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Ijb\_^_gu j_amevlZlu ZgZebaZ l_hj_lbq_kdbo fh^_e_c ki_dZgby

d_jZfbq_kdbo fZl_jbZeh\. JZkkfhlj_gu ij_^klZ\e_gby h kljmdlmj_ b

wg_j]_lbd_ Zlhfh\ b fhe_dme \ d_jZfbq_kdbo kh_^bg_gbyo mjZgZ.

Ij_^eh`_gZ l_hj_lbq_kdZy fh^_ev, gZ hkgh\_ dhlhjhc ij_^eh`_gu

mjZ\g_gby, hibku\Zxsb_ ki_dZgb_ d_jZfbq_kdbo  kh_^bg_gbc mjZgZ.

MjZ\g_gby kh^_j`Zl mijZ\eyxsb_ iZjZf_lju ijhp_kkhf ki_dZgby

d_jZfbq_kdh]h y^_jgh]h lhieb\Z.

JZ[hlZ \uiheg_gZ ^ey nhjfbjh\Zgby [he__ ihegh]h ij_^klZ\e_gby h

ki_dZgbb  fZl_jbZeh\ k g_h[uqgufb k\hckl\Zfb bkoh^guo \_s_kl\.

Fhghgbljb^ mjZgZ – kh_^bg_gb_ k \ukhdhc l_iehijh\h^ghklvx. >bhdkb^

mjZgZ – g_kl_obhf_ljbq_kdh_ kh_^bg_gb_ g_klZ[bevgh]h khklZ\Z. H[Z

kh_^bg_gby ibjhnhjgu, kihkh[gu_ kZfhijhba\hevgh \ha]hjZlvky  gZ \ha^mo_.

Mlhqgzggu_ l_hj_lbq_kdb_ jZkq_lu b ijZdlbq_kdb_ j_amevlZlu iha\heyl

hilbfbabjh\Zlv ijZdlbq_kdb_ b jZkq_lgu_ j_amevlZlu b mf_gvrblv

dhebq_kl\h [jZdZ.

Dexq_\u_ keh\Z: ihl_gpbZevgZy wg_j]by, gbljb^ mjZgZ, ^bhdkb^ mjZgZ, dhhj^bgZpbhggh_

qbkeh.

OPTIMIZATION OF CERAMIC SINTERING USING  URANIUM COMPOUNDS

AS AN EXAMPLE
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The results of the analysis of the theoretical models of ceramic materials sintering

are presented. The concepts of the structure and energy of atoms and molecules in

uranium ceramic compounds  are considered. A theoretical model is proposed

based on which equations describing the sintering of ceramic compounds of

uranium are proposed. The equations contain the control parameters of the

sintering process of ceramic nuclear fuel.
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The work was carried out to form a more complete picture of the sintering of

materials with unusual properties of the starting materials. Uranium mononitride

is a compound with high thermal conductivity. Uranium dioxide is a non-

stoichiometric compound of unstable composition. Both compounds are

pyrophoric, capable of spontaneously igniting in air. Refined theoretical

calculations and practical results will optimize practical and calculated results

and reduce the number of defects.

Keywords: potential energy, uranium nitride, uranium dioxide, coordination number.

<\_^_gb_

Ijhba\h^kl\h d_jZfbq_kdh]h y^_jgh]h lhieb\Z \ \b^_ «lZ[e_lhd» hkms_kl\ey_lky

ki_dZgb_f ij_kkh\Zgghc aZ]hlh\db ihjhrdZ ^bhdkb^Z mjZgZ. Iehlghklv ij_kkh\db

khklZ\ey_l ^h 70% hl l_hj_lbq_kdhc. Iehlghklv ki_q_gghc lZ[e_ldb khklZ\ey_l

10,4-10,7 ]/kf3, l_hj_lbq_kdZy iehlghklv ^bhdkb^Z mjZgZ khklZ\ey_l 10,97 ]/kf3. <j_fy

ki_dZgby aZ\bkbl hl ijbjh^u ihjhrdZ, _]h ^bki_jkghklb, m^_evghc ih\_joghklb b l.^.

Ijb ki_dZgbb d_jZfbq_kdbo fZl_jbZeh\ hdkb^h\, gbljb^h\ b dZj[b^h\ mjZgZ `b^dZy

nZaZ hlkmlkl\m_l [1]. L_hj_lbq_kdbf h[hkgh\Zgb_f ijhp_kkZ ki_dZgby kqblZxl

^bnnmabx. MjZ\g_gby ^bnnmabb mklZgZ\eb\Zxl \aZbfhk\yav f_`^m baf_g_gb_f

]jZ^b_glZ dhgp_gljZpbc Zlhfh\ b \ZdZgkbc djbklZeebq_kdhc kljmdlmju fZl_jbZeZ b

kdhjhklvx bo ^\b`_gby.

GZb[he__ ih^oh^ys_c fh^_evx ijb ki_dZgbb kh_^bg_gbc mjZgZ y\ey_lky fh^_ev

ih\_joghklghc ^bnnmabb. MjZ\g_gby =_]mabgZ Y.?. [2] kh^_j`bl dhwnnbpb_gl

^bnnmabb:

(1)

a – jZ^bmk qZklbpu; x – jZ^bmk dhglZdlZ; V0 – we_f_glZjguc h[t_f (h[t_f ZlhfZ beb

fhe_dmeu); � – ih\_joghklgh_ gZly`_gb_; DS – dhwnnbpb_gl ih\_joghklghc ^bnnmabb;

/ – iZjZf_lj djbklZeebq_kdhc j_r_ldb; 2 – \j_fy ki_dZgby.

MjZ\g_gb_ h[t_fghc ^bnnmabb [2] kh^_j`bl gZ[hj dhgklZgl, hij_^_ey_fuo

wdki_jbf_glZevgh, b lZd`_ g_ bf__l ij_^kdZaZl_evghc kbeu.

MjZ\g_gb_ ki_dZgby <.:. B\_gk_gZ [3] bf__l k\hc gZ[hj dhgklZgl b lhevdh wlbf b

hlebqZ_lky hl ij_^u^msbo.

