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00My593930  9wgdgbBo  bmMgds  9w9dBHO™m©gbol  dmsm
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Lbgos, MBOHM BEMEYMTBOEOo bodMogds.
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doenbg 36093690 m3560 0gm bm®3w0s60 Bgs30mqd0l MdMYs39dolL
399960%Bd0l dgLfogarol Logddgdo.

B396 3096 890535930 3mbESJBH™ 2obmIzol dgommeo,
OH0Igog  0m3z5eolobgdls mMdMsd39d0  3gwol  3gd3geed Mol
WMo Mo  3609369wmdgdol  2sbmdgzsl  bgdoldogh oMo do,
3H905, 530056 2353093l (30MTogdSL, MMIgEoi FgodErgds
39903990 0gmb 25HMm33930L MM 3569 9053M09d9d0.

b90mmJdMosb 45dmIobatg, oMb 36093690 m3zs600
ROMMISLIBHod0560  9Ju3gM0dgbBHOol  Bo@otgds s Bz9b  doge
531053900 IgOMEO”  MOMYSF3990  3JOEOL M ISMO
39939653 Mm900L AoBMazs  Lbgosobbgs GHod0ols s 3gmIgEMHoIo
3565893 gool dJmbg bmM3w0560 Bgs30Mgdol Lombols bs3soom
290LEY6OLS S POdMYs3gdol 9gdmbggzsdo.
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3190 9439008960l BoGoMgds bgels dgmHgmdl bm®3wosbo
B930M900L  MOMYS3gdol  3GM3gbol  8gdeboBIol  oEYIBIL.
333MM90L 3580BbMwo sd30 blighgd o gdudgmodgb@gdol Bo@scmgds
obemgls dmdsgz5¢0do.

4.5. b0 30056 Bgs300gdbg BsdmIobstg Lombols si315390
00mg5:3990L 9du3gH0dg6EWYEo IMbsE7agd0L 2sBMYS©IdOL
Us3ombolsmzols

bm®3oob  bgedomqgddg  BsdmIobstg  Lombol  sxglizdo
00M53990L  9Ju39M0896GHYBT>  Bogdzw0sbs©  OY30ILEMEIL
bmO3056MdOL  Igm©OL  9BIJAVIOMDs  MdMAS39IoL  0b6EgbLogo-
35300L 30bofj9350- 39MIM, 53 Yo3M33w93900L FgEYYIP WEIHOW
0ym, O3 5©0bodbo IgommEol godmygbgdoom Fglodwgdgeos MdMYs-
3990l 0b63H9bLoR035305 3-XIO s 39O, O3 brEM3E0sbMdOL Tgomm-
oL 25dmygbgd0ol o 3Mogd@03ww 860dzbgarmds®g dormomgdl.
505bmsb 9Os©, 9JudgH0dx6EHJOOL OML 45dm3w0bos (gqds
053090M909d0Ly,  MMIWGIOE YOOI O  INOOVIE
06@&9gcgLlLs 0dLobwm9d9b. aby 3o 9C0MO, bgwmgzbm@o
bm®3e00bmdol dJmby bgsdombg Lombolb sx3L3ol Bsdmobgdols
OML  HgobmerELol Mogbzol 3Mo@03mwo d60dgzbgarmds - Reys,
OMamO3 Bgdmo 0ym 50bodbeo, MBG™ Bsgergdos, 300 w3
B93060Dg  BsdMm©0badol  30MM™MdgdTo. 98 Tgdmbggzsdo  Res-ob
d600369c0mdo ©53M300 9005 MmO bem®3e005bmdols
39M39BHOoME 356599 BHM90Dg (bmE3Iw0sbmdol  9agdgbEHgdol
LodogbY - h s bm®3e0s6Mmd0L dox ol LTSI FoMIEMdIBY
- s/h), obg MBMB>EHIMYOOL 3MBEEHWOL Mogbzby (Pr). ymgzgewogzy
b90mmngdmo, 3bsos, M9mem0Eo goblixol Loggrdzgals odgnggs.
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Lombols sx3L30L BsIMEObYds 39w by Fgodergds dodobo-
69mdEIL  BIBMOO  25Moddbgdol  (smMmgangds,  3mbgbLaE0s)
056bgd0m 96 BB MO Q50Moddbgdol 4o09dq.

™mM039 9d90mbgz935d0 MdMMO 6535000, OMIGOE 29059 (399>
LOMHLOHD 39JWL (56 3060Jom) 2960LIBOZMYdS BMOTMWO:

q=(4/8,5) |t,—t, . (4.4)

dgmeMg b0z, Pos3dMwo b3zgEmomo LoMdML  Bs3owo
3900905 goboLaBOZOM™L Bom@mbols MM Moo:

q=alt,—t). (45)
(4.4) 5 (4.5) 3MEOHIMgdOL F9Mgd0m J03009dm, MM
A= 21/8,y. (46)

OMamO3 (4.6) ZMOHIME0EL BBL, MdMAS3930L 3Mm9n03096EH0 o
©50Mm3000900s  dbmm  Lomboll  MBMYSTGHIOMIOL  3Mm9gT0-
3096@BY” s Lombob s>x3L3oL Lobdgby s 96 SMHOL BMI0WYdIMWO
Loobol  sx3330L  Bs3ME06gd0L  30MHMBYODY, 9649 005BY, FBsbBWGO
3905943698000 8080bsMGMAL sx8LZOL BsFM©OBYds 09 dob goc9dg.
505L09b, 3B, OHMI FoBMMO A9ModIbgdoL Fgdmbgzgzsdo sx3L3oL
Loldg (8) A9BoLLBPZMGds BIBWEMO F9MEJIBOL  0bEHIBLOWGMdOm,
bommn 00 9900bgg3580, OGMmEILSE BIBMO  AoModdbsl 9> g3l
500, sx3l3oL Lbobdg @sIM30YOMos BsAMIEObsGg Lombols
bo6rxDg. db9, MM G-l IME3gIMWo BLOOEOLIMZOL  MOMYs(39d0L

7 3b50s, sx3L30L WsdobsBmo BsBmEobgdol 306HMdIRTo A sMol Lombol dmeg3MEwGO
000g59GMMdOL 3mgR03096G0. Sx8L3OL GHWIMdWMWIbEMG (970330 BsdM©ObdOL 306HMdYdI0 30
A 1bs 39630bowmm HMym®E Lombob .. GvIMHdMEIbEGMOO MBdMYIEBMHMOOL 3ngBOE0IBEGO.
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3M9803090GH0  9ODBI0MmI© A9BOLIBPOZMGds FsbMEMO  Qo0Moddbgdols
3MLgdMBOLY O MMLYOMIOL 306MdYdTO.

300390  MYMOOMWO  35dMm33wg3s  3MbYbLoEoOl  OML
Lombols 5330l sd0bsGeo Bsdmobgdol 30HMdYdd0 MdMYS39d0L
d9LsLHO3E0©, MM 3.2-80 0gm 50bodbwo, Bss@o®s 3.6mligw@ds.
3. bMbgemGHol  ;mgm®ool  d90amdo  gobgoms®mgds  dm(39denos
3.393039L, 3. Bgmbolis o G. 1gdsbols, . WsdMbEM30Ls s Lbbgsmo
d6O39ddo [68, 69, 74].

OMamO3 2.2 356053605330 0ym 50bodbmo, 0d dgdmbgzgzsdo,
GgLsg Re > Reys =1600 ge0930 ©9053060930Lsm30L BodoMmE0sbos

©. Wsd6EM30L BMMOIMS [74]:

0.175 Pr%® (Re/Re )

Nu = . (2.30)
Pro5+1.6 [(Re/Rea,@)3/4—1]
50bB0db5305, HMA (2.30) BTNl MsbsbTo, HrmEaLss
Re = Rey6=1600, 35306:
Nu = Nu,; = (. (4.7)

306500096, (2.30) gm®IMEol msbsbds, Gmoqlsg Re =1600,
Nu=0,175. gbsos Ci=0,175. ae30 Bgosdo®olbomzgol gdudg@odgb-
Ao 8mbs3gdgdol dobgz0m Wsdb(3m30L BMEMIMsdo Ca=1,6.

(2.30) BMOIMoED BBL, ®mI Rew-ol  IB0IZbgEMdL
390530943930 OO 960305 0dMS39d0L Mgx0Tols @, gbodsdobo,
06@&9bLoMOHMBOL goblsHrzmol M.

MHMamO3 Bgdmnm oym 50bodbmo, LfimMgo Res-ob 9609369-
MBS bmM3w0sb bBgsdombBg Lombol sx3L30L BsdMm©Obydol MM,
QOIS ©IMI0EIOMWO MHMAMO3 BME33056md0oL 4gmdg@®more
3905093HMgdbg, 0olg  MdMASsTGHBOL  3MbEHWOl  Gogbzby.
Dmyows,

Re s = f(h,s/h, Pr), (4.8)
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31939 G0 046905 AMI0YINMYGds Ci-ls bm® 30sbMmdOL
39M39GO0ME 356589GOJOLS O 36M1bEHEOL MHobgzHY:

Nu,s; = C; = f(h,s/h, Pr), (4.9)

5990096 298m30bsMg, BMOIMs (2.30) LETsOMOE0sbO Fobgds
bm®3e0sbo BgsdoMmgdolsmzol mvg dsbdo dg3039bo Reze-ols ©o
Nuge-ob 99Lsd530L 36033b9mdgdL s F935MBg3m C2 393030963 L.
50356155, M ym3z9wo3g gb o LoOMWMgl FoMdmoagbl o
9m0mbmgl oo IMEMEmdol 9JudgMH0dgbEHdol Bo@oMgdsl.

