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Welcome to the Eight Heat Powered Cycles Conference

This is the eighth Heat Powered Cycles Conference. The first was held at Nottingham in
1997. This time the event is being co-organised by the University of Bayreuth, (Germany),
The University of Applied Sciences, Vorarlberg, (Austria), The National Institute for Space
Research, (Brazil) and The University of Bristol, (UK). The conference is to be held at the
University of Bayreuth and hosted by the Centre for Energy Technology at the University of
Bayreuth by Prof. Dieter Briiggemann, as director of the Center, and Prof, Markus
Preilinger, former executive manager of the Centre. In addition to formal presentations of
technical papers, including invited Keynote papers, the event will include poster sessions and
workshops. There will also be a full social programme for both delegates and accompanying
partners. The conference is concerned with scientific and technological innovations relating
to the efficient and economic use of heat, derived from all its sources, for the production of

cooling, heating and mechanical power either independently or co-generatively.

Center of Energy Technology at the Faculty of Engineering Science, University of Bayreuth

Subject areas of particular interest include; hybrid cycles, ORCs, Stirling cycle machines,
thermo-acoustic engines and coolers, sorption cycle refrigerators and heat pumps, jet-pump
(ejector) machines, temperature amplifiers (heat transformers), chemical heat pumps, new
working fluids, mass and heat transfer phenomena, desalination of brackish water and
seawater, compact heat exchanger research (including foams and other micro-channel
research), thermo-economics, process optimisation and modelling, process and cycle

thermodynamics.
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The seventh Heat Powered Cycles conference was co-organised by the Universities of Nottingham and Bristol. The conference was held at the
University of Nottingham and was hosted by the HVASCR & Heat Transfer Group.

2012: Alkmaar
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The fifth Heat Powered Cycles conference was hosted by the Technical University of Berlin.

2006: Newcastle

The fourth Heat Powered Cycles conference was hosted by University upon Tyne Newcastle.

Three special Issues after HPC 2018

The Organizing Committee of the Heat Powered Cycles Conference will select some
presented manuscripts, after the conference is finished, to be invited for publication in a
special issue of Applied Thermal Engineering (Elsevier), Energy (Elsevier) and Energies
(MDPI). The selection of the manuscripts will be based on their quality and presentation. The

selected manuscripts will undergo a the normal review process for those journals.


https://heatpoweredcycles.org/7th-hpc-in-Nottingham
https://heatpoweredcycles.org/6th-hpc-in-alkmaar
https://heatpoweredcycles.org/5th-hpc-in-berlin
https://heatpoweredcycles.org/4th-hpc-in-newcastle

Organizing Committee

Conference Chair

Prof. Dr.-Ing. Dieter Briiggemann

Center of Energy Technology, University of Bayreuth, Germany

Conference Co-Chair

Prof. (FH) Dr.-Ing. Markus Preif3inger

illwerke vkw Endowed Professor for Energy Efficiency, Energy Research Center, University
of Applied Sciences Vorarlberg, Austria

Review and Program Chair

Prof. Dr. Roger R. Riehl

Faculty of Thermal/Fluid Sciences and Thermal Control Specialist, National Institute for
Space Research - INPE/DMC - Brazil

Executive Committee
Prof. Dr. lan W. Eames, University of Nottingham, UK
Dr. Mike Tierney, University of Bristol, UK

Scientific Advisory Panel

Adriano Milazzo, University of Florence, Italy

Angelo Freni, CNR-ITAE, Italy

Bob Critoph, University of Warwick, UK

Brian Agnew , University of Newcastle, UK

Christian Schweiger, Munich University of Applied Sciences, Germany
Christos Markides, Imperial College, London UK

David A. Reay, David Reay & Associates, UK

David Hann, Nottingham University,UK

Francis Meunier, CANAM, Paris, France

Giovanni Restuccia, CNR-ITAE, Italy

Giulio Santori, University of Edinburgh, UK

Guangming Chen, Zhejiang University, China

Hisham Sabir, QNRF, Qatar

lan Eames, University of Nottingham, UK

Joan Carlos Bruno ,Universitat Rovira i Virgili, Spain

Larisa Gordeeva , Boreskov Institute of Catalysis

Markus Preif3inger, Vorarlberg University of Applied Sciences, Austria
Michel van der Pal, ECN, Alkmar, Netherlands

Mike Tierney, University of Bristol, UK

Philip Davies, Aston University, UK

Phillipe Blanc-Benon, Ecole Centrale de Lyon , France

Pierre Neveu, University of Perpignan, France

Rayah Al-Dadah, University of Birmingham, UK

Robert Keolian, Penn State University, USA

Roger R. Riehl , National Institute for Space Research — INPE/DMC, Brazil
Ruzhu Wang, SJTU, Shanghai, China

Steven Garrett, Penn State University, USA

Yann Bartosiewicz , University Catholique de Louvain UCL, Belgium
Yukitaka Kato, Tokyo Institute of Technology, Japan

Yuri Aristov, Boreskov Institute of Catalysis, Russia

Zacharie Tamainot-Telto , University of Warwick, UK



Summary

Keynote Lectures
HPC-2018-KEYNOTE-100: A Fission-Powered Thermoacoustic In-Core Sensor................ 13
Steven L. Garrett

HPC-2018-KEYNOTE-300: Honey, | Shrunk the Sorption Lab - Model-based Scale-up of
AdSOrption SYSLEMS = ...ccvveieicieieece e 22