?keb ijhZgZebabjh\Zlv iZjZf_lju, \oh^ysb_ \ mjZ\g_gby, lh hdZau\Z_lky, qlh

bf_xlky g_dhlhju_ g_baf_jy_fu_ iZjZf_lju, lZdb_ dZd x – jZ^bmk dhglZdlZ, � –

ih\_joghklgh_ gZly`_gb_ b dhwnnbpb_gl ^bnnmabb, dhlhjuc fh`gh jZkkqblZlv lhevdh

ihke_ ijh\_^_gby wdki_jbf_glh\ ih ki_dZgbx. Ihwlhfm ihemqZ_fu_ mjZ\g_gby  g_

h[eZ^Zxl ij_^kdZaZl_evghc kbehc.

>ey memqr_gby ijhp_kkZ ki_dZgby, dZq_kl\Z ihemqZ_fh]h fZl_jbZeZ, mf_gvr_gby

dhebq_kl\Z ^ebl_evguo b ^hjh]hklhysbo wdki_jbf_glh\ [ueZ ij_^eh`_gZ  fh^_ev
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ijhp_kkZ ki_dZgby, iha\heyxsZy  ihemqblv mjZ\g_gby, k\yau\Zxsb_ hkgh\gu_

iZjZf_lju ijhp_kkZ ki_dZgby, b ijh\_klb ij_^\Zjbl_evgu_ jZkq_lu.

Hkgh\gZy b^_y ij_^eZ]Z_fhc fh^_eb aZdexqZ_lky \ lhf, qlh \ ex[hf Z]j_]Zlghf

khklhygbb \_s_kl\Z f_`^m ZlhfZfb kms_kl\m_l  wg_j]_lbq_kdZy k\yav. Ijbgylh, qlh

ijb h[jZah\Zgbb k\yab wg_j]by \u^_ey_lky, Z ijb jZajmr_gbb ih]ehsZ_lky. Wg_j]by

k\yab f_`^m ZlhfZfb kqblZ_lky ihl_gpbZevghc, Z ^\b`_gb_ Zlhfh\ kqblZ_lky

dbg_lbq_kdhc wg_j]b_c. < l\_j^hf l_e_ djbklZeebaZpby ijhbkoh^bl \ khhl\_lkl\bb k

kms_kl\mxsbfb 14 djbklZeebq_kdbfb j_r_ldZfb ;jZ\w [4]. Ijb gZ]j_\Zgbb

Zfieblm^Z dhe_[Zgby Zlhfh\ m\_ebqb\Z_lky, gZklmiZ_l fhf_gl, dh]^Z Zlhf ihdb^Z_l

j_]meyjguc ma_e djbklZeebq_kdhc j_r_ldb b kihkh[_g ^\b]Zlvky \gmljb

djbklZeebq_kdhc j_r_ldb. <_jhylghklv h[jZah\Zgby k\h^gh]h ZlhfZ _klv hlghr_gb_

wg_j]bb k\yab ZlhfZ d _]h dbg_lbq_kdhc wg_j]bb. Ihdbgm\ ahgm l_ieh\h]h ihlhdZ

ki_dZgby b ihl_jy\ qZklv dbg_lbq_kdhc wg_j]bb, dh]^Z K�Z, Zlhf fh`_l hiylv

h[jZah\Zlv k\yav b \kljhblvky \ djbklZeebq_kdmx j_r_ldm. Gh ijb wlhf ijhbkoh^bl

i_j_^\b`_gb_ ZlhfZ ih gZijZ\e_gbx l_ieh\h]h ihlhdZ hl ahgu k [hevr_c

l_fi_jZlmjhc d ahg_ k f_gvr_c. ?keb mq_klv, qlh gZ]j_\Zgb_ «lZ[e_ldb» ijhbkoh^bl

kgZjm`b \h\gmljv, lh lh]^Z [m^_l ijhbkoh^blv bkq_agh\_gb_ ihju. >bhdkb^ mjZgZ

bf__l djbklZeebq_kdmx j_r_ldm lbiZ nexhjbl CaF2, fhghgbljb^ mjZgZ bf__l lbiZ

NaCl. LZd dZd ijb ki_dZgbb g_ ijhbkoh^bl baf_g_gby khklZ\Z ki_dZ_fh]h fZl_jbZeZ,

fh`gh ml\_j`^Zlv, qlh bf__l f_klh ^\b`_gb_ Zlhfh\ mjZgZ b dbkehjh^Z \ hdkb^_ b

mjZgZ b ZahlZ \  gbljb^_. AZdjulb_ ihj ijb ki_dZgbb b dhgkheb^Zpby qZklbp ihjhrdZ

ijhbkoh^yl aZ kq_l baf_g_gby \gmlj_gg_c wg_j]bb, dbg_lbq_kdhc b wg_j]bb k\yab

(ihl_gpbZevghc wg_j]bb). Baf_g_gb_ \gmlj_gg_c wg_j]bb ijhbkoh^bl ih^ ^_ckl\b_f

\g_rg_]h bklhqgbdZ (gZ]j_\Zgb_). >bnnmaby \hafh`gZ, dh]^Z Zlhf klZgh\blky

k\h[h^guf b i_j_f_sZ_lky ih djbklZeebq_kdhc j_r_ld_.  GZ ijZdlbd_  dhwnnbpb_gl

jZkkqblu\Z_lky ih j_amevlZlZf wdki_jbf_glZ, Z \ ^Zgghf kemqZ_ g_l g_h[oh^bfhklb _]h

jZkkqblu\Zlv. Ihkdhevdm ki_dZgb_ ijhbkoh^bl [_a baf_g_gby khklZ\Z ^bhdkb^Z b

gbljb^Z, lh \hafh`ghklv ij_\jZs_gby \ k\h[h^gmx qZklbpm ijhbkoh^bl k

\_jhylghklvx, jZ\ghc hlghr_gbx wg_j]bc ^ey mjZgZ, dbkehjh^Z b ZahlZ. Hkh[_gghklv

khklhbl \ lhf, qlh wg_j]by k\yab ZlhfZ hij_^_ey_l wg_j]_lbdm k\h[h^u b \j_fy __

kms_kl\h\Zgby.