00x9gMo©  30bosgm 39990l  OMIgdoi3  JoLYIOs
bmM3wosbo  Bgs3oMobomzol, Omoglsg  h=0.590; s/h=10. 50
99b3960396Egd0L 8992900 53O MJLOF0MYIM0S YodMbsbmeEgdgdom:

Re,; = 1600/Pr°7%, (4.10)
Nu,; = 0,175 Pr%2. (4.11)

b 9mbo3999%0  Fogdmos 4.5 bsbsbbg  Fo@mdmoagbowo
39092900l dobgz0m.

414 5 4.15 Bobsbgdobg 9JudgM0dgbdwo oM GHowgdo
d99L5058905 4.5 BobsBBy FoMdImagbowo 9Ju3gMm0dgbEMo dmbsgg-
d900L  505L53Megdgo  IOHMYEIdoLs @S (2.25)  BmOIMwob
d9L50530L0 IMHYOL YoWS3390L FaMEBHOWBL.

Rezs-0b 0o Nuye-ol 3608369c0mdqd0l 99@obom ©. @wsdmbimgol
(2.30) @mOINMwsdo s C2 3m95303096@0L  dg@Bgz000  doz00gdm
bme3wosbo  Bgsdo®obsmzol  (h=0.580; s/h=10) »dMYS39d0L
06@96L0HMBOL LosbysMOdM GmMmIMSL:

0.175 Prl?(Re/1600)
Pr23°+0.9 [(Re/1600)08Pr*—1]

Nu = (4.12)
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——e

0 2 4 G 8 10 12 14 16 18 20 22 24
Pr

65b.4.14. Rezo-0b 00580 300098vgds 008Mmy5005d¢sbols
3036 Eol Gosbgzby [34]:
1 - 9939600960 Imbs399900; 2 - (4.10) BmEIMol dobgz00m.

.
L
.

65b.2.15. Nuge-0b 00380300093vegds 008Mmy50sd¢sbols
3656@ ol Gogbgbg [34]:
1 - 99u396M0d9bG Mo Fmbo3gdgdo; 2 - (4.11) BmGHIMol dobgwpz0m.
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(4.12) gm®INol dgscmgds B39b dog® dowgdme 9du3go-
996G 9mbs399909b Fodmygboeos 4.16 bsbsHby.

OMamO3 4.16 bsbsB0sb BsblL, 396 Joge Jowgdo BMGIMEs
(4.12) 356 056b39006M5800 99b3gMH0TGBE I BMbo39090m9b, Mog 0oy
d0®omgdlL, GMI ©. od63mzoL (2.30) BMOIMEs, Losmsbosm
d9LPMMgdgd0m,  FoMToGgdom  Jgodwrgds  3odmygbgdem  0dbgls
bmM3w0sbo  Bgsdomgdol  dgdmbggzsdos.  30090m3699m, ™A
d990mdo 9gu3gMmH0dxb@gdo Lsdowgdsl dmy3;390l 86083690 mgbo
393985 M3Mmm (4.12) BmGmIMEol 359mygbgdol osdsbmbo.
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0-2
._3 4‘ Ill

Nu|e-a Pr=19 4

Pr=9 T

Pr=6

[ Pr=3
Pr=9
Pr=6
Pr=3
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65b.4.16. 0dMY50053990L 06¢39BLOIMMIOL sTMI0EIDIIEYDS
690b6mogrliol Gosbgzby [34]:
bm®3wosbo bgsdo@gdo, h=0.5, s/h=10: 1 - Pr=3; 2 - Pr=6; 3 - Pr=9;
4 - Pr=19;
I - (2.25) 3®3emol dobggom; 11 - (2.30) gmGderols dobggoom; I1I - (4.12)
ROIMEol dobggzom.
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QoLBLEOWMW, Mbs 50360dbmm 89d9a0: JMM-gHo MMl
360 MdEqdsl be® 30560 HBgs30M900L MdMYs:3930L 0bE9bLoMGMdO-
bodo  dodegbowo  mMgMOoMwo  25dM33093900L  ©Tdsgz9d0LSL
0o6M0Moaabl MdMsd(39d0 DgI30MOL FoMmOl Bl Lszombo,
6Igby3z  Bgdmm  ogm  Bords®o.  380JOMdM, i 3OMdEYDS
Bofoermdmog 890dwqds goo0FMols BoM0EBY BsdMmIobotg sx3L30L
00MY53990L  9Ju39gM096GHd0L  LEdMPgdom, )  MIMYS3Y0
90999639  299mygbgdmo 0gbgds  x9bAS30  FMEsol  mbgwo
ROOR0ES,  OMIWoL  HBgEI30eBY3  bbzoolbgzs  Godobs s
39099BH0M0 356599 M9d0L IJmbg beat3¢000sbmds dgddbowo 0gbgds
L3I0 BOMORBOEHOL 3MYLZ0L ABom Lomsbsm FoGHMO(39dOLS s
3990Lmbgdol  godmygbgdom.  3bsos, MM sbgmo  FJNMPO”
585900 bmM3wosbo MdMsdEgdo BoOBoGOL HgsdoMol
RBOOOL OGBS 9053000060  BOOOHMGLMID 9O 0469d
©535300609099o.  sbgmo  9dudge0dgbGHgdol  Bo@omgdsl  ©OES©
39790ymdL byl 39000l Ggd3gemoG ol gobmdzol Bgz9b dog®
5899853900 dgmmEo, GmIgwoa 0dwgzs Bys3omol 67doldog
PooO@odo  3Hgd3ghod ol  ©oLEBEoMs©  (M3mbGIIGHM)
39BM330L LT GISL.

333MOms  dogh  sbgmo  gdudgM0dgbBdol  gobbmMEogmgdo-
L5030 BoBoMmYdME0s 25633909000 FMBsdboYdgEo Lsddomgdo.
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530 5
9MHIM30MHM©obsdogmemo sbsgnmaools gsdmygbgds
b 3000560 Bgs3069d0L 0dMYS39dol
36O m3gLoLsmzoL

5.1. b6 300560 Bgs306Hgd0l 0dMYS3990L 3HmgLols

R0B03OHO IMEPIMO S MOMYS39doL 398303096GOL
155635(0dM MO

OMamO3  35MdOWwo0s, 9MHIMI0OHME0653039M0  sbsErmyool
399mygbgds8  mMdMYs39dol  3MMEILOL  MgMMoMwo  SBsEoBolIMZOL
15305 39620 F9YA0 39FMOPM 230 HBY30MYdOL Jgdmbgzgzsdo
[50]. 53sLsb g9, bMEIWosbo bgs3oMgdol dgdmbggzolsmzgol
blgbgd o  sBsemao0l A93MEMdS FgGOLIYHI® OOV FOMBEY-
99005655 5353060900, MBOHM 39BH0E, BMYo 93EGHMOOL SHBOOom, 00
d900b3935d0, HMOYLSE 90O 5938 BYI30MH0IH LELEBOIMM TGOl
9mfy393HoL o 99dymd  JoghHmgdsl, gMIM30EMHMPObsd03MMHO
3bosermaool 3006303900  godmygbgds 96  SMOL  J9BIMMNWGIME0O.
0000, 50539 O™, [7] 998m33wq30L 93GHMOMs sHM0m MYMHIM-
3000065303900 5b5¢rma00l  g58mygqbgds Fglodeoms  2od5M0Y-
00 0yml 3F0MHM® 256900 bmE 30056MmdoL gargdgb@gdol
9gmbg Bgs306M9d0L 9dmbgggzsdo.

“bs  500603bMl, HMI 230 BYs30M9BOLIMZOBE 30
090IM300OME06530300  sbsgrmaos 835300  LodsMmN0sbos
dbmwmE 00 890mbzg3580, MHMEILIE 0dMYPSITEHBOL 306 EHWOL
6o3b3o 9Mmol BHME0s, 306506 TbMwm© SLge 30OHMBdYOTo 53
5QR0MO  GHOMIMIbBHMm0  bs35000L 496033390080 LoBJoMols o
3993965GHMm0L 3OHMBoEgdol b s3lgdsl. ygzgas bbgs 9gdmbggzsdo 3o
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5060360 sb5¢rma00l 459mygbgds bMmEME #oM33900 3MEM9JEo-
3900055 253500 G3)O.

0963M300MME0b5d039M0 sbsermaool 3606303900l godmygbg-
0509, 93GMOMS SHBOOm, bmO3wosbo bgs3oMgdol Tgdmbggzsdos
39620 9900930 890dgds dmy3:39L, v 93 MM omzsolfiobgdwmero
0946905  bmM3mosbo  Bgs306MHgdol  GHMMHdMYWIbGHMMO  bs3s0om
39OBEYboLLL  Fodmgdbowo  Mo30L9dYM9d9d0.  FMOZIMOEDMZ560
9963960396 EGHM0 S MYMOOMWO 250m33e93900L SBse0BTs B39y,
Hmd bmM3w0sbo Bgs3o00gool godlgbol MM™L, %3 BgsdoMol
3oUH3M03  Yoeodgds  LolabeghOm d6g, GMmIwol  LEGHOWIGHMOS,
DM, 990dqds gobolsBO3zm™ML 08539 356015993 MJd0m, MOMSE
3960LsBO3MYOs 430 BYI30MOL FoMlEIbOLLL. Bog®sd, 53sLmsb,
dbggzgermdsdo  bs  0dbgl  FowgdEo ol AoMgdmgds,  O™I
D993060H9 bmM3e0sbmdol 9egdgb@gdol sGIGOMds A9Bs30MHMdYL
3605¢gd0L  omdmdabsl, MHMIgdog §Ygdosh Mo bmM3eosbmdols
9099963900l §3960M9d0sb, [3]-0L Mobobds, 039396 LolisBrzm™
d6O0L 9930905l o, FgLodSToLs©, dobo Lolgol 9d30Mgd.

09HIM30OM©065303900 sbsgomao0l 353mygbgdsls bm® 3emo-
960 Bgs306900L5m30L J09d3bs 5MBYMHMO oBM33e935, HMAgdTo3
39365309050 0gm 45035¢0bfiobgdmEo Bgdmo s0bodbyero megoly-
0M9dg%0 [2, 8, 9, 10, 15].

