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ABSTRACT

While much effort in Stirling engine developmenpiaced on making the high-
temperature region of the Stirling engine warmgis tesearch explores methods to lower the
temperature of the cold region by improving heansfer in the cooler.

This paper presents heat transfer coefficientsimédafor a Stirling engine heat
exchanger with oscillatory flow. The effects otilsiting frequency and input heat rate on the
heat transfer coefficients are evaluated and detailthe design and development of the heat
exchanger test apparatus are also explained.

Featured results include the relationship betwemmnatl heat transfer coefficients and
oscillation frequency which increase from 21.5 6014Wm?K ™ as the oscillation frequency
increases from 6.0 to 19.3 Hz. A correlation far Nusselt number on the inside of the heat
exchange tubes in oscillatory flow is presented aoncise, dimensionless form in terms of the
kinetic Reynolds number as a result of a statistinalysis. The test apparatus design is proven to
be successful throughout its implementation dubeausefulness of data and clear trends
observed.

The author is not aware of any other publicly-safalié research on a Stirling engine
cooler to the extent presented in this paper. r@fbee, the present results are analyzed on a part-
by-part basis and compared to segments of othearels; however, strong correlations with data
from other studies are not expected.

The data presented in this paper are part of aong effort to better understand heat

transfer properties in Stirling engines as welbteer oscillating flow applications.
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overall Overall
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PREFACE

Since the research presented in this paper isulh@raation of both an undergraduate
honors thesis as well as a Master’s thesis, mjmitant to distinguish the more recent work from
the older work. There is no overlap of data betwthe undergraduate and Master’s thesis work.
All data presented in this paper have been spadifiacquired to study the effects of cross-flow
on heat exchange at four different heat rates aediffferent oscillation frequencies. New
discoveries in this paper include the validatioat tithe overall heat transfer coefficient continues
to increase as frequency is increased over a waohgre of frequencies. Some of the most
significant changes to the test apparatus betweenrdergraduate and Master’s thesis work
include the implementation of isolator devices desi to prevent airborne contaminants from the
compressor pump from fouling the heat exchangeasesfon the inside of the tube bundle and a
mechanical diverter (“filler material”) that preuwsrcoolant flow in areas not of interest, such as
around the perimeter of the tube bundle, rather theough the tube bundle. Both of these
changes were considered necessary after a revidat@ffrom the author’s undergraduate thesis.
Other modifications include the implementation @@ motor to allow for precisely-controlled
speeds that reach the lower bound of speeds usitling engines, a more controlled siphoning
technique for the coolant, and numerous measukes ta ensure the minimization of unwanted
heat sources having an impact on the data [1], (#je of the methods of isolating unwanted heat
sources includes the use of a plastic isolator ogipo break a major path of thermal conduction
through the shell of the heat exchanger. It iggested that the reader briefly review the schematic
shown in Fig. 2.1 and 2.13 for an overview of thggical setup of the experiment before
proceeding with reading the rest of the manuscript.

Also, due to the unique experiments that were pneéal, any correlations made to other
researcher’s works will have to be prefaced byngtley explanation of the difference in physical
setups between the experiments. Strong corretatidgth other research are not expected due to

different heat exchanger geometries and test mdiguarations.



Chapter 1: INTRODUCTION

While extensive effort in Stirling engine researsfiocused on improving heat exchange
in the higher-temperature regions of the Stirlingiae, this research gives more insight to heat
exchange that occurs on the low-temperature sidleeoéngine. Initially, by inspection of the
Carnot equation for the ideal heat engine effigjgiitccan be seen that reducing the low
temperature by one unit yields a larger improveneie overall thermal efficiency than raising

the high temperature by the same amount in (1):

Nearn = 1= 1)
wheren . 1S the Carnot efficiencyl;. the coldest temperature, afidthe warmest temperature
in the engine. The same case should hold trugeiptesent analysis: improvements to the heat
exchanger efficiency on the cold side of the engimguld yield a better overall thermal efficiency
than making improvements to the heat exchangen®mvarm side of the engine. Despite this,
research on Stirling regenerators and heaterautareaghs research on coolers. In fact, one of the
most-studied components in the Stirling enginéésregenerator, for which there are complete
books dedicated to the subject [3]. However, ithjsstified since the majority of improvements
to heat transfer are dependent on the regenerAtgnod indication of this is that 70-90% of the
pressure drop across all components in the Stidimgine occurs in the regenerator and larger
pressure drops are correlated with more efficiesat transfer [4].

When the cooler is evaluated independently of therdStirling engine components in an
analytical model for a Space Power Research E&R&E), it was found that a 25% reduction in
the effectiveness of the cooler reduced the overajine thermal efficiency by only 2%, whereas
a 1.8% reduction in the effectiveness of the reggnereduced the overall engine thermal
efficiency by 12.2% [5], [6]. The impact of theater on the overall engine thermal efficiency is
slightly less than that of the heater, where a 4é8tiction in the effectiveness of the heater would
reduce the overall engine thermal efficiency by4[5], [6]. The effectiveness of the heat
exchangers is best described as the ratio betieeméasured heat transfer rate and maximum
attainable heat transfer rate which would be redlin a counterflow heat exchanger with
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unlimited area for heat exchange [7]. This furtbephasizes that if the effectiveness of the
heater and cooler are equally weighted in the taticn of the overall thermal efficiency, then
more research efforts should be dedicated to imipgathe cooler to balance the amount of
research that has been performed on the heater.

Oscillating flow heat transfer adds significant giexity to the analysis of Stirling
engine heat transfer. In fact, within the fieldostillatory flow heat transfer, consensus has not
been reached on whether oscillations improve anaedhe heat transfer coefficients [8]. What is
known, however, is that transition to the turbultodv regime occurs at higher values of the
maximum Reynolds number when the kinetic Reynoldslrer increases where the Reynolds

number is defined as [9]:

d
Re =22 )
u
and the kinetic Reynolds number is defined as [9]:
d2
Re,, = = 3)
v

wherep is the densityy the velocity, d the diametery the dynamic viscosityy the angular

oscillatory frequency, and the kinematic viscosity.

1.1. OBJECTIVES

Experimental data are required for the presentyaisasince there are few published
expressions which correlate the overall heat tearfefficient with different heat exchange
parameters in oscillating flows. Therefore, a tggtaratus was designed in order to collect data
on this unique type of heat transfer in Stirlingjemes. The main objectives for this study were to:
1) build an adaptable Stirling engine cooler tggtaaatus capable of obtaining data with minimal
error; 2) present experimental data for a shelltabé heat exchanger with oscillatory air flow; 3)
determine overall heat transfer coefficients; £sent results in terms of similarity parameters

which can be scaled to other research; and 5)ypdempare results to other research.



The foundation for this research is based on thecgy of data relating performance
characteristics to oscillatory flow heat exchangeingn compared to uni-directional flow heat
exchangers. This paper will not address the is§whether oscillating flow yields better heat
transfer than an equivalent unidirectional flowr mdll it correlate the performance of uni-
directional flows to the performance expected byauivalent oscillatory flow. This is because
the results of these experiments are intendedply ap Stirling engine heat exchangers which, by
nature of their closed cycle, are required to wssllating flow. In most of the applications of
oscillating flows, unidirectional flows are simpipt an option due to the thermodynamic cycle or

physical configuration.

1.2. HEAT EXCHANGER

The present experiments were performed on a ahdHltube heat exchanger subject to
oscillating flow on the inside of the tube bundteldransverse, unidirectional water flow over the
outside of the tubes in the tube bundle. Figréptesents the cross-flow arrangement of coolant

flow over the tube bundle (since coolant flows #neersely over the tube bank).

HOT AIR

Fig. 1.1. Representation of a cross-flow shell e heat exchanger

In Fig. 1.1, the side of the cooler with the healement is often referred to in this paper as the
"hot side" and the opposite side with cold gashas'told side". Air is alternately heated and

cooled in each cycle as it flows over the heatemeint and is subsequently cooled by the coolant



flowing over the tubes in the tube bundle. Thisgesss is shown in Fig. 1.2 as indicated by the

direction and color of the arrows during the faistd second halves of the cycle.