>ey hnhjfe_gby fh^_evguo ij_^klZ\e_gbc \ fZl_fZlbq_kdb_ mjZ\g_gby, ]^_

kh^_j`Zlky iZjZf_lju, lZdb_ dZd l_fi_jZlmjZ ki_dZgby, l_iehlZ, g_h[oh^bfZy gZ

ki_dZgb_, \j_fy ki_dZgby, iZjZf_lju bkoh^gh]h ihjhrdZ g_h[oh^bfh \uy\blv

^_l_jfbgbjh\Zgguc ih^oh^ d ijhp_kkm ki_dZgby, dh^Z hg aZ\bkbl hl baf_g_gby

\gmlj_gg_c wg_j]bb kbkl_fu b \g_rg_]h wg_j]_lbq_kdh]h \ha^_ckl\by.

IhklZgh\dZ aZ^Zqb

Kh_^bg_gby mjZgZ bf_xl hkh[_gghklb, hlebqZxsb_ bo hl ijb\uqguo

d_jZfbq_kdbo fZl_jbZeh\, dhlhju_ bkihevamxl ^ey ki_dZgby d_jZfbq_kdh]h y^_jgh]h

lhieb\Z ibjhnhj_g. >ey mf_gvr_gby ibjhnhjghklb ^bhdkb^Z mjZgZ lj_[m_lky, qlh[u
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m^_evgZy ih\_joghklv ihjhrdZ [ueZ g_ [he__ 3 f2/]. >ey ki_dZgby bkihevamxl

g_kl_obhf_ljbq_kdh_ kh_^bg_gb_ ijbf_jgh]h khklZ\Z hl UO2,07 ^h UO2,10. >ey

mf_gvr_gby [jZdZ `_eZl_evgh g_ ^himkdZlv kf_r_gby ^bhdkb^Z mjZgZ k nZaZfb ^jm]bo

hdkb^h\, h[jZamxsboky \ mkeh\byo, [ebadbo d h[jZah\Zgbx ^bhdkb^Z mjZgZ.

Kh\f_s_gb_ l_hj_lbq_kdbo jZkq_lh\ k ijZdlbq_kdhc l_ogheh]b_c ihemq_gby

d_jZfbq_kdh]h y^_jgh]h lhieb\Z iha\hebl memqrblv dZq_kl\h fZl_jbZeZ.

Gbljb^ mjZgZ ibjhnhj_g, dZd b ^bhdkb^, qj_a\uqZcgh qm\kl\bl_e_g

d ijbkmlkl\bx dbkehjh^Z \ kljmdlmj_. Ijbkmlkl\b_ dbkehjh^Z mf_gvrZ_l

l_iehijh\h^ghklv, hkgh\gh_ ij_bfms_kl\h _]h i_j_^ ^bhdkb^hf mjZgZ b ijb _]h

ihjh]h\hf agZq_gbb  fh`_l kh\k_f kjZ\gylvky k l_iehijh\h^ghklvx ^bhdkb^Z mjZgZ.

Ihwlhfm lZd `_, dZd b k ^bhdkb^hf mjZgZ, lj_[m_lky kh\f_sZlv  l_hj_lbq_kdb_ jZkq_lu

b ijZdlbq_kdb_ ^_ckl\by.

Hkgh\gZy qZklv

Ke_^m_l hlf_lblv, qlh ijhp_kk ki_dZgby kh^_j`bl \ k_[_ g_kdhevdh klZ^bc:

m^Ze_gb_ k\yamxs_]h fZl_jbZeZ, \ukhdhl_fi_jZlmjgZy klZ^by ki_dZgby b hoeZ`^_gb_.

>ZggZy fh^_ev hlghkblky d \ukhdhl_fi_jZlmjghc klZ^bb ij_\jZs_gby b baf_g_gby

djbklZeebq_kdhc kljmdlmju ^h l_fi_jZlmju ieZ\e_gby. < ^Zgghf \ZjbZgl_ ^jm]b_

klZ^bb ijhp_kkZ g_h[oh^bfh jZkkfZljb\Zlv hl^_evgh.

< ihjbklhf fZl_jbZe_ ih^ ^_ckl\b_f l_fi_jZlmju, dhlhjZy m\_ebqb\Z_lky hl

ih\_joghklb d p_gljm lZ[e_ldb, h[jZamy l_ieh\hc ihlhd, ijhbkoh^bl ^\b`_gb_ Zlhfh\

lZdbf h[jZahf, qlh imklhlu f_`^m qZklbpZfb ihjhrdZ bkq_aZxl b ihy\eyxlky

jZaghgZijZ\e_ggu_ djbklZeeu, dhlhju_ khklZ\eyxl kljmdlmjm d_jZfbdb.

Qlh `_ y\ey_lky ^\b`ms_c kbehc ijhp_kkZ b fh`gh eb hij_^_eblv wg_j]_lbdm

ijhp_kkZ ki_dZgby b __ ijh^he`bl_evghklv.

Jbk. 1. Fh^_ev h[t_^bg_gby hl^_evguo ij_^f_lh\

GZ jbk. 1 ij_^klZ\e_gu 4 nb]mju hl^_evgh ^jm] hl ^jm]Z. M dZ`^hc ba gbo

bf__lky ih q_luj_ ]jZgbpu. >Ze__, ijb h[t_^bg_gbb wlbo q_luj_o nb]mj \f_kl_,

3 jZa^_ebl_evgu_ ]jZgbpu hdZ`mlky ebrgbfb. M hl^_evguo nb]mj bo [ueh 16,

m h[t_^bgzgghc hklZehkv 13. H[t_^bgzggu_ 4 nb]mju l_i_jv ij_^klZ\eyxl kh[hc

_^bgh_ p_eh_. ?keb ij_^iheh`blv, qlh wg_j]by k\yaZgZ k h[jZah\Zgb_f ]jZgbp, k bo

dhebq_kl\hf, lh hdZ`_lky, qlh ljb ihjpbb wg_j]bb ^he`gu \u^_eblvky ba kbkl_fu.