S. Graf, A. Gibelhaus, U. Bau, F. Lanzerath, A. Bardow

HPC-2018-KEYNOTE-400: Mining and Upgrading Low-Grade Heat: From Infinite Potential
to Practical Reality ..o 25

Srinivas Garimella

HPC-2018-KEYNOTE-500: From cycle efficiency to physical properties - Comprehensive
analyses of ORC working fluids by theoretical and experimental
MELNOAS ... e 28

F. Heberle, T. Weith and D. Briiggemann
HPC-2018-KEYNOTE-600: Metal Organic Framework Materials for Adsorption Heat Pumps

R.K. AL-Dadah, Saad Mahmoud, Eman Hussein, Peter Youssef, Fadhel Al-Mousawi

Full Manuscripts

HPC-2018-102: Bubble Columns in Humidification Dehumidification Technology: From a
Demonstration Unit to Fundamental Research in Optical Accessible
Laboratory Bubble Columns..........cooiiiiiiiiii e, 44

M. PreiBinger
HPC-2018-103: Iron(I11) Trimesate (MIL-100(Fe)) in Adsorption Desalination ................... 51
Eman Elsayed, Raya AL-Dadah, Saad Mahmoud, Paul Anderson, Ashraf Hassan

HPC-2018-201: The effects of graphite flake on specific cooling power of sorption chillers:
AN experimental STUAY ........coovviiiie e 59

H. Bahrehmand, M. Khajehpour, W. Huttema, C. McCague and M. Bahrami

HPC-2018-204: The Influence of Heat Input Ratio on Electrical Power Output of a Dual-Core
Travelling-Wave ThermoacoustiC ENgiNe .........ccccovvieiine i 67

Wigdan Kisha, Paul H. Riley, Jon McKechnie, David Hann
HPC-2018-205: Experimental and Numerical Study of the Thermal Performance of Water-

Stainless Steel Heat Pipes Operating in Mid- Level Temperature ............... 75
Silva, Débora de O., Riehl, Roger R.
HPC-2018-207: CO selective methanation for PEMFC applications...........c.cccecvevviierivenenne 83

P. Garbis, C. Kern and A. Jess

HPC-2018-209: On the Thermal Cyclic Precipitation of Aqueous Solutions for Osmotic Heat
POWEIEA CYCIES. ....cvveieceiiceee ettt 91



Francisco J Arias, Salvador de las Heras
HPC-2018-210: Deliberate Salinization of Domestic Wastewater in_ Housing Estates for

Francisco J Arias, Salvador de las Heras
HPC-2018-211: A novel hybrid dew point cooling system for mobile applications............. 104
Mark. Worall, Adam. Dicken, Mahmoud. Shatat, Sam. Gledhill, Saffa. Riffat

P. Cheppudira Thimmaiah, A. Fradin, W. Huttema and M. Bahrami

HPC-2018-303: "LiCl/vermiculite — methanol" as the new working pair for adsorption cycle
“HeCol” for upgrading the ambient heat .............cooeiiiiiiiiiiicee, 120

A.D. Grekova, L.G. Gordeeva and Yu.l. Aristov

HPC-2018-304: Get your tubes wet: capillary-assisted thin-film evaporation of water for
adSOrption CHIIErS .........coieee e 127

J. Seiler, F. Lanzerath, C. Jansen and A. Bardow

HPC-2018-305: Analytical Investigation of Zeolite-NaY-Water for Sorption Heat and Cold
Storage Utilizing High Temperature Heat ............ccccooovevenieneencnie e 136

K. GeilfuR and B. Dawoud

HPC-2018-306: Effect of Conductive Additives on Performance of CaCl,-Silica Gel Sorbent
IMTAERTHAUS ..ottt e e e et e e e e e e e 146

M. Khajehpour, C. McCague, S. Shokoya and M. Bahrami

HPC-2018-307: An innovative solid-gas chemisorption heat transformer system with a large
temperature lift for high-efficiency energy upgrade.............ccoovvveiviiennenn, 153

S. Wu, T.X. Li, T. Yan, R.Z. Wang

HPC-2018-308: Comparison of Storage Density and Efficiency for Cascading Adsorption
Heat Storage and Sorption assisted Water Storage..........coccevvevveiveiecienen, 161

Matthias S. Treier, Aditya Desai and Ferdinand P. Schmidt

HPC-2018-309: Design and control of adsorption cooling systems based on dynamic
(0] 01T 0 1= U1 o] o ISR 169

A. Gibelhaus, T. Tangkrachang, U. Bau, F. Lanzerath and A. Bardow
HPC-2018-310: Early Design of a Magnetic Mover for Adsorbents ...........cccocvvveveiiennenn, 177
M. J. Tierney, J. Yon

HPC-2018-311: Squaring the circle in drying high-humidity air by a novel composite sorbent
with high uptake and low pressure-drop........cccccccveevveiie e, 184

Meltem Erdogan, Claire McCague, Stefan Graf, Majid Bahrami, and André Bardow
HPC-2018-312: Lab-scale sorption chiller comparison of FAM-Z02 coating and pellets....190
C. McCague, W. Huttema, A. Fradin, and M. Bahrami

HPC-2018-313: A new generation of hybrid adsorption washer dryers............cccocevereennenn. 196



