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A yurt is a portable tent-like dwelling structure favored by Mongolian nomads for
more than three millennia and it can be favorably used even at a harsh environ-
ment as low as —50 degrees. The paper concludes that the multi-layer structure of
the felt cover is the key for weatherproofing. A fractional differential model with
He’s fractional derivative is established to find an optimal thickness of the fractal
hierarchy of the felt cover. A better understanding of the yurt mechanism could
help the further design of yurt-like space suits and other protective clothing for
extreme cold region.
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Introduction

Yurts have been a distinctive feature of life in Central Asia for at least three thou-
sand years [1-6]. The first written description of a yurt used as a dwelling was recorded by
Herodotus (484~424 B. C.), a historical development of various yurts is systematically illus-
trated [1, 6]. The yurt is used by all nomadic Mongol and Turkish peoples and is now found in
a huge territory spanning from Mongolia and Southern Siberia to Turkey. Few research works
was reported on the thermal properties of yurts. Manfield [2] compared the thermal comfort of
three different shelters used in cold climate for the design of expedition shelter. Contemporary
yurts in some scenic spots near Hohhot city, China, however, have only geometrical similarity
and many functional differences. It is interesting to note that the yurt has very few variations
in form or detail within this area, yet it is notable for its mobility and climatic adaptability.
The key to excellent thermal functionality lies in the felt making. Guo et al. [4] described a
very detailed felt making process.

The yurt has both a flexible and thermally responsive insulating fabric, in the form
of removable layers of felt that wrap around the wooden lattice and pole structure. During
summer, the felt is rolled up to allow cross ventilation. In some parts of Asia, the felt is per-
manently replaced with woven reed mats in order to maintain privacy as well as thermal com-
fort. Each felt layer is between 20 and 30 mm thick and during winter months. A yurt may
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have as many as eight felt layers to minimize
heat lost from the open hearth at the center of
the floor plan [2]. The felt cover, which consists
of layers of fabric and sheep wool, mimics the
design of a cocoon. And other researchers in-
vestigated the thermal properties of tent cloth-
ing showing the importance of hierarchical
structure [3, 4, 6] as that in a coccoon [7]. If the
yurt were not weatherproofed, the people in it
might have frozen to death in winter. The felt
cover evolved over time. It is reported that the
Figure 1. Mongolian yurt, and its temperature ~ YUrt felt cover possess hierarchical structure
drop. The slope of the temperature at the inner ~ Which is the major factor for the high protection
wall tends to zero [6] function of yurt and clothing [5, 6]. A theoreti-

cal analysis was given to explain the fascinating
phenomenon by a fractal hydrodynamic model for a discontinuous membrane composed of a
hierarchical wool cascade. Mathematical model was proposed for the better understanding of
heat transfer in the yurt [6].

As depicted in fig.1, the slope of the temperature change is almost zero near the in-
ner wall of the yurt, while the temperature changes quickly near the outer wall which can only
be achieved by fractional calculus. Fractional calculus can effectively describe phenomena
arising in discontinuous media.

b |
—_— > = e o—

Mathematical models

The definition of fractional derivative is of mathematical importance and practical
applications [8]. The following are some examples listed.
The Caputo fractional derivative is defined as [8]:

)= — L [ pyet SO
A { (x—1) o (1)
Riemann-Liouville fractional derivative is defined [8]:
a _ 1 dn T _pn—a-l1
DI O= r o { (x—0)" " f(0)dt )

Caputo derivatives are defined only for differentiable functions, while f can be a
continuous (but not necessarily differentiable) function. The Riemann-Liouville definition can
be used for any functions that are continuous but not differentiable anywhere, however, one

. o .
requires that D[ f(x)] # 0 when f{x) is a constant.

