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3D NUMERICAL STUDY OF TEMPERATURE PATTERNS IN A FEMALE BREAST
WITH TUMOR USING A REALISTIC MULTI-LAYERED MODEL

Abstract. This paper presents a three-dimensional numerical study of temperature patterns in a
realistic multi-layered model of a female breast including blood perfusion. The breast surface temperature
distributions are computed and analyzed with different tumor positions, sizes and different fat contents in
the breast. The results are compared with experimental results for validation of the model. The paper
shows that realistic breast model can accurately predict the temperature distributions inside the breast
compared with traditional idealized models. The results demonstrate that all of the identifiable tumor
occurrences were at the depth from 13 mm to 23 mm while none of the tumors at a depth of 29 mm were
found to be detected. In respect to this, it was observed that tumors lied in the gland layer had less impact
on the temperature profile of the breast. In addition, it was perceived that because of the natural
deformation the breast geometry has an asymmetric surface temperature distribution in regards to
symmetric tumor positions. Thus, the conducted parametric study analyzes the tumor location, size, and
metabolic heat generation, and compares different temperature patterns subjected to the changes in the fat
layer. Additionally, this study uses more realistic breast geometry model compared to previous studies. All
this gives greater insight into the detectability of tumors with a variety of physiological conditions based
on personalized patients’ data and can give useful insight to improve the accuracy of computer-aided
diagnosis using similar breast models. This can provide a very useful tool in inverse thermal modelling for
the accurate detection of tumors in the breast.

Key words: breast cancer, multilayer model, numerical study, fat content, COMSOL.

Introduction. Breast cancer is a multifactorial disease, the development of which is associated with
changes in the genome of the cell under the influence of external causes and hormones. It is considered to
be one of the most common diseases that lead to death among females. Early diagnosis is vital, as the
tumor is highly treatable at the earlier stages [1].

There are many techniques for cancer diagnosis and the most common are breast examination and
mammography. Thermography is another imaging technique using infrared rays to produce color pictures
of the temperature distribution fields. According to Acharya et al. [2], the surface of a breast with
cancerous tissues has higher temperature profile compared to the surrounding region and abnormalities
can be discovered through thermography. A 0.5 °C difference in temperature profiles between two breasts
of a patient is enough to conclude abnormal condition [1]. In Chen et al. [3], cameras with 0.1°C
resolution with 4 second scan time can detect tumor hidden within more than one-third of the depth of the
breast. Nowadays, thermography is capable of detecting possible tumor hidden inside more than one-
fourth of the depth of a breast.
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There have been numerous studies on the numerical analysis of female breasts with tumors.
However, the studies used a simple model of the breast, whose geometry was assumed to be a perfect
hemisphere which is axisymmetric. Only a small number of the studies considered multi-layered breast
models to replicate realistic anatomy of the breast. Moreover, even the multi-layer models were assumed
to have constant fat contents, which limits the information that can be gathered.

The main objective of this work is to examine temperature patterns generated by tumors on different
locations based on multi-layered breast models with blood perfusion and different physiological
conditions to provide insight into the detectability of tumor inside the breast. This study analyzes the
tumor location, size, and metabolic heat generation, and compares different temperature patterns subjected
to the changes in the fat layer. Additionally, this study uses more realistic breast geometry model
compared to previous studies. The findings in this study could provide useful insight to improve the
accuracy of computer-aided diagnosis using similar breast models.

Methodology of the study

To solve the steady-state thermal conduction problem in a breast, the bioheat equation presented by
Pennes [4] was used in the model [5-9]: kV2T — c,wy,pp(T — T,) + Gy = 0, where “k” is the thermal
conductivity; “c;,” is the heat capacity of blood; “w,” is the blood perfusion coefficient; “p,” is the
density of the blood; “q,,” is the metabolic heat generation; “T” tissue temperature; “T.” arterial
temperature, which is equal to 37 °C, that is the same as the core temperature of the body.

At the boundaries, there are heat convection condition on the surface of the breast and the constant
thoracic temperature condition applied at its bottom where it is connected to the thorax: —k AT = h(T —
Tambient) a@nd T =T, where h=13.5Wm2°C~1, which is evaluated for combined effects of
convection, radiation and evaporation [10]. Equation (2) is a boundary condition at the skin surface
representing heat convection between breast surface and the ambient environment assumed to be air
temperature T, = 22 °C. Equation (3) is a boundary condition at the surfaces representing body core and
it always remains constant T, = 37 °C.