J. Cranston, A. Askalany, G. Santori

HPC-2018-314: Formulation influence on the preparation of silica nanoparticle-based
TONOGEIS ... e 204

Hongsheng Dong, Ahmed A. Askalany and Giulio Santori

HPC-2018-315: Heat rejection stage of an adsorption heat storage cycle: The useful heat and
SOFPLION AYNAMICS ...vvivieieeie et reenne e 212

V. Palomba, A. Sapienza and Y.Aristov
HPC-2018-317: Adsorptive heat transformation/storage: temperature-vs. pressure-initiated

Yu.l. Aristov
HPC-2018-319: Database of Sorption Materials Equilibrium Properties.............ccccocveeneen. 227
Zhiyao Yang, Kyle R. Gluesenkamp, and Andrea Frazzica

HPC-2018-320: Overview and step forward on SAPO-34 based zeolite coatings for
adsorption heat PUMPS .......cvviiiiiee e 236

L. Calabrese, L. Bonaccorsi, A. Freni, P. Bruzzaniti, E. Proverbio

HPC-2018-321: Effects of storage period on the performance of salt composite sorption
thermal energy STOTage ........ccoveiiriiieiere e 243

M. Rouhani, W. Huttema, C. McCague, M. Khajehpour and M. Bahrami

HPC-2018-323: Experimental investigation of a novel absorption heat pump with organic
WOFKING PAITS ..ottt et esreebeenneereas 249

P. Chatzitakis, B. Dawoud, J. Safarov and F. Opferkuch
HPC-2018-324: Silica Gel microfibres by electrospinning for adsorption heat pumps. ....... 257
A. Freni, L. Calabrese, A. Malara, P. Frontera and L. Bonaccorsi

HPC-2018-325: Air-channel composite desiccant for northern climate humidity recovery
VENTHATION SYSTEM ...t 263

E. Cerrah, C. McCague, M. Bahrami

HPC-2018-326: Influence of the fluid dynamics on an air-cooled fixed-bed adsorber with
connected Water VAPOTrator .........cccuveieeiieciie e 271

M. Jager, K. Hurtig, R. Kiihn and J. Romer

HPC-2018-328: Experimental proof of concept for a water/LiBr single stage absorption heat
conversion system as a house connection Station ............cc.ccceevevvereseennnn. 280

S. Huntl, S. Petersen, F. Zieglerand C. Hennrich

HPC-2018-329: Temperature- vs. Pressure-Initiated Cycles for Upgrading Low Temperature
Heat: Dynamic COmMPAriSON........c.cccveiiuieiieiieeiiesreeseesreesree e sree e 287

I. Girnik and Yu. Aristov

HPC-2018-330: Adsorption heat transformation: applicability for various climatic regions of
the RUSSIAN FEAEIAtiON .........ccvviiiiiicece e 295

A.D. Grekova, L.G. Gordeeva, A. Sapienza and Yu.l Aristov



HPC-2018-331: Design of a Gas-Fired Carbon-Ammonia Adsorption Heat Pump.............. 304
A. M. Rivero Pacho, S. J. Metcalf, R. E. Critoph, H. Ahmed
HPC-2018-334: High temperature heat and water recovery in steam injected gas turbines

using an open absorption heat PUMP.......cccocoviieii i 312
Annelies Vandersickel, Wolf G. Wedel, Hartmut Spliethoff
HPC-2018-335: Methanol and its Sorption Heat Pump and Refrigeration Potential ............ 319

S. Hinmers, R.E. Critoph

HPC-2018-400: Optimal design and control of a low-temperature geothermally-fed parallel
(O | o] g | SR 328

Sarah Van Erdeweghe, Johan Van Bael, Ben Laenen and William D haeseleer

HPC-2018-401: A Study on Optimum Discharge Pressure of Transcritical CO, Heat Pump
System under Different Ambient Temperatures and Compressor Frequencies

Xiang Qin, Xinli Wei, Dongwei Zhang and Xiangrui Meng

HPC-2018-402: Numerical analysis for dehydration and hydration of calcium hydroxide and
calcium oxide in a packed bed reactor............cccevvveveiiene e, 344

S. Funayama, M. Zamengo, H. Takasu, K. Fujioka, and Y. Kato

HPC-2018-403: Development of a low-cost, electricity-generating Rankine cycle, alcohol-
fuelled cooking stove for rural COMMUNITIES ........ccoeiiiiiiiiiiee, 350

Wigdan Kisha, Paul H.Riley and David Hann

HPC-2018-405: A Micro-Turbine-Generator-Construction-Kit (MTG-c-kit) for Small-Scale
Waste Heat Recovery ORC-PIants ...........cccooeiieiiiie i 358

A. P. WeiB, T. Popp, G. Zinn, M. PreiRlinger and D. Briiggemann
HPC-2018-407: Real-time operational optimization of a complex district heating and cooling

PLANT. ... 365
L. Urbanucci, D. Testi and J. C. Bruno
HPC-2018-408: Thermodynamic analysis of S-CO; cycle for coal-fired plant.................... 373

Yawen Zheng, Jinliang Xu, Lei Lei

HPC-2018-409: Pumped Thermal Energy Storage (PTES) as Smart Sector-Coupling
Technology for Heat and EIECEIiCItY..........ccoevviveiie i, 381