First Half-cycle

Fig. 1.2. Air flow path during heating and cooling

For air, the factors involved in the calculatiortloé transition to turbulent flow are the
dimensionless oscillation amplitudé,, and the kinetic Reynolds numb@&e,, [8]. These factors
are combined in (4) to indicate the transition p&iom laminar to turbulent flow in oscillatory

flows [8]:

Ay+/Re, > 761 4
where the dimensionless oscillation amplitude fined as [8]:
_ Xmax

Aw - di (5)

wherex,, ., is the maximum amplitude of working fluid displacent (assuming plug flow) and
d; the inner diameter of the tubes [10]. From thiéniteon given in (4), the data collected in the
present experiment is considered to be in theitiranal and turbulent flow regime; however,
there is some uncertainly in how to define the disienless oscillation amplitude for the present
experiment, which would affect the results obtaifredh (4). This is because a variety of

definitions have been used for the dimensionles#laison amplitude. For example, X. Tang and



P. Cheng and T. W. Simon and J. R. Seume defindithensionless oscillation amplitude as [11],

[9]:

A, =0 (6)
L

whereL is the tube length. The definitions of the dimenkess oscillation amplitude given in
both (5) and (6) are intended to give a measuteeodmount of working fluid displacement [9].
Higher dimensionless oscillation amplitudes indicdiat a larger cold volume of air was
displaced through the heat exchanger during ed&ftyee which corresponds to a drop in the
tube wall temperature [10]. Another physical megrof the dimensionless oscillation amplitude
defined in (6) is whether the oscillating fluid &xthe tube during each half-cycle, or whether the
working fluid continually oscillates inside the ®idue to a small piston stroke length as studied
by A. J. Organ [12], [9]. Organ found that wh&p = 1 all of the working fluid passes through
the heat exchanger whereas wgn> 1 (as in the present research) the fluid passesidgir
the heat exchanger while the remainder of the fhsidllates inside the heat exchanger without
leaving [12], [9]. Once again addressing the pofritansition to turbulent flow given by T. Zhao
and P. Cheng in (4), if the dimensionless osadlaamplitude is defined as in (3),, would be
1129, whereas if is defined as in (8), would only be 10.7 [8]. To keep in accordancehiite
way T. S. Zhao and P. Cheng defifig in (4), the dimensionless oscillation amplituddl tve
taken as 1129 and thus, the air is considered o the transitional and turbulent flow regimes

[10].

1.3. THE STIRLING ENGINE

It is important to clarify that the test rig constted for this research is not intended to be
used as, or part of, a Stirling engine. In a Btrengine, the heat provided to the working flisid
sufficient to expand the working fluid and prodw®ugh force to drive the pistons, whereas in
this experiment, heat is applied to the gas bupistons are powered by a separate motor in order
to simulate the working environment of a cooleaitirling engine. The test rig was built to

conduct heat transfer experiments on an isolatelih§tengine cooler. While in use, the Stirling
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engine cooler is a robust device and often onbefhtost expensive components in the engine as
reported for Phase | of an automotive Stirling eegivhere the four coolers attributed for 27.7%
of the cost for the entire Stirling engine [13ltillSin other Stirling engines, the cooler cossha
been reported to be as low as 2.2% of the totdlafdbe engine, such as in the Mod Il automotive
Stirling engine design [13]. In a typical Stirlieggine cooler, helium or hydrogen gas oscillates

within the cooler tubes at rates up to about 63600 RPM) [13], [14].

1.4. RELATION TO OTHER RESEARCH

The scale of the heat exchange tubes in the gressgarch is the smallest scale that has
been studied in oscillating flow, as far as théhanis aware, with the exception of research
performed on a single tube in oscillatory flow hyB®uvieret al. [15]. The tubes are nearly the
same size as those in other Stirling engine codeich as the STM 4-120 Stirling engine cooler;
however, research on oscillating flow is typicglgrformed on a single tube while only
considering one or two thermal resistances [11].[TThe small diameter of the tubes in the tube
bank result in a very large value of the dimengeslfluid displacement,, = 1129, when
compared with typical values between 8 and 35 tedadn other research [10].

Many other researchers in the field of oscillatilogv perform analyses on tubes with a
constant heat flux imposed on the outer tube Wa8§ [10]. The calculations corresponding to
their analysis assume a constant heat flux throlbghube walls and almost always require known
values of the tube wall temperature [15], [10].tHa present experiment, the small size of the
capillary tubes in the tube bundle made it suchtthetube wall temperature could not be
measured. It was not considered worthwhile tangttanserting thermocouples with a diameter
of 7.62 x 1075 m (0.003 in) into a tube wall that was$2 x 10~* m (0.017 in) thick. Machining
on such a small scale was not within the capalifitthe author.

Due to the lack of a comprehensive algorithm fdedaining the heat transfer
coefficients in a heat exchanger involving multipledes of heat exchange, different analytical
equations and correlations will be used to detegrhieat transfer coefficients corresponding to

each of the resistances as shown in Fig. 1.3.
6



Convection from the Conduction through Convection from the
air to the tube wall the tube wall tube wall to thater

AW AW AW

Fig. 1.3. Diagram of thermal resistances in thél simel tube heat exchanger

Each resistance in Fig. 1.3 will be analyzed sdapbrand will involve different analytical
methods for its calculation. Note that the resists can be thought of as the inverse heat transfer
coefficients for each mode of heat transfer antladt together in a parallel resistance fashion to

yield an overall, equivalent resistance.



Chapter 2: APPROACH

In order to study the unique working environmena@tirling engine cooler, a custom
test apparatus needed to be designed and buié.mbist important objectives that were
considered while designing the test apparatus teer®) simulate, as best as possible, the working
environment of a Stirling engine; 2) establish colstin the experiment and design for
minimization of error in data acquisition; and ®fain data that accommodate all of the
parameters needed in the equations for analysish &f these factors will be discussed in the
following sections. Fig. 2.1 indicates all pontsthe heat exchanger test apparatus which are used

either for air flow, water flow, or instrumentation

Fig. 2.1. Diagram of ports included in the heatrexmer test apparatus

Justification for the location of each data acdigisiport and the overall design of the heat

exchanger test apparatus will be discussed inldetaiter sections of this paper.

2.1. DESIGN OF HEAT EXCHANGER EXPERIMENT

Of primary importance when designing the test agiparwas the minimization of error
while still producing a relatively inexpensive utliat was safe, portable, and capable of
simulating the working conditions of a Stirling émg. Due to the safety and financial concerns of

pressurizing warm air within the test apparatugias decided to simply measure the pressure



drop across the tube bank (using the differentiesgure transducer ports shown in Fig. 2.1) and
assume that the pressure inside the test appasagsal to ambient pressure. This assumption
was eventually verified by machining an access ippotthe heat exchanger and connecting a
pressure gage to the port. When the compressop puthe test apparatus was activated, the
pressure gage was unaffected by the pressures dha¢ht the gage pressure and the pressure drop
across the tube bundle. Therefore, the combinatidhese pressures did not exceed the 34.5 kPa
sensitivity of the pressure gauge, and pressufesvlihis level were assumed to have a negligible

effect on heat exchange.

2.1.1. DESIGN OF HEAT EXCHANGER

There is a wide array of configurations for Stigliangine coolers. Some configurations
feature an annular cooler that fits concentricatiyund the piston cylinder and is cooled by
coolant in cross-flow, such as in the NASA/MTI Aatotive Stirling Engine and the SPRE engine
[13], [6]. Still others incorporate coolant theavels parallel to the cooling tubes in the cooler,
such as with the Sunpower RE-1000 Stirling eng@ije Most commonly, the coolant passes
transversely over the tubes in the cooler, as sgpited in the STM 4-120 Stirling engine. The
fabricated cooler was designed to resemble anla8tilbng engine cooler from a STM 4-120

engine as shown in Fig. 2.2.



Fig. 2.2 Comparisorof the fabricated cooler (left) to an STM 4-12fbter right)

The stainless steel tubes in the fabricated hedtagger are positioned in aluminum perfor:
end caps held together and sealed with-temperature and water resistant LoCtidelhesive
whereas the STM 420 cooler has a snless steel construction whichbrazed together. TI
tube bundle in the fabricated heat exchanger iposed of stainless steel tissince it is ¢
common choice for Stirling enginooler tubes. This is most likely due to the motke
conductivity of stainless steel with respect toeotinetals which allows for a tre-off betweer
radial (desired) and longitudinal (-desired) wall conduction. After all, one of thénpary
functionsof the cooler is to produce a measureable tempergtadient at the cold end of t

Stirling engine.
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Tube bundle geometries are commonly reported mgeaf the dimensions shown in Fig.