In order to consider a geometrically realistic breast as a 3D-model, the geometry obtained by
Mukhmetov et. al. [11,12] was used as a base model (Figure 1). The authors used an engineering scanning
technique to obtain a 3D surface model of a mannequin chest and converted it into a solid breast model in
SolidWorks CAD software. The overall geometry was not changed, but layers of materials were added to
simulate real breast tissues. The parameters chosen were: height of the gland layer (Figure 2), spherical
coordinates (r, 6, ¢ in Figures 3,4), of the center of the tumor inside the breast, and the diameter of the
tumor, totaling five independent parameters.

Tumor
Gland layer

Fat layer

|~ Gland layer height

Fig. 1. The breast model developed by Figure 2. A cross-section view of the 3D model of the
Mukhmetov [14] breast in SolidWorks
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Figure 3. Spherical coordinate system Figure 4. CAD model in spherical coordinate

COMSOL Multiphysics was chosen as a solver because it includes bioheat transfer module [10], to
synchronize 3D model changes between SolidWorks and COMSOL the “LiveLink”. The “biological
tissue” feature of the COMSOL was used to set the heat generation values for each tissue: fat, gland layer
and tumor. The feature has dedicated settings for blood perfusion and metabolic heat generation terms.
The domains and contact regions are automatically recognized by the COMSOL via LiveLink feature and
can be easily selected for application of materials. The PARDISO was set as a solver with automatic
preordering algorithm. Also, the nonlinear Newton method was used with initial damping factor of 0.01
and minimum damping factor of 107,

The parameters of thermal properties for all the breast tissues were taken from Ng and Sudharsan
[10] and are presented in Table 1.

From Bezerra et. al. [6] the metabolic heat generation of the tumor can be derived from the function
of Doubling time: g,, * T = C (W * day/m?3), where “C” is a constant C=3.27x10° Wxday/m® and “t” is
the doubling time value. On top of that, the tumor dimeter is a function of doubling time as [7]: D =
0.01 * exp (0.002134 * (t — 50)).

Table 1. Pennes equation parameters [10]

Parameter name Symbol Fat Gland Tumor
Thermal conductivity (W/mK) Kk 0.21 0.42 0.42
Blood perfusion (ml/s/ml) W 0.0002 | 0.0006 0.012
Density (kg/m®) P 920 1050 1060
Specific heat (J/kg K) c 2770 3770 3800
Arterial temperature (°C) T 37 37 37
Metabolic heat generation (W/m?®) q 400 700 29000

From these equations, the heat generation can be estimated for each input diameter of the tumor,
such as 10, 15 and 20 mm. The variation of this parameter would give insight into the relationship
between detectability of tumor for various body fat values which normally vary with ages of patients. This
parameter was varied as Hgiana = 74, 64 and 54 mm which resulted in 36.7%, 49.4%, and 60.3% of fat
content in the 3D breast model respectively.

These parameters were uploaded to COMSOL Multiphysics via option in ‘“Parametric sweep”
study. In order to have reference temperatures for comparison, several simulations were conducted for
Hgiana = 74, 64 and 54 mm (fat content of {36.7%, 49.4%, and 60.3%}) for the breast without a tumor.

Results and discussion

To ensure accurate and reliable result, a mesh convergence study was conducted and for this
purpose tetrahedral mesh was adopted. Mesh convergence study was varied, ranging from 5,193 elements
to 178,517 elements and the probe was placed at the center of the tumor that corresponds to the maximum
temperature in the breast. Based on Figure 5, it was decided to use 37,231 tetrahedral mesh elements due
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to the convergence of the results within the change of 0.002 °C, which is a much smaller value than the
resolution of thermal cameras needed to identify tumor [1]. The difference in the number of elements is
associated with the complexity of the realistic model.