3. bmbgMol  Lodmdomb  g98md39094bgd0sb  ®ed9gbodg fierols
9900092 3°9mJ3946@s ©. ©03MYOLS s M. LLdgML3ZOL [9] 2odm33g3s,
™39 dos 990053599390 0ym J30dolgdemo bm® 3erosbmdol ddmby
69053060l MdMA53990L 3:9830309BEHOL Losbys®0dm BMOTM:

_ é Re Pr
"~ 8(j-8.48),//8+1

Nu (5.1)

L50S3, §3080L9dIM0, 5699 0. bo3zWEMsdol bME 3 0sbMdOL 9dmbgggzsdo:

j = 5.19Ni024py044 (5.2)
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6. 39005 @5 o> 9b53IOMIG0TS MMHP6DMI0gd0s60 bm 3-
©056md0L IJmbg Bgs30M9d0LsmM30L doowgls, BHMI:

j = 4.5Ni%?8pro45(s/h)=033 (5.3)

(5.3) BMOINES BoFsODE05605 bMMIE056MBdOL  350509EHMg-
dolbomgol: 25 < Ni <30 s s/h > 10 [10].

b. 25t0bds  Qsdmoyghs  LoddM0sbo  Imgo  bm®3wosbo
B9gs306900L MOdMYPO3900LIMZ0L,  FFoOM© bW MEO
bm®30056md0L 9egdgb@Egdol dgdmbggzsdo [15]:

1. ¥dsb@o 96y;

2. 99996¢3)9dl Mol 3005w wOH0 HBmbs;

3. HOHdIYIbEGHOHO doOMI0.

3. 30350l d0gM F99M535H90E0 0gm MmmbIM0s60 dmgwo [8]:
1. desb@o 96y;

dYBIOILo 86Y;

30025 MM0 B0OMZ0 bME305bMdOL 9egdnb@Hgdl  dmGol;
AGMOdM96EHMHO dOOHMI0.

3. 9050l  dmEgerol dobgzom, o0bY3zg, OMMGOE  JEM30
D93060L  2oMbgbolsl,  bmG3wosbo  bgsdomol  AsLfzmog
goodads  dsbGo s ¥dM@IOIemo  I6M99d0,  MHMIgGms
MobBM™owgdm Loldg olgmogzgs, GMmymmog w30 HBgsdoMol

Lol

d900bg935d0. 5060360 dmEgwol Loxwdzguwdy 3. dogs0d doowm
bm63wosbo  HBgs3oMgdol  mdMYs3gdol  Losbyo®odm  g3mMImes,
MHMIganbsg s19goo Lobg 5JaU:

1.75 F 1285  0.265
Nu = (1 + Pr+8) Re Pry/¢/8 {1’@ SPr [Pr0.21 - Pr1.2] +

-1
/i 5in(1+ 5Pr) + D, + Dz} , (5.4)
Faen
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boE3,

D. = 7 (k/rg)Re /&/32-30 /F/FMW
' e

1 k\ k
E+O.4Re1/f/32(1—%)%

D, = \E (1.325F + 1) [1 = (k/mo)V?).

3. 002508 50b0odbmer  godm3zegzsdo  [8]  LsdsMomerosbo
Boongoo, OIT] bm® 30560 b9s306M900L d90mbggzsdo
0903M300OME065d03O0  5b5Mmy0s  FoMMYOME0s 96 Lo
300653039600 0bsmdol 3m95303096E0LIMZ0L, 5M8dg Tbmem
dobo bsfogolomgzgol, Gmdgeog bobmboom s®ol godmfizgmero. [8]-8o
89900000535-B90990 0gm &y, -0b LosbasM0dm ggm®Imeno:

Eb _ $Re=5000

= (Re/5000)025 (5.5)

Mbs  000bodbMl, Mmd (5.5)-0b dobgwgzom 9.f. BMOIoL
Pobommds 80mbgsgzs@ bm®3e0sbmdol 9wgdnb@gdol Lodswerobs,
053L 0Bgbl GmEs Re=5000, o3 9Ju3960896¢g000 56 ©sLEGHWIMHYOS.
2905 530LY, (5.4) BMOTMWIL gosbbos 3093 gOMo TgmlodsdMds,
390dm@  ob, Mmmd, OmEbyg  bBMmMIW0sBMdOL  9w9dgbEgdol
MobBM™ogdm Lodswwyg bs3wgdos 30-Bg D1 §9360 09dmwmdl
56MYgmx00 36093690 MdL, M3 BOBOIMES© S0LYIMHPOS.

[8]  @90m33@g30L  53G™mMT>  Bgamd 30330 ows©
©BMLES  FgIMme35HgdMwo  BmEgwo,  ™MIEs,  9©0bodbvero
MBNLEHMOYO0 35063 396 0dbs 15300056 s(30egdEO.

9019b905350 Bgdmo 50bodbmo MHYLEHMBOLS, 3. Jogsol JogH
3900053599010 IMEIO s dMAS39IOL 3MIB0E0IBEHOL Losbys-
60dm OIS 0lYo0 YOO ILO  3OMEILOLIMZOL, OMAMEOOES
bm® 30060 Bgs300900L MdMA3935 GHYIMdYIbEHe Bs3owdo, 53
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36m3gbol  dglHogarols  Loddgdo  fobgowsydmwo  36089369wm3s60
Bodoyxos.

bmG3wosbo  Bgs30Mmgdol  MdMYS3gdol  3BmgLolsm30L
0903M300OM©06530300  sbsgrmaool 36063039006  godmygbgdols
Lo0bGHYMgLm dMmEIEo 0gm F9amMmmsz5HgdMo [16] odm3zwgzsdo,
MHmdgedos bm®3wosbo Hgsdomo gobbowmmos Mmam® dmM339-
d0bd s Bo®35390900L 9MMBE0Mds (Bob.5.1).

65b.5.1. bm®3wos60 Bgs3oMHob mdmys3g9ol 3MmEgliol Bobozm®o

9dmggemob bggds:
I - deob@o Mg II - d9xgeHeo (RoMEsdsgowo) d6g; III - aMogswwmemo
0030 beaM3e056mdoL gargdgb@gdl dmmol; IV - bs3s00b G@dmmgbdmemo
006 ™M30.

[16]-0L 9bsbdog, sLgmo Bgs30MHOL GHMOOdMWIbGHWOO bBogo-
oM 5MBEYBOLLL, 0lg3g, OMYMOE EM30 BYs30MHOL oMLl
d9000b393590, 3900L ¥dwmseom FobePMdEIMBST0 Yoer0dEYds dsBEHO
(3350 530bsO¥M0) s dMBIMHIEO (FoM5T935¢0) FM9Ygd0. 50b0T-
Bmo 969900 goerodgds 56 FbmemE bemM3w0sbmdol 9egdgb@gdl
dmMol  9MLYdIME  BoMTs39090d0, 9M8dgE ™300  9gdgb@gdol
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05390D93. 369005, OMI DBMAss©, 50b0dBMEo FMggd0l Loldggdo
3509bsdsM0 046905  Bgs30MoL  golifizMog.  3gMHdm®, BAMEO3
0ob@o, oby dMxngHo  dMgqadol Loldg widm dzoMg 0gbgds
99996@900L  §396mgdmsb, 3000609 gurgdgbBHgol Jmeol Bsw®dsgy-
09080. J0HgO35 530LY, bMEMI3056MdOL §e9dg6@Egdol Fgsdgdom
93069 Lodsmol J9gdmbgzg3zsdo, dgodwrgds Bsgzmzsemm, MM dogeo
B9330600L  gobfzmog goeodgds 9. §. “989dGHMMo Lobdol® ddmby

0BG s dRIMMo dM9Yg00. FMmEIErol MBsbTs, 9wgdgb@gdl
0L §o6dm0ddbgds, 52609039, M09 OHO dBOMMZ0, MHMIOMSE3

OIBIOMWOS OS> FNYGWOo  MOMPOs93990 BYs30600, M3
D90530608 IbMmEME bMM3e056MdOL 9egdgb@gdl dmeolo bsfowro.
50bodbmer  ImEgedo, Mo mgds  Mbs,  Fom3zsobfobgdeos,
3369039, 65350000 MW IbEHMMO dOOMZOL sOLYGdMBSE (Bob.5.1).

990l dobg300 bmM3mosbo bysdo®mols djmby 30wobo-
e dodo GMdMEIbGHOo ©0bgdol M™L LoMdM 2oo939ds
ool 300006 LoMbOL Bs3oEL. beEE0sBbMdOL d9Jdbom yodmf3g-
0 BYI30MOL BsMHMOL ZEBOHEOL QodM:

Fﬁ(”

e W4y = Qg Tp = Tyem M, (<), (5.6)

[16] 250m33e935d0 99mqdE0s 99000030 ©533909d0:
1. bm®3e006mdol  9e9d96@3gdol  Lodomerg o3 gdom

65309005 Jools Gosombdy, k K 19;

2. bmM3w0sbmdoL gargdgb@gdol d30Mg LoTsmerol dsdm,
0 < y < k dGgdo dbgdo dsdgzs 3900305 S GHME0d 39OImsb dolo
d609369crmdobs, T=T; =const;

3. 0090 653500 s dbHgdo dsdzs Fogrols Mooliol
3oUfizM™0g 9@mbooMa 033wgds q/q; = T/T,;

4. 36056GHWOL GHMOHdIMWIbGHMGO MoEgb3o ghmob GHmeos
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5. $9939053HMOHMo  BodBHMM0  ©asbmmgdom  gMmol
GOwos — Y=t [t~ 1.
(5.6)-0b aom35¢olfobgdom dbgdo dsd30L 3bMmdOo FobEHMEgdY,
HMIgos Bog@™MdM035©0 dMdMoMmd0L gobEMegdol 85630390V
Lobgl HomMoyabL, b 3e0sbo Bgo30MdOLIM30L sbig Bsofgcgds:

d
Tdn(l—y/r0)=p(v+v@)£ , (5.7)

boom, 00M0 65350000 sB939 36MmdoE gobEmegdsl, Gmdgwos
96963000 gobGHMgd0©sb Joomgds, bmEM3w0s60o bgsdomgdolsmzol
sbgmo bobyg 99690s:

d
Gn(l—y/r)=-p Cp(v/Pr + v@/Pr&)é. (5.8)

&993965GHOMo 3OHMBowol fy3gBH™dol godm, (5.8) 2ob@GHm-
900Ul LOlODBOZOM 30MHMds 990!

