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Abstract

Heat exchangers are important components of thermoacoustic devices. In oscillatory flow
conditions, the flow and temperature fields around the heat exchangers can be quite complex, and
may significantly affect heat transfer behaviour. As a result, one cannot directly appigathe
transfer correlations for steady flows to the design of heat exchangers for oscillatory flows. The
fundamental knowledge of heat transfer in oscillatory flows, however, is still not well-established.
The aim of the current work is to develop experimental apparatus and measurement techniques for
the study of heat transfer in oscillatory flows. The heat transferred between two heat exchangers
forming a couple was measured over a range of testing conditions. Three couples of finned-tube
heat exchangers with different fin spacing were selected for the experiment. The main parameters
considered were fin spacing, fin length, thermal penetration depth and gas displacement amplitude.
Their effects on the heat exchanger performance were studied. The results were summarised and
analysed in terms of heat transfer rate and dimensionless heat transfer coefficient: Colburn-j factor.
In order to obtm the gas side heat transfer coefficient in oscillatory flows, the water side heat
transfer coefficient is required. Thus, an experimental apparatus for unidirectional steady test was
also developed and a calculation method to evaluate the heat transfer coefficient was demonstrated.
The uncertainties associated with the measurement of heat transfer rate were also considered.
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1. Introduction and literaturereview

In thermoacoustic heat engines, heat as an input energy is supplied from a high temperature source
through a hot heat exchanger and waste heat is rejected to a heat sink with low temperature. The
presence of the imposed steep temperature gradient in a solid structureacatbstk ora
regenerator sandwiched between the two heat exchangers produces acoustic power. |
thermoacoustic refrigerators, heat is removed from where desired via a cold heat exchanger,
transported via a stack or regenerator by supplied acoustic power, and rejected tosiiné& rean

ambient heat exchanger. A simple standing wave thermoacoustic refrigerator and a schematic of

thermoacoustic effect are illustrated in Fig. 1. The main components in the device as showh in Fig.

a) are an acoustic driver, a stack and two heat exchangers placed in the resondtoerTets
up a half-wavelength acoustic field. This induces an oscillation of fluid elements in the vicinity of

the stack and the heat exchangers.

A thermodynamic process takes place as shown in Fig. 1(b) due to expansion and confraction o

fluid elements during their displacement cycle. The gas parcel at its largest volume moves leftward
while simultaneously experiencing compression. At the leftmost position, it rejects heat to the stack
as its temperature is raised above that of the local surface. This results in a decreagm®f the
parcel’s temperature which is subjected to the thermal contraction under high pressure. When the
parcel moves rightward, it experiences adiabatic expansion enlarging its volume and deitseasing
temperature below that of the local surface. At the rightmost position, the irreversible heat transfer
takes place from the stack plate to the gas parcel causing the expansion of gas parcel volume and
the rise of its temperature to the initial condition. All gas parcels befsaw€ebucket brigade’

resulting in absorbing heap, at temperature JJand rejecting hea®,,,at temperature ;J,, Fora

standing wave thermoacoustic engine, the process can be described in similar manner as given

above for the refrigerator. However, the direction of thermodynamic cycle would be reversed.

As indicated, thermal interaction between working fluid and heat exchangers is crucial for the
performance of thermoacoustic devices. Experimental works have been carried out in order to study
the heat transfer in oscillatory flow. Temperature profiles at the interface of heated solid surface and
oscillating gas were observed by Bouvier et al. (2005). Surface heat flux was determined from the
temperature profiles measured on a test section of circular tube. The heat transfer chagacteristi

were analysed as a function of acoustic Reynolds nugmees pu,d/ 4). Here p, «, d and yare

density, dynamic viscosity of working gas, internal diameter of the tube and velocity amplitude,



respectively. Mozurkewich (2001) carried out tests on simple heat exchanger configurations
consisting of parallel tubes located transversely adjacent to the hot end of a thermoacoustic stack.
The experimental results were presented in terms of dimensionless heat transfer coefficient (NuPr
0-3% as a function of the acoustic Reynolds numiRes)( It was found that the dimensionless heat
transfer coefficient increased with the increas®gf A correlation was also developed to predict

the heat transfer coefficient in thermoacoustic heat exchangers.

Colbear -~ 2 g“u

exchanger - 7 ey
Ol Sk Resonator
____________ —— - —
Acoustic motion e e e
W =
A T
Ambientheat Q<% T l Q Q t
exchanger | 7, | e
(a) (b)

Fig. 1. Standing wave thermoacoustic refrigerator (a), and a magnified view of thermoaco

effect taking place in a channel of the stack (b).

Fabrication of heat exchangers used in thermoacoustic refrigerators was demonstrated bgt Garrett
al. (1994). Finned-tube heat exchangers were made and a simple derivation to evaluate their heat
transfer performance was reported. Heat transfer coefficient was represented by root mean square
value of the ratio of gas thermal conductivity and thermal penetration depth. Brewster et al. (1997)
conducted an experimental measurement of the heat transfer coefficienpdaallel plate heat
exchanger ira thermoacoustic refrigerator. The experimental results predasta function of gas
oscillation amplitude were also compared with developed models. Nsofor et al. (2007) and Tang et
al. (2014) carried out experiments for oscillatory flow heat transfer from heat exchangers of
thermoacoustic refrigerators. Both of these studies used parallel-plate heat exchangers but with
different geometries. The parallel fins were attactoed cylindrical copper case having a channel
where water could flow in its circumference. Based on the experimental results, Nsofor et al. (2007)
developed a dimensionless heat transfer coefficient, Nusselt nuNuerlaé a function of Prandtl
number Pr) and Reynolds numbeRé§) to predict the heat transfer performance. Tang et al. (2014)

included also Valensi numbewa = pwD? /) in their proposed correlation. Hereand D, are

angular frequency of flow oscillation and hydraulic diameter of fin spacing, respectively.



Wakeland and Keolian (2004) carried out measurements of heat transfer between two identical
parallel plate heat exchangers (similar to car radiator) at various frequencies and gasyisplace
amplitudes. From the results, a correlation was proposed in the form of heat transfer effectiveness
(the ratio of actual heat transfer rate to the maximum available heat transfer rate)eRchaager

of a similar type was employed in an experiment by Paek et al. (2005) to evaluatérasdides

heat transfer coefficient and to propose calculation methods. The experimental results were

compared with existing models and a new correlation was presented.

The design of heat exchangers is a critical task in thermoacoustics, yet the knowledge of heat
transfer in oscillatory flow conditions is limited. The relationship between heat transfer and heat
exchanger geometry, as well as the operating conditions, needs to be investigated. In order to
achieve the purpose, this study presents the development of an experimental apparatus in addition to
the techniques to determine the heat transfer performance of heat exchangers in oscillatory flows.
The dependence of the heat transfer rate and the dimensionless heat transfer coefficientj Colburn-
factor, on normalized displacement amplitude and normalized fin spacing for the heat exchangers

under investigation is presented.

2. Experimental apparatus

A purpose-built oscillatory flow apparatus was designed and set up, as shpwn in Fig. 2. The

working gas inside the stainless steel resonator (@ipéiameter and 8.9 m long) is excited bya
half wavelength standing wave created by the acoustic d@rive, StarAlternatorlS102M/A)
installed on the left end. The other end of the resonator is closed. A couple of heat exchangers was

installed in the test section, where the heat transfer between them was measured at various operating

conditions.
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Fig. 2: A principle of the oscillatory flow experimental apparatus.



The working gas for the heat transfer in the oscillatory flow experiment was helium. The gas

charging system consisted of a vacuum pump, valves, pressure gauges and a cylinder oégdressuriz

helium gas, as shown|in Fig. 3. Since the system may be operated at a high mean pressure of 33 bar

most parts were assembled with O-rings to prevent leakage. The displacement of the driver piston
can be controlled to achieve the required excitation level. Operational parameters for controlling the
linear driver, such as output voltage and frequency, could be selected. The driver Xagsiare

limit of 6 mm. A high-pressure window was installed in the driver housing for the access of a laser

displacement sensor (Keyence model LK-G152) to monitor the piston displacement amplitude.
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Fig. 3 Schematic diagram of the experimental apparatus for the oscillatory flow test.