2.3 [16].

P
do Water Flow Direction

Oy

xjfo 0o LT
-0 oO i

5

X

o

—

Fig. 2.3. Dimensions of the staggered tube ban&pedi from [16])

These dimensions are important for similarity acaliag between experiments on

different heat exchangers and may be found commmeplyrted in literature [16]. The

corresponding dimensions in Fig. 2.3 are listedlable 2.1 along with the dimensions of the STM

4-120 cooler (dimensions of the STM 4-120 coolerenmeasured directly by the author).

Table 2.1. Dimensions of the fabricated cooler 8mi1 4-120 cooler [16]

Fabricated Cooler STM 4-120 Cooler
Outside diameteg], (mm) 2.11 2.38
Angle of tube staggering), 60 60
Transverse tube pitcl, = p, (mm) 3.16 2.89
Longitudinal tube pitchX; (mm) 2.74 2.50

A condensed list of the geometric properties and$l used in the fabricated cooler and the STM
4-120 are included in Table 2.2 for comparisonthBeeat exchangers are made from similar

metals and have staggered tube banks [14].
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Table 2.2. Specifications of the fabricated coaled STM 4-120 cooler [14]

Fabricated Coole STM 4-120 Cooler
Number of tubes 97 395
Tube length (mm) 131.4 62.4
Tube inner diameter (mm) 1.25 1.37
Tube outer diameter (mm) 2.11 2.38
Equi-distant tube spacing (mm) 3.16 2.89
Average heat transfer aréam?) ~ 67 100 ~ 145 000
Hot fluid Air Hydrogen gas
Max. temperature (°C) 87.3 739
Min. temperature (°C) 38.2 -
Average cycle pressure (Pa) =0 13 850 000
Volume displacedmm?) 165 900 120 000
Cold fluid Water 50/50 water and glycol [17]
Max temperature (°C) 44.9 56
Min temperature (°C) 19.5 50
Volumetric flow rate(m3s™1) 2.19 x 107° 2.60x 1073
Ambient temperature (°C) 21 44
Average Oscillation Frequency (Hz) 9.0 30

Some of the most notable differences between théctted cooler and the STM 4-120
cooler in Table 2.2 are the differences in avetsep transfer area and volumetric flow rate of air
[17], [14]. The heat transfer area in the fabadatooler is 46.3% of the heat exchange surface
area in the STM 4-120 cooler [17]. Also, the edisitant tube spacing is more than four times
greater than that of the STM 4-120 cooler. Thsults in a lower heat transfer coefficient on the
outside of the tube bundle since the STM 4-120awlll yield a larger pressure drop across the
heat exchanger and water will have better therimafact with the heat exchange tubes. Of
course, many of the similarities and differencetsvben the heat exchangers must be considered
and a similarity and scaling analysis should bégoered before comparing the heat exchanger
performance of one to the other.

One concern affecting the accuracy of data takem the test apparatus for the
undergraduate thesis was the potential for watotoaround, rather than through, the tubes
since there was a gap with a radial dimension@f @ around the perimeter of the tube bundle.

To resolve this issue, the heat exchanger wasl fitte PVC mechanical diverter (“filler
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material”) with enough flow channels for water kovf through the appropriate ports as shown in
Fig. 2.4. The mechanical diverter had a slip éitvizen the tube and the outer shell of the heat

exchanger housing.

Fig. 2.4. Heat exchanger with tube bundle andrfithaterial

When looking at the tube bank from the perspeaiivene of the end caps, a simple

diagram of the filler material is shown in Fig. 2.5

WATER
OUTLET

Fig. 2.5. Diagram of filler material adapted to tbbe bank

Fig. 2.4 also shows a thermal break made of higisite Air-Pro plastic (shown in dark

blue) to minimize conduction heat transfer from shell of the heater section to the shell around
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the tube bundle. With this method, the only apiatde heat that reaches the tube bundle is-

the heat that isansferred to the air from the heater eler.

2.1.2.DESIGN OF TEST APPARATU

A Central Pneumatft(model 93785) single-stage, twin-cylindempressor pump w

adapted for purposes shuttling air back and forth through the heathr@nger. Part of tt

customization efforts on this compressor pump imedireplacing thgaskets, valve seats, a

cylinder by a valvdess, aluminum cylinder head as shown in 2.6.

I

af
L[]

l

Fig. 26. Custom, valve-less compressor pump head

From either side of the custom cylinder head, coppd PVC piping extended

channel air from the compressor pump to the rublisr isolator devices as shown in F2.7.
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OUTLET
RESERVOIR

Fig. 2.7. Arrangement of heat exchanger, comprgssmp, and connecting channels

The rubber tube isolator devices were necessasydier to isolate unwanted, external
heat inputs and minimize airborne oil in the aattbscillated in the tube bundle. The isolator
device, as shown in Fig. 2.8, is composed of d@eof rubber bicycle tube, machined PVC
connectors, clear plastic end caps, NPT brassd#timiscellaneous fasteners, and an outer PVC

shell.
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Fig. 28. Rubber tube isolator device (disassembled)

The cooler was comged of a tube bundle which sealed against the suméaces of a wate
chamber. Qings were used to seal the tube bundle againshtiee surfaces of the wat
chamber shell which helped to divide the water diamfrom the air plenum chambers at b

ends of the tube bundle as shown in 2.9 (shown without filler material).

Fig. 2.9.Fabricatecheat exchanger with separate air and water chambers

The two pistons in the compressor pump are 180dbphase suc thatthey move ¢

constant volume of air in each cycle withcompressing the airThe plenum chambers and
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empty volume in the isolator devices can be thooglask the ‘mixing chambers’ on either side of
the heat exchange tubes. No screens or baffles weed in these chambers.

The fabricated cooler has two inlet and two ouklater ports with an open circuit of
water flowing through them in order to maintainamstant inlet water temperature. With such a
low flow rate, water conservation and recycling wasan issue. The inlet water was siphoned
from an “overflow bucket” with a free surface walkevel located 0.48 m above the water level in

the heat exchanger. The water flow rate was maiedaconstant via the system in Fig. 2.10.

OVERFLOW
BUCKET

\

TO HEAT
EXCHANGER

/ /

Fig. 2.10. Water siphoning method

In this system, a constant pressure head is magdtaiue to a smaller, constantly-overflowing
bucket which is fed by an aquarium pump locatetthénlarger bucket. The temperature increase
of the water due to the aquarium pump was congidesgligible and was shown not to vary by
more than + 0.3°C over the course of 4 hours. Water was siphoned through polyvinyl tubing
with a 6.35 mm (0.25 in) inner diameter into thathexchanger. The exit water flow rate was
controlled by adjusting a plastic ball valve at thalet of the heat exchanger as shown in Fig.

2.11.
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Fig.2.11.0utlet water bucket and water flow rate measurauis

The outlet water was discharged into another smatke¢t and was occasionallylewed time to
reach room temperature so that it could be reu

A U.S. Electrical Motors (Model I-15) DC motor wasised to power the compres:
pump through a belt and pulley system. The incorporation of a @@or facilitated the proce:
of varying the oscillating frequencies since theuld easily be controlled using a “manual spe

knob on the control panel aBown in Fig2.12.

Fig. 2.12. DC motor control panel
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The DC motor was able to easily produce any frequepecified between the range of 0.5 t0 19.3
Hz (30-1160 RPM). Each revolution of the DC matmurred a 4:5 reduction through the pulley
and resulted in displacing66 x 10~* m3 of air in each piston of the compressor pump.

Due to the high level of adaptability of the tegparatus, any component can be switched
out with another component and the test rig caeXpanded to accommodate additional devices
such as a Stirling engine regenerator. This mayseéul in future experiments because, in theory,
the current test apparatus could be combined wtfiter&components that may make it possible to
have a functional Stirling engine.

As will be discussed in the following section, afe¢he main challenges in the design of
the test apparatus was the minimization of extenaat inputs. This caused many problems with
interpreting early batches of data obtained froentdst rig due the large margin of error in the
results. A drastic redesign of the test apparatasirred prior to collecting data for the present

analysis [18].