Mmgs y=0,

t=t,. (5.9)

080l gomgzseolifjobgdom, O®m3 Prs = vs/a s = 1, (5.9) bLabsbogOem
3060000 (5.8) 06390900l 899 80300900:

_ n y___(A-y/ro)

—t= pCp 0 v(1+(vy/v)PrT) V. (5.10)
Vo/V 2960L5D036M90s (5.7)-0b 453mbobengdosb:
% 7,n(1-y/ry)
9O — & —1. (5.11)

v pv(du/dy)
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39900920 5060336900 omz5¢0obfiobgdoo:

u YV Uy
u, =,/,n/p ; ¢=— © N==1, (5.12)
(5.10) o (5.11) 999c9gabs0Ms Bsofigeagds:
n_(1-y/ro)
t,—t= > d 5.13
T e i o
Yo _ 12¥/To
y = dejdn 1. (5.14)

(5.13) s (5.14) @2odmbobEgdgdol  Lodrsegdom  Jdgodargds
3960LsBO3OML  FH939MeGHOMo  ©HBY3s  Tmgom  sfigBow
00mMmge d69do.

1. dgsbBo drg— 0 <n <7 .

306500096 dsbGHo Mol Loldg a530wgd0m b530gd0s dogrols
50MBBY, 990dwgds 30300Mmm, OHMJ 5d dMgdo 1 —y/ry = 1.

9900569000 930609 3M6EGHWOL Mogbzol ddmbg Lombggdoom
330 BYs30M900L  2oMlgbolol MId3z9096, MMI desb@ dMgdo
3mdMomd>  333H0@BobsONI@os @S V,e/v =0.  B5a™98, oo
369b6EGHWwol Gogbzol dJmbg Lombggdols dgdmbgzgzsdo Bgdmblighg-
00 ©533900L 8990, MdMY(39doL 39303095 EGHOL Losbysmodm
ST FyTgleley 3°00MmM3Woo 3992900, 99396096 EGH M
9mbs39990msb  FgoMgdom Fgd30cgdmee  3603369wMmdgdL  0dwnggzo.
500L  998m, oo LOdESBEHOL TJmbg Lombggdolosmgol  (Pr>>1)
db939mdsdo Mbs 0dbgl Jowgdo ol QsMdmgds, BT dBE)
360990 9dM5Mds 56 SGOL 935309 6F0bIM™MIO S SPAOWO 543l 53
96gdo 6535001 B30MHM306  BHOBdNWIBEHMOHO  3MElsz0gdoL
990(939b. 5dob oM, 3bsOs, MM dEsbE Mgdo GHMOdIMMIbEHWEO
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LOdEBEHOL  3m9BOE0IDGHO 9O 9oL Bl Gmero.  H®AMO3
3BMdoo0s, 30 HBgs30M9gd0LsMZ0L Y39 B A9TIMMENGOVIESE
0m3gds L. JMmomgrsdol  dmgwo,  Mmdwol  dobgzom
AMOdMIBGHMOHo  BodEbGHOL  30bgds@ozmdo  3m9n0E0g6GHO
390056 dsbdoeols Igmmbyg boGolbol 3Gm3mMowmwos [50]:

VT‘?’ = (n_ﬁi) n*. (5.15)

(5.15)  @©99M30IOMgds  Fgodegds  godmygbgdmee  0dbgls

bm®3wo0sbo  Bgs3omgdol 9gdmbggzsdos. (5.15)-0b  gomgzserolifo-
69000 3sbEGH0 IOHoLm30L (5.13) sig hoofigegds:

t,—t

3 =
qnn 1 dn _
pCp Us 0 1+(B/n3)Prn*
qoz\/H Pr a4 ULt dn — qoz\/H Pr a (ln n%+a\/7n1+a2
pCpll, 0 a*+n*  pcpu. 42 n?—av2n,+a?
V2ni+a V2ni-a
2arctg+ + 2arctg +) =
qnn
~— f(Pr,n1), (5.16)

P CpUy

boosg, @ = n3/Prp

. JMmomgesdgd d6s35MH0o3Ebm3sbo 9Ju3gM0dgbE Mo dmbssy-
9900L LoxMA3z9bBY oo™, MMI JEM30 HBYIPS30MYd0L Fgdmbggzsdo
B=0.03. 30650096, MmamO3 bgdmm ogm s060dbmEo, bmMzwosbo
D9306900L  0¥MY5IBHB0m  2oMbgbol Fgdmbzgzsdo dsbEHo
ool LEGHOWIGHMMS 0lgm0395, OMIMOOE Y30 HBYI30MHGOOL
390OLEYbOLSL. d90dagds do300Mmm, OIONS) bmM3w0sbo
bgs30mgdobmgzolsi P=0.03.

2. 58O N0o 8Oy -1 <N < 7);.
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0939 OmMymOE dwsbGHo dOolb  Fgdmbgzgzsdo, dMBIOHO
dOoLm30L53 G90dgds ofgMml, Omd 1 —y/ry = 1.

AMOdI6EHMMHO LOBdEIBEHOL 3MgIBR0E0IDEHO s0bodbmer dMgdo
3900003 gds BMMOHIMO:

Ve/vV=n/m —1, (5.17)

g0 259m3obsmmadl dvngmmen dMgdo bLoBdsMol gobsfowgdols
50d09gMo  35MBsbol  3bmdowo  gd3oMmomwo  BMOINEOED s
LodsMNE0560s ez doegddo Lombol GHwWEOBdMEIBEGHWOO ©obgdol
d9dmbggzsdo. 0ligzg, Omamea [8]-00, [16]-8og (5.17) LodsOPE05650ss
Bommgwowo  bm®m3zwosbo  80wgdolomzolsg. 0dslmsb,  [8]-996
39b6Lbgz03980m, [16]-d0 bo® 30560 Jogrgdobsmzol ny # 5.

(5.17)-0b A5m35¢olfjobgdom dRgemwo IOobmgzol (5.13)-sb
d00M9ds:

Vn d
t, —t, =—2pr[r__2

M2 T pou, Im 1+ LPr—pr
qn -
< —n,ln (1 + uPr). (5.18)
P CpUy Ut

3. 9e99gbEHIOL A0l 3MH0R5XIHO BOMMZO — 1, < 1 < (17, + Ni).

50 9MHobmgzolss, 0939 OMYMOE dLBGHO O A9MT535¢0
d69900LomM30L,  BMEIW0sbMmdOL  9wgdgb@gdol dzocg  Lodsmerol
d900bg935d0 T90dgds Bsomzowml, dmd 1 —y/ry =~ 1.

9¢9396@ 90l ol M0y H d0M™MZF0 IMIMMds 2obbogrwmen
0y MMAMO3 Fo3MHo o0bgds. 9MHmMIIOHmo dsdzMgwo bmds,
MOMIgoE 9oL M0 gdol LooEIL sbodbymer dMgdo SMOL
bm®3056mdoL gegdgbEgool Lodswery. [74] godm3zwgzsdo bm®3wo-
3bmdol 9e9396@gOL FmMob Mmoo ® doMmM3d0 GIMHdgbEMMo
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LodEBEOL  3m95303096GOL  Losbys®modm@  Fgdmmsz5HYdMwo  oym
39000920 359mbobvengds:

v@/v = 0.165 Ni . (5.19)

3oLOM35eoLH0bYdg0s Ol PoMgdmgds, MM FOHORIWMGO dOMO-
3000 QOBION0S 365 FNJWO HBYs30600, 3M5dg Fbmeme dolio
999963 9dLdmMoLo  Bofogro. (5.19)-0b  4o8mygbgdom  FH9I3gMo® Y-
Mo hb93s M3 Bmbsdo (5.13)-sb  godmomzgargds
d9909bs06M500:

K qan (N2 +Ni) dn

by, = ey = ot Pr [
2 2 p Cpls N2 1+0.165 Ni Pr

ayn  KNiPr

p Cpl, 1+0.165 Ni Pr’

(5.20)

oo, K 960b  3095303096@0, ©®mdgeog  omgzseolfjobgdls
30259000 V535390990 HBYI30M0L BsMMOL bofowb. ,,6039Msdol
bm®300056MdoL” G9dmbggzsdo 90degds hogmzgswmm, Mmd K=0.5.

4. 6535000 BB Y9BEXGHO dodmgo - (17, + Ni) < n < 1.

