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ABSTRACT 
The experiments of constant stress 

loading rate were conducted in order to 
investigate the deformation problem for 
waxy crude oil. The yield strains have a 
small range from 0.01 to 0.20. The yield 
stress increases dramatically with the 
decreasing temperature and is less 
dependent on the stress loading rate. The 
yield time decreased as the stress loading 
rate is increased at a certain temperature. 

 
INSTRUCTION 

Most of the crude oils produced in 
China and many foreign oilfields are waxy 
crude. Owning to precipitation of wax and 
formation of network structure of wax 
crystals, waxy crude exhibits irreversible 
thixotropy, viscoelasticity, yielding 
behaviour and other complex rheological 
properties near gel point. Yielding 
behaviour is an important project for 
deformation research. In 1958, Houwink et 
al. proposed that there are two kinds of 
yield stress, corresponding to the end of 
elasticity and the appearance of viscosity1. 
In 1999, Li et al. studied the yield 
behaviour of Xinjiang crude oil and 
proposed the yield strain concept2. In 2007, 
Hou et al. proposed that the yield strain did 
exist objectively through experiments of 
creep, constant stress loading rate, 

oscillatory shear stress sweep and constant 
shear rate3. However, the range of yield 
strain still needs to be studied and there is a 
little research for the relationship between 
the yield time and the loading stress. In this 
paper, the yield behaviours of 3 kinds of 
waxy crude oils were investigated through 
the experiment of constant stress loading 
rate. 

 
EXPERIMENTAL SECTION 

The yield experiments were conducted 
by a RheolabQC rheometer (Anton Paar 
Corporation, Austria) and a 
controlled-stress rheometer RSH150 
(HAAKE Corporation, Karlsruhe, 
Germany). 3 different kinds of waxy crude 
oils were adopted as test specimens. For an 
oil specimen at a definite temperature, the 
shear action was exerted at a constant stress 
loading rate. The physical properties of the 
specimens are listed in Table 1. 

The oil specimens were pretreated to 
eliminate the memory effect for the thermal 
and shear history. First, the oil specimens in 
sealed bottles were heated quiescently to 80 
°C in water bath. After having been kept in 
this temperature for 2 h to become 
homogeneous due to thermal diffusion, the 
oil specimens were statically held at the 
room temperature for 48 h. 
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Table 1.  Physical property and heating temperature of oil specimens 

physical property 
Specimen No. 

1 2 3 
Wax content (wt. %) 24.37 23.27 17.47 
Wax appearance temperature (°C) 42.13 44.04 40.28 
Wax appearance peak temperature (°C) 19.27 21.23 17.56 
Wax appearance enthalpy (J/g) 26.91 29.44 20.36 
Gelation temperature (°C) 32 33 17 
Density at 20°C (kg/m3) — 863.08 844.02 
Heating temperature (°C) 45 50 50 
 
The pretreated oil specimens were kept at 

the heating temperature in water bath for 15 
min, being higher than the wax appearance 
temperature (WAT). Then they were loaded 
to the cup of rheometer. After having been 
held undisturbed for 10 min to make the 
inside temperature fully uniform, the oil 
specimens were cooled to different test 
temperatures at a cooling rate of 0.5 °C/min. 
Then the oil specimens were statically kept at 
the test temperature for 30 min to make the 
oil gel adequately. For an oil specimen at test 
temperature, the shear stress was loaded at a 
constant stress loading rate. The curves of the 
strain with the loading time were measured. 

 
RESULTS AND ANALYSES 
 
Yield Stress 

The yield stress was defined as the 
minimum shear stress for the occurrence of 
flow portent. The relationship between the 
strain and the loading time is plotted on 
logarithmic coordinate. Then the yield point 
is considered as the starting point where the 
strain increases dramatically. The strain and 
the loading time of the yield point 
respectively correspond to the yield strain 
and yield time. 

Based on the yield time and the stress 
loading rate, the yield stress accords with the 
following equation: 

 
s y

y 60

v t
                                                     (1) 

 

 
Where τy is the yield stress, Pa; vs is the stress 
loading rate, Pa/min; ty is the yield time, s. 
 
Discussion for Results 

Uniformly increased stresses were 
applied to the oil specimens at the test 
temperature. The curves of strain measured 
at different stress loading rates and different 
temperatures were plotted in Fig. 1-3. The 
results showed are as follows: 

(1) The yield strains have a small range 
from 0.01 to 0.20. As shown in Fig. 1-3, the 
yield strain changes a little with the test 
conditions and can be used as the criterion 
for the yielding of the structure of gelled 
crude. 7 groups of experimental data were 
obtained. The minimum of yield strain is 
0.01 for specimen No.2 at 31 °C with a stress 
loading rate of 2.2 Pa/min. The maximum is 
0.2 for specimen No. 2 at 32 °C with a stress 
loading rate of 0.6 Pa/min. 