37.33+
37.325+
37.32+
37.315+
3731+
37.305¢
37.3F

Temperature_degC

37.295F
37.29+
37.285F
37.28H

05 1 15 ®10°
Mesh_count

Fig. 5. Results of mesh verification study for a tumor of radius 20 mm, zenith angle of 90 mm,
tumor distance of 54 mm, and a gland height of 74 mm

Based on the forward simulation of the heat conductivity in the breast without tumour for the values
of gland layer height = {74, 64, 54} mm, the respective values of average surface temperatures are
{304.084, 303.428, 303.175} K. The average temperature data indicates that the surface temperature is
cooler with decreasing height of gland layer or increasing fat content. This trend is due to the change of
material properties near the surface area, namely the increase of fat layer, which has lower metabolic heat
generation rate as well as lower blood perfusion rate. Furthermore, surface temperature difference
distributions between healthy (no tumor) breast and breast with tumor become less significant with
decreasing vector distance (Figure 6).

! I C) 1 : d)
Figure 6. The temperature difference distributions between diseased and healthy breasts for gland
layer of 74mm, a tumor of 20mm, zenith angle of 90°, vector distance of: a) 54 mm; b) 49 mm; c) 44 mm;

d) 39 mm and reference data of the same gland layer

Since the vectors distance is the distance from the center of spherical coordinates to the tumor
center, decreasing vector distance means increasing tumor depth from the skin surface. Based on Figure
9d, the identification of tumor at depth of 29 mm is unlikely due to the fact that the maximum observed
temperature difference was 0.058 °C while according to the literature it should be at least 0.5 °C [1].
Furthermore, changing the zenith angle to 60° results in the same pattern of tumor recognition features that
fade away with deepening tumor location (Figure 7) and gives a visual cue on the change of tumor
position due to zenith angle.

Figure 8 represents a deviation of the surface temperature of the breast with a tumor from a
reference breast. The threshold average surface temperature on the skin surface was calculated to be
{0.0189 °C}, which corresponds to the maximum surface temperature difference of 0.5 °C between
87
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tumorous and reference breast model that was concluded as enough to identify a breast with a tumor [1].
This threshold was used to identify the detectable tumors from the parameter sweep data.

a)

<)

Figure 7. The temperature difference distributions between diseased and healthy breast for gland
layer of 74 mm, a tumor of 15 mm, zenith angle of 60°, vector distances of a) 54 mm, b) 49 mm, c) 44
mm, d) 39 mm and reference data of the same gland layer

Figure 8. The surface temperature difference distribution between cancerous and healthy breasts for
gland layer of 74 mm, a tumor of 20 mm, zenith angle of 60°, vector distance of 49 mm and reference data
of the same gland layer

Table 2 reveals a summary of the data obtained for analysis. The total number of simulations for
each gland height case was 144: a combination of tumor diameters of {20, 15, 10} mm, zenith angle of
{60°, 80°, 100°, 120°}, the angle between planes of {0° 90° 45°}, tumor depth of {14, 19, 24, 29} mm
derived from vector distances of {54, 49, 44, 39} mm respectively. The table shows the number of
simulations that surpassed the threshold of being detectable. The obvious trend is that the instances
increase with decreasing gland height or increasing the fat content. This is due to lower metabolic heat
generation, lower heat capacity, and lower blood diffusion coefficient of fat tissue that cannot contain the
heat generated by the tumor and conducts it through generating a more distinct pattern compared to a
thinner layer. Although this property of tumor detectability may indicate that people with more fat content
can detect tumor easier, it should be taken with caution. The fact is that additional fat increases breast size
and breasts with the same gland size but different fat content will have different overall size. If the tumor
grows on the same place on the glandular tissue the tumor will be deeper from the surface for the breast
with more fat content compared to another breast.

Table 2. Number of instances categorized as detectable out of 12 for different

gland layer height and fat content
Tumor Gland layer 74 mm; Fat | Gland layer 64 mm; Fat | Gland layer 54 mm; Fat
depth, mm content 36.7% content 49.4% content 60.3%

Tumor diameter, mm

Tumor diameter, mm

Tumor diameter, mm

20 | 15 [ 10

20 [ 15 | 10

20 | 15 | 10
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14 12 8 4 12 10 10 12 11 11
19 4 3 2 7 4 5 12 8 9
24 0 0 0 3 0 0 5 4 2
29 0 0 0 0 0 0 0 0 0
Total 33 51 74

Figure 9 shows novel bubble charts of tumor detectability, which is found to increase with the
tumor diameter. In addition, it should be noted that the data showed no occurrences of detectable tumor
that had a depth of 29 mm, among all simulations. This depth puts the tumor inside the glandular tissue
even at the highest fat content of 60.3%. The high heat capacity and high blood perfusion of the gland
contained prevents identifiable hot spots on the surface of the breast model.

