted losses in the experimental rig or real-life feature that 
may not well be captured by the two-dimensional transient computational model. However, the 
reported error is small and was calculated to be approximately 9.36%. In general, the trend of 
changes of velocity with respect to changes of drive ratio is the same between experiment and 
CFD prediction. Hence, the CFD model was validated by the experimental works. 
Validated model that was solved using air as working medium was then used for solving 
thermoacoustic flow condition with helium as the working medium. The properties of both the 
gaseous are as tabulated in Table 2.   
 

Table 2 Properties of Air and Helium 
 

 Air Helium 

Speed of Sound (m/s) 346 1105 

Specific Heat Capacity (J/kg∙K) 1.0045 5.19285 

Thermal Diffusitivity (m2/s) 2.009E-05 1.900E-04 

Prandtl Number 0.7323 0.615263158 

 

Density, ρ, of gaseous were calculated using ideal gas law as shown in Equation (5) where P, R 
and T are the pressure, gas constant and the temperature, respectively. The thermal conductivity 
of air was calculated using polynomial equation represented by Equation (6) where the 
coefficient of the equation was obtained from fitting the property data of air [14]. Thermal 
conductivity of helium on the other hand, was obtained from Equation (7). Viscosity of helium 
and air was calculated using Equation (8)[15] where the reference temperature, T0 is 300K, while 
the viscosity reference value of μ0 and exponent value for bμ are as listed in Table 3 [16].  
 
𝑃 =    𝜌𝑅𝑇                                                                                                                                                              (5) 
 
𝑘𝐴𝑖𝑟 = 0.023635 +  7.56264 × 10−5𝑇 − 2.51537 × 10−8𝑇2 + 4.18521 × 10−12𝑇3 + 1.05973 ×

10−15𝑇4 − 1.12111 × 10−18𝑇5 − 5.47329 × 10−22𝑇6 − 9.94835 × 10−26𝑇7                   (6)
  

𝑘𝐻𝑒𝑙𝑖𝑢𝑚 = 0.0476 + 0.362 × 10−3𝑇 + 0.618 × 10−7𝑇2 + 0.718 × 10−11𝑇3                                  (7) 
 

𝜇 = 𝜇0 (
𝑇

𝑇0
)
𝑏𝜇

                                                                                                                                                        (8) 

 
Table 3 Room Temperature Reference Values for Viscosity Equation Shown in Equation (6) 

 

 Air Helium 

Reference Viscosity, μ0 (kg/ms) 1.85 × 10-5 1.99 × 10-5 

Viscosity Exponent, bμ 0.76 0.68 

 
 
3. RESULTS AND DISCUSSION 
 
The results from computational models are discussed based on heat transfer performance. Both 
models were compared based on several parameters and the results were plotted against 
Reynolds number. The Reynolds number was calculated using Equation (9) [14] with hydraulic 
diameter defined as the diameter of the tube, D, while vmax⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  represents the instantaneous 
maximum velocity collected at location v1 and/or v2. The heat transfer for helium was compared 
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in terms of heat transfer coefficient, h, Nusselt number, Nu, and the Colburn-j factor. Heat transfer 
coefficient was calculated using Equation (10) where ṁ represents mass flow rate that is 
calculated using Equation (11). The terms cp, T and As represent specific heat capacity, 
temperature, and cross-sectional surface area, respectively. Nusselt number was calculated using 
Equation (12) where h and k represent the heat transfer coefficient and the thermal conductivity, 
respectively [17]. It is important to note that the temperature difference, ΔT in Equation (10) 
considers the temperature difference between the tube temperature and the average 
temperature of fluid at locations of inlet and outlet. This is because the fluid flows in an oscillatory 
manner in a thermoacoustic system [18, 19]. The inlet and outlet temperature values are found 
to be almost similar due to the cyclic nature of the flow inside the thermoacoustic system, hence 
considering the temperature difference between the inlet and outlet will result in a very minimal 
or zero heat transfer which is merely impossible. Therefore, the temperature difference is defined 
to be between the heated tube surface and the average temperature of fluid. 
 

𝑅𝑒 =  
�⃗� 𝑚𝑎𝑥𝐷

𝜈
                                                                                                                                                      (9) 

 

ℎ =  
�̇�𝑐𝑝(𝑇)

𝐴𝑠∆𝑇𝑙𝑛
                                                                                                                                                   (10)  

 
�̇� = 𝜌𝐴𝑆𝑣                                                                                                                                                            (11) 
 

𝑁𝑢 =  
ℎ𝐷

𝑘
                                                                                                                                                            (12) 

 

𝑗 =  
𝑁𝑢

𝑅𝑒 (𝑃𝑟
1

3⁄ )
                                                                                                                                                  (13) 

 
Figure 5 shows the heat transfer coefficient that was calculated and compared for different 
working media and the results are shown at increasing values of Reynolds number while Figure 
6 shows the graph for Nusselt number that was plotted against Reynolds number.  It can be seen 
that the heat transfer coefficient of helium is higher than that for air when the oscillatory flow of 
thermoacoustics is flowing across the investigated in-line tube banks heat exchanger. The 
gradient of increment for heat transfer coefficient with the increase of Reynolds number is higher 
for the case that was solved using helium as working medium. Helium has a lower density 
compared to air. Hence, helium is lighter, and it travels faster inside the system [20]. Low density 
and high velocity of helium result to an increase of mass flow rate and heat flux. As a result, heat 
transfer coefficient increases.  
 