Hot and cold water were the media used to deliver/extract heat to/from the hot and the cold side

heat exchanger, respectively. The circulating loops for hot and cold water are shown |n Fig. 3. The

flow rate can be calculated from the mass of water collected within a period of time. Hot water is



pumped from the hot water bath with a maximum heating power of 1500 W and circulated through
the hot heat exchanger. The water flow loop for the cold side heat exchanger was set up similar to
the one on the hot side. The mass flow rate for hot and cold heat exchanger can be controlled
through valves V1 and V2, respectively, or by changing the height of water containers. The
temperature of the cooling water measured at the inlet of the cold side heat exchanger wa
maintained at 22 °C throughout the whole experiment. The secondary cooling flow loop was
installed in the cold water bath to keep the water temperature steady. In the secondary cooling loop,
cold water from a utility tap ran through a copper coil tube immersed in the cold water batly to ca
heat to an external heat sink. The temperature in the cold-water bath was controlled by adjusting the

flow rate of the cold water from the utility tap via valve V3 (see Hig. 3).

2.1 Test section

In the test section, two heat exchangers, one hot and another cold, were placed side by side. The
stack or the regenerator normally found in a typical thermoacoustic engine or refrigeratat was
present. This arrangement makes it possible to investigate the heat transfer from a heatréechange
the oscillatory flow in a relatively wide range of flow conditions, without the concern of the
operating mode of a thermoacoustic device being an engine or a refrigerator. The heat transfer
analysis is carried out using the calorimetric method by measuring the heat transfer rate on the hot

side heat exchanger, while the cold side heat exchanger is used to reject heat to the environment.

The investigated combinations of hot and cold heat exchangers, as A, B and C, are Shabe| in

where individual heat exchangers are labelled by HEX? being the heat exchanger number.
The specification of heat exchangers is given in Section 2.2. A ceramic spacer wdptacen
them to provide a 5 mm distance (gap) between the heat exchanger faces. Cmechwager
performs as a hot heat exchanger and another as a cold heat exchanger. Heat transighbgtwee

is measured and the influence of relevant parameters on the heat transfer is analysed. The test

section is illustrated |n Fig.|4.

Table 1: Hot and cold heat exchangers combinations

Combination Fin spacingD
Hot heat exchanger Cold heat exchanger
A HEX-1, D = 0.7 mm HEX-1, D = 0.7 mm
B HEX-2, D = 1.4 mm HEX-3, D =2.1 mm
C HEX-3, D =2.1 mm HEX-2, D =1.4 mm




In order to minimize heat loss to the outside, insulation was applied where possible. Silicate wool
with a thermal conductivity of 0.1 Wi*K™ was placed in the empty space between the heat
exchanger and the stainless steel housing. The internal surfaces of the stainless steel pipe on both
sides of the test section were covered by a polyethylene (PE) sheet with thermal condu€iisity of
wm?K™ The thickness of the PE sheet was 1.0 mm, which does not cause a significant
obstruction to the gas flow. The length of the PE sheet measured from the flange surface into the
pipe was about 10 cm; much longer than the maximum gas displacement amplitude in the
experiment. A ceramic plate with thermal conductivity of 1.480WK™ was used to separate two

heat exchangers. It was introduced to reduce the heat conduction between hot and cold heat
exchangers. Each heat exchanger was separated from the test section end-flanges using PTFE
spacers- there is no direct contact between the copper heat exchanger case and the stainless steel
flange. The thermal conductivity of the PTFE spacer is 0.25 W ™.
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Fig. 4: A drawing of the test section in the oscillatory flow experiment.
2.2Heat exchangers

The experiments were performed on heat exchangers with different fin spacings. Thduioened-
type heat exchanger was selected for this study due to the simplicity of its constructioninwhich
turn lowers the cost of fabrication. Heat exchanger specifications are deta@l’able 2. A
photograph of assembled HEX-3 heat exchanger is simWwig. 5. Copper is the material used for

making the finned-tube heat exchanger as it is an excellent thermal conductor. The mechanical

strength was taken into account for the heat exchdoggrerate in a pressurized environment.



Fig. 5 Finned-tube heat exchanger, HEX-3. The fin spacing is 2.1 mm.

In the fabrication process, heat exchanger components (fins, tubes, connectors and the heat
exchanger case) are joined to form a complete heat exchanger unit. As the heat excnargjer
of many small fins to be fixed on copper tubes, they are joined by vacuum brazing technique. The

oxygen-free copper C101 grade was selected.

Table 2: Heat exchanger specificason

Parameters Heat exchanger

HEX-1 HEX-2 HEX-3
Spacing between fins, D (mm) 0.7 1.4 2.1
Fin thickness, t (mm) 0.3 0.3 0.3
Fin length, L (mm) 20 20 20
Copper tube outer diameterb Pnm) 6 6 6
Copper tube inner diameterI ®nm) 5 5 5
Gas flow area (excluding copper pipes%,n@nmz) 830 950 1,015
Copper tube unfinned areaﬂoAmmz) 1,742 2,111 2,217
Copper tube water side area,, @nnt) 2,090 2,090 2,090
Fin surface area, Amnt) 69,129 40,742 28,778
Gas side heat transfer area, (AnT) 70,871 42,853 30,995
Fin spacing hydraulic diameter, (nm) 0.94 1.77 2.62
Heat exchanger porosity) 0.64 0.75 0.79
Overall fin efficiency (7, ) 0.699 0.707 0.714

2.3Measurement instrumentation

Thermocouple probes (Type K) were installed where necegsary (Fig. 4) to take temperature

readings for heat transfer analysis. The temperatures of the working gas facilitatiegtttransfer

calculation were collected from three locations; sections ‘a’, ‘b”> and ‘c’ as illustrated in|Fig. 4.

Section ‘b’ is located in the middle of the space between hot and cold heat exchangers to measure
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the temperature of the oscillating gas in the gap. Sections ‘a’ and ‘c’ are located about 3 mm beside

both heat exchangers. There are three thermocouple probes installed in each plane. Ea&h probe
inserted into the test section chamber with different radial lengths. The water temperature readings
at the inlet and exit of the hot and cold heat exchangers were achieved by probes T10, Tdd, T12 a
T13. The temperature at the inlet of the hot heat exchanger (T10) was maintained at the desired
level by using a PID controller. Two thermocouple probes, T14 and T15, were installed at 18 cm
and 88 cm in front of the hot heat exchanger in order to observe the heat transfer by conduction
through the working gas. The temperature reading of the stainless steel pipe on its external surface
was obtained froma thermocouple probe T16, which was used to estimate the conductive heat
transfer through the pipe wall. Temperature data obtained from all probes was collected by a data
acquisition system, Omega OMB-DagTemp. A Snowrex NE-15 digital scale with 0.5 g resolution
was used to weigh the collected water. The elapsed time was obtained from a digital stopwatch.
Acoustic pressure amplitude was measured by a PCB PIEZOTRONICS pressure transducer model
112A21, which was attached to the end of the resonator pipe.

2.4 Experimental apparatusfor steady flow experiment

The heat transfer coefficient of water side) (is required for the evaluation of heat transfer
coefficient of gas side in oscillatory flow experiment {5). A separate arrangement for the
measurement ira steady flow was also set up. More specifically, the steady flow refers to a

unidirectional flow with a constant velocity, in contrast to the oscillatory flow that is also concerned

in this work. The main components of the steady flow experimental apparatus, as shown [in Fig. 6

are a heat exchanger, a hot water flow loop, an air compressor, measurement devices and a data
acquisition system. The purpose of the hot water flow loop is to transport heat from a hot water bath
to the heat exchanger by using hot water as a carrier. Control of the water flow rate can be achieved

by either turning a valve attached to the loop just before the inlet of the heat exchangavécf. v

V1 in|Fig. §) or by adjusting the height of the water container hung above the heat exchanger. The

temperature at the inlet of the heat exchanger (T1l) was controlled via the PID temperature
controller that was also used for the oscillatory flow experiment. Each thermocouple probe T1
(water inlet) and T2 (water outlet) was inserted through a Swagelok T fitting and was fully

immersed along the water stream. A water pump (Wilo-Smart 25/6) was used to circulate hot water

flowing in the loop.