2.2. DATA ACQUISITION

The majority of the data in this experiment wenlerted using LabVIEW and National
Instruments (NI) SCXI-1303 and NI SCXI-1321 datguisition cards and a NI SCXI-1000
chassis. The particular sensors used in this arpat were selected based on their capability to
take measurements at high sampling rates, as ice®of air cycling at a maximum of 19.3 Hz.
The desired minimum sampling rate for data acqarsivas set as 40 Hz, which, despite its
appearance, is actually two times larger than thguiét frequency since air passes the
thermocouples two times during a single revolutibthe compressor pump. A 40 Hz minimum
sampling rate was also chosen because the autlsaeaahing the limits of physical size of the
thermocouples that could sample data at that rEite. thermocouples that were chosen were
Omega type J butt-welded thermocouples which ha@26 mm (0.003 in) diameter and were
capable of sampling at a rate of at least 50 H} [V@ater temperatures were measured with
Omega special type T spot welded/beaded-type tteupbes with a 0.508 mm (0.020 in)

diameter since the water temperatures were notcéegbéo incur temperature fluctuations as rapid
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as the air temperature fluctuations [19]. Theeinperatures used in this analysis were the
average temperatures over the course of threescgtline compressor pump. The average air
temperatures were calculated by importing raw teatpee data into Engineering Equation Solver
(EES) software and using lookup tables to averagelata in the columns (see Appendix A for
detailed EES code).

A piezoelectric differential pressure transduces w@lected to measure the air pressure
drop across the tube bundle during the oscillatioFise fluctuations in differential air pressure
allowed for a method of determining the oscillatfoeguency using the LabVIEW virtual
instrument (VI). A piezoelectric pressure transgturas selected for its relatively low cost and
high sampling rates. The pressure sensor was ag®mX-137-015DV model which measured
differential pressures up to 103.4 kPa (15 psi)lzaxtia linearity and hysteresis error of 0.1% full
scale (FS) typical or 0.5% maximum [20]. A schemaf the test setup and the location of all

data collection points is shown in Fig. 2.13.

niaiaintiainld

{ =) -
L AMMETE
— COMPRESSOR DC
DAQ VARIAC PUMP MOTOR

Fig. 2.13. Schematic of test setup and all datectdn points
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Over the course of all of the experiments, the easfgemperatures and pressures recorded by
these sensors is shown in Table 2.3 along withrattaess flow rate, heater power, and frequency

data.

Table 2.3. Range of tested conditions over all Brpents

Minimum Maximum
Tha (°C) 122.2 201.8
T., (°C) 35.8 48.0
AP, o, (kPa) ~ 0 kPa
My g, (kg/s) 2.1x1073 7.1x 1073
T, (°C) 24.2 26.4
aT,, (°0) 7.3 14.7
m,, (m3/s) ~ 226X 1073
W, (W) 133.6 201.6
f (Hz) 6.0 19.3

The most notable values in Table 2.3 are the welgtihigh air temperatures reaching as high as
201.8°C. This temperature was significant bec#usas found that the high density, Air-Pro
plastic that was used in the thermal break betwieemeater section and the tube bundle section
had a melting point of 180 + 10°C. The extremegeratures melted the thermal break, which
needed to be re-machined and replaced three timmeéggdhe course of the present experiments.
Nevertheless, useful data were collected befor¢hiienal break became weakened to the point
where air escaped the system. This issue resultbé decision to limit the maximum heat input
rate to 201.6 W and the minimum oscillation frequeto 6 Hz. Due to the melting incidents,
experiments performed at 201.6 W could not be rejidike the other data sets were. As another
note, thedP, ., value reported in Table 2.3 is approximately znze the compressor pump
cycled about ambient pressure and an elevated oyesmpressure was not used in this
experiment. Finally, the average mass flow rataigfn, 4,,, was found by a rough calculation
involving the oscillation frequency of the compraspump, the frontal free-flow area inside the
tube bank, and volume displaced by each cylindénércompressor pump. The definition of

1, 4, Will be described later in this paper, as welhasexplanation of why more accurate
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methods of obtaining this value could not be immeted. Also, the tachometer shown in F
2.13 was an optical tachometer which would indigagtep function increase in voltage whene
the compressor pump piston closest to the hwas at top dead center (TDCJhe data collecte
from the tachometer was not used in the presemysiaghowever, the tachometer serve
indicate the phase lag between the compressor pyodp and the temperatures in the t
exchanger.

Despite exploringnore advanced and more accurate methomeasuringvater flow
rate, themethod that was chosen involved a 25 mL graduatider and a stopwatch.
multiple times during each test, the author measktire time to fill the graduated cylind«o the
25 mL mark and converted this value to a volumdtow rate. This methodemonstrated th:
the water flow rate deviated lonly + 0.27mL s™1.

Finally, the heat rate introduced in the heat ergkea needed to be precisely control
and measured. Thmltage on thheater element wasntrolled using a VARIAC and the curre

was monitored with a clipn ammeter as shown in F2.14.

Fig. 2.14 Measurement tools for the calculation of power irtputhe heat exchan¢
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A test of linearity was performed on the VARIAC amdraeter and the bias ers of these
devices werehecked against more accurate multimeters. Theedrid precision errors we
taken into account before reportinn overall power input value in the pesg experiment.
Many different methods were used to acquire expantal data on the maximum i
velocity, but to no avail. The first of these nmadk was the use ofPitottube which wa
positioned over one end of one of the tubes inube bundlewith the heater section removed

ease of access as shown in Fil5.

Fig. 2.15. Pitotube positioned over one end of a tube in the hubrelle

From Fig. 2.15t is obvious that thPitottube was not used in the way that it is inter by the
manufacturer [21]. [gecifically, there are static pressure taps locatedimferentially around th
end of the Pitotube which were not in the air stream sincePitottube was too large to insert
the innerdiameter of one of the tubes in the tubndle. There are simply no Pitibes knowr
to the authothat are small enough to measure the maximum \gladihin one of the tubes i

the tube bundle.
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In another attempt, thPitottube was inserted through one of the thermocoumtes @mnc
positioned in the center of the air stream in thatér section of the test apparatus as shown ir
2.16. The Pitotube was held firmly i place witha rubber stopper to prevent air froncaping

around the Pitatube in the thermocouple access pc

Fig. 2.16 Pitot tube measuring max velocity in the heagetisr

Data wereonly acquired with the open end of iPitottube facing away from the tube bund
However, either way that tHeitol tube was oried would have still violated the minimu
unobstructed and unconstricted flow path upstrefthePitot tube which was specified by tl
manufacturer as 8.5 diameters of the air [21]. The data from both of the Pitot eutests
indicated maximum velocities that were more thdims the values that would be conside
reasonable. In addition, since Pitot tube clearly was not positioned in a fullgveloped flow
region, the measured valuae expected to indicatelocities that e lower than the mee
velocity; however, theelocities already exceedreasonable expectations without conside
this fact.

The second method used to gain some measure ofakienum air velocity was the u
of a lightweight pista that was intended to give a direct measuremetitamaximumair stroke
length This required that the air wmodeled as plufow against the face on the piston. 1

piston was made from nylon and was hollo-out using a lathe to produce the magihtweight
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piston within the author’s capabilities. The pistauter diameter was machined to the precision
where the piston could pull a moderate vacuum sigitdown the DOM aluminum pipe under due
to the pull of its own weight. DOM aluminum tubasvused in order to avoid a weld joint
common to standard steel tubing that would haveedunwanted friction and impeded the free
gliding motion of the piston. The piston was coeted to an aluminum rod which extended out of
the aluminum tube so that the author could gaggigten’s movement against a scale as shown
in Fig. 2.17. The orange flag on the end of tlequi rod aided the author in taking accurate

measurements of the stroke length.