To overcome the disadvantages, Jumarie [9] modified Riemann-Liouville fractional

derivative into the form:

1 d" 7 -1
DI[f(x)]=— x=0)" [ f(t)— £(0)]dt 3)
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Alternative definitions were demonstrated in [8]. In this paper, we adopt He’s defini-
tion [10]:
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In previous equations, f can be continuous and possibly not differentiable anywhere.
The definition given in eq. (4) is derived from the variational iteration method [10], its physi-
cal understanding was elucidated [10], and practiced in many applications [11-17].

Fractal hierarchy and fractional model

The yurt have special hierarchical structures [3] which enable the yurt to have excel-
lent protective properties. A yurt has a multi-layer structure and the fiber diameter reduces
greatly from the outer layer to the inner layer. To illustrate the heat transfer property in a frac-
tal hierarchy, we established a 1-D model using the local fractional calculus [8]. In this paper,
we find that He’s fractional model [10] is more suitable for our study. He’s fractional deriva-
tive is specially effective for heat conduction in porous media, Liu et al. [11] applied He’s
fractional derivative for heat conduction in a fractal medium arising in silkworm cocoon hier-
archy, and gave a mathematical explanation of cocoon thermal protection and applied to op-
timally design insulation clothing with cocoon-like porous structure [12]. Fan et al. [13] stud-
ied bio-mimic design of multi-scale fabrics according to the structure of wools, and found that
such structure has extreme efficient heat transfer property and high air permeability [14].
Wang et al. [15, 16] and Sayevand et al. [17] gave some effective analytical methods for He’s
fractional calculus.

Fourier's law of thermal conduction inside the yurt and through a fractal hierarchy of
its wall can be expressed using He’s fractional derivative, respectively [10]:

d dr
a(koa)zo, 0<x<x, ()
d“ da’r

k =0, x; <x<L (6)

dxa ( 1 dxa J LI

with following boundary conditions:

T(0)=To @)
T(L)=T; (®)

dr d’r
(o) A2

dx x=L, dx
where x = x, is the inner wall, x = L — the outer wall of the yurt, ko — the thermal conductivity
of heat flux in air, k1 — the thermal conductivity of heat flux in the fractal hierarchy, d*/dx* —
the He’s fractional derivative [10] instead of the local fractional partner [6, 8], and o — the
fractal dimensions of fractal hierarchy.

The general solution to eq. (5) is:

T="To+ax (10)

x=L,

where a is a constant.
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The boundary condition, eq. (9), becomes:

dxa

To solve the fractional differential equation, eq. (6), with boundary conditions, egs.
(8) and (11), we adopt the following fractional complex transform [18-20]:

=kya (11)

x=L,

xa

s = 12
I+ea) (12)
Equations (6) and (11) become, respectively:
d dar
—| kg — |=0 13
= 13
and
(hgq ~ ka (14)
ds s=L7 /T (1+a)
The general solution of eq. (13) is:
T=b+cs (15)
or equivalently:
c a
T=b+ X (16)
I'l+a)

where b and c are constants to be further determined.
Incorporating the boundary conditions with egs. (8), (11), and (14), we have that:

¢ a

T, =b+——— 17
L r(+a) {1
kc=kya (18)
a C
T, + T =b+ i 19
0 r(1+a)L‘ F(1+a)L1 (19
Solving egs. (17)-(19) simultaneously, we can identify a, b, and c:
a- I~y (20)
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We can, therefore, determine the temperature and its slope at the inner wall:

c (22)
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It is obvious that 7' should be closed to the body temperature and its slope, Tl(a),
should tend to zero (see fig. 1), which requires that:

7@ _ TLk_‘ h (25)
L + [1 - ]Lf‘
k()
dZaTi
e =0 (26)
TLl % Thody 27)

From eqs. (25)-(27), L1, ki1, and a can be optimally determined.

In most practlcal apphcatlons T @ 20o0r d**T;/dL>** #0, L, ki, and a should be
such chosen that d aT /dL #0 or T )£0 is small enough and tends to zero, the smaller,
the better.