88 | sed | 848

Tumor diameter, mm a) Tumor diameter, mm ) b) Tumor diameter, mm C)
Figure 9. Scatter bubble chart for fat content of: a) 36.7%; b) 49.4%; c) 60.3% where the size represents
a number of detected instances

Moreover, at a gland height of 64 mm, the number of instances with 10 mm diameter tumor being
detected is higher than the number of detected tumors with a 15 mm diameter. This was the result of
sufficiently high heat generation rate of the 10 mm tumor as well as being fully located in the fat layer due
to its smaller size that resulted in greater detectability of the tumor.

An interesting trend was observed when comparing data of zenith angles 60° and 120° of different
plane angles. The pattern was that there was a difference between average temperatures of heat patterns
produced by tumors at upper and lower regions on the breast with respect to the x-axis. The upper region
is tumor locations with parameters: a zenith angle 60° and a plane angle of 90°, whereas lower region has a
zenith angle of 120° and a plane angle of 90°. The average temperatures were compared and the upper
region generated 20.785% more heat on average. This asymmetry could be explained by the fact that the
realistic geometry of the breast that was used in this study is asymmetric due to natural deformation of the
breast under the effect of gravity and lower part of the breast has accumulated tissue which creates
asymmetry in final surface temperatures. This effect was impossible to observe in previous studies that
assumed the breast to be perfectly semispherical and thus axisymmetric. Further examination was done on
the comparison between the left and rights regions. The right tumor locations could be described by the
parameters: a zenith angle 60° and a plane angle of 0°, whereas the left region has a zenith angle of 120°
and a plane angle of 0°. A similar comparison was performed and the difference in the surface
temperatures was 7.157% on average. This suggests that the tumors that are located in the lower regions
are harder to identify compared to upper regions and that left and right temperature profiles vary less than
the top and bottom temperature profiles.

Conclusion

A sophisticated 3D numerical heat transfer model for the breast was developed and validated.
Selected breasts were simulated by the model with various sized tumors and corresponding metabolic heat
generation rates, different locations of the tumor and gland heights that corresponded to fat content. The
predicted temperature agreed well with experimental results from the studies of Gautherie. The surface
temperature was observed to be lower with increasing fat content, which could be estimated based on the
thermogram using reverse thermal modeling. The parametric analysis of different tumor locations
indicated that the variation of the surface temperature patterns due to tumor positions in the fat or gland
layer significantly differed. As the diameter of a tumor increased its detectability increased
correspondingly. The tumors that were fully emerged in the gland layer due to very thin fat layer had a
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significantly lower surface impact and sometimes did not give enough thermal signature in the breast
surface to make it identifiable. All of the identifiable tumor occurrences were at the depth from 13 mm to
23 mm while none of the tumors at a depth of 29 mm were found to be detected. Moreover, it was
observed that a naturally deformed breast geometry results in asymmetric surface temperature distribution
with respect to symmetric tumor positions. This behavior did not take place in the previous studies with
axisymmetric breast models.

Funding: This work was supported by grants from the Ministry of Education and Science of the
Republic of Kazakhstan «Application of artificial intelligence to complement thermography for breast
cancer prediction» (AP08857347), «Development of an intelligent system for early breast tumor detection
and cancer prediction» (AP05130923) and it also partially supported by NU through a FDCR grant
240919FD3934.

Kao 51.1, Mpip3axmer A.}, Mamekosa A}, I.M.K Hr?, Myxmeros O.