ORANGE FLAG

» 1) ¥

Fig. 2.17. Scale used to measure stroke lengtheipiston/tube experiments

The piston/tube device was first connected diretctlhe outlet of the compressor pump. During
this experiment, with every few oscillations, thstpn was observed to wander to the far end of
the scale although it had started in a positionreviiteivas oscillating around the midpoint.
Therefore, a second test was run with the pistbe/tlevice located between the rubber tube
isolator device so that it had both a pressurevacdum applied simultaneously to either side of

the piston as shown in Fig. 2.18.
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Fig. 2.18.Piston/tube device located between the isolatoicde

Fortunately, the piston did not wander 1ly as much, but the resulting data was not quite
was expected. Similar to tiitol tube tests, the stroke lengths corresponded técalated
amount of air displacement (when multiplied by fifmatal area of the piston head) that was
toolarge to be reasonable. In fact, as shown ir 2.19, at only 1.67 Hz (1L0RPM), the strok
length was large enough to indicate 2.79 x 10~* m3 of air was being displacédccording tc
the data including backpresst, although the capacity of each of the compressorgpcylinders

was only1.66 x 10™* m3.
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Fig. 2.19. Piston/tube experimental data on sttekgth

The unreasonably large volumes calculated fromekjgeriment are easily attributed to error due
to the inertia of the piston which would tend tdigate longer stroke lengths than actually
realized. Unfortunately, there were no other méshknown by the author to account for this
effect, and after many attempts to calculate theelocity directly, the author had to result to
theoretical equations rather than experiments.|éd&gg compressibility effects and any
dampening effects by the rubber tube isolator dsjithe maximum stroke length,,,,, was

finally found by dividing the volume of air displed by each piston in the compressor pump by
the combined frontal area of all the tubes in theetbank to yield a maximum stroke length

(assuming plug flow) of 1.41 m.

2.2.1. ERROR MINIMIZATION

Baseline tests were performed at each oscillateguency with the heater element
turned off. Any external heat loads that were ol during these tests should be thought of as
merely a byproduct of increasing the frequency @mitributing additional friction effects. As

shown in Fig. 2.20, these external heat load doutiion loads were minimal, especially when
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compared to the external heat loads that were présfore the modifications to the test apparatus
were made. Every method, within reason, has begrioged to minimize these heat inputs. For
instance, the heat exchanger is moved further drgay the compressor pump heat sink, the air
that cycles in the compressor pump is separate fihenair in the heat exchanger due to the rubber
tube isolator devices, a plastic thermal breakdsted between the heater section and the air
plenum chamber, and a fan is used to blow ambientar the test apparatus. All of these efforts
resulted in dramatic improvements in accuracy efdata. When comparing the maximum
temperature rise of the cold side air, the tempeeatse was less than 0.5 °C over 420 seconds in

the present experiment whereas it was formerly@ 0ver the same amount of time.

40
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= o
| Cold Sicie Air—"7
26 (after Improvements) Qutlet Water |
| (after Ir1provementsN
24 7 Inlet Water
Inlet Water (after Improvements)
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20
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Time (s)

Fig. 2.20. External heat input effects on fluid paratures during startup
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Uncertaintyof the thermocouples in Fig.20 was only #1.2 °C for the hot and coldide air
thermocouplesThe thermocouples measuring water had sliclower uncertainties of + 0.10 °

and = 0.13 °C for the hot and cold water thermodesjespectively

2.2.2.UNCERTAINTIES IN RESULT:

When analyzing values from traw data sampled at 1000 Hz in Fig. 2.2tanbe seen
that the cold air temperature (and likewise, thediotemperature, although not shown) hi
logical correlation with the pressure drop acréssttibe bundle and the position of the pistor
the compressor pumglo clarify, tachoreter voltage doesot correlate with either of the sca
on the y-axes of Fig. 2.Zince i simply serves the purpose of indicating when tis¢opiin one
of the compressor pump cylinders reaches its tag denter (TDC) position, and thus,
movementeases momentari The tachometer data indicatestep function increase when-

reflective sticker passes by the optical sensdn wgtch rotation of thpulley.
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Fig. 2.21 Three cycles of raw temperature and pressureatdad:
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In Fig. 2.21, the cold air temperature curve damsaollow a perfect sinusoidal shape, however,
this can easily be explained by the location oftttermocouple relative to the air stream since the
thermocouple junction is somewhat shielded in &pbon the cold-side end cap of the heat
exchanger. The cold air thermocouple receivesst loif cold air as air leaves the tube bundle, but
is insulated from the stronger blast of air uperréturn from the compressor pump cylinder. The
maximum and minimum values on the cold air tempeeaturve follow the peaks on the pressure
and tachometer curves, as expected. Thermocoupleveas too small to be shown in Fig. 2.21
with error bars since it was onlyk2 °C for the hot and cold air thermocouples. Pressensor
error was also too small to be shown on Fig. 2i2desit was only + 0.5% maximum.

As noted previously, the piezoelectric pressuaagducer was only used to determine the
oscillation frequency rather than used for presdata. This was due to the pressure drop data

being outside of the display range as it exceed@d kPa as indicated in Fig. 2.22.
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Fig. 2.22. One cycle of pressure drop data
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While Fig. 2.22 clearly indicates the time takendach cycle, it does not provide any information
on the relative amplitudes of the pressure dropesthe only complete set of pressure drop data is
at the lowest frequency when the pressure dropttarg] the turbulent effects of the air were not
as large.

The uncertainties in the results of this researete evaluated using a steady-state
method detailed by R. J. Moffat to determine therall uncertainty [22]. As an example of
Moffat's method, the overall uncertainty in the tigansferred to the wate, will be calculated.

Q is defined as:

0= V ey (Tw — Tew)
p

(7)

whereV is the volumetric flow rate of water, the isobaric specific heat of waté,,, the hot

water temperaturdy ,, the cold water temperature, amdhe density of water. All temperature
data in the present experiment have been shiftert dpwn according to the calibration error
determined from an ice bath test. The remainiegipion error is accounted for by using

Moffat’s formula in (8) [22]. The steady-stateatdve error in the calculation @f is as follows,
where the numerator is the precision error andlér®@minator is the maximum value of measured

variable [22]:

1
. L2 2 2\2
5 {(5_V> +<5T’W> +(5TC'W> } ®)
Q %4 Th,w Tc,w

whered indicates a finite change in the following variblin the experiment;, ,, was found by

adding the temperature given by the differentiakrtocouple to the inlet water temperature value,
T, . Which is already accounted for in (8). TherefdheT), ,, in (8) will be replaced with the
precision error and maximum values recorded bylifierential thermocouple measuring the
temperature difference between the inlet and owidgér flows. The overall uncertainty in the

heat transferred to the water is calculated aevial![22]:
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3 2
) 2.7 x 1077 °C\ 2 °C\ 2
6Q N (0.10 C) N (0.13 C) (9)
38 °C 27 °C

Q 1.1 % 10-5

SEINE

which yields a relative error of up to + 340, or 2.5% ofQ whenQ is at the maximum tested heat
rate of 202 W. Note that the error in fluid proges that were referenced in the Engineering
Equation Solver are considered to be negligiblé wespect to the variations in the measured data
and do not appear in (8) and (9). For a sampteeoEngineering Equation Solver code used in

this analysis, refer to Appendix A.

2.3. PROCEDURE FOR ANALYSIS

Two types of analyses are performed on the dadanansional and nondimensional
approach. In the dimensional approach, correlatfonthe overall heat transfer coefficients are
reported; however, heat transfer data from ostitlaiow experiments are more useful for
comparison to other data when in terms of nondiiogias parameters. When data are presented
in nondimensional form, a scaling and similaritpgedure will still need to occur before the data

from the present experiment can be applied to dtbat exchangers.

2.3.1. DIMENSIONAL APPROACH

The approach for determining the heat transfeffictents was divided into three steps
by necessity since there is no fully-encompassiggrahm for this process. The overall heat
transfer coefficient was determined first, followyglthe outside heat transfer coefficient, so that
the inside heat transfer coefficient could be iemdn (10) provided that all other symbols are
known. The overall heat transfer coefficietit,is defined as:

1 l 1

Uzl/(h_o+ﬁ+h_i) (10)

whereh, is the heat transfer coefficient at the steelaater interfacel the tube wall thickness,
k., the stainless steel tube wall conductivity, anthe heat transfer coefficient at the steel and air

interface.
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The analytical method used to solve for the ovéradit transfer coefficient involved

Newton’s law of cooling to solve for the overalldbéransfer coefficient/:

Q =UAg AT, (11)
where( is the total heat rate transferred through the talls to the water,,,4 the average heat

transfer area of the tube bank, af,, the log mean temperature difference defined ak [23

"™ 7 In(AT,/AT,) (12)

where for counterflowdT; andAT, are defined by [23]:
ATI = Th,a - Th,w (13)
AT, =Teq — Tew (14)

where the subscripts andc denote the hot and cold fluid temperatures, rdsmdg. This
approach was based on the assumption of constdatstemperature along the length of the
tubes. The heat rate value in (11) was deterntimée the heat rate gain by the wa@y, since
this is the value that represents the heat thaamsferred through all of the thermal barriersvaimo
in Fig. 1.3.