Conclusion

The paper highlights that the human-yurt system is a hierarchical structure. A local
fractional model is established to illustrate its mechanism and to optimally determine the
thickness of the felt cover. The fractal derivative is especially suitable for the hierarchical
structure. Non-lienar fractal differential equation can be converted to ordinary differential
equation which is solved accurately by variational iteration method. A better understanding of
the yurt mechanism could help the further design of yurt-like space suits and other protective
clothing for extreme cold region.

Acknowledgment

The work is supported by Priority Academic Program Development of Jiangsu
Higher Education Institutions (PAPD), National Natural Science Foundation of China under



Liu, H.-Y., et al.: A Fractional Model for Heat Transfer in Mongolian Yurt
1866 THERMAL SCIENCE, Year 2017, Vol. 21, No. 4, pp. 1861-1866

Grant No. 11372205 and No. 51576215 Jiangsu Planned Projects for Postdoctoral Research
Funds under Grant No. 1401076B, China Postdoctoral Science Foundation under Grant Nos.
2015M571806 and 2016T90495, China National Textile and Apparel Council Project under
Grant No. 2015011, Key Scientific Research Projects of Henan Province under Grant No.
16A540001, and program of China Scholarship Council and the support provided by the
NSERC Discovery Grant is also appreciated.

References

[1] Humphrey, C., Inside a Mongolian Tent, New Society, 30 (1974), 630, pp. 273-275

[2] Manfield, P., A Comparative Study of Temporary Shelters Used in Cold Climates, M. Ph. thesis, Cam-
bridge University, Cambridge, UK, 2000

[3] Nielsen, R., ef al., Thermal Function of a Clothing Ensemble during Work: Dependency on Inner Cloth-
ing Layer Fit, Ergonomics, 32 (1989), 12, pp. 1581-1594

[4] Guo, X. F., et al., Study on Thermal Properties of Tibetan Robe Ensemble in Different Wearing Ways,
Advanced Materials Research, 332-334 (2011), Sept., pp. 367-370

[5] Li, J., et al., Temperature Rating Prediction of Tibetan Robe Ensemble Based on Different Wearing
Ways, Applied Ergonomics, 43 (2012), 5, pp. 909-915

[6] Liu, H. Y., He, J.-H., From Leibniz’s Notation for Derivative to the Fractal Derivative, Fractional Deriv-
ative and Application in Mongolian Yurt, in: Fractional Dynamics (Ed. C. Cattani, H. M. Srivastava,
X.-J., Yang), De Gruyter, Berlin, 2016, pp. 219-228

[7] Chen, R, et al., Silk Cocoon: “Emperor's New Clothes” for Pupa: Fractal Nano-Hydrodynamical Ap-
proach, Journal of Nano Research, 22 (2013), May, pp. 65-70

[8] Yang, X.J., Advanced Local Fractional Calculus and Its Applications, World Science, New York, USA,
2012

[9] Jumarie, G., Fractional Partial Differential Equations and Modified Riemann-Liouville Derivative New
Methods for Solution, Journal of Applied Mathematics and Computing, 24 (2007), 1-2, pp. 31-48

[10] He, J.-H., A Tutorial Review on Fractal Spacetime and Fractional Calculus, International Journal of
Theoretical Physics, 53 (2014), 11, pp. 3698-3718

[11] Liu, F. J., et al., He’s Fractional Derivative for Heat Conduction in a Fractal Medium Arising in Silk-
worm Cocoon Hierarchy, Thermal Science, 19 (2015), 4, pp. 1155-1159

[12] Liu, F. J., et al., A Fractional Model for Insulation Clothings with Cocoon-Like Porous Structure, Ther-
mal Science, 20 (2016), 3, pp. 779-784

[13] Fan, J., He, J.-H., Biomimic Design of Multi-Scale Fabric with Efficient Heat Transfer Property, Ther-
mal Science, 16 (2012), 5, pp. 1349-1352

