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Abstract: The back-and-forth movement of flow in oscillatory flow condition that can be found 
in blood flow, thermoacoustic energy system and ocean wave can be categorized as bi-directional 
flow condition and heat transfer in this flow condition is not well understood. This paper reports an 
experimental investigation that compares temperature and velocity values between the one-
directional (the usual flow condition) and the bi-directional flow conditions. The experiment was 
done using thermoacoustic’s standing wave rig with two different drivers to drive the one-directional 
flow and bi-directional flow conditions in the test rig. Results, that were recorded using piezoresistive 
pressure sensor, type-K thermocouple and hotwire anemometer, indicate that care should be 
exercised when calculating heat transfer in bi-directional flow conditions as the temperature and 
velocity changes are different compared to the one-directional flow condition. Differences were 
recorded to be within the range of 77% for temperature and 59.5% for velocity, presumably due to 
the different behavior of forced and natural convection effect as flow conditions changed.  

 
Keywords: tube banks, oscillatory flow, heat transfer, thermoacoustic technology. 

 

1.  Introduction  
In recent years, technology has evolved rapidly due to 

demanding human needs. Technology developments in 
the current era of ageing world requires careful attention 
on the environmental impact of the technology1, 2, 3). This 
involves the effort to reduce greenhouse effects4), utilizing 
wasted heat from the currently available technology5), 
changing the working mechanism and working fluids so 
that pollution can be reduced6,7), and improving system’s 
performances to avoid too many losses to environment8). 
The rapid development of technology creates huge 
number of challenges for cooling technology as heat needs 
to be taken out of most of the energy system in order for 
the system to perform at their best. Tube banks are the 
most common arrangement found in many heat 

exchangers9,10). The heat transfer performance changes 
with the change of flow directions. In some applications 
like blood flow11), thermoacoustic engine12) or 
cooler/ocean flow13), the fluid flows are not the usual 
steady one-directional type of flows. The fluid in these 
cases is flowing in oscillatory flow conditions which can 
be described as bi-directional flow condition as the fluid 
flows back and forth in cyclic nature. It is found, however, 
that the fundamental understandings of heat transfer in 
flows other than the steady one-directional flow 
conditions are scarce14). Fig. 1 shows the illustration of 
one-directional flow and bi-directional flow conditions 
over a tube bank structure. In most devices, fluid flows in 
one-direction as illustrated in part (a) of Fig. 1. The bi-
directional flow condition is illustrated in part (b) of Fig. 
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1 where fluid flows back and forth in oscillatory manner. 
The oscillation of flow depends on frequency. The higher 
the frequency of flow, the more rapid the oscillation 
changes with time. This study aims to experimentally 
investigate the change of heat transfer performance across 
tube banks due to the change of flow conditions.  

 
Since technological development must focus not only 

on the performance of the system but also on the 
technological impact on the environment, sustainable 
technologies like thermoacoustics should be given 
attention too6). Thermoacoustics provides green 
technology for at least two major applications; cooling 
devices15) and power generation equipment16,17). 
Thermoacoustic technologies aim to offer alternative 
concepts for engines, coolers and heat pumps18). In the 
presence of an acoustic wave and a porous structure, 
energy transfer could happen between a compressible 
fluid and a solid boundary of the porous structure and a 
thermodynamics cycle of power or refrigeration could be 
obtained under certain strict conditions6,8). The proper 
phasing between the acoustically induced fluid 
displacement and its compression or expansion, combined 
with the heat transfer between both solid and fluid, would 
result in the application of Stirling-like thermodynamic 
cycle that can provide efficient operation. The use of 
harmless working fluids such as argon, helium or some 
other inert gaseous as a working medium provides an 
advantage as it offers environmentally friendly operation 
and benefits to the technologies18). As with all other 
energy systems, heat exchanger is the most important part 
of the system and it plays a significant role in maintaining 
the temperature different that is required to be sustained 
within the system. Heat exchangers can be generally 
defined as instruments that can be used at varying 
temperatures to transfer energy between two fluids19). The 
growing imperative to conserve electricity and decrease 
the potential environmental effects has put greater focus 
on the use of heat exchangers with improved thermal 
performance in the modern age of sustainability20). Errors 
in prediction or calculation of heat transfer may lead to 
errors in estimating the performance of the systems12). The 
imperfect formulation of heat transfer could also lead 
towards error between theoretical predictions and real 

