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ABSTRACT

Based on the heat and mass transfer theory in soil, an
unsteady three-dimensional coupled heat and moisture
transfer model for the U-vertica underground hesat
exchanger (UHE) in soil was set up in double cylinder
coordinates. According to the model, anayses were
presented about the influences of different soil properties,
different operational modes, and different initial humidity
on the temperature and moisture fields in soil around the
UHE.

1. INTRODUCTION

The heat and moisture transfer in soil around the U-vertical
underground heat exchanger (UHE) is what of most interest
in the research on Ground-Coupled Heat Pump (GCHP)
system. Present study methods on this tissue are classified
into two types: theoretical anaysis and numerical
simulation. The former has distinct physical significance
and logica reasoning and its results, as an approximate
solution, can be used to check the accuracy of the latter
when solving complex engineer problems. But it is difficult
even impossible for theoretical analysis to provide exact
analytical solutions in most of the practical coupled heat
transfer problems, nor in the complicated equation or
solving conditions (such as nonlinear problem, variable
coefficient equation) as well. In contrast, numerical method
manifests a good flexibility in such cases as coupled heat
transfer, complex geometrical shape, etc. Based on the heat
and moisture transfer theory in surface soil, this article
presents an unsteady three-dimensional model to calculate
heat and moisture transfer around underground heat
exchanger. This model takes into account the interactive
effects of the heat and moisture in soil and its validity was
verified by experimental results.

2. PHYSICAL AND MATHEMATICAL MODELSON
HEAT AND MASS TRANSFER IN SOIL AROUND
UHE

2.1 Physical model

Experimental research indicated that soil temperature was
constant when the distance above 10m away from the
centre of the UHE. According to this, a cylinder calculation
domain was employed with the core of borehole as its
centre and the radius and depth of 10m and 90m
respectively, as shown in Fig.1. The ground temperature out
of this field was invariable regardless of heating or cooling.
Considering vertical soil delaminating, the double cylinder
coordinates was set up in Fig.2.
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Fig.1 Geometry structurefor Fig. 2 Control volume
physical model of the UHE  in cylinder coordinates

2.2 Grid division

Under double cylinder coordinates, the vertica axes are
coincident with the centerlines of the outlet and inlet water
pipes underground, and a grid fills the calculation domain
around them. The grid spacing is 1m and n/10 adong z-
direction and ¢-direction respectively. Moreover, afine grid
with uniform interval of 0.01m is employed along r-
direction in the borehole where the T-r variation is steep.
Whereas, the soil temperature changes rather slowly out of
the borehole, and various spacing is sufficient for a satisfied
accuracy. So an adjacent interval ratio of 1.2 is adopted
according to the reference documentation. In horizontal, the
calculation domain is semi-circle considering its symmetry,
as shown in Fig.3.

2.3 Mathematical model

Based on energy and mass conservation laws, the heat
transfer and moisture movement equations were set up for
the micro-element control volume shown in Fig.2.

In r-direction, the area of face to the heat flow and moisture
enter respectively in soil is r.Ap-Az , and the

corresponding water flow and heat flux are: Jr and Q,;

The heat and moisture transferring into the unit volume in
AT timeinterval are;

q r-Ap-Az-Ar ad J, -r-Ap-Az-At



taken from the grid divided as above, the discretization
form of the mathematica model is derived by integrating
these two equations over the control volume of
r-Ar-Ap-Az and over the time interval from 7 to

7+A7.Thus,

(@) Grid division in z-direction (b) Grid division in r
and @ direction

Fig.4 Element volumefor three dimension model

1. The heat transfer discretization equation
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Fig.3. Threedimensional mesh in soil surrounding ) i o )
UHE 2. The moisture movement discretization equation

Area of the face from which the heat and moisture leave is —

(r +Ar)-Ag@-Az . Accordingly, the water flow and heat ap,gﬁwp aEgaWE +%€6MN +aB'90WB
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fluxare: J + 20 Ar and g 4 %% r, and the heat and
or Cooor Where:

moisture leaving the unit volume are:

AQpg =8gy +Qyy + gy T35+ T3y
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And 2.5 Boundary and initial conditions
3 Based on the soil situation, boundary conditions are
J. + ‘]r AT (r +AI’)~A(0'AZ-AT determined for a given calculation domain as follows:
r
r
1. in z-direction
respectively.
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2.4 Discretization eguation

With a representative micro-element volume (the grid point For heat : %06 = & (7) T|r=10 =T
isPanditsneighborsare W, E, F, B, N, S, shown in Fig.4.)
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4, Initia conditions

At the start time for calculation: 7 =0

Initial moisture distribution: T(r, ¢, z,0)=T_(r,¢, 2)
Initial temperaturefield: 9(r, p, z,0) = 0_(r,p, 2)

2.6 Solution of the model

The solution model belongs to the unsteady three-
dimensiona heat and mass transfer model. Its solving
process, like the Cotdma method for one-dimensional
discretization equation, takes the alternating-direction
implicit (ADI) method, that is, Cotdma method is employed
for a given direction of the coordinates while explicit
scheme is taken for other directions. Specifically, for
unsteady equation of coupled heat and mass transfer ADI
method solves the heat and moisture equations
simultaneously using the implicit scheme in one direction
(e.g. z-direction) and the explicit scheme in the other two (r
and directions). Then the same was applied to the r and
directions separately. So, this converts the three
dimensiona tissue to one-dimensional implicit scheme
including three series equations. Each of them can be
solved by Cotdma method.