3b5@05, M3, 5335OL HMOEBMIBEHMG doGmgdo 1 —y/ry # 1.
50 dMgdo  GHMEOOMIbGH OO  LodELbGHOL  3Mmgzo30gbGHo  0lg3y,
OMAmO3 330 Hgs30MHgdoLOM30L,  bmEMwosbo  BgsdoMy-
d0oLm30LSE G90dgds 4960LIBOIOML GMEMTMEom:

Ve /v =0.4n(1—y/ry). (5.21)

(5.21)-0b 35m35¢olfobgdom (5.13)-sb dogowqdo:
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t(772+Nl) - t p C Uy f(‘f]2+Nl) n -
—9_25In(=+12) 5.22
P pUx (770 770) ( )

(5.16), (5.18), (5.20) s (5.22) 259mbobmergdgdol 993609000 2394690ds:

t,—ty = pqdﬁ [f(Pr, M) +Min (1 + %Pr) +

N Ni
25K (1+5) =25V Tin (T + 2], (523)
Mo 7o
[8]-80 oybowo0s, MMI MmamOE 430, oy bmM3wosbo
B93060L dgdmbggzsdo:
1.75
to,—t0=(1+—)(t —t). (5.24)

09 (5.24)-1 Bsglz3590 (5.23)-80 s 2930035¢0lobgdm, Hma

N _
St=——=——+ © u/u=4£/8,

PCp

9503030 05093530300 356MogdbgdoL 9990 3030090m:

-1 1.75
0.5Vn (14522 ) PrRe \/£/2

- f(Pr,n1)+n1ln(1+%Pr)+A1—2.5B1 )

(5.25)

Lo,

No No

17 1+0.165NiPr’
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bmG3wosbo  Bgsdomgdobsmzol ;. @ 7  LooYIOOL
©oLOYPIBs©  30MEI30MO  gJu3gM0TYbGHo, ©s doo  dgBgL,
09MOH0Y0 dmbs3g9900 56 SOHLYIMOL.

[79] 250m33¢930L ®sbsbdo 230 Bga3oMol AsMLgbol
O™, 25603391 IMdgbEHJdd0 debEHO MOl MYsbBMmTowgdm Loldq
-11 89500396L6  dbmemo 2-3, Mg 2-x9M ©s dgEo bozwgdos ol
Lodgom  UEAIGOLEOIMEO 360030y Mdsby.  [79]  @o0m3zeg30L
390929000 Loggdzgawbg [80]-00 4odmmgdreros JmlLsDM9gds 0dol
05M35DY, M B30M0L be®3e0sbMmdsd Mbos Aodmofgoml — 1y -ob
399306905. L.  Jmoomgwsdol sHOom  bmMzwosbo  Bgs3omgdol
d9000b393500, BMYSO©, dsbGHO ML MABEDMmIoEgdm Loldg — 14
Mbs 0gmlb bm®3e0sbmdol 9eqdnb@gdol Lodswwol gwbdisos [50].
306500096,  bmO3wosb  s®bgddo  30Gmogozmmo  fobsmwmdol
309580309630 91939  HoMmBMOYIBL  brMM3E0sbMdOL  9ergdgb@gdol
Lodsol gbd0sl, 990dErgds o3w9835m, MHMA 17; S 17 bm®3e0sbo
©95300900b F9dmnbgg3590 Fo®dmaagbab &o /-0l gmbjsosl:

n = f1(&/8); m2 = f2(&/8).

[16]-30 do®gdm0s, G

M =6 (& /8?3 n2 = 30(& /&3, (5.26)

LoO3 o o &, TYLodsToLO, ML 30 s bM®3wosbo oy
D9o3060H900L  dJmbg  Boangdol  30Gs3w03MNM0  Hobswmdol
3M9953030963)0.

(5.26)-0L  gomz5¢0oLfobgdom, vy TbHgE39wmdsdo 0300 O,
6H™O:

kR R
Ni= =2 @ no = E/2,
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(5.25) d000gdlL 9999y Lobgl:

0.5 Vn=T(1452 ) PrRe JZ/2

Nu — Pr+8
f(Prm)+6 (£0/8)2/3In(1+4Pr)+A,—2.5B,

(5.27)

boE3,

_ _kNiPr N e . 120(&,/8)?/3
A2_1+0.16Nipr’ B, =vn ln<r0+ Re J&/2 )

(5.27)-80 &y 29560L5BZMYdS FMOIMOom:
&, = (logRe) %49 . (1.23)

GMO3 HBgdmm ogm s0bodbmwo, bm®zwosbo Bgwsdotmgdols
3006530379600 §0bspmds foMmBmoyqbl bobmbols s bmMzwos-
Bmdol 9e9gdgbBHdol BmMIoL [obommdsms Kxodl. sdsLmb ghms,
OLGHMMGOIE05, MHMI MBMYS39IoL 3OMEILOL 0bEGHIBLOWEOMBSL
396LsBP3MH3L bobbols foboswmds, bmwrm bm®3mosbmdol gumgdgb-
G9ooL 3mMIol [f0bsmds ©508g 306306 253w9bsl MdIMYs39dol
36MHmEgLBY o6 sbabl. 5ol oM, (5.27) BMOIME00 BoMygdEMdOLLL
LoFoMms  LOWMwo  30M53¢03900  Hoboswmdol  3mgn0309bE0©b
390m09gmlb bobmbol fobospmdols 3mgxz0309630, Mg dowwby Moy
36039l Homdmoyqbl.

0Y)  3530035¢0lobgdm, ghmo dbMog, L. Jmomscmgarsdol
AboBOYOL 0ol Momdsby, MHMI  gegdgbEBHIOOL oMl gbolsl
933MIMEIHo 097000l LLfgolo MOl FmEIoL  [obswmdols
390m3w0b9gd0L  sbshgolo [50], bemeom, dgmeg dbeMog, od 9gdudgMo-
396@ M 8mbs39990L, HMIgwms Msbsbds bmM3wosbo HBgsdomgdol
00MY53990L  0bGHIBLOWMOMIOL  sTIMI0IOMEgds  MgobmerLOL
(oEbzby bme300056mdoL LOHEo 4sdm3obgdol Mgg0ddo oligmogz9s,
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OMAmO03 w30 dogdol  EmML,  MyMIM30EMHMPObsT0ZMMHO
36500l 3606303900056 9dmIobotg Fgodergds  s35L3365m,
63 59 990mbz93580 230 ©S bmM30sbo Bg3MYdol bobwmbol
309580309630l ©sdM30J0IEgds MgobmemElol MHosba®y gembso-
605, BgImmddmol msbsbds, dgodergds doz300mm, GMI bsbrmbols
30980309630 — & bm®3e056mdol  Bofformdmozo  godmzeobgdols
950900 GHM0s LEMEO 300M93W03MM0 [oboswmdols — &is. b,
6Mmao Re < Re,,

§ =¢us (5.28)

bomn  bme3wosbmdol  Lewmwo  godmgzwobgydol  Mggoddo,
Mmogbsg Re = Re,,

logRe,\ 249
) . (5.29)

logRe

f=5m(

5939 9936086530, H™A (5.29) 53059mB0gdL 30MMdL: HrEgbsa
Re = Re,,

§=¢us- (5.30)

“B03m®msdol bm®3e0sbmdol” dgdmbggzsdo  93¢™IM©IE OO
9:090L0mM30L (beM30s6MdOL LOHEO A5dM3w0bgdOL M9:7000), &4
3960L5BM3M9ds BMOIME00):

1.15 2
$ve = [—1n(7.4 ro/k)] : (5.31)

[81] 2408m33w930L 53EHMMOL sb5bHTo, J30d0lgdemOo berMzwo-
3bmdol LOwo 30OHMEO65303YMHO QodM30bgdOL, 9B sg3E™IM-
IO 0950900  gosligerol  Fglsdsdolbo  Hgobmerbol  Mogbgo
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d90dgds  296oLsBOZOML  9830MoMwo  GmEIMWom,  HMIJO3
390030bs"gMdL 0. 50350l 36MmdOEO BMOTM0IB:

Re. =3332In (7.4%). (136)

MBS 500608bmL, ™A 0d Jgdmbggzsdo, Gmqlsg k = 0, = ¢,
9 (5.27) gm0 09dwermdl 99dgy Lobgb:

0.5(1+7-—) PrRe /&o/2
u= f(Pr1)+6 In(1+4Pr)+2.51n(Re\[&5/2/120)

(5.32)

ROOIMS (5.32) d90dqgdo 299mygqbgden 0gbgL
00M55(3990L 39B03096EOL LosbysM0dm M3 doggddo Lombols
AMOd96EMMHO 0bgdol MMU.

00M5593obol 306Gl Mosbzol Bmdogho 360936gwm-
0900L  99dmnbzg3zsdo, GMYMOE Bgdmm oym s©0bodbmwo, dgodergds
doz00mm, MHMmI  dEsbd  IMgdo  BHIOdINYIbGHMO  LodELbEOL
309580309630 6ol Gmeos. sy dgdmbggzsdo 360d369wm3bo
o6 }$030905 (5.25) 9, Gglsdsdols, (5.27) gm®mImwgdo. s0bodbwyeo
3995630390930L 9900935 (5.25) 00093l Lobgls:

0.5 \/F(1+ 175 ) PrRe \JZ/2

Pr+8
n1Pr+n1ln(1+%Pr)+A1—2.531

Nu = (5.33)

3656Gwol ®ogbgzol bmdogmo 8609369mdgdol dgdmbgg-
3530, 09M3IM300MOMP0b5303MOH 5b5eMY0sBY oyMHbMdom 30
B930M9008 MdMYS3900L  3mgB0E0I6GHOL Losbys@Modm FmEIMwOol
domgdolsl, MHmamO3 3bmdowos, 009d9b, GmId n; =5 ©s 1, = 30.
bm63w0s60 HBgs3060900Lsm30l, Bgdmm godmmgdwo ImlsBemYdY-
00056 59md0bsMY, 990dEgds Jogommm, HmA
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N = 5(50/5)2/3 Q@ My = 30(%0/5)2/3- (5.269)

(5.265)-0L gomzseolijobgdom (5.27) 4585MEH03939o Labom sy
Boofgegds:

0.5 \/F(1+ 175 ) PrRe \JZ/2

Nu — Pr+8
5(£0/8)2/3Pr+5(8y/%)2/3In(1+5Pr)+A,—2.5B; '

(5.34)

03 9gdmbggzsdo, GmEqbsg k=0, €=&; o (5.34) gm®IMws

9600369 mgbo  BoMmBH03ads.  sdoLmb, oy Abg39w™d5To

30300908m 00sL, ™I, Gmas Pr=1, 95306 1 +P1r'—158 ~ 1.2 ©s (5.34)

ROOIMNWS 0g09mdL 350Tb-dgEHM-5MEH0bgol 3bmdoo (2.6)
RmOIMwol  bobgl, OMIgEog BsdsMNE0sbos g0 Bgsdogdo-
Bogol  0¥MYssTBHboL  3MBGHWOL  Mogbzol  bmdog®o
96008369 mdq00lL dgdmbgzgzsdo:

Nu = 0.6 PrRe /&y/2 . (5.35)
$0/2

5Pr+51n(1+5Pr)+2.51n[“120 ]

5.2,5.3,5.4 ©5 5.5 bsbsH9dbg crmyemr0:m3Mem 3mmMH0bs@gddo
Nu = f(Re) @©59m30090)gdol Lsboom Fomdmoagbowos (5.34) o
(5.35) gMOINE9doL FgIMYds ©. O3MJoLs s M. LsdgedlzoL [9]
9963960096 & 9mbs39090056 330 ©>  bmezwosbo
d09d0LsmM3z0L.