1Ka(beﬂpa MAIIMHOCTPOEHHUS U a3poKocMHuueckoil TexHuku, [lIkona nHKeHEepHbIX
u unpoBeIX Hayk, HazapbaeB Yuusepcurer, Hyp-Cynran, Kazaxcran
?[ITkosa MAIIMHOCTPOCHNUS U TIPOM3BOJCTBA,
Hanpsuckuit Texnonorunueckuit Y auepcuret, CHHTAmyp

YACJTEHHOE U3YYEHME PACIPEJEJEHUSI TEMIIEPATYPbI HA IOBEPXHOCTH _
KEHCKOM I'PY M TP HAJIMUMH OITYXOJIA C UCITOJIb30BAHUEM TPEXMEPHOM
PEAJIMCTUYECKOM MHOIOCJIOMHOM MOJIEJIA

AHHoTaumMs. B maHHOM cTaTbe MPEACTaBICHO TPEXMEPHOE MaTeMaTUYeCKOe HCCe0BaHne
TEIUIONPOBOTHOCTH W paclpeeleHns TeMIIepaTypbl Ha IOBEPXHOCTH PEATTUCTHYECKOW MHOTOCIIOIHOMN
MO/JIEITH JKEHCKOH Irpyau, BKIIto4as nepdy3uro Kpou. TeruionpoBoIHOCT U paclpeaeICHUe TEMIIepaTy phl
Ha IOBEPXHOCTHU TPyIW BBIYUCISIOTCA M AHAIM3HUPYIOTCS C Pa3IMYHBIMM IMO3ULMAMH U pa3MepaMu
OITyXOJIH, a TaK)Ke Pa3NUIHBIM COJEp’KaHMEM KHpa B rpyAu. B pabore mokazaHo, 4TO peanrcTHUecKas
MOJIeNb TPYyAM MOXKET TOYHO IPOTHO3HPOBATH pACHpelesIeHHe TEeMIEpaTypbl BHYTPU TpyAH IO
CPaBHEHHMIO C TPAAULUOHHBIMHU HACAIN3UPOBAHHBIMU MOJAETAMHU. JlaHHast MOJeNb IpyId ObLIa IMoJTyueHa
¢ momonibio nHxkeHepHoro 3/I-ckanmpoBanus, a Taxke nporpammbl SOLIDWORKS. Marematnueckue
pac4eTbl ObUTH BBIMOIHEHBI MEeTOI0M KOHEUHBIX 3JIEMEHTOB ¢ momoribio mporpamm MATLAB, LiveLink
u COMSOL Multiphysics. JIns ycTaHOBKM 3HAYEHHUI TEIUTOBBIACICHUS JUTS KOKIOM TKAHU: JKUPA, CIOS
JKeJe3bpl M OMyXOoNu Oblla MCIOoNb30BaHa (YHKIMS «Oumonormueckoir Tkannm» COMSOL. Takxe Obin
WCTIONIB30BaH HEJIMHEWHBIH MeToq HpioToHa ¢ HadambHBIM Kodd¢uiumentom nemndupoBanus 0,01 u
MHHHMAJIBHEIM KO3 duimentom aemnduposanus 10°. C Hebio MOMydeHns TOYHBIX, a TAKKE HATEKHBIX
pe3yiIbTaToB OBUIO TIPOBEJEHO MCCIEJOBAaHME CXOAMMOCTH CEeTKM. Ha OCHOBaHMHM IONYyYEHHBIX
Pe3yIbTaTOB OBLIO PEIICHO HCIOIL30BaTh CETKY U3 37 231 TeTpa’dapuuecKux 3JIEMEHTOB IIPH U3MECHEHUH
temnepatrypel Ha 0,002°C, uyto gBHfeTCS TOpa3l0 MEHBUIMM 3HAUYE€HHEM, 4YeM pa3pelieHue
TEIJIOBU30PHBIX Kamep, HEOOXOAUMBIM JAJIsl HICHTU(HUKALIMN OMyX0JH. Pe3ynbTaTel JEMOHCTPUPYIOT, UTO
BCE WACHTU(QHUUUPYEMbIEC OITyXOJIEBBIE CIIydau MPOSBISIMCE HA Tayoune ot 13 mo 23 mm. Ilpu s3tom Ha
riryonne 29 MM u 6osee B Jkenes3e OImyXxoib He Oblia oOHapyXeHa. B cBsi3u ¢ 3THM OBUIO OTMEUYEHO, YTO
OITYXOJIH, JISKAIIME B CJIOE MOJIOYHOW JKeNe3bl, OKa3bIBaJId MEHBIIIEE BIMSHUE Ha TEIIONPOBOAHOCTH U
paciipenesieHle TeMIepaTypbl Ha MOBEpXHOCTH rpyau. Kpome Toro, uccienoBanue 1eMOHCTPUPYET, UTO
M3-32 eCTeCTBEHHOW nedopManui, TEOMETpHs TpPyAH WMMEEeT AacHMMETPHYHOE pacmpeiesieHue
TEMIIepaTypbl MOBEPXHOCTH OTHOCHTEIBHO CHMMETPUYHBIX IIOJIOKEHUH OIyXodu. TakuMm o0pa3om,
MIPOBEJICHHOE MapaMeTPUUECKOE, MAaTEMAaTHUYECKOE HCCIEJOBAHNE AHATU3UPYET JOKATU3ALHUI0 OMYXOJIH,
ee pasMep 1 MeTaboINYEeCKOe BbIIEJICHHE TeIlla, a TAKXKE CPAaBHUBACT Pa3IMYHbIC TEMIIEPATYPHBIE CXEMBI,
MOJIBEpP’)KEHHBIE M3MEHEHHMsSM B JKHpPOBOM ciioe. Bce 3To nmaer Gosee rirybokoe MpencTaBieHHE 00
OOHapyXeHWH  OINyXoJed C  pa3IMYHbBIMH  (U3HOJOTMYECKHMMH  COCTOSHMSIMA  HA  OCHOBE
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MEPCOHATM3UPOBAHHBIX JAaHHBIX MAIMEHTOB M MOKET JaTh MOJC3HYI0O HH(MOPMAIIMIO IJIS MOBBIIICHHS
TOYHOCTU KOMIIBIOTEPHOW JUATHOCTUKHU C MCITOJIb30BAHUEM aHAJOTHMYHBIX MOJICNICH MOJIOYHBIX XKeJle3.

