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Evaluation of general applicability of microwave NDT to pipes with a bend
focusing on mode conversion
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Abstract

Hidetoshi HASHIZUME Member

This study evaluates the key factors impacting on multi-mode conversion of microwave when applying
microwave NDT to bent pipe inspection. Mathematical derivation demonstrates the dependence of multi-
mode conversion due to a bend on three factors: the ratio of bending radius to pipe’s diameter, the bend
angle and the frequency normalized with the cut-off frequency of an arbitrary mode. To verify the deducting
results, numerical simulations were conducted to evaluate multi-mode conversion of bent pipe adopting
TEo microwave mode as excitation. Simulation results showed that in spite of different inner diameters,
transmission characteristics of microwaves propagating in bent pipes manifest excellent consistency if the
pipes are characterized by the same three aforementioned factors.
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1. Introduction

Metallic pipes are widely utilized in many industrial facilities,
where failures of pipes [ 1] may cause immense economic losses,
severe environmental pollutions and even personnel casualties.
Therefore, developing efficient non-destructive pipe inspecting
methods becomes increasingly essential and imperative.

Microwave NDT [2] has been proposed as an advanced
technology which can implement high-speed and long-range
pipe inspection. Microwaves are excited at one end of the pipe
and propagate inside it with very low attenuation. A reflection will
occur if a flaw is situated on the inner surface of the pipe, and the
location of the flaw, relative to the excitation probe, can be
determined by analyzing the TOF (time of flight) of reflection
signal caused by the flaw.

The applicability of microwave NDT to bent pipe inspection
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has been verified experimentally in a former study [3]. Reflection
signals from circumferential pipe wall thinning located behind a
bend are discernable for detection, whereas they are not as clear
as the results obtained using straight pipes. It is because the mode
conversion of microwave at bends causes the presence of several
modes, which gives rise to multiple peaks and obscure reflection
in time domain. Factors affecting mode conversion due to bend
were investigated preliminarily [4]. The results showed that mode
conversion due to a bend was determined by three factors: the
ratio of pipe’s bending radius to diameter, the normalized
frequency and the bend angle. However, mathematical derivation
in the former study only demonstrated the dependence of single-
mode conversion, while multi-mode conversion usually occurs
with the width of sweeping frequency span increasing. Moreover,
in the numerical simulation of the former study, only TMy; mode
was used as excitation, and only one scenario of simulation
condition was discussed.

In order to evaluate the general applicability of microwave
NDT to bent pipe inspection, the generality of the dependence of

multi-mode conversion due to a bend should be studied deeply



and comprehensively. In this study, the dependence of multi-
mode conversion due to one bend on aforementioned three
factors was demonstrated theoretically. Corresponding numerical
simulations for different scenarios were conducted with TEq,

microwave mode employed as excitation.
2. Mathematical derivation

Fig. 1 illustrates the mode conversion at a bend. 7, D and o
denote bending radius, pipe’s diameter and bend angle. z is the
length of the curve along which microwaves propagate. Mode

conversion of microwave occurs at the bend region.
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Fig. 1. lllustration of mode conversion at a bend

According to the previous study on mode conversion due to

bend [5], mathematical expressions of multi-mode coupling can

be interpreted in (1).
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where A4, C and 8 denote the amplitude of the converted mode,
coupling coefficient and phase constant, respectively. m, n, m’
and n” are mode numbers, and | m —m’|= 1. “+’and ‘-’ refer to
the forward direction and backward direction of propagation.

Since it is obvious to see that dz = r - da, from Fig. 1, (1)
can be rewritten as:
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According to the definition of phase constant and the

f" rﬂm'n'

proportional relationship between wavenumber & and frequency

1s calculated as follow:

where X,,,»»°1s the nth zero of J,,, (X) (for TM modes) or J,,’(X) (for
TE modes), J,, (X) is m-rank Bessel function. kavior and fomor
denote the cut-off wavenumber and the cut-off frequency of
TMoi mode,and u,, isgivenby uy; = 2keyo1/D. From(4),
it is evident that 7Sy is dependent on 7/D as well as flfovor.
Virtually, f'can be normalized with the cut-off frequency of any
mode.