MMamO3 95060860 Bobsbgdosb Bsbl, B396 doge domgdmwo
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Magrakvelidze T., Gigineishvili G., Lomidze Kh.,
Mikashavidze A., Koberidze T.

Intensification of Heat Transfer by the Method of Artificial
Roughness at a Liquid Film Flowing Down a Vertical Surface

Georgian Technical University
77, M . K cstiva Steet 0160, Thilki, G eogia

Summary

Dedicated
to the memory of our colleagues and friends
Vazha Jamardzhashvili, Archil Gomelauri
and Jondo Rusishvili

Used designations:

o — Heat transfer coefficient, W/(m2K);

a — Liquid thermal diffusivity coefficient, m%c;

¢p — Specific heat capacity of liquid, kj/(kg K);

n — Dimensionless distance from the wall;

11 — Dimensionless distance to the outer boundary of the viscous sublayer;
1, — Dimensionless distance to the outer boundary of the buffer zone;
F — Heat transfer surface area, m?;

G — Intensity of irrigation of the heat transfer surface, m?c;

h — Height of W odim ensicna koughness elements, mm;

ks — Height of J. N kuradz roughness (“sandy”) elements, mm;

L — Defining geometric dimension, m;

A — Liquid thermal conductivity coefficient, W/(m K);

v — Kinematic coefficient of liquid viscosity, m?/c;

¢ — Hydraulic resistance coefficient;

q — Specific heat flux, W/m?;

1o — Radius of pipe, m;

p — Liquid density, kg/m3;
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s — Step between roughness elements, mm;
s/h — Relative Step between roughness elements;
Tt — Shear stress, N/m?;
u — Velocity of liquid flow, m/c;
u, — Dynamic velocity, m/c;
u . . .
¢ = — — Dimensionless velocity, m/c;

*

y — Distance from heating surface, m.
Criteria:

Ni = kgu,/v — Nikuradze number;

Nu = %L — Nusselt number;

Pr = - — Prandtl number;

4
a
Re = uTL — Reynolds number

Re, — The Reynolds number at which the full manifestation of roughness

begins.

Indexes: w — viscous; sm — smooth; r — rough; t — turbulent.

The monograph is dedicated to such a relevant problem as the
intensification of the heat transfer process in power devices.

In modern installations, such as, for example, steam generators of
thermal power plants, cooling systems of condensers and electric
generators, metallurgical, aviation, rocket, space equipment, heating
systems, etc., an extremely large role is assigned to increasing the intensity
of heat transfer, because the efficient operation of the equipment and, most
importantly, its compactness, depend on the latter.

The intensity of heat transfer from a solid surface to a liquid (gas) or
steam, and vice versa, largely determines the intensity of the heat transfer
process between two heat carriers through the solid heating surface
mentioned above. Therefore, the study and development of heat transfer
intensification methods are of great practical importance. Along with this,

since the intensification of heat transfer is inextricably linked to the
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impact of the fluid flow on the boundary layer and the change in the
structure of the flow caused by this, the investigation of the mentioned
problem is of great theoretical importance.

The paper notes that the use of any method of intensifying heat
transfer in a fluid flow necessarily leads to an increase in the energy spent
on the movement of this fluid, so it is important to find a method that
provides maximum heat transfer intensification with a minimum increase
in hydraulic resistance. Taking this into account, one of the most effective
methods for intensifying heat transfer can be considered the use of
artificial roughness.

In the introductory part of the monograph, the issues of
hydrodynamics and heat transfer of turbulent fluid flows are analyzed. The
merits of those scientists who made the greatest contribution to the study
of the regularities of hydrodynamics and heat transfer with liquid flow
around on rough surfaces are highlighted.

The study of hydrodynamics of fluid flow in pipes with rough
surfaces was founded by resaerches of H. Darcy, H. Bazin, R. Miss, L.
Schiller and other scientists in the second half of the 19th century and the
beginning of the 20th century.

Of particular note is the great contribution of I. Nikuradze to the
study of the hydrodynamic regularities of fluid flow on rough surfaces. In
the research conducted in the 30s of the last century at the Kaiser Wilhelm
(now Max Planck) Institute in Gottingen, I. Nikuradze, among other
important issues, experimentally identified three modes of roughness
manifestation, which are determined by the value of the dimensionless
complex'! — kgu,/v.

The mentioned modes are:

1 Tn 2008, at the VI International Forum on Heat and Mass Transfer in Minsk, one of the authors of

the book, T. Magrakvelidze, presented to the forum participants a proposal to name the mentioned

dimensionless complex after I. Nikuradze for his great merits in ceem ining tie regu Intes oftbulint
Tibv in sn oot and rough dhanne Bandw rie tiisdim ension Bssam p Bxas DBbwsway: Ni = k,u, /v.
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1. Mode in which roughness is not manifested at all. During this
mode, the roughness elements are completely immersed in the viscous
sublayer:

0<Ni<5.

In this regime, the hydraulic resistance depends on the Reynolds
number £=f(Re) and its absolute value is the same as in the case of smooth
channels.

2. Transitional, i.e. mode of partial manifestation of roughness,

during which the tips of the roughness elements are in the buffer layer:
5<Ni<70.

The coefficient of hydraulic resistance in the transient regime is a
function of both the relative height of the roughness element and the

Reynolds number:
ks
¢ =1 (2 Re)

3. Mode of full manifestation of roughness, during which the tips of
roughness elements are on the outer boundary of the turbulent core of the
liquid flow:

Ni>70

In this mode, the coefficient of hydraulic resistance depends only on
the height of the roughness elements k (automodel mode).

The first systematic investigation, which studied the issues of heat
transfer in a single-phase coolant flow in rough pipes, was carried out by
W. Nanner in the 50s of the 20th century at the same Gottingen Institute.
In this study, along with numerous experimental results, he proposed a
physical model of the heat transfer process of rough surfaces and a
calculation formula for the heat transfer intensity based on it.

According to the physical model of V. Nunner, the roughness of the

heat transfer surface causes additional turbulence in the core of the coolant
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flow, and therefore, the reduction of the thermal resistance of the flow
core. Therefore, according to V. Nunner's model, the effect of artificial
roughness on heat transfer should be significant in the case of liquids with
Pr<1 (liquid metals), which was not confirmed in subsequent experiments.

The inaccuracy of the physical model of V. Nunner was
convincingly substantiated in the study of Academician V. Gomelauri,
according to which, unlike Nunner, the vortices detached from the
roughness elements, together with the turbulization of the flow core, cause
a significant perturbation of the boundary layer (one might even say
thinning), which leads to the intensification of heat transfer. Therefore,
according to the model of V. Gomelauri, the effect of artificial roughness
on the intensity of heat transfer should be significant for liquids with Pr>1.
V. Gomelauri obtained a criterion equation for calculating the heat transfer
coefficient of rough surfaces, which generalizes well the numerous
experimental data. The opinions expressed by V. Gomelauri were later
fully confirmed in the researches of both V. Gomelauri and his disciples, as
well as other authors.

The theoretical analysis of hydrodynamics and heat transfer issues of
surfaces with artificial roughness, which is mainly based on
thermohydrodynamic analogy, is given in the works of various authors.
Among them, the research of D. Dipprey and R. Sabersky can be
distinguished, in which, on the basis of thermohydrodynamic analogy, the
calculation formula for the heat transfer coefficient of surfaces with sandy
roughness (Nikuradze roughness) was obtained, which well generalizes
their own experimental data.

It should be noted that in the model of D. Dipprey and R. Sabersky,
it is implied that the thermohydrodynamic analogy in rough pipes is valid
for full hydraulic resistance. In addition, it is known that the
thermohydrodynamic analogy is valid only for the frictional resistance,
that is, in other words, the resistance of the shape of the roughness

elements does not directly affect the heat transfer process. Thus, the
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agreement of the above-mentioned experimental data with the theory
should be considered to be somewhat coincidental.

This contradiction was taken into account by V. Migai, but it must
be said that the method proposed by him for separating the friction
resistance from the total resistance cannot be considered perfect. In
particular, according to the model of V. Migai, the shape resistance in pipes
with rough surfase appears at Re = 5000 and does not depend on the height
of the roughness elements, which is not confirmed experimentally.

An interesting method of separating the friction resistance from the
full hydraulic resistance was proposed in the research of one of the authors
of the monograph (T. Magrakvelidze). In this work, based on the opinions
of S. Kutateladze, it is assumed that before the transition to the auto-model
mode, the friction resistance is equal to the total hydraulic resistance, and
after the transition to the auto-model mode, the resistance of the form of
roughness elements appears. A calculation formula for frictional resistance
in the automodel mode was proposed.

In modern devices, the heat transfer process can be carried out
under the conditions of a liquid film flowing down on the heating surface.
Such processes occur in condensers of thermal power plants, in nuclear
power plants, in chemical-technological installations, etc. Because of this,
the intensification of the heat transfer under the conditions of a liquid film
flowing down on the heating surface is of great practical interest.

Based on the relevance of the issue, and taking into account the
insufficient study of the problem, the authors of the monograph decided to
conduct large-scale experiments, for which an appropriate experimental
setup was created.