values as can be seen reported in a published research 
work 21). In oscillatory flow condition, which is defined in 
this work as a bi-directional flow condition, the fluid 
flows back and forth following cyclic nature of the flow18). 
In the presence of an object, like a heat exchanger, the 
flow will be disrupted in ways different compared to the 
normal one-directional flow condition. The appearance of 
early stage turbulence22), two thermal entrance region23) 
and nonlinearity of flow24) indicate that the established 
heat transfer correlation from one-directional flow 
condition may not be simply used for bi-directional flow 
environment. For most situations, the fluid dynamics of 
the air that flows over the tube banks is unique due to the 
presence of tube bundles and thus could not be simply 
solved by equation for a steady flow through one object. 
The effort of modeling the fluid behavior for bi-directional 
flow conditions of several Stoke's Reynolds number cases 
revealed that turbulence begins when Reynolds is between 
70 and 100 as the fluid flows back and forth across 
structures within the thermoacoustic system28). This 
implies that the impact of heat transfer across tube banks 
in bi-directional flow would not be the same as one-
directional flow over the structure. Some investigations 
have been reported on heat transfer across heat exchanger 
in bi-directional flow condition of thermoacoustic. The 
role for additional parameter such as thermal penetration 
depth (i.e., thermal boundary layer), length of structure, 
porosity of heat exchanger (i.e., blockage ratio), and flow 
frequency on heat transfer performance of the heat 
exchanger have been detected in published works related 
to oscillatory or bi-directional flow conditions25, 26). 
However, investigating heat transfer in such complicated 
environments could not be done easily by looking at all 
the parameters all at once. The changes need to be looked 
at by considering one factor at a time. Hence, this study 
reported the first part of the investigation where heat 
transfer is going to be compared between one-directional 
flow condition and the bi-directional flow condition. The 
results to be shown here will open more doors for a deeper 
investigation of heat transfer within bi-directional flow 
condition which will be benefited by many technologies 
that work under such environment. 

 
2.  Experimental setup 

Fig. 1: Schematic diagram of (a) one-directional flow and (b) 
bi-directional flow condition  

Fig. 2: Schematic diagram of experimental setup  
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The experimental works are designed so that 
comparison can be done between heat transfer 
performances of one-directional and bi-directional flow 
conditions over a tube bank. Fig. 2 showed the schematic 
diagram of the experimental setup.  

The experimental setup involves the use of flow inducer 
that is attached to a hollow steel tube. The flow inducer is 
changed depending on the flow to be induced in the rig. A 
blower is used for one-directional flow condition and a 
loudspeaker is used for bi-directional flow condition. The 
steel tube that is used as the flow passage in the 
experiment is the one that was built for the study of 
standing wave thermoacoustic environment27). This setup 
is based on the thermoacoustic’s quarter wavelength 
resonator28). The rig consisted of a 6.6 m long resonator 
that is attached to a loudspeaker (PD 1860). The 
resonator’s cross-sectional area is 152.4 mm x 152.4 mm 
and the wall thickness of 4 mm. The loudspeaker that was 
used as the flow inducer for the bi-directional flow (i. e., 
oscillatory flow) is as shown in Fig. 3.  

The loudspeaker is controlled by a function generator 
(AFG 21005) and an amplifier (FLP-MT1201) that are 
attached to it. The amplitude of the bi-directional flow 
condition is controlled by setting the input voltage through 
the function generator. The frequency of the flow is kept 
constant at a resonance value.  