Air was used as a working medium flowing in2a stainless steel pipe through a given heat

exchanger. In each test, the heat exchanger was held in the stainless steel housing connected to the

stainless steel pipe. Sections ‘a’ and ‘b’ (see the test section detai| in Fig. 6) are the vertical planes

located in front of and behind the heat exchanger. There three thermocouple probes installed

in each plane. All thermocouple probes used in this experiment were of Type K stainless steel
sheath with 1.0 mm diameter and 150 mm in length. A compressed air source supplies air through
the 2” stainless steel pipe. Air flow velocity was obtained from an ISO round nose Pitot-static tube,
which was installed at about 1.5 m downstream, away from the heat exchanger to avoid flow
disturbance (BS1042, 1973; Robinson et al., 2004). The pressure value from the Pitot-static tube
was read by a micro manometer (DP measurement, model TT370s) and conteradlow rate.

One thermocouple probe was also mounted behind the Pitot-static tube to estimate air properties

from the measured temperature for the air mass flow rate calculation.
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Fig. 6. Schematic diagram of the experimental apparatus for the steady flow arrangeme

3. Experimental procedure

The heat transfer performance in oscillatory flow is influenced by parameters such as displacement
amplitude ), fin length (L), fin spacing (D) and thermal penetration depf}). (The gas
displacement amplitudé&y) is the ideal distance when the gas particles move in an empty resonator.
Inside the heat exchanger, the gas maaea higher displacement amplitudé/c due to the

1C



porosity ©) of the heat exchanger or the reduced flow area. A small gap (2g = Svasntgft
between the hot and cold heat exchangers to prevent the thermal contact. Thus, from the heat
transfer point of view, the effective gas displacement inside a heat exchanger /6. In the

normalized term, there are two parameters for the geometry of the heat exchangers, whigh are
and (¢,-g)/(cL). To investigate the effects ob/s, and (£,-g)/(cL) on the heat transfer

performance, measurements for the heat transfer wate carried out, when these two

dimensionless parameters varied.

3.10scillatory flow experiment

The experiment was conducted with a combination of two selected heat exchangers which were
installed in the heat exchanger housing. After installing the selected heat exchangers in the test
section and assembling the heat exchanger housing with the resonator, some air would still remain
in the system. As the working fluid in this study was pure helium gas, the remaining air in the

resonator was removed by a vacuum pump.

One of the variables to be controlled in the experiment was the normalized fin spacing which is the

ratio of fin spacing (D) to the thermal penetration depth. The latter is defined by Eq.(1) and it

clearly depends on both the pressure (through changes in density) and the frequency.

O (1)

@PrCp

where k, p,,, G, and e are the thermal conductivity, density and isobaric specific heat of helium gas
and the angular frequency. The quaniityis the perpendicular distance from the plate surface,

within which heat can diffuse through the gas during a time which is of the order of an oscillation

period, T =1/ f , where fis the oscillation frequency.

According to Swift (2001), the optimal value of the fin spacing is about two to four times the

thermal penetration dept{2<D/s, <4). Hence, the value of normalized fin spacings,) in this
study ranged from 1.0 to 6-Owhich covered the suggested value. However, the highest for

set ‘A’ heat exchanger was 3.5 as it was limited by the maximum design mean pressure of the

experimental apparatus.
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Another key parameter that influences heat transfer is gas displacement amgljjudéich is

defined by:

u _ P,sink,X)
w pPna

fa = (2)
where y is the velocity amplitude and is the angular frequency of the oscillation, iB the
pressure amplitude measured at the pressure anti-node of the myave2~/1) is the wave
number with 2 being the wave lengthy,, is the mean density, x is the distance from the pressure

anti-node to the location of heat exchanger, and a is the sound speed in a working fluid.

Swift (1988) proposed that heat exchangers should have a length ofogesdd displacement
amplitude (L=2&,).In this experiment, the ratio ofs, -g)/(cL) started from about -0.03. The
negative value represents the péaeak displacement that is shorter than the gap (2g). The upper
bound of (£, -g)/(cL) was selected to achieve 1.5. This selection aimed to cover the value
(¢, -9)l(cL)=05 which was suggested by Swift (1988). In some conditions, however, the
experiment could not be carried out on a high-g)/(c L) ratio due to the limitations of the driver

excursion.

At the system mean pressure corresponding to a giveR, the driver was set to operate at the
resonance frequency. The desired - g)/(cL) can be achieved by adjusting the driver piston
displacement amplitude through the driver controller to increase or decrease the gasmbsplace
amplitude. To proceed with the experiment, heat was delivered into the hot heat exchanger using
hot water as a carrier. At a selected temperature, for instarf€e #® water temperature was
monitored at the inlet of the hot heat exchanger. The temperature at this location was also the input
signal for the PID temperature controller. In the cold heat exchanger, wateiCatva® used to

absorb and carry heat away from the system. The mass flow rate of hot and cold water were,
respectively, maintained at 1.5 and 2§ gvhich was obtained by weighing the mass of collected

water over time. Data collected in the current measurement included the temperature from all

thermocouple probes according to Fig. 4, hot and cold water mass flow rate and acoustic pressure.

Data acquisition was initiated in order to acquire temperature data when the system was in steady
state condition. The data sampling rate of the acquisition system was set at 10 Hz in order to collect
2,000 data points over 3 minutes and 20 seconds. The procedure described previously applies to one

12



data point in a single operating condition. At the same operating condition, the measurement was
repeated two more times. Data to be used for subsequent analysis were obtained from the averag

value of the three repeated measurements.

The next test point was completed by exciting the driver to aclaevigher gas displacement

amplitude corresponding to the required —g)/(cL). The measurement for a selected value of
D/s, is completed when the data collection is carried out for the whole range -0§)/(c L)
consicered. Once the measurement is completed a gives), the next cycle is carried out at a
next value ofD/s,. A desired value ofb/s, can be achieved by pressurizing the system with
helium gas corresponding to the desisgdAfter all experimental data for the inlet temperature of

40°C was obtained, the subsequent measurements were performed for the hot heat exchanger inlet
temperatures of 60 and ®D This experiment was designed to be performed on three
configurations of heat exchanger. To complete the test on the other two configurations, the first set
of heat exchanger was removed and replaced by the new set. After installing the new tiomfigura

and assembling the test section, the leakage test and the removal of air from the resonator were
carried out. The experimental procedure for the rest of the heat exchangers was similar to that

explained above.

3.2 Steady flow experiment

In order to determine heat transfer performance in an oscillatory flow condition, the value of the
water side heat transfer coefficient)(heeds to be known in advance. The experiment in steady
flow conditionswas introduced as follows. To carry out one batch of steady flow tests, a selected
heat exchanger was installed in the stainless steel housing. Heat was supplied to the heat exchange

by hot water flowing inside the tube while the air flowing through fins absorbed and carried heat

away from the test section. According to Fig. 6, air temperatures at upstream and downstream of the

heat exchanger were obtained from thermocouples at sections ‘a’ and ‘b’, while thermocouples T1
and T2 were also used to measure the inlet and outlet temperature of the water, respectively. Water
mass flow rate through the heat exchanger was obtained by weighing the mass of collected water

and dividing it by the time period elapsed.

The first test on the heat exchanger vatim spacing of 0.7 mm was performed at the lowest water
inlet temperature of £€. The water pump was turned on to circulate hot water through the heat

exchanger loop. While waiting for the temperature to reach the set value, the water mass flow rate

13



was adjusted either by controlling a valve (cf. valve V|1 in Fjg. 6) or by changinguéledf the

water storage container that hung above the heat exchanger.

