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ABSTRACT

Crrownd eourea hear pump (GSHP) air conditioning sygtems otilize pround seil 23 a heat
sourea/sink, achieve heat transfer between the ground soit and a working flud (water or
antifreeze salution) circulating in a clogsed loop buried in the ground. Compared w© other
ennvendional alternatives, the ground source heat pump system makes full use of renewable
energy, and boasts the features of protecting the environment and reducing electric power
consumption. It has been applied in Enrope and American for a few decades. In recent years the
tochnology has been paid attenion o alse in China, and a few GSHP pilot prejectz have been
completed here, However, researches om design of the geothermal heat exchanger (GHE),
performance predictions of the GSHP systems and system optimization are far from adequate.
Resides, no national standards and criteria are promulgated for the GSHP systems. This situation
impedes itz application.

Acknowledging the suppomt from the key research project of The Seience and Technology
Buresu of Shandong Provines, the thesis has accomplished studies on respective components of
the GSHP airconditioning systems, and set up analyiical models of the entive system on the
principles of mass and energy conservarion, Main contents and resalts of the thesis are as follows.

{1 Modeling ol the vertical GHEs. Heat transfer in a gingle horehole of the GHT is analyzed
it w0 separate repions, e the inner region within the horehole wall and the extermal region
beyond this boundary. Tn the external region, heat transfer between the U-tube horehole and the
pround i3 considerad with a model of 2 finite line-source in a semi-infinite mediom, and it is the
first time to achieve an analytical solution of the emperanire distribution for a such a transient
twi-dimensional conduction prohlem by means of the Green-function method. According to this
solutian, tha representstive temperature respanse in a2 horehole wall can be determined, which
varies with time under the condition of constant heat flux.

Compared to heat transfer in the externsal region of horehole, mass and heat capacity of
materials inside the borchole are insignificant and negligible, Thus, heat rransfer inside the
hotehole is approximated as steady-state heat transfer except for analyses of short limes {8 [ow
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ABSTRACT

hours). With the convective heat transfer of the fluid in U-tube pipes along the borehele depth
considered, a quasi-three-dimensional model is built. By the thevretical analvsis, the temperaiure
profile of the fluid along the borehoie axis, and then, the fluid inlet and cutlet temperatures can be
obtamncd, The concept of GHE efhiciency i5 also miroduced to discuss the effect of GHE
construction parameters on its performance, especially that of thermal short-circuiting in the two
branches of the U-fube,

The geothermal heql exchangers offen consist of a number of boreholes. Besides, practical
toad of the GHEs varies with time. The variable load of GHEs is decomposed as a series of pulsc
load, and the superimposition principle is employed to obtain the real temperature response of the
(GIIEs on basis of the theoretical solutions of a single borchole expertencing a constant heat fiux.

According to above model a GHE design procedure is presented, in which the temperature
of circulabing Muid is kept within dJesired Imits in its entire life cycle. By inpulting the manthly
load of the air-conditioning system, design and simulation software of GHEs is developed.

(2) A steady-state model for a watcr-to-water heat pump. By means of lumped parameter
method a reciprocating compressor model and a thenmostatic expansion valve model are set up.
Meanwhile, in a distributed paremeter approach a steady-stave model of condenser and evaporator
has also been estublished in the form of coacentric counter-flow heat exchangers. In this study the
revised Xy formula are used to calculale void fraction correlation in the two-phase region of
condenser and evaporator. A refrigerant charge modcl is esiablished to predict the effect of
refrigetant charge invenlory on the coefficient of performance {COP) of the heat pump units,

Cn the basis of above compressor, expansion valve, condenser and evaporator models, the
steady-stale model of waterto-water heat pump is developed with regard to epenyy and
refigerant invenlory comservations among all these components. The results show that the
neximum <rror between prediction and expeniment values of femperature is not more than 0.6C,
the relative error of compressor power consumnption amnd cocling capacity is less than 5%, the
error of heating capacity is less than 8% except few individual points. The model predicts the
performance relationship of the heat pump with vaniations in flow rate, entering temperature of
coolmg water and chilled water,

The performance of heat pump is reduced on adding antifrecze selution to the ground loop.
A model of capacity degradation factor for heat pumps iz developed in regard to this facior
Owing io this mode! the variation in heat pump capacity on different operating conditions can be
eslimnated with diffetent kinds of antifreeze solutions.

(3) The systemn of ground souree heat pump is composed of three loops, which are the
ground loop wnth water or antifreeze solution, refrigerant loop in the unit, and water loop in a
building. These loops are discussed separately in this thesis.

First, the trapsient GHE mode! is built, in which the time step may a few miputes or hours.
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The entening apd leaving fluid temperature of the GHE, varyving with time, can be detennined
with this model, The results of leaving fluid temperature of GHE are analyzed and discussed on
consideration of differences in ground loop length, grout material, flow rate of circulating fluid,
undisturbed soil wemperature, the G1IE load and operating time fraction.

Secondly, the water loop model in the buildings 1s built by energy conservation. And the
cooling/heating load of the building is computed with appropriate mode] and software available.

