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OEPMOAYNAMIKH ANAAYZH OEPMANTAIQN VUILLEUMIER

Ot avrtAieg Beppdtnrag Vuilleumier gival unyavég ot onoieg Aettoupyoulv xpnotponouwviag Beppdtnta
oe unAr Beppokpacia cav nnyr evépyelag kar avilolv Beppdtnta and yaunn Beppokpacia mpog pia
petpla. H Guakbpavon tng mieong tou epyalopevou aepiou mpaypotomnoleital xwpig v katavdiwon
£pyou, 0ANG Bepuikd. O PnYaveg aUTEG umopolv va xpnotporoinBolyv yia Bépuavon kat Pogn kenpiwv f
yla Pugn oe moAU xapnAéc (kpuoyovikéc) Beppokpaoiec.

H e§€Agn Twv pnyavwv Vuilleumier yivetat Stapkwg anéd v npwtn natévra tou Rudolph Vuilleumier to
1918 kat okomo £xeL TNV oxedioon anodotikwy aviAuwy Bepudtntag Kat KpUoyovIKWY PUKTWY. ApyIKd, N
gpeuva mipaypatornooltav otig HMNA yua Ty mapaywyr KpUOYoVIKWY PUKTWV yLa SLCTNUIKEG EPAPHOYEC.
Apyotepa, n Epeuva emikevipwbnke oe Beppavthieg Vuilleumier yia ktipla kot TOAMEC MEPAMPOTIKEC
Hovadeg kataokevdotnkay kat Sokpdotnkav. Mapdio mou noAd mpwtdtuna éxouv axedlaotel GAa autd
1O Xpovia, oL pnxaveg Vuilleumier aképo mopouotdfouv xapnAn Bepuikr wox0 yia Tov 6yko Toug Adyw
EuduTwy Beppoduvapikiv kot agpoduvapikwy anwAewwy. Elvat anapaitntn pio akptpAc mepypadn KoL n
katavénon autwyv Twv TOAUTAOKWY ¢GAWOUEVWY TIPOKELMEVOU VO KATOOKEUQOTOUV QVTAYWVLOTIKEC
MNXOQVEG Yo CUYXPOVEG EDUPLIOVEC.

Ity napovoa SatpiPry mapouotdlovial ta BePEAELWSN TUAKATH TWV AVOYEVNTIKWY HNXOVWY, O
BepHIKOG KoL O UNXAVIKOG CUMMLECTHG OL omoiol av cuvSuaoctolv oxnuotilouv pia avtAio BepudtnToc
Stirling. Eneura, emegnyeitan n Aettoupyia tng idLag pnxavrig Stirling oav epyonapaywyodg, oav Beppavthia f
cav PUKTng kat akohovBel mapouciacn tng évwong petafl S0 pnxavwv Stirling yia Tov oxnpatops
BepuavtAiog mou Aetoupyel pe Beppdtnta, mapdpowa pe tnv pnxavy Vuilleumier. Mapouoidlovral
emutAéov apKeTEG Slopopdwoelg kat tumot pnxavwy Vuilleumier, pall pe tnv Asttoupylo Toug Kal Ta
TINEOVEKTILOTOL KO PIELOVEKTHLOLTA TOUC.

Axopa, mpaypatomouiBnke pia ektevrig mapouciaon tng eEEAENG Twv pnxavwv Vuilleumier amd v
TPWTN MaTtévra PEXpL orjpepa. Avadépovtal OAeg oL Sabéopeg epyaoieg, matévieg, BiBAia kat avadopéc
1600 yua Beppavthieg 600 kat yo kpuoyovikoUg PUKTEG. To €pyo KaBe epeuvnth oulnteiton olviopa. H
Bewpnukn | newpapotk enidoon Sadopwv Kpuoyovikwv Puktwv Kat BsppavtAuwv Vuilleumier
ouvoyiletal oe mivakeg kaBwe eniong kat OAEG oL OXETIKEG pe punxaveg Vuilleumier apepikaviké MATEVTEC.

Enewra, napouoidlovratl oL TOTOL UNOPXOVTWY HOVTEAWY TIOU XPNOLLOTIOOUVTAL YL TV tpdPAEdn Twy
gmbooewv kwwntpwv Stirling paii pe povodidotata Beppoduvapikd povtéha mou Snuoupynenkav ota
mhaiowa autig g SatpiPig ewdika yia pnxavég Vuilleumier. Itnv apyr, napouctdletal n avantuén tou
bavikol ooBepuokpactakol povrédou. AkohouBei, To bavikd adlaBatikd POVTEAD Kal 0 BEPUOSUVAIKAC
XWPOUOG TNG UNXavrg o€ Oykoug eAéyxou OTOU £pyo PETATPEMETAL O BepudTNTA KAl avtioTpoda. Itnv
ouvéxew oulnteital n epappoy QuUTOU TOU MOVTIEAOU OF TPOYUOTIKEG UNXOVEC KABWC Kal Ta
anotedéopota and pia oUykplon petafd twv SUo Wavikwv poviédwv. MepapPdvetal emionc n
neplypadn moOAWY anwlewy nov epdavifovtatl o pnxaveg Vuilleumier kat n puowkn miow amd v
napaywyr eflowoswv mou umoloyilouv TG TWéG Twv amwAswv. TéAog, mpaypatomoiBnke pia
TeKunpiwon tou kwdka umoloylot ou avatuxBnke cUpdwva pe Ta Beppoduvapikd poviéAa péow
oUYKPLONG LE MEPOPATIKA SeSopgva.