(2) For the same oil specimen, the 
minimum yield stress measured at the low 
temperature is larger than the maximum 
yield stress measured at the high 
temperature. That is to say, the yield stress 
increases with the decreasing temperature. 
For the oil specimen No. 2, the minimum 
yield stresses at 31 °C is 12.1 Pa, while the 
maximum yield stresses at 32 °C is 5.8 Pa 
only. For the oil specimen No. 3, the 
minimum yield stresses at 13 °C is 139.3 Pa, 
while the maximum yield stresses at 16 °C is 
33.8 Pa only.   

(3) Even under different shear stress 
loading rates, the value of the yield stresses 

56



 

 

are close to each other at the same 
temperature for any oil specimen. The 
relative ranges of 7 groups of yield stresses 
are within 20%. For the specimen No. 1 at 
30 °C, the yield stress is 64.6 Pa, 69.9 Pa and 
74.0 Pa when the stress loading rate is 2 
Pa/min, 5 Pa/min and 10 Pa/min respectively. 
The corresponding relative range is 13%. 
The yield stress at 31 °C is 35.5 Pa, 39.5 Pa 
and 43.5 Pa when the stress loading rate is 2 
Pa/min, 5 Pa/min and 15 Pa/min respectively, 
and the corresponding relative range is 20%. 

(4) The yield time is shortened as the 
stress loading rate is increased at a certain 
temperature. For example, at 32 °C, the yield 
time of the oil specimen No. 2 are 504 s 
under the stress loading rate of 0.6 Pa/min; 
while the yield time is 385s under the stress 
loading rate of 0.8Pa/min. For the oil 
specimen No. 3 at 16°C, the yield time is 
respectively 451 s and 198 s with the stress 
loading rate respectively being 4.5 Pa/min 
and 8.5 Pa/min. 

     
(a)                                                                                  (b) 

Fig. 1 Variation of strain with loading time for specimen No. 1 (a 30 °C，b 31 °C). 
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(a)                                                                        (b) 

Fig. 2 Variation of strain with loading time for specimen No. 2 (a 31 °C，b 32 °C). 
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(a)                                                                (b) 

 

 
(c) 

Fig. 3 Variation of strain with loading time for specimen No. 3 (a 13 °C，b 15 °C，c 16 °C). 

 

CONCLUSION 
(1) The yielding property of the waxy 

crude oil was studied by the experiment of 
constant stress loading rate. It can be 
concluded that the yield strain ranging from 
0.01~0.2 with the measuring conditions, 
which demonstrate that the yield strain can 
be used as a criterion for the crude oil 
yielding. 

(2) The yield stress was studied in great 
detail through the experiment. The yield 
stress is largely dependent on the test 

temperature. For the same oil specimen, the 
minimum yield stress measured at the low 
temperature is greater than the maximum 
yield stress measured at the high 
temperature, which accords with the 
decrease of the yield stress with increasing 
temperature. 

(3) The experiments of constant stress 
loading rate show that the yield stress is less 
affected by the stress loading rate. At a 
certain temperature, the shear stresses with 
different stress loading rates were applied to 
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oil specimens in order to get the yield 
properties. The values of the yield stresses 
are close to each other at the same 
temperature.  

(4) The yield time is focused through 
the experiments and is varied with the test 
conditions. It is also can be seen that the yield 
time is shortened as the stress loading rate is 
increased at a certain temperature.  
 
ACKNOWLEDGEMENT 

The support from the general program of 
the National Natural Science Foundation of 
China (No.51174218) is greatly 
acknowledged. 

 
REFERENCES 
1. Howard, A.B. (1999), "The yield stress-a 
review or‘  ’-everything flows?",   
Journal of Non-Newtonian Fluid Mechanics, 
18,133-178. 

 
2. Li C.X. and Li Q.G. (1999), "Research on 
Yielding Behaviour of Xinjiang Gelled 
Crude Oil", OGST, 18(12), 5-7.  
 
3. Hou L. and Zhang J.J. (2007), "An 
Experimental Study on Yield Characteristics 
of Waxy Crude Oil", Journal of Oil and Gas 
Technology, 29(6), 99-102. 
 
4. Jin R.G. and Hua Y.Q. (2006), "The 
Polymer Physics (the third edition)", Beijing: 
Chemical Industry Press. 

60



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /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 /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 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
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /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
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