The experimental part of the monograph is dedicated to the
description of an experimental setup for studying heat transfer when a
liquid film flows down surfaces, conducting experiments, and analyzing

the obtained results.
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Experiments were performed on a device operating in both open and
closed circuits. The experiments were carried out on water in an open
circuit and on alcohol and water distillate in a closed circuit. A vertically
placed stainless steel pipe was used as a test area in the experiments.
Experiments were also carried out on a vertically placed stainless steel flat
plate. In both cases, the test area was heated by directly passing a low-
voltage alternating current through it.

The flow rate of the liquid in the circuit, the power supplied to the
test zone, the temperature of the liquid and the test area were measured
with modern high-class measuring instruments. In addition, the well-
established thermocouple measurement method was used to measure the
tube wall temperature, and a non-contact method was used to measure
local temperatures of the flat plate wall using a FLUKE Ti60+ infrared
camera.

As a result of these experiments, a number of interesting issues of
heat transfer intensification by the method of artificial roughness have
been established. Part of the experimental data in logarithmic coordinates
(Nu, Re) is shown in Fig. 1.

The experimental data on the graph are averaged with dashed lines.
The entire line I corresponds to the formula of K. Chun and R. Seban for
the laminar-wave regime of the liquid film flow and line II correspond to
D. Labuntsov's formula for the transition zone from wave to turbulent
regime of the liquid film flow.

It can be seen from the graph that the experimental data for smooth
surfaces are in good agreement with the formulas of K. Chun, R. Seban and
D. Labuntsov.

The graph also shows that in the laminar flow regime, the roughness
of the heating surface practically does not affect on the intensity of heat
transfer. But, laminar film turbulence is clearly observed at much lower

Reynolds values than for smooth surfaces.

173



ol
Nu 82
Q3
1 =0-g—
o s
g
Ce
b~
= 0g © ]
) % " O
ol oﬁi%‘ﬁ
o~3e| |- 0 %a ’
o H.:Erbo‘ =~ _5519{)@——&"" %
Il
\
0.1
102 10° Re  10¢

Fig. 1. The influence of the height of roughness elements
on heat transfer, Pr=9-10:
1 - smooth surface;
Rough surfaces, s/h=10: 2 - h=Imm; 3 - h=0.5mm; 4 - h=0.3mm;
I - according to the formula of K. Chun and R. Seban; II - according to the

formula of D. Labuntsov.

The mentioned turbulence in the case of a large height of the
roughness elements occurs at lower Reynolds numbers than in the case of
a low height of the roughness elements.

It should be noted that during the transition from laminar to
turbulent regime, artificial roughness leads to a significant increase in the
intensity of heat transfer. At the same time, the degree of intensification
increases with an increase in the height of the roughness elements.

The effect of roughness on heat transfer in the turbulent regime is
also important. In this case, the mentioned effect practically does not
depend on the height of the roughness elements.

The influence of different types of roughness (pyramidal, two-

dimensional, recesses, combined) on the intensity of heat transfer under
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the conditions of liquid film flow down on a vertical surface has been
studied on this device. It should be noted that among the studied surfaces,
the most effective in terms of heat transfer intensification turned out to be
surfaces with two-dimensional and combined roughness.

Particular attention is paid to the results, according to which the use
of artificial roughness leads to an increase in the intensity of heat transfer
by a factor of 3 or more under conditions of a transitional regime of liquid
film flow from laminar to turbulent.

The monograph presents the calculation formula for the intensity of
heat transfer, adopted by the authors to generalize the experimental data
obtained for a vertical pipe with the two-dimensional roughness surface
and which is a modification of the well-known formula by D. Labuntsov

(for smooth surfaces):

0.175 Pr1?(Re/1600)

Nu = )
Pr09354+0.9 [(Re/1600)9-8Pr0-5—1]

(1)

The comparison of the formula (1) with the experimental data
obtained by us is presented in Figure 2. As can be seen from the graph,
formula (1) is in good agreement with the experimental data, which
indicates that D. Labuntsov's formula, with appropriate corrections, can be
successfully used even for rough surfaces.

Very interesting results were obtained when investigating the effect
of artificial roughness on heat transfer in condition of a water film flows
down the surface of a vertical flat plate. In particular, it is of great interest
to determine the local values of the intensity of heat transfer between the
roughness elements, which became possible due to non-contact
temperature measurement at many points between the roughness elements
of the heating surface.

In Figure 3 is shown the dependence of the local heat transfer

coefficients on the distance between the roughness elements.
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Fig. 2. Dependence of the intensity heat transfer
on the Reynolds number:
Rough surfaces, h=0.5, s/h=10: 1 -Pr=3; 2—-Pr=6; 3—-Pr=9; 4-Pr=19;
I - according to the formula of K. Chun and R. Seban; II - according to the

formula of D. Labuntsov.

As can be seen from the Fig.3, the local values of the heat transfer
coefficients are relatively low directly on the roughness elements and in
their surrounding area.

As the distance L from the roughness element increases, the value of
the heat transfer coefficient first increases, reaches a maximum at
approximately L=(4-5)h, and then decreases again.

The obtained results give us a reason to assume that the intensity of
heat transfer is maximum in zone I due to turbulence of the viscous
boundary sublayer in zone (4-6)h as a result of the impact of vortices
detached from the top of roughness elements. To the left and right of this

zone (zones II) the renewal of the viscous boundary sublayer begins and,
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accordingly, the intensity of heat transfer decreases. In zones III (before
and after the roughness elements), we have the so-called “dead zones”, in
which the heat transfer intensity is minimal, although the heat transfer
intensity in them is still high relative to a smooth surface due to the vortex

nature of the fluid movement.
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Fig. 3. Values of local heat transfer coefficients on tops of the roughness elements
and between them, Re=1 972:

1 - roughness element; 2 - viscous sublayer.

The results presented in Fig.3 are of great importance for

determining the heat transfer mechanism of rough surfaces.
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As far as we know, the first experiments to determine the local
values of the intensity of heat transfer between roughness elements in the
process of heat transfer of rough surfaces were carried out by V. Gome-
lauri, R. Kandelaki and M. Kipshidze in the conditions of turbulent fluid
flow and heat transfer in a horizontally located channel with a
rectangular cross section. In the mentioned experiments, the heating
surface was a thin stainless steel flat plate glued to the bottom face of the
channel and which was heated by passing a low-voltage alternating
current through it. In these experiments, to determine the local values of
the wall temperature and, consequently, the intensity of heat transfer
between the roughness elements, the method of measuring the wall
temperature using thermocouples was used.

The results obtained in this study fully proved the validity of the
mechanism proposed by V. Gomelauri. But, at the same time, it should be
noted that the placement of many thermocouples on the surface of the
heating wall would undoubtedly cause a certain change in the temperature
field in the heating wall especially when the wall is heated by passing low
voltage alternating current directly through it. However, it should also be
taken into account that at that time there were practically no other, more
advanced means of measuring the temperatures of the heating surface.

The non-contact measurement method proposed by the authors of
the monograph, which provides for the measurement of local values of the
temperature at any point of the heating surface , obviously excludes the
error that may be caused by external disturbances during the
measurements.

The theoretical part of the monograph is devoted to the application
of the principles of thermohydrodynamic analogy to the issues of heat
transfer and turbulent flow around rough surfaces. A number of
theoretical studies have been devoted to the heat transfer issues of rough
surfaces. These theoretical investigations in one form or another are based

on the principles of thermohydrodynamic analogy.
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As is known, the use of the thermohydrodynamic analogy for the
theoretical analysis of the heat transfer process gave quite good results in
the case of smooth surfaces. At the same time, the extension of this analogy
to the case of surfaces with roughness elements is associated with
extremely difficult problems. Moreover, according to some authors, in the
case when there is separation of the boundary layer from the surface and
its subsequent connection, the application of the principles of
thermohydrodynamic analogy is not justified. However, according to the
authors of some studies, the use of thermohydrodynamic analogy may be
justified in the case of surfaces with closely spaced roughness elements.

An analysis of numerous experimental and theoretical studies has
shown that when flowing around surfaces with roughness elements, a
boundary layer is formed along this surface, the structure of which, in the
general case, can be determined by the same parameters as in the case of
flowing around a smooth surface. However, it should be taken into
account that the presence of roughness elements on the surface leads to the
formation of vortices that break off from the edges of the roughness
elements and cause a disturbance of the boundary layer and, consequently,
a decrease in its thickness.

In general, a rough surface can be considered as a combination of
hills and depressions (Fig. 3). It can be assumed that when a turbulent flow
flows around such a surface, as in the case of a smooth surface, viscous
(quasi-laminar) and buffer (transitional) layers are formed in the
immediate closeness of the wall. These layers are formed not only in the
recesses between the roughness elements, but also on the tops of the
elements themselves. It is clear that the thicknesses of these layers will be
uneven along the surface. In particular, the thickness of both viscous and
buffer layers will be smaller near the tops of the elements than in the
recesses between the elements. Nevertheless, in the case of a relatively

small height of roughness elements, it can be assumed that viscous and
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buffer layers with the so-called "effective thickness"!? are formed along the
entire surface.

It can be assumed that a vortex core is also formed between the
roughness elements, which does not cover the entire heat transfer surface,
but only a part of this surface between the roughness elements. In the
mentioned model, of course, the presence of a turbulent flow core is also
taken into account. (Fig. 4).

pe
\_/_\_‘ ’
L

trt

—_———

q

Fig. 4. Scheme of the physical model of the process of heat transfer of
a rough surface:
I - viscous layer; II - buffer (transition) layer; III - vortex core between roughness

elements; IV - turbulent core of the flow.