The test section, as shown in Fig. 4, is placed at a 
location of 0.186λ from the pressure antinode. The 
pressure antinode is a location where pressure amplitude 

is maximum. For the quarter wavelength resonator, the 
location of pressure antinode is at the hard end of the 
resonator (i.e., the leftmost end of Fig. 2). The working 
fluid is air at atmospheric temperature. For this condition, 
the wavelength, λ = c /f (where c is the speed of sound for 
air in m/s and f is the frequency in Hz) can be determined 
to be 24.15 m. Hence, the test section is placed at a 
location 4.5 m from the hard end of the resonator.  

 

A piezoresistive pressure sensor (Endevco 8510B-2) is 
flushed mounted on that hard end of the rig to monitor the 
value at that end. A 13 Volt voltage supply is used to 
control the input voltage of the pressure sensor and the 
output voltage of the pressure sensor is sensed by a 
DATAQ data logger (DI-718B) with the use of an 
amplifier (DI-8B31-01). This signal is then recorded by 
Windaq software that is installed in a computer.  

The amplitudes of flow that is induced by the 
loudspeaker are recorded at two locations before and after 
the test section area. The location is as shown in Fig. 4. A 
hot wire anemometer (ST-732) was used to measure the 
amplitude of the flow. The hotwire is placed at the two 
different locations to measure the velocity at the inlet, Vin,  
and the outlet, Vout, of the test section. The same location 
of hotwire measurement is also applied for bi-directional 
flow condition. 

For the purpose of data comparison, the similar rig was 
used for the test of heat transfer of one-directional flow 
across a tube bank. Only this time a high-pressure ring 
blower (AIRSPEC ARC 269 (3)) is used to replace the 
loudspeaker. The blower, as shown in Fig. 5, supplies 
flowing air into the resonator. The hard end on the 
pressure antinode location is left open to allow flow to 
stay in one-directional along the process. A converging-
diverging channel with an embedded flow straightener is 
used to connect the blower to the resonator. Preliminary 
data was collected to calibrate the flow that is induced by 
the two flow inducers (i.e., loudspeaker and blower) and 
the best conditions for comparison were selected. For this 
heat transfer study, a staggered tube banks heat exchanger 
was designed and placed in the test section area. The tube 
bank heat exchanger is as shown in Fig. 6.  

The heat exchanger was build using aluminum tubes of 
20 mm outer diameter and 3 mm wall thickness. Although 
copper was usually used for heat exchanger, but aluminum 
was used in this experiment due to availability and ease of 

Fig. 4: Test section 

(a) 

(b) 
Fig. 3: (a) Schematic diagram and (b) the real diagram of 

the loudspeaker as a flow inducer. 
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fabrication. Since the experimental study is fixed at 
constant value of surface temperature, the choice of 
material will not give significant impact on the convective 
heat transfer between the surface of the tube and the 
external flow conditions. Hence the use of aluminum for 
the purpose of current investigation is justified. Thirteen 
tubes were arranged in staggered arrangement with 
horizontal length, SL, of 45 mm, a transverse length, ST, 
of 22.5 mm and the diagonal length, SD, of 31.82 mm.  

 The tubes were welded on an aluminum plate which is 
then screwed onto the back side of the test section area. 
The joints between all the connectors and flanges are 
sealed using rubber mat and high temperature adhesive 
(Hardex) whenever possible. Fig. 7 shows the schematic 

diagram of the tube heaters that are inserted inside all the 
staggered tubes.  

 The input voltage to the heater is supplied via an in-
house control circuit that was built with the ability to 
control the tube temperature by controlling the supply of 
current to the heater. The temperature of the tube is 
monitored by a type-K thermocouple that is connected to 
a Picolog signal conditioner (TC 08). The signal from the 
signal conditioner is read and stored in a computer.  