Besides, taking the coupling coefficient from TE to TM mode

. +
as an instance, 7C{,,,y.,, canbe expressed as follows:
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where u,, and v, are constants determining the cut-off
frequencies of TM,,,, and TE,,;,» modes. The result indicates that
7Clorymm 0Ny hinges on flfovor. Similarly, by substituting other
coupling coefficients (TM to TE, TM to TM, TE to TE) into

. .
PComym » the same consequences are able to be acquired

rC*
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),

accordingly.

Based on the above deductions, it can be easily concluded that
the coefficients of (2) depend on 7/D and f/f;101, while the solution
to (2) is a function of o.. Technically, how modes are converted at
abend can be determined if /D, flfavior and o are designated.

3. Numerical simulation

3.1 Simulation model and parameters
Three-dimensional finite element simulations were performed

using commercial COMSOL Multiphysics v5.0 with its RF



module. The governing equation of the simulation is:
Vxu ' (VxE)—kj[e.—jo/(we)JE=0 (5),

where ko = /g, is the propagation constant ina vacuum, &
and o are permittivity and permeability in a vacuum, w is the
angular velocity. E denotes the vector of electric field intensity,
whilst ¢ is the electrical conductivity. & and g are relative
permittivity and relative permeability.

The geometric model of simulation is illustrated in Fig. 2. TEq,
microwave mode was excited at one end of the pipe (I), while
transmission characteristics of converted modes as well as TEq,
mode were evaluated at the other end (IT). An additional PML
(perfectly matched layer) was deployed at the end II to eliminate
the reflections at the surface. Second-order tetrahedral were used

for discretization. The simulation parameters are listed in Table 1.

Perfect electric TEo1, TE11, TE21,
conductor (PEC) TMi1, TEss PML
\\
________ <-!h_ 7]
100 s 25
100
777777777 of TEoi
Air I

unit: mm (not to scale)

Fig. 2. Geometric model of numerical simulation

Table 1 Simulation parameters

Parameter (unit) value
D (mm) 127,575, 74
"D () 1,2,3,4,5
o) 90, 180
30.5-38.5 (D=12.7 mm)
£(GHz) 10— 124 (D=39 mm)
52-6.6 (D=74mm)
Hfemor () 1.68 - 2.12 (approx.)
Sifeeor (-) * 1.05 - 1.33 (approx.)

(*: feron s the cut-off frequency of TEo mode)

3.2 Simulation results

Simulation results of two scenarios (a = 180°, »/D =1 and
a=90°, r /D= 3) are displayed in Fig. 3 and Fig. 4. In both two
scenarios, when microwaves propagate through three bent pipes
of different D, the transmission characteristics are different if /

were not normalized with fovor or fegor. After normalization, the

transmission characteristics of bent pipes with the same #/D, the
same a and the same range of f/favor reveal good consistency,
despite different D (Some modes were not plotted in Fig. 4
because their values are too small). Also, from (b) and (c) in Fig.
3 and 4, it is easy to see that the cut-off frequency used for

normalization can be arbitrary and has no influence on results.
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Fig. 3. Transmission characteristics (o =180°, r/D=1)
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Fig. 4. Transmission characteristics (o =90° r/D = 3)

4. GConclusion

This study theoretically demonstrated the dependence of

multi-mode conversion due to a bend on the ratio of bending
radius to diameter, the normalized frequency and the bend angle.
The results of numerical simulations using TEy mode as
excitation comply with those of mathematical derivation, and the
generality with respect to the dependence of multi-mode

conversion due to bend has been verified.

References

[1] http://www.sozogaku.com/tkd/en/

[2] K. Sugawara et al., "Development of NDT method using
electromagnetic waves", JSAEM Stud. Appl. Electromagn.
Mech., Vol. 10, 2001, pp. 313-316.

[3] S. Uoshita et al., “Long-range inspection of a pipe with a
bend using microwaves”, the 18th international symposium
on applied electromagnetics and mechanics, Chamonix-
Mont-Blanc, France, September 2017, pp. 3-6.

[4] BUEED, “~A 7 n G L HRERE 2 BB L
723 0 EN I 2B — NSRBI - ORI,
H A B = AL STRER 6 [R50 « G,
i, 2018, pp. 3

[5] H.Liand M. Thumm, “Mode conversion due to curvature
in corrugated waveguides”, International Journal of
Electronics, Vol. 71, No. 2, 1991, pp. 333-347.




<<
  /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