W.-D. Steinmann, H. Jockenhofer and D. Bauer

HPC-2018-410: A theoretical approach to identify optimal replacement fluids for existing
vapour compression refrigeration systems and heat pumps .............ccccoe.... 389

D. Roskosch, V. Venzik and B. Atakan

HPC-2018-412: Experimental Results of a 1 kW Heat Transformation Demonstrator based on
2 Gas-SOlid REACHION.........cciieiieecie e 397

J. Stengler, E. Fischer, J. Weiss and M. Linder

HPC-2018-413: A study on optimizing of pure working fluids in Organic Rankine Cycle
(ORC) for different low grade heat reCOVery.........ccvvveveiieereeresie e 404



Rong He, Xinling Ma, Xinli Wei, Hui Li

HPC-2018-416: Numerical analysis of a heat pump based on combined thermodynamic
cycles using ASPEN pluS SOFtWANE .........cocviieiieniiie e 411

Mohammed Ridha Jawad Al-Tameemi,Youcai Liang and Zhibin Yu

HPC-2018-417: Latent heat storage for direct integration in the refrigerant cycle of an air
CONAItIONING SYSTEM ... 419

T. Korth, F. Loistl, A. Storch, R. Schex, A. Krénauer and C. Schweigler

HPC-2018-418: Detailed exergetic analysis of a packed bed thermal energy storage unit in
combination with an Organic Rankine Cycle .........cccccevvviiniinieiieiienen, 427

A. Kbnig-Haagen and D. Briggemann
HPC-2018-419: Novel High Temperature Steam Transfer PIpes........cccocvvvrinineniinineniene, 435
M. J. Tierney, M. Pavier, P Flewitt

HPC-2018-421: Technical and thermodynamic evaluation of hybrid binary cycles with
geothermal energy and DiOmMasS...........cocvevviiieieeie e, 443

D. Toselli, F. Heberle and D. Briggemann
HPC-2018-422: Experimental Analysis of a Regenerative Organic Rankine Cycle using

Zeotropic Working Fluid BIENS ...........ccocoiiiiiiiiieecee e 451
Peter Collings, Andrew McKeown and Zhibin Yu
HPC-2018-423: Experimental Results from R245fa Ejector Chiller ...........c.ccocvviiiiennn, 459

J. Mahmoudian, A. Milazzo, |. Murmanskii, A. Rocchetti

HPC-2018-424: Adapting the MgO-CO, working pair for thermochemical energy storage by
dopPiNG WIth SAIES .....c..ecviiiece e 467

A. I. Shkatulov, S. T. Kim, Y. Kato, Yu. I. Aristov
HPC-2018-425: Effect of the apex gap size on the performance of a small scale Wankel

EXPANUET ...ttt 475
G. Tozer, R. Al-Dadah, S. Mahmoud
HPC-2018-427: Water Mixtures as Working Fluids in Organic Rankine Cycles................. 483

P. Bombarda, G. Di Marcoberardino, C. Invernizzi, P. lora and G. Manzolini

HPC-2018-428: Constant power production with an organic Rankine cycle from a fluctuating
waste heat source by using thermal storage..........ccccccevveiveeiie e s, 492

K. Couvreur, J. Timmerman, W. Beyne, S. Gusev, M. De Paepe, W.D. Steinmann, and B.
Vanslambrouck

HPC-2018-429: An Investigation of Nozzle Shape on the Performance of an Ejector......... 501
Mehdi Falsafioon, Zine Aidoun
HPC-2018-431: Salt hydrate-silicone foam composite for heat storage application............. 509

A. Frazzica, V. Palomba, V. Brancato, L. Calabrese, A.G. Fernandez, M. Fullana-Puig, A.
Solé, L. F. Cabeza

10



HPC-2018-432: Model based assessment of working pairs for gas driven thermochemical
NEAL PUIMIPS ..ttt be et enre e anes 516

E. Laurenz, G. Fuldner, J. Doell, C. Blackman, Lena Schnabel

HPC-2018-433: The Obtention of an Ejector Cooling System's Performance Map Through
Different Graphical Representations.............ccoovvieeeienene i 523

Jorge . Hernandez, Roberto Best, Ruben Dorantes, Humberto Gonzalez, Raul Roman,
Jacobo Galindo and Pablo Aragon

HPC-2018-434: Thermodynamic and Thermoeconomic Assessment of a PVT-ORC
Combined Heating and Power System for Swimming Pools ..................... 530

Kai Wang, Maria Herrando, Antonio Marco Pantaleao, and Christos N. Markides

HPC-2018-435: Application of Liquid-Air and Pumped-Thermal Electricity Storage Systems
in Low-Carbon ElectriCity SYStemMS ........cccovveveiieiiiie e 538

S. Georgiou, M. Aunedi, G. Strbac and C. N. Markides

HPC-2018-436: Pumped Heat Electricity Storage at Intermediate Temperatures: Basics and
00 | USSR 547

B. Atakan and D. Roskosch

HPC-2018-437: Performance analysis of a novel polygeneration plant for LNG cold
[=To0)Y =] o YOO UPRPPR 554

Antonio Atienza-Marquez, Joan Carles Bruno, Alberto Coronas

HPC-2018-438: Small-scale Pumped Heat Electricity Storage for decentralised combined
Heat and POWEr GENEratioN ...........cccveruveieiieriesieseesie e e ee e 560