?keb jZa^_eylv wlb nb]mju gZ hl^_evgu_, lh wg_j]bx gZ^h aZljZqb\Zlv gZ h[jZah\Zgb_

wlbo nb]mj.
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QZklbpu ihjhrdZ bf_xl [he__ keh`gu_ nhjfu b \ke_^kl\b_ ki_dZgby

h[t_^bgyxlky, ]jZgbpu ijb wlhf bkq_aZxl. :lhfu beb ]jmiiu Zlhfh\, i_j_^\b]Zykv,

aZihegyxl imklhlu, b h[jZam_lky kiehrghc fZl_jbZe, khklhysbc ba

jZaghgZijZ\e_gguo djbklZeeh\.

Ih\_joghklgZy aZiZk_ggZy wg_j]by ^\mo qZklbp  baf_gbeZkv \ j_amevlZl_

\g_rg_]h \ha^_ckl\by. Ih aZdhgm khojZg_gby wg_j]bb ^\mo qZklbp  kijZ\_^eb\h

jZ\_gkl\h:

Q=V1(F1 +F2)-V3F3 (2)

V1 – m^_evgZy ih\_joghklgZy wg_j]by m bkoh^guo qZklbp;

F1 b F2 – iehsZ^v ih\_joghklb m bkoh^guo qZklbp;

V3 – m^_evgZy ih\_joghklgZy wg_j]by m h[t_^bgzgghc ki_q_gghc qZklbpu

ihebdjbklZeeZ;

F3 – iehsZ^v ih\_joghklb m bkoh^guo qZklbp m h[t_^bgzgghc ki_q_gghc qZklbpu.

>ey ihegh]h dhebq_kl\Z qZklbp kijZ\_^eb\h jZ\_gkl\h:

Q =jV1� Fi -V3�Fd (3)

]^_, Q – dhebq_kl\h l_ieZ, ihklmiZxs__ ba\g_ ^ey ki_dZgby;

�Fdj – m^_evgZy iehsZ^v ki_q_gguo ihebdjbklZeeh\;

� Fi – m^_evgZy iehsZ^v ih\_joghklb bkoh^guo  ihjhrdh\.

?keb ki_dZgb_ ijhbkoh^bl [_a baf_g_gby obfbq_kdh]h khklZ\Z b djbklZeebq_kdhc

kljmdlmju, fh`gh  ij_^iheh`blv, qlh V1=V3, lh]^Z dhebq_kl\h l_ieZ ^ey ki_dZgby

jZ\gh jZaghklb ih\_joghklb ki_q_ggh]h ihebdjbklZeeZ b ih\_joghklb ihjhrdZ:

Q =V1(� Fi -�Fd) (4)

?keb mq_klv, qlh ih\_joghklv qZklbp ihjhrdZ fgh]h [hevr_ ih\_joghklb

ki_q_ggh]h ba^_eby, fh`gh ij_^iheh`blv, qlh:

Q =V1� Fi (5)

:ijbhjb ba\_klgh, qlh gZ]j_\Zgb_ fZl_jbZeZ k g_h[oh^bfhc l_fi_jZlmjhc b

lj_[m_fh_ \j_fy ijb\_^_l d ki_dZgbx ihjhrdZ \ dhfiZdlguc fZl_jbZe. < wlhf kemqZ_

fh`gh kqblZlv ih l_hjbb \_jhylghklb, qlh kh[ulb_ ki_dZgby ijhbkoh^bl k

\_jhylghklvx, jZ\ghc 1. Lh]^Z \_jhylghklv ki_dZgby d_jZfbq_kdh]h ihjhrdZ

ij_^klZ\bf dZd hlghr_gb_ l_ieZ, g_h[oh^bfh]h ^ey baf_g_gby ih\_joghklghc wg_j]bb

5Ã(Ü, d l_iem ih^\h^bfh]h ba\g_ ihegh]h ki_dZgby 34 ,jZ\gh_ _^bgbp_.

9 =
-Ã¿Ô

Ê,
=1 (6)

Q0 – l_ieh hl \g_rg_]h bklhqgbdZ, g_h[oh^bfh_ ^h ihegh]h ki_dZgby.

LZdbf h[jZahf, hij_^_e_gZ qZklv mjZ\g_gby, aZ\bkysZy hl \g_rgbo iZjZf_ljh\:

ih^\_^_ggh]h l_ieZ b wg_j]bb, aZiZk_gghc \ ih\_joghklb ihjhrdZ.

<gmlj_ggyy wg_j]by djbklZeebq_kdhc  kbkl_fu Zlhfh\ ih^ ^_ckl\b_f \g_rg_]h

bklhqgbdZ baf_gy_l dbg_lbq_kdmx b ihl_gpbZevgmx wg_j]bx kbkl_fu. Dbg_lbq_kdZy
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wg_j]by – wlh ^\b`_gb_ Zlhfh\ k hij_^_e_gghc kdhjhklvx, ihwlhfm \ mjZ\g_gb_

ki_dZgby \j_fy \oh^bl dZd baf_gy_fuc iZjZf_lj. Ihwlhfm ^bnn_j_gpbjh\Zgb_

mjZ\g_gby ih \j_f_gb iha\hebl hij_^_eblv kdhjhklv ki_dZgby. Ihl_gpbZevgZy wg_j]by

(wg_j]by k\yab) – wlh wg_j]by iheh`_gby (aZiZk_ggZy) Zlhfh\ b fhe_dme \

djbklZeebq_kdhc kljmdlmj_ d_jZfbdb. Ijb \aZbfghf baf_g_gbb iheh`_gby Zlhfh\

\u^_ey_lky beb ih]ehsZ_lky wg_j]by, dhlhjZy ijb\_^_l d baf_g_gbx   dbg_lbq_kdhc

wg_j]bb Zlhfh\. >ey hibkZgby wlhc wg_j]bb ke_^m_l ij_^iheh`blv, qlh ijb

h[jZah\Zgbb k\yab f_`^m ZlhfZfb wg_j]by \u^_ey_lky, Z ijb jZajmr_gbb ih]ehsZ_lky.