Experiments were done for two different values of 
surface temperature: Ts = 40°C and Ts = 80°C. Due to the 
limitation of the available instruments, data can only be 
collected at the maximum surface temperature of Ts = 
80°C. Observations during experimentations showed that 
when the temperature at the surface is more than 80°C, the 
velocity of fluid will exceed the limitation of the hot wire 
measurement and therefore data could not be recorded. 
The surface temperature is monitored by a type-K 
thermocouple that is attached to one of the tube’s surface. 
Another type-K thermocouple is used to supply data for 
the cut-off circuit that control the electric supply so that 
surface temperature can be maintained. The amplitude of 
flow is varied using the two flow inducers and data are 
collected based on variation of flow amplitudes that is 
monitored based on the reference location that is set at 120 
mm to the right of the test section (closer to the flow 
inducer). This location is named as inlet location with 
velocity measured and defined as Vin. A thermocouple is 

Fig. 7: (a) Schematic diagram of heater tubes connection, (b) 
the heater tubes and (c) the heater tubes that are inserted into 

tube banks through the back side of the test section 

Fig. 5: (a) Schematic diagram and (b) the real equipment of the 
blower as a flow inducer. 

(a) 

(b)                    (c) 

Fig. 6: Staggered tube bundles arrangement 
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also placed at this location to record the temperature 
known as inlet temperature, Tin. In order to understand the 
impact of flow on heat transfer across tube banks, 
measurement of velocity and temperature are also done at 
another location of 120 mm to the left side of the test 
section (towards the hard end of the resonator). These 
values are known as outlet velocity, Vout, and outlet 
temperature, Tout.  

 
3.  Results 
3.1 Resonance frequency 

For bi-directional flow condition, the experimental rig 
must first be tested for its resonance frequency. For this 
purpose, measurement was done by collecting data of 
pressure amplitude at the location of pressure antinode 
when the frequency is increasing in 0.1 Hz decimal while 
flow is kept constant at lowest amplitude. In this 
experiment the lowest amplitude was obtained at peak-to-
peak voltage setting, Vpp, of 0.08 V. The results are as 
shown in Fig. 8.  

The resonance frequency of the resonator is achieved 
when the peak value of pressure at location of antinode is 
observed in the experiment. The results show that the 
resonance frequency is 14.2 Hz. This frequency is then 
used as a constant value to be set for frequency of the 
loudspeaker when the bi-directional flow is induced into 
the resonator. 

 
3.2 The calibration of flow using two different flow 

inducers 
Once resonance frequency of the rig is known, the 

experimentation is continued with calibration of the rig 
with two different flow inducers. The calibration of flow 
is done in the condition where heater is turned off. This 
means that the tube banks are present in the rig but without 
the supply of heat. As stated earlier, the experiments 
involved the use of two different flow inducers: the 
loudspeaker and the blower. For ease of comparison, data 
of velocity are collected at similar locations within the 
resonator when different flow inducers are used. The 
results are as shown in Fig. 9. The one directional flow 
experimentations were done with blower’s frequency that 
is set to change from the minimum value of 4 Hz to a 
maximum of 50 Hz. These values are selected based on 
the capacity and limitation of the blower and the rig. It is 

found that the highest velocity recorded at the location of 
Vin is 4.04 m/s. For bi-directional flow condition, the 
loudspeaker is set to a constant frequency of 14.2 Hz and 
the peak-to-peak voltage that is supplied by the function 
generator is set to vary from 0.02 V to 0.45 V. The 
resulting velocity at the location of Vin is found to vary 
from 0.57 m/s to 6.74 m/s. For the purpose of comparison 
between data to be collected for one-directional and bi-
directional flow conditions, this location of Vin is set as a 
reference point for experimental works. Data should be 
collected based on the matched values of Vin between one-
directional and bi-directional flow conditions so that fair 
comparison of results can be done. From this calibration 
exercises, the experimentation for heat transfer 
investigation is set to vary based on values of Vin that 
ranges between 0.5 m/s to 4 m/s. 

 
(a) 

 
 (b) 

3.3 Temperature changes of flow across heater. 
In this section, the results of temperature measurement 

are shown. This measurement was recorded when the 
heater for the tube banks is turned on. Data are presented 
for two different values of surface temperature, (a) Ts = 
40°C and (b) Ts = 80°C. Temperature data for one-
directional flow condition is recorded when blower is used 
as flow inducer. Temperature data for bi-directional flow 
condition is measured when the loudspeaker is used as a 
flow inducer. The temperature values are recorded at 

Fig. 9: Velocity changes at inlet and outlet location of the test 
section as (a) frequency of the blower increases (b) peak-to-peak 

voltage input of the loudspeaker increases. 
 