EmutAcov, €ywe pilo mAnpng tpdidotatn CFD (Computational Fluid Dynamics) mpocopoiwon plag
unxavr¢ Vuilleumier mou oxedidotnke yla autdv tov okomod, ot Tpelg SLadopeTikég TaxdTnTeg Asttoupyiac.
Apxkd, mapouacidZovratl oL undpxouceg CFD epyaocieg mavw oe kwnthpeg Stirling kat émetta pio avaAuTKy
neplypadn ™G OxeSlaopévng UNXOwRg, TWV CUVOPLOKWY CUVONKWY Tou  £happootnkay, Tou
UTIOAOYLOTIKOU TIAEYUOTOG Kol OAWV Twv E§LOWOEWY OV ¥PeLdobnkav yio tnv Snpoupyia Tou apl@untkou
povtéhou. Mo v mpooopoiwon xpnowonouBnke éva epnoptkd Aoylopkd CFD. Ta amoteAéopota Tng



TPOOOUOLWONG TOPOUCLAlOVTaL OTNV OCUVEXELN KOl TOPEXOUV AETTOMEPELEG yla TNV  KoTavoun
Beppoduvapikwy Kol peuctopnyavikwv upeyeBwv oe kdBe xwpo NG pnxovAg KoBWC KAl TNg
aAAnAenidpaong petagy toug. Alvovtat akOua XpAoLUES TPLBLACTATES avamapaotdoels g Beppokpaciag,
NG mieong Kot TNG TaxuTnNTag. EnutAéov, mpaypatomou}Bnke uMOAOYIOHOC TN HeTadopds BeppotnTac Kat
€pyou petafl NG LNXavig Kat Tou MEPLBAANOVTOC KL Lo TLC TPELS TaXUTNTEC AEttoupyiag. ITNV CUVEXELQ,
napnxenoav ouvieAeotég petadopag Beppotnrag o cuvaptnon We Tov apdpd Reynolds tng pong. Téhog,
n amnddoon tng oxediaopévng pnxavng Vuilleumier umoloyiotnke Kol oUYKPIONKE HE TMEPAMOTIKG
Sedopéva.



THERMODYNAMIC ANALYSIS OF VUILLEUMIER HEAT PUMPS

Vuilleumier heat pumps are machines that operate using heat at high temperature as energy input and
they pump heat from a low to a moderate temperature level. The pressure fluctuation of the working gas is
realized without the use of work, but thermally. They can be used for building heating and cooling or as
refrigerators at very low (cryogenic) temperatures.

The development of the Vuilleumier machines has been an ongoing process since the first patent of
Rudolph Vuilleumier in 1918, aiming at the design of efficiently operating heat pumps and cryogenic
refrigerators. At first, the research was performed in USA for the production of cryogenic refrigerators for
space use. Later, the research was focused on Vuilleumier heat pumps for buildings and many experimental
units were built and tested. Although many prototypes have been designed during all these years,
Vuilleumier machines still exhibit low volumetric specific heat power due to inherent thermodynamic and
aerodynamic losses. An accurate description and understanding of these complicated phenomena is
required in order build competitive machines for modern applications.

In the present PhD thesis, the fundamental parts of regenerative machines, the thermal and mechanical
compressor are presented, which coupled form a Stirling heat pump. Then, the operation of the same
Stirling machine as a prime mover, as a heat pump or as a refrigerator is explained and it follows a
presentation of the connection between two Stirling machines to form a heat actuated heat pump like a
Vuilleumier machine. Several configurations and types of the Vuilleumier machines are presented together
with their operation and their benefits and disadvantages.

Furthermore, an extensive presentation of the evolution of Vuilleumier machines from their first patent
until now is conducted. All available studies, patents, books and reports are cited for both heat pumps and
cryogenic refrigerators and the work of each researcher is briefly discussed. The theoretical or experimental
performance of various Vuilleumier cryogenic refrigerators and heat pumps is summarized in
corresponding tables and also all the Vuilleumier related US patents.

Next, the types of existing models that are used for the prediction of the performance of Stirling engines
are presented together with one-dimensional thermodynamic models generated, in the context of this
dissertation, especially for Vuilleumier machines. At first, the development of the ideal isothermal model is
presented. It follows the ideal adiabatic model and the thermodynamic segmentation of the machine into
work-heat converting control volumes. Then the application of this model on real machines is discussed
and the results of a comparison between the two ideal models are also presented. It is included in addition,
the description of several losses inherent in a Vuilleumier machine and the physics behind the derivation of
equations that calculate their values. Finally, a validation of the developed computer codes according to
the thermodynamic models is conducted by comparison with experimental data.

Moreover, there is a comprehensive three-dimensional Computational Fluid Dynamics (CFD) simulation
of a Vuilleumier machine that was designed for this purpose at three different operating speeds. At first,
existing CFD studies on Stirling engines are presented and then there is an analytical description of the
designed machine, the boundary conditions applied, the computational grid used and all the equations that
were utilized for the generation of this numerical model. For the simulation, a commercial CFD software
was used. The results from the simulation are presented next, providing details about the thermodynamic
and fluid mechanics quantities distribution in every space of the machine and the interaction between
them. Useful 3D illustrations of the temperature, the pressure and the velocity are given too. Moreover,
calculation of heat and work transfer between the machine and the surrounding is performed for all three
speeds. Then, heat transfer coefficients are derived in relationship with the Reynolds number of the flow.
Finally, the efficiency of the designed Vuilleumier machine is calculated and it is compared against

experimental data.