Research by W. A. Khaat al. provided a helpful coefficient to modify the stand

Nusselt number equation shown in (15) in ordeirtd the outside heat transfer coefficient [24]:

h, d
Nu, = ‘;( 2 = C Rel/2 pri/3 (15)
w

whereNu, is the Nusselt number for the outside of the todoek,h, the outside heat transfer
coefficient,d, the outside diameter of the tubes in the tube bigplkthe thermal conductivity of
the waterRe the Reynolds number of the water which is defiime®), Pr the Prandlt number of
the water, and’ a coefficient determined experimentally by Krehial. for staggered tube banks
[24]:

- 0.61 St().09lsl().053 (16)
[1—2 exp(—1.09 S))]
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wheres; is the transverse distance between tubes in beeliank and; the longitudinal distance
between tubes in the tube bank. Klehal. assures that (16) is valid for a dimensionless
longitudinal pitch within the bounds of 1.85X; < 3, and a dimensionless transverse pitch within
the bounds of 1.05 X, < 3 [24]. For the present experimek,is within these bounds at a value
of 2.74; howeverX, slightly exceeds these bounds at a value of 24p [Due to the minor
differences in these tested parameters, kdhah's coefficient will still be considered valid for

the present experiment. The last value that resnamsolved from (10) is the inside heat transfer
coefficient,h;, however, all other symbols in this equation hiawvewn values, so (10) is simply

rearranged to solve far.

2.3.2. NONDIMENSIONAL APPROACH

The development of a Nusselt number correlatiorifferoverall heat transfer coefficient
in a Stirling engine heat exchanger was out offresiiace it would involve too many independent
variables and many questions would arise on whetigain geometrical properties of the heat
exchanger could adequately represent the heat egehas a whole. The most useful form of the
outcomes from the present experiment is thoughetthe correlation between the Nusselt number
for the oscillating airNu;, and various other nondimensional parameters asidkeynolds
numbers. There are few Nusselt numbers that asepted for oscillating air flow, whereas there
are numerous correlations for the Nusselt numbethf unidirectional water flow over tube
banks that can be combined with the present regufisd the overall heat transfer coefficient
[24], [6]. Therefore, only the correlation for theisselt number for oscillating air will be
presented here and readers are recommended taaedésearch performed by Khatral. to find
the particular correlation for other modes of heatsfer they may have in their heat exchanger
[24].

Most results from research on oscillating flows @eorted in nondimensional
parameters. Therefore, in an attempt to do theesthe Nusselt number for air will be presented
in terms of the nondimensional parameter(s) forclit is shown to be the strongest function. In

general, the Nusselt number is defined as:
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h; d
= — 17
Nu " (17)

where, in the case of ai; is the inside heat transfer coefficieditthe inner tube diameter, akd
the thermal conductivity of air. The Nusselt numipeoscillating flow is generally a function of
the standard Reynolds number and the kinetic Regnuimber, where the kinetic number is
defined in (3) and should only include air propestand the diameter of the inside of the tubes.
The standard Reynolds number is defined in a unieayefor oscillating flow by F. de Montet

al. by [6]:

_m dhyd

Re = _Af p (18)

whereAy is the frontal, free-flow area inside the tube diiepu the dynamic viscosity of aid,

the hydraulic diameter defined by [6]:

4Af L
dnya = A4 (19)
i

and m is the average mass flow rate of air which is egimnated by:
Th=puds (20)

wherep is the density of air and the velocity of air. Due to the previously mental
complications with obtaining direct measurementtheftime-varying mass flow rate and velocity
of air (as detailed in Chapter 2.2), the velocitynio was defined simply by:

2fV
YA (21)

wheref is the oscillatory frequency anid the volume of air displaced by the piston in the

compressor pump.

2.3.3. PROCEDURE FOR COMPARISON TO OTHER METHODS
Only the values for inside heat transfer coeffitsemill be compared to other research
since no other results or correlations have beesemted in other research for heat exchangers

that resemble the heat exchanger in the presestiexgnt. The method that will be used for
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comparison is based on a correlation determinedraxpntally by Zhao and Cheng [10]. In their
experiment, they developed a correlation for a efine averaged Nusselt number for laminar,
oscillating flow which is intended to emphasize gneater role played by the kinetic Reynolds
number with respect to the dimensionless osciltasimplitude in their Nusselt number formulas
[10]. Zhao and Cheng defined the space-cycle geer&lusselt number as [10]:

qw d;

Nu=—22"t
k(TW - m)

(22)

whereTy, is the tube wall temperaturg,, the mean temperature of the working fluid, gydthe

rate of heat flux through the wall. In the presesearch, however, (22) could not be used
because the tube wall temperatures were not attle tbeasured. To compare Zhao and Cheng'’s
correlation to the present results, the preser ddt be arranged in a form similar to Zhao and
Cheng'’s equation for the Nusselt number of air Whécscaled down by the dimensionless

oscillation amplitude raised to the power of 0.86][
Nu/A%85 = 0.02 Re2583 (23)

whereRe,, is the kinetic Reynolds number defined previousl{3) andA4,, the dimensionless

oscillation amplitude defined in (5) [10].
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Chapter 3: RESULTS

All data presented in this section were obtaineden steady-state conditions. Steady
state was defined as the point when the most Vartamperature—the hot air temperature— did
not change by more than = 1.0 °C over a time pesifotl minutes as viewed on the LabVIEW
virtual instrument display within the limits of thi#splay rate of 1 Hz. The display rate of 1 Hz

should not be mistaken for the data sampling rédiielwwas 1000 Hz. Steady state was typically

reached within 45 minutes after a cold start, beddy state was usually reached within 20

minutes for every test thereafter.

3.1. TEMPERATURES

On the basis of temperatures, the gap betweehmathend cold side air temperatures is

shown to close at an exponentially increasing aatthe oscillation frequency increases from 6.0

to 19.3 Hz, as shown in Fig. 3.1.
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Fig. 3.1. Three cycles of raw data for air tempges at various oscillation frequencies
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Once again, error bars are not shown on Fig. 3eltalthe extremely low uncertainties ol 2 °C
for the hot and cold side air thermocouples. Aapfhrature of Fig. 3.1 is the definition of cooling
and heating half-cycles as the air is pulsed badkfarth over the hot and cold side

thermocouples. Three distinct cycles are visiblEig. 3.1.

3.2. HEAT TRANSFER COEFFICIENTS
The featured result from the present researdtei®verall heat transfer coefficient as a
function of oscillation frequency. While the freepcy increases from 6.0 to 19.3 Hz in Fig. 3.2,

the overall heat transfer coefficient increase®sdingly with a power law fit from 21.5 to 46.1

Wm2? K™t
__ 60
; Heat Rate = 158 W, Heat Rate = 162 W, T
E 50
2
|5
5 40 i
i
O 30 /T‘::’ -
B '..'1//" -7
“(7) ,f/ -+
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£ 20
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% Heat Rate = 134 W
c=£ 10
(O]
>
O
0 T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20 22
Oscillation Frequency (Hz)

Fig. 3.2. Overall heat transfer coefficients asrcfion of oscillation frequency

Fig. 3.2 also indicates that the overall heat fiemsoefficient is independent of the input hedtra

as it should. In general, heat transfer coeffilsenust be able to be presented independent of heat
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rate and surface area for heat transfer. The higlerall heat transfer coefficient at high
oscillation rates is most likely the cause of tbédnd cold air temperatures approaching each
other in Fig. 3.1. The relatively low water floate of 0.00%g s~* (which is held constant in

Fig. 3.2) tends to increase the overall heat teangfefficient values by allowing the water more
time to pick up additional heat to carry away frra system. A low water flow rate is also
important to this research because air is lessiefffi at transferring heat, and by slowing down the
rate of water flow, the air is able to transfeaggker amount of heat to a given mass of water
flowing through the heat exchanger.