As far as the air side is concerned, the air compressor was turned on and left running until it reached
its maximum pressure capacity. The air flow rate was set to start the test at the minimum flow rate.
Air flow rate was controlled by using a regulator valve on the air compressor. After running the
system for a period of time, the operator should monitor temperature variation for all measuring
points. If the temperature profile exhibits stable trend, the flow rates of water and air are ¢becked
make sure they are flowing at the required values. When the temperature and flow rate are achieved,
the temperature data collection begins by initiating the data acquisition system. This procedure
constitutes the measurement of one data point. The next test was carried out by slightly increasing
the water flow rate. The range of the water mass flow rate must cover the flow rate designed for the
oscillatory flow experiment. The next sets of measurement were performed at a higher air flow rate
and the cycle was repeated. When the test at the maximum air flow rate and a whter inle
temperature at 4G was completed, the experiment was then carried out for the higher temperatures
of 60 and 88C. The whole procedure was repeated for heat exchangers with fin spacing of 1.4 and

2.1 mm to complete the data collection in the steady flow experiment.

4. Datareduction
Data reduction for steady flow experiment is presented first in order to obtain the water side heat
transfer coefficient (. It will facilitate the heat transfer performance evaluation in oscillatory flow

which is illustrated in Section 4.2.

4.1 Steady flow

The aim of the current study is to develop measurement techniques for heat transfer when the
working gas experiences an oscillating flow. The heat transfer coefficient for water it (h
required prior to calculating the heat transfer performance in oscillatory flow conditions. The data
processing procedure to obtainisrdescribed as follows. The heat transfer rate between hot water
and air is calculated by:

Qu = r;n/vcp,w(—rw,i _Tw,o) (3)

or Qy=mg pa(Ta,o —Tai) (4)
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The subscripts w, a,and o in above equations denote water, air, and the locatibe inlet and
outlet of the fluid stream, respectively,,cand ¢ , are specific heat capacity at constant pressure
of water and air. The mass flow rate of water is achieved by weighing the mass aédolNater

and dividing it by the elapsed time. On the air side, mass flow rate is obtained from:

M, = PaAVa g (5)

where p,, A and \,,4 are air density, air flow area and average air flow velocity. The air flow

velocity over the Pitot-static tube in this experiment was limited to subsonic velocity and the point

velocity at the Pitot-static tube was estimated from the equation (Klopfenstein, 1998):

V- (2P T, (6)

where ap denotes the difference of total pressure and static pressure which is obtained from the

micro manometer readings. As the sensing tip of the Pitot tube is located at the centre of the tube

the air flow velocity estimated from Eq.(6) constitutes the maximum flow velocity(\t will be

necessary to estimate the average velocity from the maximum velocity in order to calculate air mass
flow rate. The average velocity is simply obtained frogy, ¥ V,,/2 for Reynolds number below
2,300(Cengel and Cimbala, 2006).

According to the current experimental data, the Reynolds number of air based on the pipe diameter

is greater than 2,300. Thus, the flow of air in the pipe falls in a turbulent flow region. The equation

to estimate the average flow velocity for turbulent flow is given as (Rennels and Hudson, 2012):

Vaug = Vinax/(1+1.3258 f;) 7)

The friction factor () appearing in Eq.(f) can be calculated from the equation given by S. E.
Haaland in 1983 a% engel and Cimbala, 2006):

1 69 (e /D)™
\/f_s_—1.8log[?e+[—3l7] ] (8)



where the absolute roughnegs) of the PVC pipe is 0.0015 mm (Rennels and Hudson, 2012). To

obtain the average air flow velocity, an iterative process in EQq.(7) apd (8) is required as the

unknown air flow velocity is integrated in the Reynolds number ‘n_Eq.(8).

The heat transfer in the heat exchanger used in the current experiment involves the thermal

resistance consisting of three parts: the resistance for heat transfer from water to the wall of copper
tube, thermal resistance of copper tube and the resistance for heat transfer from copper tube to air. It
is useful to apply an overall heat transfer coefficient concept as (Paek et al., 2005 and Mao et al.,

2011):

1 1

R 1 1 (9)
- + u e+ — .-
@R sA T (Re)A,

LMTDgrp

In Eq.(9), air side Reynolds numbdRe{ s1p) is based on the fin spacing hydraulic diametgy),(D

while water side Reynolds numbeRg) is based on copper tube inside diamete. (Dhe

logarithmic mean temperature difference (LML) is given by:

(Tw,i - Ta.o )_ (Tw,o B Ta,i )

m(Tw—T] (10)

The correction factor (F) is introduced so that the LMIDis suitable for the cross flow
arrangement. It is approximately 0.88ngel, 1997). Thermal resistance of copper tube is obtained

by:
Rube= |n(r2/r1)/2ﬂ I-Tk (11)
where p and i, are the outside and inside tube radjidenotes the effective tube length where the

heat transfer to/from the air occurs and k is the thermal conductivity of the copper tube.

The overall fin eIIiciencw;o) is obtained from (Incropera, 2006):
n =1 ! (1 n ) 12
o Ao f ( )

1€



where Aand A are fin surface area and air side heat transfer area (fin surface area plus dlie area

copper tube contacts with air). The efficiency of a singldfin is calculated from:

tan mL;)
N :m—l_c (13)
wheremL, is expressed by:
hy -T1
ml, = k-Ag Le (14)

In Eq.(14), h is the convective heat transfer coefficient and k is the thermal conductivity of fin

material. Geometrical parameterg, Al and L, denote fin cross sectional area, fin cross sectional
perimeter and corrected fin length, respectively. When the fin is considered having convection heat
transfer at its tip, the corrected fin length)(€an be found from:

L.=L+ (t/2) (15)

where L and t are the fin length and fin thickness, respectively.

From Eq.(9),Q and LMTD,,, are calculated from Eq.(8) and |Eq.([L0) using measured data. Then,

parameters a,,lt and d are obtained by non-linear surface fitting using the simplex method in
software package ‘Origin’. The heat transfer coefficient of the air sidg«fg) and the water side

(hy) can be defined as:

ho,STD = aRe!t)),STD (16)

h =cRe’ 17)

4.2 Ocillatory flow

In oscillatory flow experiment, heat carried by the hot water stream inside the tube of the hot heat
exchanger is transferred to the oscillating gas. The oscillating gas works as a carrier to transport

heat between the hot and cold heat exchangers. Then, the heat is absorbed at the cold heat
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exchanger and ejected to the external heat sink. Heat transfer rate in oscillatory flow is dalculate

from the water side of hot heat exchanger followind Ef.(3). The measurement on cold heat

exchanger is possible but less accurate. This is due to the cold water flow rate being maintained at a
higher value than that of the hot water. As a result, the temperature difference between the inlet and
exit of the cold heat exchanger was small, leading to high uncertainty in the heat transfer rate.

Considering the heat leakage, heat conduction from the heat exchangers through the helium gas,

insulator and resonator pipe to the surrounding environment may exist. This can be calculated from

the Fourier equation using temperature at pointsTI4 and T16 (sge Fig. 4). The relationship

between the leakage heat and the heat transfer rate measured at the water side of the hot hea

exchanger is plotted [ﬁig. 7| and the correlation is shown in|Eq.(18). The correlation was obtained

using Nelder-Mead downhill simplex method for the non-linear curve fitting for its stability (Seber
and Wild, 2003). From the fitting, a coefficient of determinatirisR.86.

Qeak! Onot x100=27.6x Q8% (18)

Qear/Qy X100 (%)

5.0
x Experiment
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Fig. 7: The percentage of leakage hgat,,/Q.,)x100%)) as a function of heat transfer rate

measured at the hot heat exchanggy,) .

Then the heat transfer rate measured on the hot heat exchanger was subtracted by the heat leakag
before the subsequent analysis. From the obtained heat transfer rate, dimensionless heat transfer

coefficient in terms of Colburn-j factor for the gas side can be evaluated by:

j = Nu _ ho.0sc(Dr/ k)
RePrt/3 Re Pr'3

(19)
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Acoustic Reynolds numbeRé§)) is expressed by:

:pDhul
u

Re (20)

where y denotes acoustic velocity amplitude.