:gZeh]bqgh ]jZgbpZf ijb h[t_^bg_gbb b jZat_^bg_gbb nb]mj. AZdhg khojZg_gby

wg_j]bb  \ l_jfh^bgZfbd_ aZibku\Z_lky dZd l_iehkh^_j`Zgb_ kbkl_fu: [5, 6]

H=ST+G (7),

]^_ G – l_iehkh^_j`Zgb_ kbkl_fu; S – wgljhiby; L – l_fi_jZlmjZ; G – wg_j]by =b[[kZ

(bah[Zjgh bahl_jfbq_kdbc ihl_gpbZe).

L_jfh^bgZfbq_kdbc ih^oh^ bgl_j_k_g l_f, qlh fgh]b_ iZjZf_lju lZd beb bgZq_

bamqZebkv, b bf__lky fgh]h ^Zgguo ih agZq_gbx wgljhibb, wg_j]bb =b[[kZ ^ey fgh]bo

\_s_kl\. Kms_kl\_gguf g_^hklZldhf y\ey_lky lh, qlh l_jfh^bgZfbq_kdh_ mjZ\g_gb_

nbdkbjm_l lhevdh gZqZevgh_ b dhg_qgh_ khklhygb_, g_ hp_gb\Zy ijhf_`mlhqgh_

khklhygb_, ihlhfm qlh \j_fy dZd iZjZf_lj g_ \oh^bl \ mjZ\g_gb_. Ih-^jm]hfm aZdhg

khojZg_gby wg_j]bb  fh`gh ij_^klZ\blv dZd kmffm dbg_lbq_kdhc b ihl_gpbZevghc

wg_j]bc. < l_jfh^bgZfbq_kdhf gZibkZgbb mjZ\g_gby g_ba\_klgh, dZdhc qe_g hl\_qZ_l

aZ dbg_lbq_kdmx, Z dZdhc aZ ihl_gpbZevgmx. < kemqZ_ ki_dZgby d_jZfbdb wlh \Z`gh,

qlh[u hij_^_eylv, dZd hkms_kl\ey_lky i_j_f_s_gb_ Zlhfh\ b bo nbdkbjh\Zgb_ \ \b^_

k\yab k  h[jZah\Zgb_f gh\hc kljmdlmju. :lhfu i_j_^\b]Zxlky, ihju bkq_aZxl,

Z ijhp_kk ijhl_dZ_l \h \j_f_gb. >ey m^h[kl\Z aZdhg khojZg_gby wg_j]bb ij_^klZ\bf

dZd kmffm dbg_lbq_kdhc b ihl_gpbZevghc wg_j]bb.

G=Z+D (8),

]^_, Z – ihl_gpbZevgZy wg_j]by Zlhfh\; D – dbg_lbq_kdZy wg_j]by Zlhfh\.

>h[Z\e_gb_ wg_j]bb \ kbkl_f_ ba\g_ ijb\_^_l d m\_ebq_gbx dbg_lbq_kdhc

wg_j]bb, Z ihlhf b d baf_g_gbx ihl_gpbZevghc aZ kq_l dhe_[Zgby b i_j_f_s_gby

Zlhfh\ j_r_ldb. ?keb ij_^klZ\eylv dbg_lbq_kdmx wg_j]bx dZd kmffm wg_j]bc

^\b`msboky Zlhfh\, klZgh\blky ihgylgh, qlh g_\hafh`gh hij_^_eblv kdhjhklv dZ`^hc

qZklbpu kbkl_fu b dbg_lbq_kdmx wg_j]bx.

>ey ijZdlbq_kdbo jZkq_lh\ dbg_lbq_kdmx wg_j]bx fh`gh jZkkqblZlv ih nhjfme_

?=3/2kT, dhlhjZy hij_^_ey_l dbg_lbq_kdmx wg_j]bb q_j_a l_fi_jZlmjm kbkl_fu. Gh

lh]^Z \j_fy i_j_oh^Z ba h^gh]h khklhygby \ ^jm]h_ g_ hij_^_ey_lky.

K ^jm]hc klhjhgu, wg_j]by k\yab beb wg_j]by iheh`_gby (ihl_gpbZevgZy) aZ\bkyl

hl jZkklhygby R f_`^m \aZbfh^_ckl\mxsbfb qZklbpZfb. < h[s_f \b^_ \_ebqbgm wlhc

wg_j]bb fh`gh ij_^klZ\blv nhjfmehc (9).

Z=N0A/ Rn (9)
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Ba\_klgh [hevrh_ dhebq_kl\h nhjfme, hij_^_eyxsbo \_ebqbgm \aZbfh^_ckl\by

h[t_dlh\ \ aZ\bkbfhklb hl jZkklhygby f_`^m gbfb: aZdhg ly]hl_gby, aZdhg DmehgZ,

\aZbfh^_ckl\by lhdh\ b l.^. < jZkkfZljb\Z_fuo ijhf_`mlhqguo kemqZyo ih\_^_gb_

Zlhfh\ b fhe_dme g_\hafh`gh hij_^_eblv beb baf_jblv \_ebqbgm \aZbfh^_ckl\by

Zlhfh\ b fhe_dme hl jZkklhygby f_`^m ZlhfZfb.

FZkkh\h_ l_iehkh^_j`Zgb_ fgh]hqZklbqghc  kbkl_fu fh`gh \ujZablv nhjfmehc:

G=Z+D= N0A/ Rn +�mv2/2 (10)

LZdhc ih^oh^ g_ iha\hey_l hij_^_eblv kdhjhklb Zlhfh\ b jZkklhygby f_`^m gbfb

b, ke_^h\Zl_evgh, dbg_lbq_kdmx b ihl_gpbZevgmx wg_j]bx. >ey hkms_kl\e_gby

ijZdlbq_kdbo jZkq_lh\ ij_^eZ]Z_lky ^jm]hc ih^oh^.