Table 3.1 shows that the overall heat transfeffictents increase as a function of
increasing oscillation frequency—mainly due to itteide heat transfer coefficient. In fact, the
outside heat transfer coefficient should be inddpahof oscillation frequency (since the outside
of heat exchange tubes are not in contact withsaillating fluid). The variation ik, values in
Table 3.1 is attributed to the variation in watmperatures at different frequencies which has a
small effect on fluid properties of the water. Thmimum and maximum value of the heat

transfer coefficients across all heat rates arg/shn Table 3.1.

Table 3.1. Heat transfer coefficients at variouslagion frequencies

U h; h,
(Wm™2K™) (Wm™2K™1) (Wm2K™1)
f = 6.0 Hz 24.5-28.7 25.7-30.4
f=93Hz 29.8-36.6 31.7-39.5
f=12.7Hz 32.2-40.5 34.5-44.1 768-787
f =16.0Hz 38.5-44.7 41.7-49.2
f=19.3Hz 37.1-44.9 40.1-49.3
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The value of the overall heat transfer coefficiendl inside heat transfer coefficient are nearly the
same, but the inside heat transfer coefficienteiases slightly more with increasing oscillation
frequencies. The outside heat transfer coeffidgemuch larger than the others due to the greater
efficiency of heat transfer at the water and tuladl imterface when compared to the air and tube
wall interface.

From the data in Table 3.1, it might appear thatihside heat transfer coefficient has
reached a point of saturation or perhaps an optifnequency for heat transfer since the inside
heat transfer coefficient ranged from 41.7 to 48.26.0 Hz and from 40.1 to 49.3 at 19.3 Hz.
Thus, the average inside heat transfer coefficiers higher at 16.0 Hz than at 19.3 Hz. However,
upon further inspection of this effect in Fig. 38 slight differences in the inside heat transfer
coefficient values become less significant whersaering the + 11% bounds of error on the

inside heat transfer coefficient value.
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Fig. 3.3. Inside heat transfer coefficients asrefion of oscillation frequency
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Furthermore, most of the curves in Fig. 3.3 indidhatt the inside heat transfer coefficients are
slowly approaching a plateau and that neither @atbn point nor optimized frequency has been
reached in this range with enough certainty todreclusive.

As another check on the data, the heat transfdfideats are presented in terms of their

inverses, or thermal resistances. The overabtasie of the heat exchanger is defined as:

Roverall = Ri,conv + Rcond + Ro,conv (24)

and can be calculated using:

1

Roveran = W (25)
av
1
Ri,conv = ﬁ (26)
i av
l
Reona = Ky A (27)
av
1
Ro,conv = W (28)
o Aav

whereR ,,0-q; iS the overall thermal resistandg,.,,,, the convection resistance on the inside of
the tubes,R,,4 the conduction resistance through the tuligs,,,, the convection resistance on
the outside of the tubes, the overall heat transfer coefficient,the inside heat transfer
coefficient,h, the outside heat transfer coefficielt,the tube wall thicknesg,, the thermal
conductivity of the tube wall, andl,,,;, the average heat transfer area. Using (24)-(28),

thermal resistance values are shown in Table 3r?)@verage values of the heat transfer

coefficients.
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Table 3.2. Thermal resistance values

Roverqu (KW™H) 0.42
Ricony (KW™T) 0.39
Reona (KW™H) 43x107*
Ry cony (KW™H) 1.9 x 1072

Table 3.2 shows that the largest contributor tooWerall thermal resistance is the convection
thermal resistance on the inside of the tubes. thdéemal resistance on the outside of the tubes is
only 5% of the total thermal resistance while therial resistance by conduction through the
tubes is less than 1% of the total thermal rest&taThe differences between these thermal

resistances are further emphasized in Fig. 3.4.
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Fig. 3.4. Thermal resistances as a function ofueagy
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As shown in Fig. 3.4, the overall thermal resiseaand thermal resistance of the inside of the

tubes are nearly the same and decrease as thatastifrequency increases from 6.0 to 19.3 Hz.

3.3. CORRELATIONS IN TERMS OF NONDIMENSIONAL PARAMEERS

In general, the Nusselt number for oscillatingflaw is commonly thought to be
influenced by the Reynolds numb@&g, and the kinetic Reynolds number parameRey,, as
reported in works by Tang and Cheng, Boueteal., and N. Chen and F. Griffin [11], [15], [4].
From a statistical analysis of nonlinear fits adsh parameters to the:; values, it was found that
only one of these parameters was necessary taisutfy explain the variance in the Nusselt
number.

In order to determine correlations for the Nussalnber, three suspect nondimensional
parameters were initially involved in a factor assid. These nondimensional parameters were:
Re, Re,,, andPr for air. The corresponding values for these nawdisional parameters were
entered into STATISTICA (a powerful statistical &sis software program) to determine the
eigenvalues for the four factors (includiNg) using the method of principal components to
extract the nondimensional parameters that acdoutiie most variance in the dependent
variable,Nu [25]. By using principal components, the totaliahility in a component is
considered in the analysis (rather than using thdywariability in one component which is
common to other components) [25]. By inspectiorigénvalues obtained by this method and
their relation to the percent of total varianceyds found that if only the first two factors were
extracted Fu andRe,) they would account for 95% of the cumulative aade [25]. If the
additional factorRe, was also extracted, it would correspond to justen 5% of the remaining
cumulative variance, leaving the contributionPafto the cumulative variance negligible [25].
The decision on the number of factors to extraet ihe discretion of the author, but one criterion
that will be used, the scree test, has been pritwengh practice [25]. In the scree test, the

eigenvalues are plotted as a function of the varfaators considered in the analysis [25]. Factors
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to the right of the interval where the curve levetssharply are eliminated [25]. This can be seen

with eigenvalues for the nondimensional parametershown in Fig. 3.5.

3.5
¢ Nu

2.5

15

Eigenvalue

05 AL
* Pr

Factor

Fig. 3.5. Scree plot of eigenvalues

Fig. 3.5 suggests that only factorMy, and factor 2Re,,, should be extracted for the
subsequent analysis singe borders the region at which random error take®eersignificant
effect on the data [25]. STATISTICA is then usedtorrelate the Nusselt number in terms of a
power equation which yielded the best least-squiiiresth the kinetic Reynolds number. This

correlation is presented in (29):
Nu; = 0.70 Re,,**” (29)

whereNu; is the Nusselt number on the inside of the tuligsnerally, the Nusselt number is
presented in terms of multiple nondimensional patens such as bofte andRe,,, but in the
present research, bolle andRe,, show equally-strong correlations withu to the point where
the extraction of an additional parameter for (@8¢s not yield appreciable improvement to the
correlation. This is due to the fact that dataesd into both of the variabl&e andRe,, were

derived from the same sources. For instance, dpeiction of (18)—(21), it can be seen that the
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only directly-measured data from the present expeni that factored into the calculationR#

andRe, was the oscillation frequency. All other variabie these equations were based on either

the measured oscillation frequency, or on fluidgemies determined with Engineering Equation

Software at the corresponding, measured air terhpes

The correlation betweelu; andRe,, in (29) can be viewed in Fig. 3.6.

Nu;
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Nu, = 0.70 Rg047
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o
L J
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Fig. 3.6. Correlation between Nusselt and Reynpidabers

The correlation presented in (29) demonstrates-agured valueR?, of 0.78 and a standard

error,o, of 0.18 based on the regression. As a refereéheanost accurate correlation would yield

a standard error of 0 and R-squared value of 1 [NGte that these values were found using data

from 35 tests with 1 independent variable and leddpnt variable. Fig. 3.7 shows the measured

Nusselt number compared to the predicted Nussetbeu from an analysis performed in

STATISTICA.
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The 50% and 95% confidence bands in Fig. 3.7 reptdhe confidence intervals of the predicted

(rather than measured) values.