We are considering a turbulent flow in a cylindrical pipe. Heat is
transferred from the pipe wall to the fluid flow.
Due to the increase in surface area caused by the creation of
roughness:
F, S

F_:«n =N, @r =q4smM; Tp = Tgup N, (n < 1). (2)

12 Tt should be noted that the presence of viscous and buffer layers is somewhat conditional and
introduced to simplify the mechanism of turbulent flow.
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Taking into account (2), the shear stress equation, which is actually a
simplified form of the equation of motion, for rough surfaces can be

written as follows:
du
wn(l-—y/r)=pV+v)y 3)

And the heat flow equation, which is obtained from the energy

equation, for rough surfaces is written as follows:
dt
qwn (1 —y/10) =—p Co(v/Pr+v/Pri) . (4)

If we introduce notations:

yu.
)
v

u, = Jt,n/p, (p=ui* and n = (5)

Based on equations (2) and (3), we obtain a formula for calculating

the intensity of heat transfer, which for moderate values of the Prandtl

number has the following form:

0.5 Vn (14522 ) PrRe \/£/2

Pr+8
anr+nlln(1+%Pr)+A1—2.531

K Ni P Ni
where, A; = — B; =vnlin (n—l+ﬁ)
0

1+0.165 Ni Pr’ Mo

Nu = (6)

according to the presented model:

m =5/ 1y =305/

&y is the coefficient of hydraulic resistance in the case of a smooth

surface and is calculated by the formula:

& = (logRe)™2*° 7)
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¢ is the coefficient of frictional resistance for the pipe with rough
surface.
According to the model, when Re < Re,, ¢ = ¢, and in the mode

of full manifestation of roughness, when Re > Re,,

s ( logRe. )2.49.

logRe

s and Re, are determined according to Nikuradze's experiments.

When Ni= 0, ¢=¢, the formula (6) takes the form of the well-
known Batchelor-Martinel-Carman formula, which is valid for smooth
surfaces in the case of moderate values of the Prandtl number of the
coolant.

Figure 5 shows the comparison of formula (6) with the
experimental data of D. Dipprey and R. Sabersky for smooth and rough
pipes in the logarithmic coordinates of Nu=f(Re).
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Fig. 5. Dependence of the intensity of heat transfer
on the Reynolds number, Pr=2.79:
Experimental data of D. Dipprey and R. Sabersky: 1 - smooth surface;
Rough surfaces: 2 - h/ry = 0.0048; 3 - h/ry = 0.0276; 4 - h/ry = 0.0976;
5 - according to the formula (6).
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The foregoing indicates that the thermohydrodynamic analogy can
be successfully used in processing the fundamental issues of flow and heat
transfer around rough surfaces.

Based on the results obtained by the authors, in the monograph is
made conclusion that the use of the artificial roughness method in heat
exchange devices for various technical purposes will significantly increase
the efficiency of these devices, and at the same time, due to their

compactness, this will help save expensive metal materials.

Work is funded by the grant of Shota
Rustaveli National Science Foundation of Georgia
(Grant Project FR-19-3034).
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	ხორკლიანობის მეთოდით თბოგაცემის ინტენსიფიკაციის კვლევაში უდიდესი წვლილი შეიტანა აკადემიკოსმა ვახტანგ გომელაურმა, რომელმაც ჯერ კიდევ მე-20 საუკუნის შუა წლებში გამოაქვეყნა ერთ-ერთი პირველი გამოკვლევა ძალზე საყურადღებო შედეგებით. ვ. გომელაურის მიერ მიღებ...
	წინამდებარე მონოგრაფია ძირითადად დაფუძნებულია დახურულ არხებში დაწნევით მოძრავი სითხეების და ზედაპირებზე ჩამომდინარე სითხის აფსკის ჰიდროდინამიკისა და თბოგაცემის ავტორთა მიერ მიღებულ ექსპერიმენტული და თეორიული კვლევების შედეგებზე.
	ამასთან ერთად, ბუნებრივია, რომ წიგნში გადმოცემულია თანამედროვე ჰიდროდინამიკისა და თბოგადაცემის ფუნდამენტუ-რი საკითხები, რომლებიც ძირითადად თავმოყრილია მონოგრაფიის პირველ და მეორე თავებში.
	მონოგრაფიის შესავალში დაწვრილებითაა გაანალიზებული ტურბულენტური დინებისა და თბოგაცემის (მათ შორის ხორკლიანი ზედაპირების მქონე დახურულ არხებში) პრობლემებისადმი მიძღვნილი გამოკვლევების და მიღებული შედეგების არსებული მდგომარეობა.
	პირველ თავში განხილულია გლუვი ზედაპირების მქონე არხებში სითხის დინების რეჟიმები და ტურბულენტური ნაკადის ძირითადი კანონზომიერებები. მოცემულია ტურბულენტური ნაკადის სტრუქტურაზე კედლის ხორკლიანობის გავლენის საკით-ხები. ამავე თავში გამახვილებულია ყურადღება...
	მეორე თავში გაანალიზებულია არხებში დაწნევით მოძრავ სი-თხესა და ზედაპირზე ჩამომდინარე  აფსკში თბოგაცემის საკითხები.
	მესამე თავში წარმოდგენილია: ავტორთა მიერ შექმნილი ვერტიკალურ ზედაპირზე ჩამომდინარე აფსკში თბოგაცემის საკვლევი დანადგარის აღწერა, თბოგამცემ ზედაპირზე ხორკლია-ნობის შექმნის საკითხები, ცდების ჩატარების თანმიმდევრობა, გაზომვებისა და მონაცემების დამუშავები...
	მეოთხე თავში დაწვრილებითაა გადმოცემული მიღებული შედეგები, ამ შედეგების ანალიზი და გაზოგადების საკითხები. ნაჩვენებია ხელოვნური ხორკლიანობის მნიშვნელოვანი გავლენა ზედაპირზე ჩამომდინარე აფსკში თბოგაცემის ინტენსიურობაზე.
	მეხუთე თავი დათმობილი აქვს ხორკლიანი ზედაპირების ტურბულენტური ნაკადით გარსდენისა და თბოგაცემის დროს თერმოჰიდროდინამიკური ანალოგიის პრინციპების გამოყენების საკითხებს.
	მონოგრაფიას თან ახლავს რეზიუმეები ქართულ და ინგლისურ ენებზე.
	თენგიზ მაგრაქველიძეს ეკუთვნის მონოგრაფიაში წარმოდგე-ნილი ექსპერიმენტების ჩატარების იდეა. ასევე, იგი მონაწილეობდა მონოგრაფიის ყველა თავის და რეზიუმეს დაწერაში. ამასთან, მის მიერ ერთპიროვნულადაა დაწერილი მეხუთე თავი.
	გიორგი გიგინეიშვილი მონაწილეობდა პირველი და მეოთხე თავების და რეზიუმეს დაწერაში, საცდელი ბრტყელი ფირფიტის შექმნაში და წარმოდგენილი ექსპერიმენტების ჩატარებაში.
	ხათუნა ლომიძეს ეკუთვნის ექსპერიმენტული მონაცემების დამუშავების ალგორითმისა და სათანადო პროგრამის შექმნა, ექსპე-რიმენტული მონაცემების დამუშავება და გრაფიკული წარმოდგენა. ამასთან, მის მიერ თ. მაგრაქველიძესთან ერთად დაწერილია 3.3 და 4.4 პარაგრაფები.
	ავქსენტი მიქაშავიძე მონაწილეობდა მეორე თავის დაწერაში, ექსპერიმენტული დანადგარის დაპროექტებაში, შექმნასა და ექსპერიმენტების ჩატარებაში.
	ტარიელ კობერიძე მონაწილეობდა 3.1, 3.4 და 4.4 პარაგრაფების  დაწერაში, საცდელი მილების შექმნაში, თბოგამცემი კედლის ტემპერატურის უკონტაქტო გაზომვის მეთოდიკის შემუშავებასა და ექსპერიმენტების ჩატარებაში.
	მონოგრაფიის ყველა ავტორი მონაწილეობდა მიღებული შედე-გების ანალიზში და ინტერპრეტაციის საკითხების დამუშავებაში.
	მონოგრაფიაში წარმოდგენილი შედეგები შესრულდა შოთა რუსთაველის ეროვნული სამეცნიერო ფონდის ხელშეწყობით, რისთვისაც ავტორები  მადლობას უხდიან ფონდს.
	შედეგების ნაწილი მიღებულია წლების განმავლობაში ჩატარებული, უაღრესად შრომატევადი,  ექსპერიმენტული და თეორიული კვლევების საფუძველზე, რომელთა განხორციელებისას ავტორთა ჯგუფს დიდი დახმარება გაუწია არჩილ ელიაშვილის სახელობის მართვის სისტემების ინსტიტუტისა დ...
	უპირველეს ყოვლისა გვინდა მადლიერებით გავიხსენოთ აკადემიკოსები ვახტანგ გომელაური და მინდია სალუქვაძე, რომლთა ძალისხმევითაც არჩილ ელიაშვილის სახელობის მართვის სისტემების ინსტიტუტში რამდენიმე ათეული წლის წინ ჩამოყა-ლიბდა ენერგეტიკის პროფილის განყოფილება,...
	მადლიერებით გვინდა აღვნიშნოთ ის დიდი დახმარება, რომელიც აღმოგვიჩინეს რაფიელ  დვალის სახელობის მანქანათა მექანიკის ინსტიტუტის დირექტორმა, აკადემიკოსმა თამაზ ნატრიაშვილმა, დირექტორის მოადგილემ, დოქტორმა მერაბ ღლონტმა, არჩილ ელიაშვილის სახელობის მართვის ...
	ასევე გვინდა მადლობა გადავუხადოთ ხსენებული ინსტი-ტუტების თანამშრომლებს: ფრიდონ მშვილდაძეს, ლევან რობაქიძეს, ბადრი ბედენაშვილს, აკაკი გაბიდაურს, ამირან ბეცეცაშვილს და ლევან მაკრახიძეს ექსპერიმენტული დანადგარების დამზადებასა და გამართვაში აღმოჩენილი დახ...
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