Ihl_gpbZevgZy wg_j]by bf__l fZdkbfZevgh_ agZq_gb_ Z – fZo ijb L=0 D, dh]^Z

\k_ Zlhfu b fhe_dmeu gZoh^ylky \ djbklZeebq_kdhc j_r_ld_ [_a ^\b`_gby, k\yaZggu_

f_`^m kh[hc. K m\_ebq_gb_f l_fi_jZlmju gZqbgZ_lky dhe_[Zgb_ Zlhfh\, dbg_lbq_kdZy

wg_j]by \hajZklZ_l, Z ihl_gpbZevgZy wg_j]by mf_gvrZ_lky, ihlhfm qlh jZkklhygb_

f_`^m ZlhfZfb \ kj_^g_f [m^_l m\_ebqb\Zlvky. Ijb dZdhc-lh l_fi_jZlmj_, dh]^Z

dbg_lbq_kdZy wg_j]by ZlhfZ klZg_l [hevr_ wg_j]bb k\yab, k\yav ZlhfZ jZaju\Z_lky, l._.

ihl_gpbZevgZy wg_j]by klZgh\blky jZ\ghc gmex, Z=0, Z dbg_lbq_kdZy wg_j]by

klZgh\blky hkgh\ghc b fZdkbfZevghc D=max. < ijhf_`mlhqghf khklhygbb

l_iehkh^_j`Zgb_ kbkl_fu \k_]^Z jZ\gh  kmff_ dbg_lbq_kdhc b ihl_gpbZevghc wg_j]bb.

Fhe_dmeu b Zlhfu \ fZkkh\hf ihjy^d_ ih^\_j`_gu jZkij_^_e_gbx ih wg_j]bb b

kdhjhklb ^\b`_gby. <Z`guc fhf_gl: dh]^Z  dbg_lbq_kdZy wg_j]by  klZg_l [hevr_

ihl_gpbZevghc, Zlhf klZg_l Zdlb\guf b kfh`_l k\h[h^gh i_j_f_sZlvky.

Hlghr_gb_

N0D/Z =W (11)

ihdZau\Z_l \_jhylghklv h[jZah\Zgby dZdh]h-lh dhebq_kl\Z Zlhfh\ \ Zdlb\ghf

khklhygbb, kihkh[guo i_j_f_sZlvky \ ^jm]mx ihabpbx.

Ijhp_kk ki_dZgby gZ ijbf_j_ gbljb^Z mjZgZ ij_^klZ\ey_lky ke_^mxsbf h[jZahf.

<_jhylghklv ^\b`_gby k\h[h^guo Zlhfh\ mjZgZ b ZahlZ _klv hlghr_gb_ bo

dbg_lbq_kdhc wg_j]bb d ihl_gpbZevghc. LZd dZd  ki_dZgb_ ijhbkoh^bl ijb gZ]j_\Zgbb

^h hij_^_e_gghc l_fi_jZlmju, Zlhfu mjZgZ b ZahlZ \ gbljb^_ mjZgZ aZihegyxl

imklhlu, b fh`gh ml\_j`^Zlv, qlh \_jhylghklv wlh]h kh[ulby [ebadZ d _^bgbp_.

<g_rgbc bklhqgbd m\_ebqb\Z_l dbg_lbq_kdmx  wg_j]bx b ih^\b`ghklv Zlhfh\ mjZgZ b

ZahlZ. <_jhylghklv h[jZah\Zgby Zdlb\guo Zlhfh\ ZahlZ b mjZgZ  ij_^klZ\e_gu

nhjfmeZfb (12 b 13):

90 = @/0R
2

2<0
A (12)

97 = @/7R
2

2<7
A (13)
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MjZ\g_gb_ (12) b (13) _klv hlghr_gb_ dbg_lbq_kdhc wg_j]bb Zlhfh\ mjZgZ b ZahlZ

d bo ihl_gpbZevghc wg_j]bb. Wlh hlghr_gb_ \ujZ`Z_l \_jhylghklv kms_kl\h\Zgb_

wlbo qZklbp \ k\h[h^ghf, g_ k\yaZgghf \b^_.

Ba l_hjbb \_jhylghklb ba\_klgh, qlh, dh]^Z ijhbkoh^bl b lh b ^jm]h_, kh[ulb_

hp_gb\Z_lky dZd kmffZ \_jhylghkl_c [6]. KmffZ kh[ulbc ih fZl_fZlbq_kdhc l_hjbb

\_jhylghkl_c jZ\gZ ijhba\_^_gbx \_jhylghkl_c. Djhf_ wlh]h, Zlhfu mjZgZ,

i_j_f_sZykv kh kdhjhklvx mjZgZ R7ËZahlZ R0, aZ \j_fy ki_dZgby ì ijhoh^yl k\h[h^guc

imlv L \ imklhlZo f_`^m qZklbpZfb ihjhrdZ. Hlghr_gb_ imlb ijhc^_ggh]h ZlhfZfb kh

kdhjhklvx R7Ëv0 aZ \j_fy ì d k\h[h^ghfm imlb L \ hldjulhc ihj_ _klv \_jhylghklv

lh]h, qlh ki_dZgb_ aZdhgqbehkv. GZ ki_dZgb_ ihjhrdZ aZljZqb\Z_lky l_ieh Q0 \

_^bgbpm \j_f_gb ì, dhlhjh_ b^_l gZ m\_ebq_gb_ dbg_lbq_kdhc wg_j]bb. Djhf_

hij_^_e_gby \_jhylghklb h[jZah\Zgby Zdlb\guo Zlhfh\ ZahlZ b mjZgZ g_h[oh^bfh

hij_^_eblv \_jhylghklv ^\b`_gby wlbo `_ Zlhfh\ ih imlb L hl gZqZevghc lhqdb ^h

dhg_qghc lhqdb ki_dZgby kh kdhjhklvx-�. ?keb ij_^iheh`blv, qlh ^ebgZ imlb ZlhfZ

ZahlZ b mjZgZ [m^_l djZlgZ jZaf_jm qZklbp ihjhrdZ, lh fh`gh \ mjZ\g_gbb

bkihevah\Zlv ^bki_jkghklv ihjhrdZ gbljb^Z mjZgZ.