KioueBble cjoBa: pak MOJOYHOM JKeJe3bl, MHOTOCIIOWHAS MOJIeTb, YHCICHHOE HCCIIEIOBAHNUE,
conepxanue xxupa, COMSOL.

Zhao Y.}, Meip3axmer A.l, Mamexosa A.!, EYK NgZ Myxmeros O.!

"Mammra xacay 5KoHe ad9pOFapHIITHIK TEXHHKA Kadeapack, MHKeHepIliK sKoHe MHPPIIBIK
FBUIBIM MekTe01, Hazap6aeB ynuBepcuteti, Hyp-Cynran, Kazakcran;
“MamuHa ’kacay skoHe oHipic Kadeapacsl, HaHbIHCK TexHONOTHs yHUBEpCUTETi, CHHTAITYp

YIII OJIIIEM/II HAKTBI KOIIKABATTBI MOJAEJBAI KOJJAHY APKBLIBI ICITI BAP
OIEJI OMBIPAYbBI BETIHJEI'I TEMIEPATYPAHBIH TAPAJIYBIH 3EPTTEY

AnHoTaumus. Makanaga KaH TepPy3WsICBIH KOCa alFaHJarbl OWell OMBIPAyBIHBIH pPEaUCTIK
KeNKa0aTThl MOJAEJIHIH HaKThl OETKi KabaThlHAA TeMIepaTypaHblH Tapalybl MEH JKbUTY OTKI3TIIITITiHIH
VIIOIIMIeMII MaTeMaTHUKaIbIK 3epTTeyiepi kepcerinreH. CyT 0Oe3i OeTiHAeri KBUTy OTKI3TIIITIK IIeH
TEeMIEepaTypaHblH Tapalxybl oWeNl OMBIpaybIHAAFbl TYpPJi ICIK MO3WIMACH], MOIMEpl >KoHe Typdi
TBHIFBI3IBIKIICH (Maii MeJIIepi) ecenTene i )koHe TalJaHaapl. OHell OMbIpayblHa apHaIFaH aTalFaH MOJACIb
JOCTYPIi  MIeanu3alusiiaHFaH MOJENbICPMEH CaJbICTHIPFAHAAa OMBIpAy IMIiHAE TeMIepaTypaHbIq
TapaXyblH A7 00JDKAH aJaTBIHIBIFEI KYMBICTA KOPCETUIII. OWell OMBIPAyBIHBIH OYII MOJEIT HHKCHEPIIIK
3D ckanepney apkpuibl, conpaii-ak SOLIDWORKS oGarmgapnaMackiMeH anbIHABL MaTeMaTHKAIBIK
ecenteynep MATLAB, LiveLink »xone COMSOL Multiphysics Oarmapmamachl apKbUIbl IETKI
JMIEMEHTTEp OIICIMEH jkacauapl. OpOip yimara (Maid, Oe3 KabaTbl, iCiK) KBTIy OediHy >KaFgaibIH
anpikTarad COMSOL-ap1H «OHOIOTHSUTBIK YIITa» QYHKITUSACH KOMAaHbUIbpl. COHBIMEH KaTap, 0acTamkbl
nemmndupiey kodddurmenti 0,01 sxoHe MUHUMANB! Aemndeprey Koddduuuenti 10° GomaThH CHI3BIKTEI