Fig. 8: Resonance frequency 
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locations of 120 mm to the left and right sides of the test 
section (the same location of Vin and Vout). The results are 
as shown in Fig. 10 and Fig. 11.  

As expected, for one-directional flow condition, the 
temperature at outlet, Tout, which is in downstream 
location is always higher than the temperature at inlet, Tin, 
due to the supply of heat by the tube banks heat exchanger. 
This trend can be seen in both the surface temperature, Ts, 
of 40°C and 80°C as shown in Fig. 10. The downstream 
temperature at outlet, Tout, is also seen reducing as 
velocity of the flow increases. It is interesting to note that 
there is a noticeable drastic change of downward trend of 
temperature when Vin is lower than 1 m/s. After the 
velocity of 1 m/s, the outlet temperature is almost constant 
and the reduction in value (if any) is relatively small. The 
same situation can be seen for inlet temperature of Tin. The 
change of Tin value is more prominent at lower range of 
Vin. As Vin reaches 1 m/s the Tin value is approximately 
the same. A slight increment of Tin temperature can be 
seen for tube with surface temperature of 40°C especially 
at Vin that is higher than 3.5 m/s.  

 
(a) 

The interesting drastic change of temperature pattern at 
Vin of approximately 1 m/s indicates the feature of balance 
between natural and forced convection that happens at that 
stage. At lower Vin, natural convection current is still 
strong and as Vin increases forced convection impact is 

more prominent. The fluid is forced to flow at higher 
speed, and it will pick up heat consistently as it flows. So, 
it can be fairly said that the flow is thermally developed 
when Vin is higher than 1 m/s. In thermally developed 
region, a more consistent temperature drop can be 
observed within the test section area (i.e., the area of the 
tube banks).  

Fig. 11 shows the temperature changes with the change 
of input velocity when the flow is bi-directional. It is quite 
interesting to note that the value of temperature at the 
locations of inlet and outlet are approximately the same. 
The bi-directional flow condition of this investigation is 
the oscillatory flow of thermoacoustics where fluid flows 
back and forth across the tube banks. The cyclic flow 
never really leaves the system and therefore be heated by 
the heater as the fluid oscillates back and forth across the 
heater. It is also observed that the temperature values at 
inlet and outlet locations are approximately constant at 
around 48°C as velocity increases. It seems that the 
temperature of flow remains almost constant even when 
the momentum of flow changes.  

For the case of higher surface temperature (Ts = 80°C), 
temperature at both the locations at inlet and outlet are 
decreasing as velocity of the bi-directional flow increases 
up to about 2 m/s. After that, the value of temperature is 
almost constant. Similar to the case with Ts = 40°C, the 
fluid temperature for cases with Ts = 80°C at locations of 
inlet and outlet are approximately the same. The transient 
feature of flow, as seen in the low flow amplitude of one-

Fig. 10: Temperature changes with inlet velocity in one-
directional flow condition at a heated tube surface temperature 

of (a) 40°C and (b) 80°C 
 

Fig. 11: Temperature changes with inlet velocity in bi-
directional flow condition at a heated tube surface temperature 

of (a) 40°C and (b) 80°C 
 
 
 

(b) 
 
 
 

(a) 
 
 
 

(b) 
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directional flow condition, is only seen for bi-directional 
flow cases with Ts = 80°C.   

Comparison of results of temperature between one-
directional and bi-directional flow conditions can be done 
by comparing the results of Fig. 10 and Fig. 11. The most 
prominent differences between temperature plots of Fig. 
10 and that of Fig. 11 is the difference in Tin and Tout. In 
one-directional flow condition (i.e. Fig. 10), the 
temperature at inlet and outlet locations of the test section 
is different. However, for bi-directional flow condition 
(i.e. Fig. 11) the temperature values at these two locations 
are almost the same. 
 