WN=
R0ì

.0
(14)

WU=
å7ì

.7
(15)

LZdbf h[jZahf, ihegh_ mjZ\g_gb_ ki_dZgby jZ\gh ijhba\_^_gbx \_jhylghkl_c

h[jZah\Zgby Zdlb\guo Zlhfh\ ZahlZ b mjZgZ b \_jhylghklb ijhoh`^_gby imlb wlbo

Zlhfh\ hl gZqZevghc lhqdb ^h dhg_qghc lhqdb aZdjulby ihju ki_q_ggh]h gbljb^Z

mjZgZ. K ^jm]hc klhjhgu, e_\Zy qZklv mjZ\g_gby [m^_l jZ\gZ \_jhylghklb baf_g_gby

ih\_joghklghc wg_j]bb kij_kkh\Zggh]h ihjhrdZ gbljb^Z mjZgZ ^h ki_q_ggh]h

khklhygby iehlgh]h d_jZfbq_kdh]h fZl_jbZeZ, khklhys_]h ba ihebdjbklZeeh\.

Ihemq_ggh_ mjZ\g_gb_ (16) \ujZ`Z_l hlghr_gb_ wg_j]bb, aZiZk_gghc \ ihjhrd_,

d wg_j]bb ihebdjbklZeebq_kdhc kljmdlmju ki_q_gghc d_jZfbdb.

W=
1Ã(E

30

=1 (16)

< p_ehf, mjZ\g_gb_ ^ey ijhp_kkZ ki_dZgby gbljb^Z mjZgZ ij_^klZ\e_gh

nhjfmehc (17).

1Ã(E

30

=
R0ì

.0
@/0R

2

2<0
A å7ì
.7
@/7R

2

2<7
A = 1 (17)

Fh`gh ij_^klZ\blv  ihl_gpbZevgmx wg_j]bx  dZd wg_j]bx k\yab f_`^m ZlhfZfb.

Gh \ djbklZeebq_kdhf l_e_ wg_j]by k\yab hij_^_ey_lky dhhj^bgZpbhgguf qbkehf. LZd

\ gbljb^_ mjZgZ djbklZeebq_kdZy kljmdlmjZ lbiZ NaCl: ^\_ dm[bq_kdb_

]jZg_p_gljbjh\Zggu_ ih^j_r_ldb, \klZ\e_ggu_ ^jm] \ ^jm]Z. Dhhj^bgZpbhggh_ qbkeh

Zlhfh\ mjZgZ b ZahlZ jZ\gh 12. < ^bhdkb^_ mjZgZ djbklZeebq_kdZy kljmdlmjZ lbiZ
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nexhjblZ CaF2: ^\_ dm[bq_kdb_ ih^j_r_ldb, ]jZg_p_gljbjh\ZggZy mjZgZ b dm[bq_kdZy

ijbfblb\gZy, \klZ\e_ggu_ \ ih^j_r_ldm mjZgZ. Dhhj^bgZpbhggh_ qbkeh jZ\gh 8.

Ihl_gpbZevgmx wg_j]bx fh`gh ij_^klZ\blv dZd ijhba\_^_gb_ dhhj^bgZpbhggh]h

qbkeZ djbklZeebq_kdhc j_r_ldb gbljb^Z mjZgZ b wg_j]bb k\yab f_`^m ZlhfZfb.

Z=Mko?k\yab (18)

]^_, Mk – dhhj^bgZpbhggh_ qbkeh djbklZeebq_kdhc j_r_ldb gbljb^Z mjZgZ;

?k\yab – wg_j]by k\yab; Mk=12 dhhj^bgZpbhggh_ qbkeh ^ey gbljb^Z mjZgZ.

MjZ\g_gb_ ki_dZgby ^ey ^bhdkb^Z mjZgZ aZibr_lky ZgZeh]bqguf h[jZahf. < q_f

[m^_l aZdexqZlvky jZaebqb_? JZaebqb_ [m^_l \ agZq_gbb ihl_gpbZevghc wg_j]bb

Zlhfh\ mjZgZ b dbkehjh^Z b \ dhebq_kl\_ k\ya_c. [4] Ihkdhevdm j_Zevgu_ hdkb^ b

gbljb^ mjZgZ g_kl_obhf_ljbq_kdb_ kh_^bg_gby, wlh fh`gh mq_klv \ hij_^_e_gbb

dhhj^bgZpbhggh]h qbkeZ.

>ey ki_dZgby ^bhdkb^Z mjZgZ mjZ\g_gb_ ki_dZgby:

1Ã(E

30

=
R1ì

.1
@/1R

2

2<ON
A å7ì
.7
@/7R

2

2<7
A = 1 (19)

Z=Mko?k\yab (20)

Zk= 8 dhhj^bgZpbhggh_ qbkeh ^ey ^bhdkb^Z mjZgZ. ?keb ij_^iheh`blv, qlh Zlhf

klZgh\blvky ih^\b`guf, dh]^Z dbg_lbq_kdZy [hevr_ beb jZ\gZ ihl_gpbZevghc

wg_j]bb, fh`gh \uqbkeblv l_fi_jZlmjm, dhlhjZy [m^_l [ebadZ d l_fi_jZlmj_ ki_dZgby.

Z=?=3/2k =Mko?k\yab (21)

T= Mko?k\yab/3/2k (22)

MjZ\g_gb_ (17) ^ey ki_dZgby gbljb^Z mjZgZ hlebqZ_lky hl mjZ\g_gby ki_dZgby

^bhdkb^Z (19) ihdZaZl_eyfb dhhj^bgZpbhggh]h qbkeZ kdhjhklb ^\b`_gby Zlhfh\ \

djbklZeebq_kdhc j_r_ld_ gbljb^Z b ^bhdkb^Z mjZgZ.