emec HproToH omicremeci maiimamanHeuiabl. HoTwkenmepni monm jkoHE CEeHIMIII aHBIKTay MaKCaThbIMEH
TOPJBIH KMBUIBICYBI 3epTTelIi. AJIbIHFaH HOTHXKeNep Herizinge Temneparypa 0,002 °C e3reprenne 37 231
TETpadApadiepiiik JEMEHTEPICH TYPAThIH TOP KOJJIaHy KaXKeT JiereH IeniM Kaobuianabl. by icikrepai
aHBIKTAy VIIIH KaXETTI TEIJIOBH30P KaMEPACBIHBIH a)KbIPATHIMIBUIBIFEIMEH CAJBICTBIPFaHAa TINTI Killn
MoH OoJbIl caHanazpl. Ecentey HoTmkenepi OapiblK aHBIKTaNFaH iciktep 13 MM-zeH 23 MM-re AeiiHri
TePEHIIKTE OOJIATHIHBIH KOPCETTI. 29 MM KoHE OJlaH J1a aphIKAPAWFhI TEPESHIIKTET] ICIKTEP aHBIKTAIMATh.
ConpnpIkTan cyT Oe3iHiH KaOaTblHIa KaTKaH icikTep cyT Oe3aepi OCTiHIH JKbUIy OTKI3TILITIrIHE >KOHE
TEMIIEpaTypachIHBIH TapallyblHa a3 acep eTeTiHi aram eoTingi. CoHbIMEH Karap, 3epTTeyiep, TaOuru
nedopmarisira OalIaHBICTBl 9MeNl OMBIPAYBIHBIH T€OMETPHSCH], ICIKTIH CHMMETPHSIIBI MO3UIHIIapbIHA
KaTBICTBl O€TKi TeMIepaTypaHblH acCUMMETPHUSUIBIK TapalaTbiHbIH Kepcereni. CeWTin, eTKi3iireH
napaMeTpiliK KoHe MaTeMaTHKAJIBIK 3€pTTEYJIEp 1CIKTiH LIOFBIPIaHybIH, MOJIIEPIiH KoHE METaOOIHKAIIBIK
XKbUTy OediHiciH Tanmaiasl. COHBIMEH Karap, aWTBUTFAH 3epTeyliep Mai KaOaThIHIAFBl e3repicTepre
YIIBIPAWTBIH TYPIIl TEMIIEPaTYPajbIK 3aHIbUIBIKTApABI CANBICTHIPaIbl. MYHBIH 00pi MAlMEHTTEPIIIH KeKe
JepeKTepl HeriziHae TypJli (U3HONIOTHSUIBIK JKardaiiarbl iCIKTEpAl aHBIKTay Typasibl KEHIpeK TYCIHIK
Oepexi ykoHe cyT Oe3/epiHiH YKcac MOJIENbIEPiH KOIIaHy HETi31H/1e KOMIBIOTEPIIIK JUATHOCTHKA JIQJIITiH
’KakcapTyFa Imai1aibl akImapar YChIHAJIbL.

Tyiiin ce3mep: cyt Oe3iHiH KaTep:i iciri, kenkabaTThl MOJCIb, CAaHJBIK 3EPTTEY, Mail MeJepi,
COMSOL.
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