Annelies Vandersickel, J Loeff, Amir Aboueldahabb, Hartmut Spliethoff

HPC-2018-500: Experimental Investigation of the Effect of Magnetic Field on Vapour
Absorption Rate of LiBr+H;O Nanofluid............cccccoevevieiiiieceece e, 567

Shenyi Wu and Camilo Rincon Ortiz
HPC-2018-501: Thermal Performance of Nanofluids Applied to the Temperature Control of

Electronic COMPONENTS .......ccoiiiiiiiieee e 575
Roger R. Riehl
HPC-2018-600: Two-Phase Pressure Drop Correlation During the Convective Condensation
IN MICrochannel FIOWS .........cccoiiiiiiiiiieecee e 586
Roger R. Riehl
HPC-2018-601: Numerical Investigation of MOFs Adsorption Cooling System Using
Microchannel Heat EXChanQers ..........cocvviiiiiniiieiene s 595

Majdi M. Saleh, Raya AL-Dadah and Saad Mahmoud

HPC-2018-602: Natural graphite: Potential material for heat exchangers of waste heat
FECOVETY SYSTBMIS ..ottt iiiie ittt e e e e e e e nte e e e nreeasneeas 603

N. Mohammadaliha, W. Huttema and M. Bahrami

HPC-2018-701: Ultra-clean Biomass Gasification/Combustion Unit for Micro-CHP based on
A SHUITING ENQINE ..ot 609

M. Steiner, S. Beer, D. Hummel

11



Keynote Lectures

12



A Fission-Powered Thermoacoustic In-Core Sensor
Steven L. Garrett
151 Sycamore Drive, State College, PA 16801

sxgl85@psu.edu

Abstract

Motivated by the Fukushima nuclear reactor disaster in March 2011, a thermoacoustic engine
was designed to have dimensions that are identical to a fuel rod to exploit the energy-rich
conditions in the core of a nuclear reactor to acoustically measure and telemeter core
condition information to reactor operators without a need for external electrical power. The
standing-wave thermoacoustic heat engine is self-powered and can wirelessly transmit the
temperature (encoded as a frequency) and reactor power level (proportional to sound
amplitude) by generation of a pure tone that can be detected outside the reactor.

Keywords: Thermoacoustic engines, Wireless telemetry, Nuclear reactor sensing

Introduction/Background

The generation of sound by heat has been documented as an “acoustical curiosity” since 1568
when a Buddhist monk reported the loud tone generated by a ceremonial rice-cooker in his
diary [1]. In 1850, Karl Friedrich Julius Sondhauss investigated an observation made by
glassblowers who noticed that when a hot glass bulb was attached to a cooler glass tubular
stem, the stem tip sometimes emitted a pure tone [2]. The Sondhauss tube [3] is the earliest
thermoacoustic engine that is a direct antecedent of this fission-powered in-core sensor.

The first qualitative explanation of the Sondhauss effect was provided by Lord Rayleigh: “If
heat be given to the air at the moment of greatest condensation or be taken from it at the
moment of greatest rarefaction, the vibration is encouraged” [4]. This new thermoacoustic
sensor automatically does both. The standing sound wave transfers heat from a solid
substrate to the gas (in our case a mixture of 75% helium and 25% argon rather than air) at
the phase of the acoustic cycle during which the condensation (i.e., density and pressure) is
maximum and removes heat from the gas and deposits it on a solid substrate (at a different
location) at the phase of the cycle when the condensation is a minimum [5].

In our case, the solid substrate, called the “stack™ [2], is visible in Fig. 1 (Lower right). It
consists of an extruded cordierite ceramic material with straight pores of square cross-section
that has commercial application as a substrate in automotive catalytic converters [6] A
previous publication provides a (qualitative) Lagrangian description of the cyclic heat transfer
resulting in the production and maintenance of an acoustic standing-wave resonance [7].

It is worthwhile to point out that our thermoacoustic sensor is an extremely simple heat
engine when compared to an automobile engine that requires pistons, valves, cams, rocker-
arms, flywheel, etc. to ensure that the compressions and expansions are synchronized with the
heat input and exhaust at the proper phases in the cycle. By contrast, this standing-wave
thermoacoustic process is phased by thermal diffusion and requires no moving parts other
than the oscillatory motion of the gas. The irreversibility of the diffusion process reduces
efficiency from that achievable using a traveling-wave thermoacoustic-Stirling cycle [8], but
in the energy-rich core of a nuclear reactor, efficiency is less important than simplicity.
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Figure 1. Fuel rods used in the Breazeale Nuclear Reactor. (Left) Photograph of the
reactor’s core. (Upper right) Several fuel rods. (Lower right) Cross-sectional rendering of
the hot end of the thermoacoustic resonator showing one of two suspension springs that attach
the resonator to the “slotted tube,” the insulation space surrounding the hot end (SiO;
insulation floss not shown), and the hot heat exchanger that is in physical contact with the
Celcor® ceramic stack that had 170 cells/cm?.