To find the gas side heat transfer coefficient in oscillatory floyy£h, the overall heat transfer

coefficient is employed on the hot heat exchanger as follows:

LMTDose 1 FRyp 1 (21)
Uoho,OSCAb hy A

The log-mean temperature difference LVRis defined as:

i m[Tb—TwJ 22)

Ty is the tenperature of the gas at section ‘b’ according to|Fig. 4, while T,; and T,, denote the

temperature of water measured at the inlet (T10) and exit (T11) of the hot heat exchanger,

respectively. The heat transfer coefficient for the water sijflegh be obtained from Eq.(17) which

was developed from the steady flow experiment.
5. Measurement uncertainty
Measurement uncertainty is performed to estimate errors in the experimental results. The

uncertainty consists of several components which can be categorized into two groups: precision or

random uncertainty, and systematic or fixed uncertainty (Rood and Telionis, 1991 and Kim et al.,

1993). From Ep.(3), the uncertaingy,,) of heat transfer rat€Q) is given by the combination of a

precision uncertainty

So) s and a systematic uncertair(t;s) .



Ug =(sg+b§)""? (23)

The estimations of the precision and systematic uncertainty are made according to the error

propagation equation (Kline and McClintock, 1953) as follows.

sg = (0Q/ orn)?s?, +(aQ/acp)23C2p +(a('g/aT0)2::,$0 +(6Q/ aT;)?s? (24)

and bg = (6Q/ o) *bg, +(2Q/ 6c,) *b¢ +(Q/ aTo) *bt. +(0Q/ aT; ) *by (25)

where s,,, S, and g, are the elemental precision uncertaintyrigf T, and T, respectively. The

partial derivations appeared in |Eg.(R4) pnd |(25) are the sensitivity coefficient which represent the

change of the resulQ) when the value of a particular elemental measurement parameter is varied.

The uncertainties of elemental parameters are described as follows.

5.1 Uncertainty of water mass flow rate measur ement

The water mass flow raten) present in Eq. (3) is obtained from the mass of collected wajer (m

over the elapsed time (t) byh=m/t. Applying the error propagation approach, the precision

uncertainty s, ) and systematic uncertainty,,) of the water mass flow rate measurement can be

found by:
L N\2 L \2
-(20) () & (26)
and bz = (a_mjzbz +(a—mj2bf (27)
™ lem) M Lt

where g, and sare the precision uncertainty of mass and time measurement,, and tfp are the

systematic uncertainty of mass and time measurement, respectively.

In mass flow rate measurement, the systematic uncertainty of mass¢htime () measurements
are omitted because the digital scale and the stop watch were calibrated. Precision uncertainty for
mass (§) and time (3 measurement is calculated from a series of repeated observations using

statistical methods. The precision uncertainty of mass measurermpentdye to repeatability, is
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evaluated through the sample standard deviatigh ¢5the repeated mass measurement results
from Eq| (28) (Miller, 2002).

s, =S, /YN (28)

where N is a number of samples. For the measurement of elapsed time, the precision uncgrtainty (s
arises from the reaction time of the operator when pressing the start/stop button of the stop watch.

The procedure to evaluate fofalows the instruction as reported by Gust et al. (2004).

5.2Uncertainty of isobaric specific heat of water

In this experiment, the variable isobaric specific heat capacjfym@s estimated by an equation
(Richardson, 2010). The specific heat value of water was calculated using the average temperature
of the inlet and exit of a heat exchanger as an input value. Thus, there may be an uncertainty in the
specific heat capacity estimated from the average temperature. As the vglue aiftained from

the equation, the precision uncertainty)(ss neglected. Another source of error stems from the
accuracy of the curve-fitting equation. This kind of error is considered to be a systematic
uncertainty in the specific heat capacity value. In some published sources (Angell et al., 1982;
Archer and Carter, 2000), the uncertainty of specific heat capacity is presented in the form of a
percentage departure of experimental data from the values calculated from the curve-fitting
equation. According to Wagner (2002), the systematic uncertainty of water specific heat capacity
(bep), estimated at 95% confidence, corresponding to the current experimental conditions is +0.4%

of the calculated value.

5.3Uncertainty of temperature measur ement

In order to calculate the heat transfer rate according tgq E@. (3), the measurement of water

temperature at the inlet and exit points needs to be acquired. Similar to other variables, the errors
inherent in temperature measurement originate from the precision and systematic errors. The
precision uncertainty is estimated from the standard deviation of samples for temperature
measurement. Systematic uncertainty is embedded in temperature measurements. The value of
systematic uncertainty does not vary and it cannot be directly determined by measuremants or a
statistical technique. The systematic uncertainty is influenced by the calibration standard of the

thermocouple probes which is achieved from the thermocouple specification supplied by the
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manufacturer. Following the procedure suggested by Kim et al. (1993) and Coleman and Steele

(2009), the systematic uncertainty for temperature measuremeangbly,) obtained from type K

thermocouple probes used in this experiment is evaluated at €b&5ed on the 95% confidence

level.

5.4 Uncertainty of heat transfer rate

From the elemental uncertainty described in se¢tion 5.1 throdigh(to 5.3 and shown in|Table 3, the

uncertainty of heat transfer rate is obtained using|Eq.| (BB¢ overall uncertainty of the

experimental heat transfer rate results evaluated at 95% confidence level has a range of 4.5-20.1%.
The uncertainty is higher for a low heat transfer rate when the temperature difference between the
inlet and outlet of water streais as low as 1.0C. Measurement uncertainty is evaluated for all

heat exchangers at all operating conditions. Error bars are included in the heat transfsultate

of all set of heat exchangers ($ee Figl 10|and Hj As previously stated in Section 4.2, the

measured heat transfer rate was subtracted by the heat leakage estimated from Eqg. {@8Y and F
before further analysis. The heat leakage evaluation is another source of uncertainty. Nevertheless,
the heat leakage is considerably small corgdo the heat transfer rate under investigation
approximately 1.0% for heat transfer rates above 50 W, which is attributed to good insulation. The

uncertaintyin the heat leakage is obtained from the standard deviation of the correlation.

Table 3: Parameter uncertainties estimated at 95% confidence.

Parameters Precision uncertainty Systematic uncertainty

Mass of water +0.3 g -

Elapsed time +0.2's -

Specific heat capacity - +0.4%

Inlet temperature +0.030C +0.55C

Outlet temperature +0.032C +0.55C

Heat leakage - +0.35W
Combined uncertainty 45 -20.1%

6. Resultsand discussion
In steady flow experiment, water sidg) (nd gas side (k) heat transfer coefficient are obtained

from data regression. They are presented as a function of Reynolds number. It is follawed by

heat transfer analysis in oscillatory flow conditions, where the dependences of temperature
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measured at different locations, heat transfer rate and Coburn-j factgr-ay/(cL) andD/s, are

presented.

6.1 Heat transfer in steady flow

The heat transfer coefficient of the air sidg {h) and the water side ;jh can be found from

Eq.(16)] and (17), respectively. The coefficients a, b, ¢ and d for each heat exarangaained

by non-linear surface fitting from KEq.(9) ugithe simplex method in software package ‘Origin’

and are presented [in Table Bigure 8(a) shows the variation of the water side heat transfer

coefficient (h) for all heat exchangers with a water side Reynolds nuriggr [n Fig. 8(b), the air
side heat transfer coefficients,djy) of all heat exchangers are plotted against the steady flow

Reynolds number of aiRg, stp), which is based on the hydraulic diameteg)(@f fin spacing.

Table 4: Regression results for the steady flow experiment.

Parameters Heat exchanger
HEX-1 HEX-2 HEX-3

Water side
hy h, =69.13Re™** h, =4387Re™° h, =38.00Re>>*
Re 314 <Re < 2534 319 <Re < 3086 307 <Reg < 4247
Air side
Mo.s1o ho 10 = 3.68Re3'g%3 ho,s1D = 3-21Re8,'g$D No,stD = 18'04Re19,g'|2'D
Re, sp 67 <Rg, ¢1p< 879 109 <Re, grp< 1172 154 <Reg, g;p < 732
Data points 200 175 162
Regression R 0.92 0.96 0.90

6.2Heat transfer in oscillatory flow

In oscillatory flow conditions, temperature measurement of relevant locations is presented. The

influences of(&, - g)/(cL)and D/s, on heat transfer ratg) are discussed. The dimensionless heat

transfer coefficient, Colburn-j factor, is also presented as a function of acoustic Reynolds number
(Rey).