[14] Fan, J., He, J.-H., Fractal Derivative Model for Air Permeability in Hierarchic Porous Media, Abstract
and Applied Analysis, 2012 (2012), ID 354701

[15] Wang, K. L., Liu, S. Y., A New Solution Procedure for Nonlinear Fractional Porous Media Equation
Based on a New Fractional Derivative, Nonlinear Science Letters 4, 7 (2016), 4, pp. 135-140

[16] Wang, K. L., Liu, S. Y., He’s Fractional Derivative for Nonlinear Fractional Heat Transfer Equation,
Thermal Science, 20 (2016), 3, pp. 793-796

[17] Sayevand, K., Pichaghchi, K., Analysis of Nonlinear Fractional KdV Equation Based on He’s Fractional
Derivative, Nonlinear Science Letters A, 7 (2016), 3, pp. 77-85

[18] Li, Z. B., He, J.-H., Fractional Complex Transform for Fractional Differential Equations, Mathematical
& Computational Applications, 15 (2010), 5, pp. 970-973

[19] He, J.-H., Li, Z. B., Converting Fractional Differential Equations into Partial Differential Equations,
Thermal Science, 16 (2012), 2, pp. 331-334

[20] He, J.-H., et al., Geometrical Explanation of the Fractional Complex Transform and Derivative Chain
Rule for Fractional Calculus, Physics Letters A, 376 (2012), 4, pp. 257-259

Paper submitted: January 10, 2015 © 2017 Society of Thermal Engineers of Serbia.
Paper revised: May 5, 2016 Published by the Vin&a Institute of Nuclear Sciences, Belgrade, Serbia.
Paper accepted: July 12,2016 This is an open access article distributed under the CC BY-NC-ND 4.0 terms and conditions.




<<

  /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 /Warning

  /CompatibilityLevel 1.3

  /CompressObjects /Off

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.1000

  /ColorConversionStrategy /LeaveColorUnchanged

  /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 false

  /PreserveHalftoneInfo false

  /PreserveOPIComments false

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Remove

  /UCRandBGInfo /Remove

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages false

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages false

  /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 false

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages false

  /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 false

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages false

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /PDFX3:2002

  ]

  /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 (U.S. Web Coated \050SWOP\051 v2)

  /PDFXOutputConditionIdentifier (CGATS TR 001)

  /PDFXOutputCondition ()

  /PDFXRegistryName (http://www.color.org)

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /DAN <>

    /DEU <>

    /ESP <>

    /FRA <>

    /ITA <>

    /JPN <>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /PTB <>

    /SUO <>

    /SVE <>

    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  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

      /BleedOffset [

        0

        0

        0

        0

      ]

      /ConvertColors /NoConversion

      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)

      /DestinationProfileSelector /UseName

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure true

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles true

      /MarksOffset 6

      /MarksWeight 0.250000

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /UseName

      /PageMarksFile /RomanDefault

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /LeaveUntagged

      /UseDocumentBleed false

    >>

    <<

      /AllowImageBreaks true

      /AllowTableBreaks true

      /ExpandPage false

      /HonorBaseURL true

      /HonorRolloverEffect false

      /IgnoreHTMLPageBreaks false

      /IncludeHeaderFooter false

      /MarginOffset [

        0

        0

        0

        0

      ]

      /MetadataAuthor ()

      /MetadataKeywords ()

      /MetadataSubject ()

      /MetadataTitle ()

      /MetricPageSize [

        0

        0

      ]

      /MetricUnit /inch

      /MobileCompatible 0

      /Namespace [

        (Adobe)

        (GoLive)

        (8.0)

      ]

      /OpenZoomToHTMLFontSize false

      /PageOrientation /Portrait

      /RemoveBackground false

      /ShrinkContent true

      /TreatColorsAs /MainMonitorColors

      /UseEmbeddedProfiles false

      /UseHTMLTitleAsMetadata true

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [2159.000 2794.000]

>> setpagedevice