3.4 Velocity changes of flow across heater. 

The presence of heat will lead towards changes of fluid 
dynamics of flow. Hence, velocity data are recorded again 
for both the one-directional and bi-directional flow 
conditions with the presence of heated tubes. The results 
are as shown in Fig. 12 and Fig. 13.  

Fig. 12 showed the velocity changes as the amplitude of 
one-directional flow changes. It is observed that the 
velocity increases as frequency of the blower is increasing. 
In general, the velocity amplitude at inlet (upstream 
location) is bigger than the velocity of the flow at the 
outlet (downstream location). This is logical since the inlet 
location is closer to the blower. The transient feature of 
the flow at low input of blower’s frequency is consistent 
with the transient data of temperature as shown in Fig. 10. 

As the tube surface temperature increases from Ts = 40°C 
to Ts = 80°C, the difference between Vin and Vout becomes 
bigger. This can be seen as a diverging difference between 
the Vin and Vout data as frequency increases. It is also 
observed that the amplitude of Vin is bigger and the 
amplitude of Vout is lower when Ts is higher. This may be 
related to the combined effect of natural convection and 
forced convection. It seems that the buoyant force of 
natural convection is helping the flow at inlet but resisting 
the flow at outlet. This is logical as the buoyant force of 
the natural convection is expected to be bigger near the 
test section area. At inlet location, the forced flow is still 
bigger and undisturbed. In the downstream location, the 
flow amplitude not only decreases but was also disturbed 
by the potential presence of turbulence and distortion of 
flow as fluid flows past the tube bank’s structure. This 
could lead to weaker forced flow influence and therefore 
the impact of buoyancy force of natural convection 
current (flow resistance) is felt more at that location. The 
impact of natural convection current is also seen in the 
results of bi-directional flow as shown in Fig. 13.  

For bi-directional flow, the inlet and outlet locations are 
at one time the entrance and at another time the exit points 
for the fluid flow. The fluid flows to the left during first 
half of the cycle and then to the right during the second 
half of the cycle. The cycle repeated depending on the 
frequency of the flow. As a result, fluid velocities at the 

Fig. 13: Velocity changes with flow amplitude (recorded as Vpp 
of the loudspeaker) in bi-directional flow condition at a heated 

tube surface temperature of (a) 40°C and (b) 80°C 
 
 
 

Fig. 12: Velocity changes with flow amplitude (recorded as 
frequency of the blower) in one-directional flow condition at a 

heated tube surface temperature of (a) 40°C and (b) 80°C 
 
 
 

(a) 
 
 
 

(b) 
 
 
 

(a) 
 
 
 

(b) 
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left (Vout) and the right (Vin) sides of the test section appear 
almost similar. The velocity increases with an increase of 
supplied voltage (Vpp). The impact of natural convection 
can be seen by comparing the results for Ts = 40°C and Ts 
= 80°C (shown as plots (a) and (b) in Fig. 13, respectively). 
For Ts = 40°C, the velocity was recorded within the range 
of 1.56 m/s until 4.33 m/s which is equivalent to Reynolds 
number between 80 and 350 (80 < Re < 350). However, 
for Ts = 80°C, the velocity values were recorded to range 
between 1.275 m/s and 2.405 m/s. These values are 
corresponding to Reynolds number of 50 < Re < 200. The 
range of Reynolds for the tested flow conditions are within 
the range of early-stage turbulence as reported in 
published work22). Hence, the influence of turbulence 
could be expected. The results shown in Fig. 13 showed 
that the amplitude of velocity decreases when the tube 
surface temperature increases. When tube banks surface 
temperature is higher, more heat is supplied to the fluid 
and therefore the natural convection current is stronger. 
The natural convection current is resisting the main flow. 
As a result, the amplitude of flow is lower in the case of 
Ts = 80°C.  