6.2.1 Temperature information

Temperature profiles at locations of interest are predant order to observe the heat transfer

processasa function of (&, - g)/(c L) and to determine the heat leakage from the heat exchanger to
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the environment. Fig.|9(a) and (b) show the variation of temperatures measured from different

locationsat the test section plotted againg - g)/(c L) for set ‘A’ heat exchanger (0.7 mm HEX)
with hot water inlet temperature {jJ of 80 °C when D/s, is 1.5 and 3.5, respectively. The first

data point from the left of each curve was collected at stationary gas conditions (nooexican

the driver). Temperature measurement points can be found referring tq Fig. 4. Ip Fig. 9(a) and (b),

the top and bottom lines are the inlet temperature of hg} @hd cold (T;) heat exchangers,
respectively. Both lines are virtually stable as they are maintained at given temperatures. When the
gas parcels start oscillating, the transported heat between the hot and cold side heat exchangers is
noticed. This is observed from the span of temperature difference between the inlet and exit of each
heat exchanger which becomes larger. The increase of these temperature spans, however, is les:

pronounced whenrg, - g)/(c L) is higher than 0.5.

, Jux1000 (W/m2K) h, srpX 100 (W/m>K)

5 o
A
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lfA 4 T ...-o ,.
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L & HEX-I i & HEX-I
O HEX-2 "r‘/k‘ 0 HEX-2
A HEX-3 i A HEX-3
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Re; Re, srp
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Fig. 8: Heat transfer coefficient of the water sidg (@) and of the air side {Brp) (b).

Generally, the gas terapture at plane ‘a’ (T,) measured at the front of the hot heat exchanger
gradually decreases &g, -g)/(cL) increases. This is because the cold gas from the cold heat
exchanger penetrates the hot heat exchanger absorbing and carrying heat on its retdening cyc
Simultaneously, the gas at plane ‘c’ (T.), located just behind the cold heat exchanger, is warmer at a
higher (£, -g)/(cL) because the cold heat exchanger receives more heat from the hot heat
exchanger. The temperature profiles of oscillating gasl,Tand T are closer to each other and
almost stable wheng, - g)/(cL)>10. This may indicate that the heat transfer between two heat
exchangers is reaching its maximum performance@ndg)/(cL) is likely to be less influential on

the heat transfer. This is consistent with the outlet temperature of both hot and cold water streams,
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where the slopes are lower fat, -g)/(cL) higher than 0.5 and likely to level off beyond

(&, —9)/(cL)>10.

It can be noted that the temperature profiles fpifJand T. at higherp/s, are closer to each other

than those at the loway/s, . For example, with&, — g) /(o L) at about 1.5, the curves of, T, and

T. for D/s, =35 in|Fig. 9(b) are closer to each other than thatdos, =15 in[Fig. 9(a). This may

imply that a higherb/s, provides a higher heat transfer performance. The results for heat

exchanger sets ‘B’ (1.4 mm HEX) and ‘C’ (1.4 mm HEX) (not shown here) also exhibit the similar

trend with that shown |n Fig,|9.
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Fig. 9: Variation of temperature measured at different locations vefsus)/(c L) for set ‘A’

heat exchanger.

Considering the heat leakage prevention, insulation was provided as much as possible. However,

heat leakage from heat exchanger to the environment may exist during the experimeneadsl

to be determined. As shown|in Fig. 4, thermocouple probes T14 and T15 were installed in front of

25



the hot heat exchanger in order to estimate the conductive heat transfer through the gas. The
temperature of the external surface of the stainless steel resonator, detected by T16, and room

temperature were also collected simultaneously.

Fig. 9c) shows temperature variation on set ‘A’ heat exchanger for selected locations. It can be

seen that the curves for temperature of gas measured at the point in front of the hothaegieexc

(T14) and of the resonator external surface (T16) have similar trend with the gas temperature
measured at section’ (T,) but smaller in magnitude. This indicates some heat leakage via the
conduction from the hot heat exchanger through the gas and the stainless steel pipe. The
temperature of gas further away from the hot heat exchanger was obtained from the thermocouple
probe T15 and found to be very close to room temperatuge)TThus, the conductive heat

transfer in gas from T14 to T15 was considered small. The relative heat legiage as a

function of measured heat transfer radg,,) was shown ifFig. 7. The heat transfer rate measured

on the hot heat exchangep,,) was then corrected by the heat leakage,,) before subsequent

analysis.

6.2.2 The influence of¢&, - g)/(cL) on heat transfer ratg)

The influence of(, - g)/(cL) on heat transfer rat@) is investigated and shown|in Fig.[10. The

lines connecting the symbols are only for visual guidance. The heat transfer rate is evaluated on the

hot side heat exchanger via|Eq|(3). On every heat exchanger, the experiment was petformed a

various D/, values ranging from 1.0 to 6.0 depending on the system capability.

In[Fig. 1qa), the results for set ‘A’ heat exchanger (0.7 mm HEX) tested at 80°C hot water inlet

temperature are shown. Heat transfer r@te is plotted versus the normalized gas displacement
amplitude (£, -g)/(cL) at various D/s,. Overall, for (¢, -g)/(cL)<05, the heat transfer rate
increases rapidly withig, - g)/(cL). This is noted by the steep curves from the lowest g)/(c L)

to & -g) oL)=05 forall D/s,. A plateau is usually reached f@t, - g)/(c L) > 15.

The significant growth of heat transfer rate {ef - g)/(c L) <05 is associated with the increase of

the effective heat transfer area. For gas parcels that move a short distance where tir@gmak-

displacement amplitude is shorter than the spacing between two heat exchi@pge)s(c L) <0),

they only shuttle heat from one location to another within the same fin. The observed heat transfer
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may be attributed to heat conduction through the gas. When the gas displacement amplitude

increases, the proportion of gas parcels that have thermal contact with both heat exchangers within

their oscillating cycle is larger, thus enhancing the heat transfer rate. The heat transfer increases

steadily until &, -g){ oL)~05 where all gas parcels that have thermal contact on one heat

exchanger are able to reach the surface of the adjacent heat exchanger thus transferring heat

between them. Whexg, - g)/(cL)> 05, a fraction of gas particles jump from one heat exchanger

and pass to the farthest edge of the next heat exchanger. Hence, such parcels do not contribute to the

heat transfer between heat exchangers, and thus do not contribute to the heat transfer rate

enhancement.
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It can be observed from Fig. (b) that the heat transfer rate on set ‘B’ heat exchanger (1.4 mm

HEX) increases foré&, - g)/(o L)< 05, similar to what was observed for set ‘A’ heat exchanger but

the rate of increase is smaller. The heat transfer rate continues to increase gradually for

(¢, -9)/(cL)>05. In|Fig. 1{c), the heat transfer rate on set ‘C’ heat exchanger (2.1 mm HEX)

increases continuously with the increase @f-g)/(cL) and tends to keep rising beyond

(¢, -9)/(cL)>15. Theoretically, gas particles that oscillate with@-g)/(cL) higher than 0.5

should have no useful function in the heat transfer enhancement, as previously stated. The heat
transfer observed beyond this point may be due to a longitudinal diffusive heat transfer from the gas
to the heat exchangers. It is speculated that the gas in heat exchanger A may batedlycthe
temperature of the fins of the heat exchanger, so that the heat transfer rate become saturated, due tc
the less amount of gas allowed to pass through the heat exchanger, given the smaller fins spacing
and a higher number of fins in heat exchanger. A more careful study of the heat transfer in the
channel of similar geometry, preferably with temperature fields scrutinized, will be needed.

The experiments for the hot water inlet temperatures of 60 ai@ @@ also carried out. Their

results are not shown here as they are similar to those observe@ aa8@escribed in relation to

Fig. 1. In general, the heat transfer rate increases with the incre@ge-ab/(o L) for all sets of

heat exchangers under test. This phenomenon is related to the incriseseffective heat transfer

area when(&,—g)/(oL) increases. Besides, gas parcels can shuttle heat over a distance of
(¢a—9)/o inan oscillation cycle. For a fixed heat exchanger length L, the b{ggerg)/o , the

greater the capacity of gas to transfer heat between heat exchangers.

6.2.3 The influence oD/s, on heat transfer ratg)

Data from the same measurements as those shown in Fig. 10 can be re-arranged to present the

dependence of heat transfer ref® on D/s,. The relation of heat transfer rag@) and b/s, for

Th = 80°C is presented for various values @f -g)/(cL) as presented 1n Fidll The lines

connecting the symbols are only for visual guidance.