Figure 2. “Fuel rod” thermoacoustic sensor. (Above) The thermoacoustic resonator is
shown at the center of the photograph. The resonator tube has an inside diameter of 2.2 cm
and is 22 cm long. The insulated hot section of the resonator holds the hot heat exchanger
that contains two enriched *°U fuel pellets that are each approximately 5 mm in diameter and
10 mm long, as well as the extruded ceramic “stack” shown in Fig. 1. The resonator tube
contains the 2.0 MPa He/Ar gas mixture. The empty portion of the resonator, to the right of
the insulated section, is in good thermal contact with the reactor’s coolant. Two 4-40
threaded rods extend from either end of the resonator. The rods are attached to two circular
stainless steel disks (200 um thick) that have six spokes acting as cantilever springs to allow
the resonator to vibrate axially but constrain the resonator to remain coaxial within the
surrounding “slotted tube.” One of the thermocouples is silver-soldered (brazed) to the thin-
walled section of the resonator next to the heat exchanger and the other is silver-soldered to
the hot end of the resonator. Both thermocouples are located within the insulation space.
(Below) The resonator and springs are contained within a “slotted tube” that has the same
outer diameter as the fuel rods. The slots allow the reactor’s coolant to remove the heat of
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fission from the thermoacoustic sensor and facilitated testing of the resonator’s axial mobility
before insertion in the reactor’s core.

Discussion and Results

This thermoacoustic sensor converts the heat released by ?*°U fission to create a standing sound
wave. It was designed to have a size and shape that is identical to the fuel rods in the Breazeale
Nuclear Reactor on Penn State’s University Park campus, shown in Fig. 1. Those fuel rods have
a maximum external diameter of 3.7 cm and an overall length of 72 cm. The acoustic resonator
and the “slotted tube” that contains the resonator are shown in Fig. 2. A cut-away representation
of the stack, heat exchanger, suspension spring, and insulation space is provided in Fig. 1.
Based on our measurements of the vibro-acoustic spectra of the pump-dominated background
noise in the coolant pool [9], a 2.0 MPa mixture of 75% helium and 25% argon was selected as
the engine’s “working fluid” to place the resonance frequency at approximately 1,350 Hz, above
most of that background noise, which was below 1.0 kHz. That inert gas mixture provides the
largest possible polytropic coefficient (i.e., ratio of specific heats) while also lowering the
Prandtl number [10], thus improving the thermoacoustic energy conversion process [11].

The high-amplitude acoustic standing wave that is generated thermoacoustically causes the gas
in the “empty” section of the resonator to be pumped by non-zero time-averaged nonlinear
acoustic forces that create streaming cells [12]. This acoustically-induced flow forcibly convects
heat from the ambient-temperature end of the stack to the walls of the resonator that are bathed
in the reactor’s cooling water. Previous measurements in a similar electrically-heated “fuel rod
resonator” have shown that this acoustically-driven streaming flow increases the thermal contact
between the gas in the ambient-temperature end of the stack and the coolant by a factor-of-three
[13]. This acoustically-enhanced heat transfer makes our thermoacoustic sensor even simpler
than previous standing-wave thermoacoustic engines [14], since no separate cold heat exchanger
is required.
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Figure 3. Hot heat exchanger. (Left) SolidWorks® rendering of one-half of the hot heat
exchanger containing both enriched *°U pellets. The exchanger was fabricated by additive
manufacturing in two halves that were joined by two 0-80 machine screws as shown in the
photo below the rendering. (Right) The lumped-element static thermal conduction model
includes the contact resistance from each pellet to the heat exchanger, Reontact, @S Well as the
resistance of the stainless steel exchanger, Ryx. Heat from the pellets can reach the coolant
along the resonator wall, Rgeeve, Or can leak through the insulation’s thermal resistance,
Rinsulate, after either conduction through the gas or by electromagnetic radiation, Rgy. The
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heat that passes through the stack will generate the thermoacoustic oscillations once the
system reaches onset. Prior to onset, the heat diffuses through the ceramic stack material and
the gas within the stack’s pores, Rsiack, then reaches the water through the static gas’s thermal
resistance, Rgas.

The hot heat exchanger is responsible for the transfer of the heat produced by the irradiated U
pellets to the gas within the resonator. The left side of Fig. 3 shows the SolidWorks® model
used to produce the two halves of the 3-D printed stainless steel heat exchanger that contained
both pellets. The right side of Fig. 3 shows the static conduction model used to determine the
temperature of the hot heat exchanger prior to thermoacoustic onset. Such a model is necessary
to assure that no part of the stainless steel resonator reaches a temperature that would cause the
material to weaken and possibly release either the compressed gas mixture or the enriched
uranium prior to onset of the oscillations, which enhance the heat transfer and limit the
temperature.

The detectability of the sound radiated by the thermoacoustic sensor depends upon the acoustics
of the coolant pool and the vibroacoustic background noise level that was dominated by the
pumps used to circulate the coolant. In the Breazeale Nuclear Reactor’s coolant pool, the
dominant noise was created by a diffusor pump that is used to circulate coolant (deionized light
water) over the reactor core to prevent aggregation of short-lived radioactive *®N into bubbles
that would rise before decaying, thus triggering radiation alarms.