Comparison of velocity between one-directional and bi-
directional flow conditions can be done by comparing the 
results of Fig. 12 and Fig. 13. One prominent feature of 
bi-directional flow condition is that the velocity 
amplitudes at locations of 120 mm to the left (Vout) and 
right sides (Vin) of the test section are almost the same. 
The natural convection current is resisting the flow in both 
sides of the test section. In one-directional flow, the 
natural convection is assisting the flow in the upstream 
location (Vin) and it resists the flow only at downstream 
location (Vout). It is clear that the one-directional and bi-
directional flow conditions lead to different fluid 
dynamics feature and therefore the heat transfer 
performance may be impacted as well. The current 
investigation showed that there are differences seen 
between the two types of flow based on temperature and 
velocity changes within the fluid as the fluid flows across 
tube banks heat exchanger. This indicates that heat 
transfer of flow across tube banks in one-directional flow 
condition is not the same as that in the bi-directional flow 
condition. Further investigation into this matter will be 
needed to confirm the details of physics that lead toward 
the difference of results as observed in the current 
investigation. 

 
4.  Conclusion 

An experimental method for the investigation of 
temperature and velocity changes when fluid flows across 
tube banks heat exchanger was devised for two different 
conditions: one-directional flow condition and the bi-
directional flow condition (oscillatory flow of 
thermoacoustics). The results can be concluded as 
follows: 

a) Temperature and velocity values at upstream and 
downstream locations of the one-directional flow 

condition are different and the maximum difference 
that was recorded between the two locations when 
flow is one-directional (for the range of data tested 
in this experiment) are shown to be at 23% and 50%, 
respectively. However, for bi-directional flow 
conditions (oscillatory flow of thermoacoustics), 
the temperature and velocity at these two locations 
are almost similar. The differences of values of 
temperature and velocity between the two flow 
conditions (bi-directional versus one-directional) 
are recorded to be at 77% and 59.5%, respectively. 

b) The combined effect of natural convection and 
forced convection of flow across heated tube banks 
depends on flow condition. In one-directional flow 
condition, the combined effect assist the flow in 
upstream location but resisting the flow in 
downstream location. For bi-directional flow 
condition, the combined effect of natural and 
forced convection is resisting the flow in both the 
upstream and downstream locations. 
 

The impact of the difference in behavior of change for 
temperature and velocity data of flow across tube banks 
on heat transfer performance when the fluid flow over 
tube banks changes its behavior can be illustrated via the 
role of velocity and temperature in calculating the heat 
transfer between the tubes and the fluid outside the tube. 
Based on the well-established calculation method for one-
directional flow condition, heat transfer, Q, can be 
calculated based on heat transfer coefficient, h, the surface 
area, A, and the log-mean-temperature difference 
ΔTLMTD

19). The heat equation can be written as Q = 
hA(ΔTLMTD) where ΔTLMTD is a function of temperature 
different values at the inlet and outlet with respect to the 
surface temperature of the tube. The heat transfer 
coefficient, h, depends on the velocity of the flow at the 
inlet as well as outlet locations of the tube banks. Clearly, 
the temperature and velocity values at the inlet and outlet 
locations are important aspect in calculating external heat 
transfer of flow over tube banks. The results reported in 
this paper confirmed that the trend of temperature changes 
at these two different locations of inlet and outlet are not 
similar when fluid flows in two different flow conditions. 
Hence, the use of the well-established heat equation for 
one-directional flow condition across tube banks may not 
be representing the real nature of heat transfer when fluid 
flows in bi-directional flow condition. The results 
reported here were only tested for one flow frequency of 
bi-directional flow condition. It is noted that 
thermoacoustic flow conditions can happen at different 
values of flow frequencies. Further comprehensive 
investigation will be needed to gain more understanding 
about the heat transfer of bi-directional flow condition 
over tube banks, especially in relation to thermoacoustic 
energy system environment. 
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Nomenclature 

A 
c 

heat flow area (m2) 
speed of sound (m/s) 

f 
h 
Q 

frequency (Hz) 
heat transfer coefficient (W/m2·K) 
heat transfer (W) 

S dimension of length (m) 
T 
ΔT 

temperature (°C) 
temperature difference (K) 

V velocity (m/s) 
 
Greek symbols 
λ Wavelength (m) 

 
Subscripts 

D diagonal 
in inlet 
L horizontal 
out outlet 
T transverse 
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