From the results for set ‘A’ heat exchangers (0.7 mm HEX) at T, ; = 80°C shown in Fig. 1[L(a), it can

be seen thaty steadily rises withp/s, for 10<D/s, <25 for all values of(£, —-g)/(cL). When
D/s, > 25, however, the values of decrease or remain unchanged tar-g)/(cL)>059. The
peak of@ for other (&, - g)/(cL) may occur aD/s, > 50, if the rig can withstand such a high mean

28



pressure, as were the case for the heat exchanger sets ‘B’ and ‘C’. The influence of D/s, on @ for

set ‘B’ heat exchanger (1.4 mm HEX) is shown in[Fig. 11(b). The increase @ with D/s, is

observed for the value ai/s, up to 5.0. In general, it appears timats, =50 seems to be the peak

of @ for most(&, - g)/(cL) values| Fig. 1{t) shows the results for set ‘C” heat exchangers (2.1 mm

HEX). The overall trend is similar to that seen in set ‘B’ heat exchanger (1.4 mm HEX). However,

the peak ofQ for (£, -g)/(cL)>009 tends to occur ab/s, =55, whereas the values ap for
(£, - 9)/(cL)=-003 continue to increase witD/d_ . Generally speaking, the optimug for most
conditions could be betweerbO<D/§, <55. Compared to the recommended region of
2<D/s_ <4 (Swift, 2001), the optimaD/s, obtained from the current study is slightly higher.

This could be due to the physical construction of the heat exchangers used, in which tubes are
connecting fins for heat supply and contribute a substantial amount to the overall heat transfer area

whereas in the literature, the optimal rangeDg¥_ is based on a numerical study of heat transfer

between two parallel plates with a negligible thickness. The underlying mechanism of the difference

is not clear.

6.2.4 Dimensionless heat transfer coefficient: Colburn-j factor

From the measured data for heat transfer in oscillatory flow, the gas side Colburn-j faetovds

determined using BEd.Q)| Fig. 12(a) shows the experimental results of Colburn-j factor as a

function of acoustic Reynolds numb&g() for three sets of heat exchangers. In order to obtain the

Colburn-j factor, the gas side heat transfer coefficient in oscillatory flgwsgh is required which

can be calculated from Hqg. (21). The heat transfer effective area for the gassideE@H (21) is

the smaller value of the following, the area covered by the gastpgaak displacement
amplitude, and the gas side overall heat exchanger area. Generally speaking, the Colbarn-j fac

(joso decreases as the acoustic Reynolds nunitegy ihcreases.

It can be identified from Fig. 18) that the data points are located in three clusters corresponding to
the hot heat exchanger fin spacing. At the same acoustic Reynolds nirepethe Colburn-

factor (so valuesfrom set ‘C’ heat exchangers (2.1 mm HEX) are higher than those from set ‘B’

heat exchangers (1.4 mm HEX) and set ‘A’ heat exchangers (0.7 mm HEX), respectively. It should

be noted that lines are only for visual guidance and the different symbols of the result for each heat
exchangers represent the information obtained from different mean pressures, thus different thermal

penetration depthgs,). It is observed that the results from differepton one heat exchanger are
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distributed along the aiding line which may indicate that thermal penetration depth does not have

significant effect on the Colburn-j factor.

OW) oW)
120 120
- + Heat exchanger set ‘B’
100 + 100 +
80 T 80 +
60 + 60 T
40 + 40 T+
20 T+ 20 +
Heat exchanger set ‘A’
' A i i = i i i : i e i : i A i A : i i i : i A i :
0 2 4 6 0 2 4 6
D/ &, D/oy,
(@) (b)
owW)
120 - S
Heat exchanger set ‘C’ (¢a—8)/(el)
100 + Legends ‘A B C
I 0.7mmHEX | 1.4mmHEX | 2.1mmHEX
30 + - -0.04 -0.03 -0.03
L -+ 0.12 0.10 0.09
60 + = 0.27 0.23 0.22
- h 0.59 0.50 0.47
40 + i 1.06 0.91 0.85
- 1.37 1.17 111
20 + < 1.68 1.44 1.36
> 2.15 1.84 1.74
0

Fig. 11: Dependence @ on D/s, at various(&, —g)/(oL) for T, ; = 8cd’C.

It can also be seen from Fig. 12(a) that the fin spacing influences the heat transfer coefficient:
Colburn-j factor (jso. In order to assist the design of thermoacoustic heat exchangers, a correlation

to fit the experimental results is developed in the fourH aRg"(t/Dy,)" where tis fin thickness.
The coefficient a and the exponents m and n are obtained from data regressiamondingar

curve fitting. The correlation, with the coefficient of determinatio%) (R0.92, is obtained as

3C



. _ -0.639 -1.2541
jose= 0.031Re, D) 2, (29)
; ~1.2541
Colbum‘. factor feyces _/ ISC /([/D/ ) :
1.0000 ¢ ! os) 0.10000 F :
[ A
0.1000 € 0.01000 » 4.
] E om ,
5 A R
L AQ&
0.0100 0.00100 R
[ Heat exchanger b
0.0010 0.00010 m A .
: ; A B
[ e C
0.0001 s} . 4 i tooaad 0.00001 T
1 10 100 1000 10000 1 10 100 1000 10000
Re, Re,
() (b)
./()SC,es!
0.10 =7
+20%
,l’ o /t'
L 20%
0.05 1 A
'l .,l
%’ Lo
A A o Heat exchanger
[ J t’ o A
§-3
o B
s e C
000 A A " A : A "
0.00 0.05 0.10
.IOS('.m'p
(©

Fig. 12: Measured gas side Colburn-j factor versus acoustic Reynolds nirgber (hree sets ¢
heat exchanger plotted log-log scale (a), ji({i3>* againsRe; in log-log scaleb) and Colburrj-

factor from experiment gy in comparison with the estimationyi.s) (C).

-1.2541
h)

From the correlation and the results in Fig@),2/(t/D is plotted versufe, in log-log scale

in Fig. 12(b).The family of data points corresponding to different heat exchangers can be collapsed
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to a group of points that fall close to a single liseshownThus, it is expected that the proposed
correlation could help the design of finned-tube heat exchanger for oscillatory flow conditions. The
comparison of the experimental Colburn-j factesd,,) and the estimated valuegdj.s) is also

illustrated in Fig. 1&) with the average deviation about 18%.

7. Conclusion

Heat exchangers are some of the most important components in thermoacoustic devices. The overall
efficiency of such devices is greatly reliant on the heat transfer performance. However, the
relationship between heat transfer and heat exchanger geometry and operating conditions is not well
understood. The current study has developed experimental apparatus and techniques to investigate
the heat transfer in oscillatory flows.

Steady flow experiment was carried out to get water side heat transfer coeffigiémt fdcilitating
the heat transfer analysis in oscillatory flow. In oscillatory flow experiment, heat transfer rates were
calculated from the water side of the hot heat exchangers at various operating conditions. The

influence of (¢,-g)/(cL) on @ was explored. For the heat exchanger set ‘A’, the values of Q
increased rapidly fo (&, -g)/(cL)<05. The growth rate, however, was lower for the higher
(¢,-9)/(cL) and almost levelled off whe, - g)/(cL)>15. A different trend was observed on the

heat exchanger sets ‘B’ and ‘C’, where the values of @ continued to increase even when

& -9)/(oL)>15.

The effect ofD/s, on @ was also determined. Generally speakiagincreased withb/s,. For the
heat exchangees ‘B’ and ‘C’, the maximum @ occurred at aroundo<D/s, <55. Regarding heat
exchanger set ‘A’, as the maximum D/¢§, in the experiment was at 3.5, the peakdfwas not
clearly observed fore, -g)/(cL)<106. Nevertheless, it was expected that the peakomight
appear at a highay/s, , similar to heat exchanger sets ‘B’ and ‘C’. Thus, it is likely that the optimal

Q could be betweeB0o<D/s, <55.