The reactor pool is a reverberant acoustical environment. The standing-wave modal structure of
the pool and the acoustic reverberation times were measured. The reactor’s 70,000 gallon (265
m®) coolant pool has equivalent rectangular dimensions that are 8.65 m long, 4.27 m wide, and
7.32 m deep. The lowest standing-wave modal frequency occurs at about 51 Hz. In a 3-
dimensional enclosure, the number of modes below a given frequency increases with the cube of
that frequency [15]. At some frequency, there will be three modes with resonance frequencies
which overlap within the half-power bandwidth of the central mode. That “overlap” frequency
is known within the architectural acoustics community as the Schroeder frequency, fs [16].
Above that frequency, the sound field can be treated as being diffuse (i.e., uniform energy
density approximately independent of the location of the source and the sensors), so the sound
field can be approximated as a “phonon gas” and the sound pressure can be estimated using
statistical energy analysis. Based on our measurements of the reverberation time (Tgo = 120 £ 20
ms), fs = 230 Hz << f = 1,350 Hz. The sound pressure created by the fuel-rod thermoacoustic
sensor will then be fairly homogeneous and isotropic at measurement distances from the source
greater than the critical radius, r, =c, ,/5f; =1.3m[15]. The speed of sound in water is

Ch,o =1,500 m/s.

Our thermoacoustic sensor was tested during eight irradiation runs in the Breazeale Nuclear
Reactor. Provisions of the reactor’s license limit the accumulation of radioactive iodine isotopes
produced by the fuel pellets to less than a total of 1.5 Ci. As a consequence, the sensor’s
irradiation dose restricted operations to a reactor time-integrated-power of approximately seven
MW-minutes. Following each run, the experiment was idled while the unstable iodine isotopes
were allowed to decay [5].

Figure 4 is a time record made during the 5" irradiation. It shows the temperature of the
thermocouple that was brazed to the hot-end of the thermoacoustic resonator, contained within
the insulation space, as well as the output of two hydrophones that were located far from the core
in the reactor’s coolant pool. Short Time Fast (essentially sliding-average) Fourier transforms of
ten-second time records were produced every two seconds and the frequency of only the largest-
amplitude spectral component is plotted in Fig. 4 for both hydrophones. The thermoacoustic
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sensor achieved onset at about t = 810 s, which is the time the largest amplitude spectral
components for both hydrophones coalesced to the same frequency. It is also possible to detect
a subtle indication of the onset of thermoacoustic oscillations suggested by the slight increase of
the slope of the thermocouple’s temperature vs. time after onset. This increased heating rate
indicated a hydrodynamically-enhanced increase in the uniformity of the distribution of the heat
from the hot heat exchanger to all other locations within the resonator.
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Figure 4. Time record of the temperature and the frequency of the largest spectral
component received by two hydrophones at different locations. The temperature of a
Type-K thermocouple brazed to the hot-end of the thermoacoustic resonator is plotted as the
black circles. Those temperatures should be read from the black right-hand axis. The star
symbols “*” and hollow square symbols “0” are the frequencies of the largest spectral
component within the frequency range between 1,320 Hz < f < 1,400 Hz. Those frequencies
should be read from the left-hand axis. All data points are plotted every two seconds. The
time axis is labeled from the start of the recording. The reactor reached full power (1.0 MW)
at t = 800 s. The reactor power was reduced to 800 kW at t = 1,060 s, then the reactor was
shut down at t = 1,100 s, since fission had produced the maximum allowable amount of

radioactive iodine.

Before onset of thermoacoustic oscillations (t < 810 s) and after their cessation (t > 1,100 s), the
frequencies of the dominant spectral components from both hydrophones’ signals are fairly
random and were different due to the proximity of the hydrophones to the sources of pump
noises in those different locations. This is as would be expected when only the pump noises
were received within the displayed bandwidth, Af = +40 Hz.

Figure 5 shows one of several accelerometers that were attached to structures external to the
reactor’s coolant pool. The sonogram is taken from a 16-bit, 44.1 kilosamples/second digital
audio recording of one accelerometer’s output and displays the frequency of the detected
vibration as a function of time with the amplitude of the signal coded as color from blue to
yellow. Because the characteristic impedance of the water is close to the impedance of the solid
structures that penetrate the reactor pool, the sound produced by the sensor couples well to those
structures.
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As demonstrated in Fig. 6, the frequency of the thermoacoustically generated sound provides
an accurate determination of the reactor’s coolant temperature. We were able to reduce the
reactor coolant temperature by running the reactor’s heat exchanger overnight.

The speed of sound in an ideal gas or gas mixture, c, is related to the acoustically-averaged
absolute (Kelvin) temperature [7], T, the mean molecular mass of the gas mixture, M, the
mixturl%’s polytropic coefficient, y= cp/cy = 5/3, and the Universal Gas Constant, R: ¢ = (¥R
T/M)™.
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Figure 5. Time record (spectrogram) of the vibration signal received by an
accelerometer mounted on a structure outside the reactor pool. (Left) Accelerometer
with a magnetic base attached to the motor mount of an instrumentation tower that extends
into the reactor pool. (Right) Spectrogram showing the accelerometer’s output frequency on
the vertical axis as a function of time represented by the horizontal axis.

Ignoring the small localized changes in the resonator’s otherwise uniform cross-sectional area
caused by the porous heat exchanger and the stack, the fundamental resonance frequency of
the thermoacoustic sensor occurs when the wavelength of the sound in the gas mixture, 4 =
c/f, is approximately twice the resonator’s length, L = A/2: f* = (¢/4L%) = (y # T/ 4 M L?) «
T.

The temperature of the gas mixture within the thermoacoustic resonator varies significantly
from the high temperatures at the hot end (containing the heat exchanger) to about the
temperature of the reactor coolant in the longest portion of the resonator between the
ambient-temperature end of the stack and the ambient-temperature end of the resonator. A
simple lumped-element model of the resonator as a “gas mass” at the center of the resonator
surrounded by two “gas springs” suggests that the frequency is determined largely by the
density of the lower temperature gas near the center of the resonator. The temperature of the
central gas mass is controlled by the temperature of the reactor’s coolant. A more detailed
model, treating the resonator as the concatenation of 31 lumped-elements, is able to provide a
better estimate of the relationship between resonance frequency and coolant temperature [7].