?keb m^_evgZy ih\_joghklv ihjhrdZ jZ\gZ ih\_joghklb ki_q_ggh]h fZl_jbZeZ, lh

fh`gh kqblZlv ijhp_kk ki_dZgby aZ\_jr_gguf b fh`gh hij_^_eblv dhebq_kl\h

aZljZq_ggh]h l_ieZ.

< ebl_jZlmjguo bklhqgbdZo mdZau\Zxl bgl_j\Ze l_fi_jZlmju ki_dZgby ^bhdkb^Z

b gbljb^Z mjZgZ 1620-1800 °K [1, 8]. Ijh^he`bl_evghklv b l_fi_jZlmjZ ki_dZgby

aZ\bkbl hl ^bki_jkghklb b fhjnheh]bb qZklbp ihjhrdZ. C jZa\blb_f l_ogbdb

\uqbke_gbc klZeh \hafh`guf ijh\_klb jZkq_lu, dhlhju_ fh]ml agZqbl_evgh

mf_gvrblv dhebq_kl\h wdki_jbf_glh\ b l_f kZfuf kgbablv aZljZlu gZ j_Zevgh_

ijhba\h^kl\h. Wlb b ^jm]b_ iZjZf_lju lj_[m_lky hilbfbabjh\Zlv ^ey memqr_gby

l_ogbq_kdbo b wdhghfbq_kdbo ihdZaZl_e_c, kjZ\gb\Zy ijZdlbq_kdb_ b jZkq_lgu_

j_amevlZlu.

Ij_^eh`_ggZy fh^_ev fh`_l hdZaZlv \ha^_ckl\b_ \ gZijZ\e_gbb ki_dZgby

d_jZfbq_kdh]h fZl_jbZeZ k jZaebqgufb ^h[Z\dZfb. GZijbf_j, ba\_klgh, qlh

iehlghklb, [ebadhc d l_hj_lbq_kdhc, \ gbljb^Zo fh`gh ^hklb]gmlv, ki_dZy bo  ih^
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^Z\e_gb_f. AgZy djbklZeebq_kdh_ kljh_gb_, fh`gh ih^h[jZlv ki_dZxsmx ^h[Z\dm,

m\_ebqb\Zxsmx iehlghklv fZl_jbZeZ [_a ^Z\e_gby.

I_jki_dlb\gu_ fZl_jbZeu y^_jgh]h lhieb\Z - wlh kf_rZggu_ hdkb^u b gbljb^u,

ihwlhfm hilbfbaZpby iZjZf_ljh\ ki_dZgby FHDK b KGMI lhieb\Z y\ey_lky

\Z`g_cr_c aZ^Zq_c, kgb`Zxs_c dhebq_kl\h fZl_jbZeZ, gZijZ\ey_fh]h gZ i_j_jZ[hldm.

<u\h^u

1. Ihemq_ggu_ mjZ\g_gby iha\heyxl k\yaZlv ijhp_kku, ijhbkoh^ysb_ \

djbklZeebq_kdhc kljmdlmj_ gbljb^Z b hdkb^Z mjZgZ, k ^bki_jkghklvx ihjhrdh\

ki_dZ_fuo kh_^bg_gbc mjZgZ.

2. MjZ\g_gb_ iha\hey_l k\yaZlv g_h[oh^bfh_ ^ey ki_dZgby dhebq_kl\h l_ieZ kh

kljmdlmjgufb ij_\jZs_gbyfb kh_^bg_gbc mjZgZ.

3. Dhhj^bgZpbhggh_ qbkeh dZd ihdZaZl_ev wg_j]bb k\yab f_`^m ZlhfZfb iha\hebl

hij_^_eblv hilbfZevgmx l_fi_jZlmjm ki_dZgby.

Kibkhd ebl_jZlmju

1. =ma__\ <.<., @b]Zgh\ :.G., :g^j__\ =.=. L_ogheh]by ^bhdkb^Z mjZgZ ^ey d_jZfbq_kdh]h

y^_jgh]h lhieb\Z: Mq_[. Ihkh[b_. Ih ki_pbZevghklb « Obfbq_kdZy l_ogheh]by fZl_jbZeh\

kh\j_f_gghc wg_j]_lbdb» Lhfkd: STT, 2002. – 328 c.: ISBN 5-93629-127-8.

2. =_]mabg Y.?. NbabdZ ki_dZgby. – 2 ba^. – F.: GZmdZ, 1984. – 312 k.

3. B\_gk_g <.:. N_ghf_gheh]by ki_dZgby. – F.:, F_lZeemj]by, 1985. – 247 k.

4. Ihih\ =.F., RZnjZgh\kdbc B.B. DjbklZeeh]jZnby: Mq_[, ^ey \mah\. – 5-_ ba^. bkij. – F.:

<ukr, rd., 1972. – 392  k.

5. Kljhf[_j] :.=., K_fq_gdh >.I. Nbabq_kdZy obfby: Mq_[, ^ey obf. ki_p. <mah\./Ih^ j_^.

:.=. Kljhf[_j]Z. – 4-_ ba^., bkij. –F.: <ukr.rd., 2001. – 527 k.: be. ISBN 5-06-003627-8.

6. K_fbhobg B.:. K 30 Nbabq_kdZy obfby: Mq_[gbd. – Ba^-\h F=M, 2001. – 272 k. ISBN 5-211-

03516-O

7. <_glpeev ?.K. < 29 L_hjby \_jhylghkl_c: Mq_[, ^ey \mah\. – 10-_ ba^. kl_j. – F.: <ukr, rd.,

2006. – 575 k.: be. ISBN 5-06-005688-0.

8. :e_dk__\ K.<., AZcp_\ <.:. Gbljb^gh_ lhieb\h ^ey y^_jghc wg_j]_lbdb. L_oghkn_jZ F.:

2013. – 240 k. ISBN 978-5-94836-374-5.