3.4. COMPARISON TO OTHER METHODS

In order to compare the present data to Zhao amth@# correlation for the space-time
averaged Nusselt number in turbulent and periolgicalersing air flow, the present data need to
be adapted into the form of Zhao and Cheng’s caticel in (23) [10]. The data obtained are

plotted in Fig. 3.8.
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Fig. 3.8. Comparison of present data to data delteby Zhao and Cheng [10]

Fig. 3.8 indicates that the present data have fiiceat that is significantly less than the
coefficient obtained by Zhao and Cheng [10]. Tait is due to the extremely high valuedyf

for the present data which was 1129 when comparttddkao and Cheng’a,, values which
ranged from 8 to 35 (although Fig. 3.8 only shoatdbtained at,=34.9) [10]. The exponent
of 0.58 on the kinetic Reynolds number of Zhao @heéng’s data is also higher than the 0.45
exponent on the present data; however the val@escemparable [10]. The differences in the
trend lines between data sets may be due to méfeyedices in the geometry and physical setup
of the experiments. For instance, Zhao and Chemgisriments were performed on a single,
externally heated pipe with laminar air flow whes¢le present experiment involves heat transfer
in the opposite direction (from the air to the tuiedls) [10]. As noted previously, the flow
regime in the present experiment is transitional tnbulent which should have the effect of

increasing the Nusselt number on the inside ohtat exchange tubes since the Nusselt number
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is proportional to the inside heat transfer coaffit. However, this is not the case as shown in
Fig. 3.8 and leads to some uncertainty in whethedefinition ofd,, in (5) is appropriate for the
present experiment. Without further studies, tifiece of flow regime on the differences between

the two experiments cannot be determined.
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Chapter 4: CONCLUSIONS

This research contributes additional experimeadigd to the under-researched field of
oscillatory flow heat exchange in Stirling engirmlers. A method of determining the inside,
outside, and overall heat transfer coefficienfgresented which yields results with reasonable
trends. The outside heat transfer coefficientevieund to be significantly higher than the inside
heat transfer coefficients, ranging from 768 to ¥8m~2 K~1, while the inside heat transfer
coefficients ranged from 26 to 48 m~2 K~1. This study also details the design and developme
of a heat exchanger test apparatus as well agfdaiee measures taken to minimize external
heat inputs and the impacts of electrical nois¢éherdata.

Significant results from this study include: 1§ thverall heat transfer coefficient
increases as a function of increasing oscillatieqdiency from 21.5 to 46W m~2 K~! and is
independent of heat rate; 2) the Nusselt numbethfoinside of the tubes is a strong function of
the kinetic Reynolds number and a nondimensionaktation is provided in (29); and 3) the test
apparatus has been successful throughout its dasiydevelopment due to the minimization of
error in the data obtained.

Although there were no experimental data from siméixperiments to compare to, the
comparison between the present data and Zhao agnlgGhcorrelation is reasonable and the

differences can be easily explained by geometditdrences in the test setup [10].
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Chapter 5: FUTURE WORK

To produce the most meaningful data, various tubelle geometries should be tested
with a wider range of input heat rates. This waalldw for more opportunities to scale data
obtained from the test apparatus to Stirling erggymerently in use. From the beginning, the heat
exchanger test apparatus was designed to be attafmabsting a wide variety of coolers and
other heat exchangers, such as regeneratorstuhe fexperiments, the test apparatus may be

expanded to accommodate both a cooler and regensmthat they may be tested together.
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APPENDIX A

ENGINEERING EQUATION SOLVER CODE
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The following Engineering Equation Solver (EESyleavas used as a convenient way of
determining fluid properties at the temperatures @essures used during the experiments. Three
cycles of data sampled at 1000 Hz at each frequandyheat rate were imported into EES using
lookup tables and then averaged to yield the agecgigle temperatures. A sample of code taken

for 6 Hz (360 RPM) at a heat rate of 201 W is shawelow.

P_ambient=101.325;

"Approximate dewpoint temperature"
DP=(5/9)*(25-32)

"Geometric properties"
V_a_disp=(((pi*(65/2)"2)*50)/1e9)

d_h=0.049*0.0254

d_0=0.083*0.0254
A_avg=((97*pi*(d_0)*0.1314)+(97*pi*(d_h)*0.1314))/2
d_avg=(d_h+d_o)/2

A_in=(97*pi*(d_h)*0.1314); A_out=(97*pi*(d_0)*0.134); L=0.1314
t w=0.017*0.0254

X_max=1.406

L_d_ratio=L/d_h

d L ratio=d_h/L

A_f CR=(0.1314*1.7*0.0254)-(0.1314*11*0.0254*0.083)
A_CR=(L*1.7*0.0254)-(L*11*0.0254*0.083)
"Oscillation rate"

Period_CR_[1]=(360/60)"(-1)
Frequency_[1]=1/Period_CR_[1]

"Temperatures measured with thermocouples"
T_ca_avg_CR_[1]=avgLookup (‘T4 360", 'T_ca', 1,)494

T _ha_avg_CR_[1]=avgLookup ('T4 360", 'T_ha', 1,)494
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T a avg CR_[1]=(T_ca avg_CR _[1]+T_ha_avg CR_[1])/2
T_cw_CR_[1]=26.27

T_dw_avg_CR_[1]=avgLookup (‘T4 360, 'T_dw', 1, ¥94

T _hw_CR_[1]=T_cw_CR_[1]+abs(T_dw_avg CR_[1])

T w_avg CR_[1]=(T_cw_CR_[1]+T_hw_CR_J[1])/2

"Air Properties"

P_a avg CR_[1]=P_ambient

k_a CR_[1]=Conductivity(AirH20,T=T_a_avg_CR_[1], DP, P=14.65)
"Heat rate transferred to the water"

cp_w_CR_[1]=Cp(Water, T=T_w_avg_CR_[1],P=P_ambient)
rho_w_CR_[1]=Density(Water,T=T_w_avg_CR_[1],P=P_&mb
m_dot w_CR_[1]=(2.5e-005*rho_w_CR_[1])/11

g_w_eqlty CR_[1]=(m_dot_w_CR_[1]*cp_w_CR_[1])*(T_h®R_[1]-T_cw_CR_[1])
"Overall heat transfer coefficient"
Delta_T1[1]=(T_ha_avg_CR_[1]-T_hw_CR_[1])
Delta_T2[1]=(T_ca_avg_CR_[1]-T_cw_CR_[1])

T _Im_CR_[1]=(Delta_T1[1]-Delta_T2[1])/In(Delta_T1JDelta_T2[1])
U[1]=q_w_eqlty_CR_[1)/(A_avg* T_Im_CR_[1])

"Outside heat transfer coefficient”

x_1=0.00274

p_t=0.00316

sc_t=p_t/d_avg

sc_I=x_l/d_avg
C_Khan=(0.61*sc_t"0.091*sc_[*0.053)/(1-2*exp(-1.86*I))
mu_w_CR_[1]=Viscosity(Water, T=T_w_avg_CR_[1],P=P kéemt)
u_max[1l]=rho_w_CR_[1])/(m_dot w_CR_[1]*A_f CR)
V_max[1]=m_dot_ w_CR_[1])/(rho_w_CR_[1]*A_CR)

Re_w[1]=(rho_w_CR_[1]*d_o*V_max[1])/mu_w_CR_[1]
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Pr_w[1]=Prandtl(Water,T=T_w_avg_CR_[1],P=P_ambient)
Nuss_0[1]=C_Khan*(Re_w[1])N1/2)*(Pr_w[1])(1/3)
k_w_CR_[1]=Conductivity(Water,T=T_w_avg_CR_[1], P=ambient)
h_o[1]=(C_Khan*(Re_w[1])"(1/2)*(Pr_w[1])"(1/3)*k_WCR_[1])/d_o

"Inside heat transfer coefficient”
h_a[1]=(-1*k_w_CR_[1]*h_o[1]*U[1])/(h_o[1]*t_w*U[1}k_w_CR_[1]*(U[1]-h_o[1]));
"Comparison to method by Zhao and Cheng"

Nuss_Zhao[1]=(h_a[1]*d_h/k_a CR_[1])
rho_a_avg_CR_[1]=(Density(AirH20,T=T_ha_avg_CR_DHDP,P=P_a _avg CR_[1])+Density
(AiIrH20,T=T_ca_avg_CR_[1],D=DP,P=P_a_avg_CR_[1]))/2
mu_a_CR_[1]=((Viscosity(AirH20,T=T_ha_avg_CR_[1],DB,P=P_ambient))+(Viscosity(AirH
20,T=T_ca_avg_CR_[1],D=DP,P=P_ambient)))/2

nu_a CR_[1]=(mu_a_CR_[1])/(rho_a avg_CR_[1])

Re_omega_X_[1]=(2*pi*Frequency_[1]*d_h"2)/(nu_a_GR)
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