Finally, the heat pump model, geothermal heat exchanger model and water loop mode are
incorporated through encrgy and mass conservation relationships, and a gross model for the
gravnd source heat puump systems and simulation software are bailt. Thus, operating parameters
and energy consumption profile of a tuilding-heat pump-GHE sysiem can be simulated and
predicted on certain metcorological conditions,

The validation of model is verified in an experimental system in Shandong Institute of
Architecture and Fngineering, The results show that, despite the relative emors between
prediclion and expeniment valugs are notable within the iniGal hours, they agree with each other
reasonably with deviations less than 5% in the later times.

(4) The category of antifreeze solutions is summwarzed in regard ta iheir application in the
GEHE system, and performance of anfifreeze solutions is studied. An evalmation method of
antifreeze solutions is developed for their application in GSHP systemsz. The proper s¢lection of
the antifreeze solution should take into account the following aspects: {1The freezing point of
antifreeze solutinn, ZThe inthal investment and operafing cost of the system, @i Comosion
tendency, (Ofmpact on enviroament and himan health, (EThe fire tisk, ©Price and availability.

The analysis shows that etliylene glycol is usunlly a favorite choice for such applications
although its price is a fittle more expeasive than most alteraatives. Its performance in heat transfer
is betier than other antifreeze solulions, it has a very low corrosivensss and fitte effect on
enviromnent and human health, And it is convenient to maimenance and management. Therefo,
ethylenc glyeol is a good kind of antifreeze solution and may serve as the first choice for pround
source heat pumps systeins.

Key words: GSHP vertical U-type pipe GHES & guasi-throe-dimensional moded
heat pump madel systcm modet antifreeze sohitions

Paper type:  Applicd fimdamental

This study is supported by the key project of The Science and Technology Burcau of Shandong Provinee
(Mo 0111501050
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MELFNERARTIRCTER, Art@yiint s =il B FEn
#isfc. mRBHEFP, HHRTEMOREFen & Ak AR 25%—300. BERALIRLS
MEBRET PN, FRER. 7R R ARSI, RI5XR 505, NOx
SAEMAUR CO BB ERATHRHNE B it BRI 2 AENR R .. BE
K AEREERT - R RS HRERITEEE, TR Ib R T
i BRIEANS, IR TR AP AR RN M, BT ER el
AL, BREARSANERT N, BFECRRR AR USRI RF R

AFBL, WEREBMNEHE. AERRELURERRSRENER Y. @
ARGHRET TS ReE SN AT RA T T . A KA. TilkERER
o LU AR AE. AMRBIT AR s S ne. . AW, RS BSRMER.
A5, WEEEETATEPRATIZAEE, SRR HHTRERY, R
Jobslr COz. 8Os NO,HRBIN —R-E R k.

L11 #fga

PR T IR AR B RIS RI AT A 7T (Air-Source Heat Pump, ASHP).
K PFHATE (Water-Source Heat Pump, WSHP) AR E ( Ground-Source Heat Pump, GSHP).

a TSR

FRREEF AZ U AFERRR 2487, BN RN S 2 RRTREERE
FAURAEATRL . DEIRE R, SR S E RS R IR, ke
TR ASIEN, A, RARIERAUNFEHE. HaE SRR, PLERR
PREEFLLERE, Wb T IHMTRNGED, TMEENRG, DRI mwiaiT. B
2 2 AR WA RO TR R 2 Bl B 4R AT PR A

b 7K¥E#E (RFRAKIRMIR)

AERE (HIKFRRE) SRRKRR b E ORI D U H
AACEEA, BRHAFRARTERALE -1, KERARYHEFTIRSHRARE
P e, SFEWHARHREMBIRRIUMINE, AR WRER G
MR AT L. BRAXAFH T ABRERDARMAER. FHERTR
EXAHEA, THESERBENETEMRS, MR E/RNES. AR

1
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S aRA R BEBTHMTEA, RNGATHELS. ¥ETHAENSHBEE, Tl
EEMIMRE. S %, ETHLER.
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B e

e #tlr !

|aa/f T 7T
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B 11 AR FRET R

c HERRAR

HRHEZERARMARNRRED, #XtBARNAERES, MERNE. H0O/FY
e, FRF S IRERE, AR FRERAE, HTELER, BRE—HA
ASITRAE 1997 M iimAED, BTRLE#HFE (Ground-Source Heat Pump, GSHP). Hb
FEHRFERE T XEHRE, SEEULHETK. fFEK - SiE SR RICK AR RE,
PR SR IR RS ) T IREARE (Ground-Coupled Heat Pump, GUHP J:
L TFARARBENHRITCHBRFRERCAH T KE # F (Ground-Warer Heat Pump,

GWHP): LUBRFE A RO aI35E R E0R T 03K IF 4 3R (Surface Water Heat Pump,
SWIHP).

1.1.2 AR R

a HTRKEAFERYK

LA T K IR SR TR R EA RS —ERSHE. — AR,
RE 1-2. FrBTAREREEHEARG RN T AERAARTIE. XFHBRM
REEERITEMNR, ¥HEE 8 hTRTRERERE, SHFIEFARARHEN,
WEBEEERE. B HTHRTARTHNRIEESR, EXEREREERERNS%S,
B, ZEEAITAREN, FORRAANMAMAE. BRI REFERT —MEARARE
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