The heat transfer performance was also presented in dimensionless heat transfer coefficient:
Colburn-j factor. The relationship between Colburn-j factor and acoustic Reynolds niReper (
was determined. A correlation for Colburn-j factor for each heat exchanger was developed. The

average deviation between the Colburn-j factor from experimegte()) and the estimation
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(losces) IS about 18%. The applicability of the proposed correlation to heat exchangers with

different geometries and different working gaseeds to be investigated further.

Acknowledgement

The projectwas financially supported by the EC-funded projéChermoacoustic Technology for

Energy Applications” under the 7th Framework Programme (Grant Agreement No. 226415,
Thematic Priorioty: FP7-ENERGY-2008-FET, Acronym: THATEAhe funding enabled the
development of the experimental apparatus and the necessary instrumentation. The first author also
gratefully acknowledges the financial support received from the Royal Thai Government and the
University of Phayao, Thailand.

References

1. Angell, C. A., M. Ogunl and W. J. Sichina (1982). "Heat capacity of water at extremes of
supercooling and superheating.” The Journal of Physical Chei@tste@8-1002.

2. Archer, D. G. and R. W. Carter (2000). "Thermodynamic properties of the NaCl + H20 system.
4. Heat capacities of H20 and NaCl(aq) in cold-stable and supercooled states.” The Journal of
Physical Chemistry B04: 8563-8584.

3. Bouvier, P., P. Stouffs, et al. (2005). "Experimental study of heat transfer in oscillating flow."
International Journal of Heat and Mass Trandg12): 2473-2482.

4. Brewster, J. R., R. Raspet, et al. (1997). "Temperature discontinuities between elements of
thermoacoustic devices." Journal of the Acoustical Society of AmEIR(®): 3355-3360.

5. British Standard Institution (1973). Methods for the Measurement of Fluid Flow in Pipes. Part
2. Pitot Tubes. Englan&S1042.

6. Cengel, Y. A. (1997). Introduction to Thermodynamics and Heat Transfer. New York,
McGraw-Hill.

7. Cengel, Y. A. and J. M. Cimbala (2006). Fluid Mechanics : Fundamentals and Applications.
Boston, McGraw-Hiill.

8. Coleman, H. W. and W. G. Steele (2009). Experimentation, validation, and uncertainty analysis
for engineers. New Jersey, John Wiley & Sons.

9. Garrett, S. L., D. K. Perkins, et al. (1994). "Thermoacoustic Refrigerator Heat Exchangers -
Design, Analysis and Fabrication.” Heat Transfer 1994 - Proceedings of the Tenth International
Heat Transfer Conference, Vol 4(135): 375-380.



10.Gust, J. C., R. M. Graham and M. A. Lombardi (2004). Stopwatch and Timer Calibrations
Washington, National Institute of Standards and Technology.

11.Incropera, F. P. (2006). Introduction to heat transfer. Chichester, Wiley.

12.Kim, J. H., T. W. Simon, et al. (1993). "Journal-of-Heat-Transfer Policy on Reporting
Uncertainties in Experimental Measurements and Results." Journal of Heat Transfer
Transaction of ASMHA15(1): 5-6.

13.Kline, S. J. and F. A. McClintock (1953). "Describing Uncertainties in Single-Sample
Experiments." Mechanical Engineeriidg(1): 3-8.

14.Klopfenstein, R. (1998). "Air velocity and flow measurement using a Pitot tube." ISA
Transaction87: 257-263.

15.Mao, X. A., W. Kamsanam and A. J. Jaworski (2011). "Convective Heat Transfer from Fins-on-
Tubes Heat Exchangers in an Oscillatory Flow." The 23rd IIR International Congress of
Refrigeration.

16. Miller, V. (2002). Recommended guide for determining and reporting uncertainties for balances
and scales. Washington, National Institute of Standards and Technology.

17.Mozurkewich, G. (2001). "Heat transfer from transverse tubes adjacent to a thermoacoustic
stack." Journal of the Acoustical Society of Amerid8(2): 841-847.

18.Nsofor, E. C., S. Celik, et al. (2007). "Experimental study on the heat transfer at the heat
exchanger of the thermoacoustic refrigerating system.” Applied Thermal Engingé¢ig
15): 2435-2442.

19.Paek, I., J. E. Braun, et al. (2005). "Characterizing heat transfer coefficients foxdreatgers
in standing wave thermoacoustic coolers.” Journal of the Acoustical Society of Ad3{d3x
2271-2280.

20.Rennels, D. C. and H. M. Hudson (2012). Pipe Flow : A Practical and Comprehensive Guide
Hoboken, New Jersey, Wiley.

21.Richardson, M. J. (02/12/2010) "Specific heat capacities." Accessed 02/05/2012
http://www.kayelaby.npl.co.uk/general_physics/2_3/2_3 6.html.

22.Robinson, R. A., D. Butterfield, et al. (2004). "Problems with Pitots issues with flow
measurement in stacks." International Environmental Techndlogy

23.Rood, E. P. and D. P. Telionis (1991). "Journal of Fluids Engineering Policy on Reporting
Uncertainties in Experimental Measurements and Results.” Journal of Fluids Engineering-
Transactions of the Asnid3(3): 313-314.

24.Seber, G. A. F., Wild, C. J., (2003). Nonlinear Regression. John Wiley & Sons, Inc.

25.Swift, G. W. (1988). "Thermoacoustic Engines." Journal of the Acoustical Society of America
84(4): 1145-1180.

34



26.Swift, G. W. (2001). Thermoacoustics : a unifying perspective for some engines and
refrigerators. Melville, NY, Acoustical Society of America through the American Institute of
Physics.

27.Tang, K., J. Yu, et al. (2014). "Heat transfer of laminar oscillating flow in finned heat exchanger
of pulse tube refrigerator." International Journal of Heat and Mass Trast&11-818.

28.Wagner, W. and A. PruBb (2002). "The IAPWS formulation 1995 for the thermodynamic
properties of ordinary water substance for general and scientific use." Journal of physical and
chemical reference da&i(2): 387-535.

29.Wakeland, R. S. and R. M. Keolian (2004). "Effectiveness of parallel-plate heat exchangers
thermoacoustic devices." Journal of the Acoustical Society of Ameth(&): 2873-2886.



Nomenclature

Amin
A
A
A
Ao
At,o

a
b
G
D

Dy,

o —

CR A NN

HEX

5?'_'3

(]

| i

LMTD
m
Nu

Pr

Rtube

heat exchanger minimum air flow areaj) m

fin surface area (

fin cross sectional area ()n

water side heat transfer areaq) m
gas side heat transfer area’j m
unfinned area on copper tube m
sound speed (8Y)

systematic uncertainty

isobaric specific heat ( kiy*K™)

fin spacing (m)

fin spacing hydraulic diameter (m)
tube inside diameter (m)

tube outside diameter (m)

cross flow correction factor
frequency (Hz)

friction factor

half of the gap between hot and cold
heat exchanger faces (mm)

hot heat exchanger

heat transfer coefficient ( Wi*K™)
Colburn-j factor

thermal conductivity ( Wh'K™)
wave number ( i)

fin length (m)

corrected fin length (m)

effective length of copper tube (m)
log-mean temperature difference (K)
mass flow rate ( kg?)

Nusselt number

acoustic pressure amplitude (Pa)
Prandtl number

heat transfer rate (W)

thermal resistance of tube material {KiW™)

Reynolds number

acoustic Reynolds number

inside radius of copper tube (m)
outside radius of copper tube (m)

c - 4 »n

=

<

amb
avg

est
exp

max
0sC

(@]

STD

precision uncertainty

temperature {C)

fin thickness (m)

velocity amplitude ( ns™)

flow velocity ( ms?

Valensi number

distance from pressure anti-node t
heat exchanger (m)

Greek symbols

thermal penetration depth (m)
surface roughness (m)

single fin efficiency

overall fin efficiency

wave length (m)

dynamic viscosity ( Pg)
displacement amplitude (m)
fin cross sectional perimeter (m)
mean density ( kg.H)

heat exchanger porosity
angular frequency ( raf)

Subscripts
air

ambient
average
cold
estimation
experiment
inlet
maximum
oscillatory flow
outlet
steady flow
Water
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