Moreover, the series equation on discrete grid points can be
solved by computer program written in Visua Basic6.0.
With Brain ADI scheme, the program obtains solutions for
temperature and moisture fields around the inlet and outlet
water pipes using iterating method. Finaly, the effects of
different initiadl moisture, different operation modes and
different soil properties on the heat and mass transfer in soil
can also be smulated.

3. THE EFFECTS OF DIFFERENT SOIL
PROPERTIES ON THE TEMPERATURE AND
MOISTURE DISTRIBUTION

In the simulation, the emitting heat rate to soil per unit
depth was given as 40W/m. The effects of different soil
properties on the temperature and moisture fields were
shown in Fig.5. After a 30-day continuous emitting
operation, the temperature of the sand layer in 20m

underground increased from 14.82°C to 18.98°C, and the
temperature rise of the silt layer in 8m underground was 5.7
°C. And the temperature rise in silt was sharper than that in
sand. Moreover, for other soil layers (eg. clay), the
variation was somewhere between the above two. For the

high therma conductivity and low heat capacity in sand
layer, heat transfer was easier than that in silt.

Different soil temperatures and layer properties had
different influence on the moisture as shown in Fig.5. In
initial running, the soil temperature increased sharply in the
radial direction at the neighbor area of underground pipe,

Guoetad.

resulting in a steep moisture decrease in this direction.
Meanwhile, different soil properties led to different drop
ranges. On the other hand, the vertical temperature gradient
exerted a gradua increasing influence on soil moisture in
the remote area. That mean the lower the layer, the higher
the moisture.
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Fig.5 Temperature and moisture variation in different
layers

4. THE EFFECTS OF DIFFERENT OPERATION
MODES ON THE TEMPERATURE AND MOISTURE
DISTRIBUTION IN SOIL

To study the effects of different operation modes, the
emitting heat rate to soil per unit depth was given as
40W/m in both continuous and intermittent modes. The
running time was 30 days for the two modes and 10 hours
per day for the latter. The simulation results showed in
Fig.6.

Under intermittent mode, the temperature of the well was

17.88°C and 16.55°C for sand and clay respectively after a
30-day running, while that of the continuous mode were

20.31°C and 18.98°C. It was obvious that continuous

running causes a sharper temperature rise than that in
intermittent mode. Therefore, intermittent mode was more
favorable for the system doability in a long-term
perspective.

5. CONCLUSION

(2). Soil properties have significant effects on the
temperature and moisture distribution. The higher the heat
conductivity, the faster the temperature and moisture
transfer. Moreover, high therma diffusivity will lead to a
greater temperature change and a relatively poor heat
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storage capacity in soil. For the heat exchange of UHE it is
better to have high soil conductivity, however, better heat
storage capacity is more favorable for a seasonal
underground heat storage system.

(2). The temperature and moisture in soil changed slower in
the intermittent mode than that in continuous mode. So the
intermittent mode should be adopted for long-term stable
operation.
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Fig. 6 Temperature and moisture variation in different
layers in continuous and intermittent operation
mode

REFERENCES

Ren Xiaohong, Sun Chunwu, Hu Yanhui, A 3-D
dimensiona numericd model and experimanta
research for U-tube ground heat exchanger in heating

operation , Chongging : Journa of Chongging
Jianzhu University , 2004 , 26(5).

Wu Y onghua, He He Xuebing, Liu Xianying, Xiao Yiming,
refrigeration test in summer and heating model for

verticad U-tubes in GSHP, Chongging : Building
Energy & Environment , 2003 , 22(1).

T.-K. Lei, Development of a computational model for a
ground-coupled heat exchanger , ASHARE Tran. :
Reseach, 1993 , 99(1) : 149-159.

Tao Wenquan , Numerical heat tranfer Third edition, Xi’
an : XI' AN Jiaotong University Press , 2001.

Peacemen D W , Rachford H H. The numerica solution of
parabolic and elliptic differentia equations, J SIAM
, 1955, 3: 28-41.

Brain P L T. A finite- difference method of high-order
accuracy for the solution of three-dimensiona

transient heat conduction problems , AIChE J, 1961
, 7 : 367-370.

Douglas J, Jr. Alternating director method for three space

variables , Numerische Mathematik , 1962 , 4 : 41-
63.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