As is apparent from Fig. 6, just forming the ratio of the square of the measured resonance
frequency, 2, to the absolute (Kelvin) temperature of the reactor’s coolant, T, produces values
of f4/T that vary by only +0.12%, while the temperature changes by 3.4% [17].

Summary/Conclusions

We have demonstrated the ability to acoustically telemeter temperature and power information
beyond the core of a nuclear reactor without requiring external electrical power or wiring. Such
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a sensor might have provided useful information in a reactor accident like the one which
destroyed the Fukushima complex in March 2011. In a commercial reactor, the flux of gamma
radiation could provide sufficient heating that tungsten or stainless steel could be used instead of
fissionable fuel. This would avoid degradation in the sensor’s sensitivity with time due to fuel
depletion and remove the regulatory controls required for handling of enriched uranium.
Multiple sensors in various core locations could also be used to optimize power distribution and
improve a commercial reactor’s operational efficiency.

Figure. 6. Resonance frequency of the Sensor Resonant Frequency
thermoacoustic sensor’s standing- 1,365 T -
wave for different coolant T &340
temperatures. The sensor’s resonance
frequencies were measured at four
different water temperatures between
12.6 °Cand 22.6 °Cin the reactor’s
pool. Frequencies corresponding to
those temperatures are plotted as the
black squares and their values are given
by the left-hand axis that spans +1.7%.
The right-hand axis has the same 1,340 : : : : : 6,220
relative span, but the value of thefz/T 285 287 289 291 293 295 297
invariant, plotted as red diamonds, has
a standard deviation of only £0.12%
[17].
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While this report has focused on in-pile nuclear reactor sensing, the thermoacoustic sensor is an
utilitarian device that could be effectively adapted to other applications that involve large
temperature gradients, hostile or corrosive environments, and hard to “wire” locations. Effective
sensor adaptations can be configured to monitor melting glass or metal, hydrocarbon crackers,
smoke stacks, and other processes or systems in which high temperatures are used that are
difficult to measure. [18] Multiple sensors can be frequency multiplexed wirelessly using only
a single detector (e.g., microphone, hydrophone, or accelerometer). The sensors can be
configured to be temperature sensors by monitoring the frequency of the acoustic standing wave,
which depends upon the effective temperature of the gas in the resonant chamber. The
thermoacoustic sensor can also be used to monitor the molecular mass of the gas mixture within
the resonant chamber [19], thus the thermoacoustic sensor can also be used to monitor the
progress of chemical reactions.
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Abstract

Performance assessment and development of adsorption chillers typically requires large-scale
experiments of whole adsorption chiller setups. In this work, we present a model-based
approach to drastically reduce the required lab space and time. A workflow is illustrated that
starts with a simple Kkinetic experiment with a small adsorbent sample to determine heat and
mass transfer coefficients of a packed-bed adsorbent. These coefficients are used in a
dynamic model to predict the SCP and COP of a full-size adsorption chiller. We show that
the resulting model is able to predict the performance close to the measurement accuracy.
With our approach, we thus can scale-up adsorption systems from milligram adsorbent
samples to real machines with kilograms of adsorbent material. The underlying models for
performance evaluation and development of adsorption machines are based on our freely
available Modelica library SorpLib. The SorpLib library provides opportunities for the broad
model-based development and optimization of adsorption systems and their control.

Introduction

Dynamic models of adsorption chillers are widely used to study the influence of input
conditions, component designs, cycle designs or control on performance. With the availability
of object-oriented modeling languages such as Modelica, dynamic models are increasingly
easy to setup. However, they not necessarily lead to a reliable prediction of the specific
cooling power SCP and the coefficient of performance COP compared to experimental results

[1].

For reliable performance prediction, the models need to be calibrated. In previous studies,
high accuracies required experimental data from full-scale adsorption chiller setups [2, 3].

In this work, we exploit the predictive power of physical models to simplify the required
experiments to the Infrared-Large-Temperature-Jump (IR-LTJ) experiment that uses only a
small adsorbent sample (< 1 g). A dynamic model is used to calibrate the heat and mass
transfer coefficients. With the heat and mass transfer coefficients, we parametrize an
adsorption chiller model. We show that the model is able to predict the SCP and COP of a
complete adsorption chiller with high accuracy allowing for model-based optimization and
control.

Discussion and Results
To illustrate the suggested approach, we first  Table 1: Heat and mass transfer coefficients for
determine heat and mass transfer coefficients packed bed of SG 123 from IR-LTJ-experiments.
for a packed bed of silica gel 123 with a mean

particle size of 0.9 mm. For this purpose, we Adsorption  Desorption
place 1 to 3 layers of adsorbent (< 1g) on a ]
planar adsorbent carrier and conduct an IR-LTJ Qe in W/m?K— 331 406

experiment [4]. The experimental data is used in
a dynamic model for the adsorbent and the
vapor phase . By fitting the measured pressure . -9 1
and temperature, we determine the heat and  Dest INM/S$?  117x10  6.33x 10
mass transfer coeffici