The increasing trend of Nusselt number is a result of increasing heat transfer coefficient as 
Reynolds number increases. However, the difference between the Nusselt number for air and that 
of helium is not as distinct as seen for the heat transfer coefficient.  This is probably because the 
Nusselt number is a function of not only heat transfer coefficient, but also characteristics length 
and thermal conductivity. Characteristics length remains the same for air and helium since they 
are using the same system with the same physical descriptions. However, thermal conductivity 
of air is smaller compared to helium [18]. Hence, the difference in thermal conductivity between 
air and helium is compensating the difference that was recorded for the heat transfer coefficient 
of both gaseous. The Nusselt number of flow when helium is flowing at a lower Reynolds number 
(below 14000) was reported to be at 5.58% and 7.45% higher than air. However, in the case 
where Reynolds number is high, at approximately 14000, the Nusselt number of air was reported 
to be higher than that of helium (approximately 3.1% higher). Nusselt number, as calculated 
based on Equation (12), was then used to calculate the Colburn-j factor as was described in 
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Equation (13) [17]. Colburn-j factor is a dimensionless parameter that is represented by Nusselt 
number, Nu, Reynolds number, Re, and Prandtl number, Pr. 
 

 
Figure 5. Comparison of heat transfer coefficient for helium and air as working medium. 

 

 
 

Figure 6. Comparison of Nusselt number for air and helium gas as working medium. 

 
Figure 7 shows the variation of Colburn-j value at various Reynolds number for different working 
media. From Figure 7, Colburn-j values for air shows a constant decreasing trend while Colburn-
j of helium seems to be similar at approximately 5000 and 10000 Reynolds number, but the value 
shows a significant decrease at a high Reynolds number which was a result of the Nusselt number 
as shown in Figure 6 when calculated against Reynolds number. This is because Colburn-j factor 
is a dimensionless parameter that considers the involvements of several dimensionless numbers 
including Reynolds number, Nusselt number, and Prandtl number. Reynolds number for air and 
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helium are plotted at a similar range while Prandtl number of air is slightly higher compared to 
that of helium. It is also noted that the values of Prandtl number for both gaseous are almost 
constant with the increase of temperature and Reynolds number.  
 
Considering that the Nusselt number for air is almost similar to that of the helium at a low and 
average Reynolds number (c.f. Figure 6), the results of Figure 7 indicates that the differences in 
Colburn-j values are related to the role of Prandtl number in the equation. Air has a Prandtl 
number that is higher than helium. The Colburn-j factor also reflects a more dominant effect of 
Prandtl number, showing an approximately 11.25% higher Colburn-j factor value for helium 
compared to air. At a higher value of Reynolds number, the Nusselt number of air can be seen to 
be higher than helium. In this case, helium records a Colburn-j factor of 3.29% lower compared 
to air. The effect of Nusselt number in this case is dominating over the effect of Prandtl number 
hence showing a higher Colburn-j factor of air compared to helium. The domination of the Nusselt 
number impact is to be expected as the convection at high Reynolds number is usually higher. 
The results indicate that the role of viscosity and heat capacity is important when the oscillatory 
flow of thermoacoustics is flowing at low Reynolds number. However, when the fluid flows with 
higher amplitude (higher Reynolds number), the convection is higher and therefore the Nusselt 
number impact is dominant.  
 

 
Figure 7. Comparison of Colburn-j value for air and helium as working gas. 

 
 
4. CONCLUSION 
 
Other than air, most thermoacoustic system uses helium as working medium. This study reveals 
the investigations that show the heat transfer performance of helium based on consideration of 
relevant dimensionless parameters such as Reynolds number, Prandtl number, Nusselt number 
and the Coburn-j factor. Results showed that helium offers a higher fluid velocity compared to air 
and as a result the heat transfer coefficient for helium is higher. Consequently, the Nusselt number 
and the Colburn-j factor of helium is higher compared to air in lower range of Reynolds number. 
The high thermal conductivity of helium is also affecting the Prandtl number making it low 
compared to air. Low Prandtl number gaseous are usually favourable in thermoacoustics as it has 
the ability to offer better thermoacoustic effect.  
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NOMENCLATURE 
 
AS Cross-sectional Area, m2 

CFD Computational Fluid Dynamics 
c speed of sound, m ∙ s-1 
cp Specific heat capacity, kJ ∙ kg-1 ∙ K-1 

D Hydraulic diameter, m 
f frequency, hz 
h Heat transfer coefficient, W ∙ m-2 ∙ K-1 

j Colburn-j factor 
k Thermal conductivity, W ∙ m-1 ∙ K-1 

kw wave number, m-1 

ṁ Mass flow rate, kg ∙ s-1 

m’ Mass flux, kg ∙ s-1 ∙ m-2 

Nu Nusselt number 
P pressure, kPa 
Pr Prandtl number 
R gas constant, J ∙ K-1 ∙ mol-1 
Re Reynolds Number 
S Pitch, mm 
T temperature, K 
v velocity, m ∙ s-1 

x distance from antinode, m 
θ Phase angle, rad 
λ Wavelength, m 
μ Dynamic Viscosity, kg ∙ m-1 ∙ s-1 
π 3.14159 
ρ Density, kg ∙ m-3 
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Subscript 
 
1 Location 1 
2 Location 2 
a amplitude 
L longitudinal 
ln log mean value of temperature difference 
m mean 
max maximum 
t transverse 
 

 


