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AHHoTanus. B nanHO paboTe uccieayeTcs TeMIepaTypHBIA PEXUM U TPOLIECC TEII00OMEHa B TETLIO-
OOMEHHBIX TPyOax. DKCIIEPUMEHTAIILHBIC UCCIICOBAHNUS MIPOBOAMIKNCEH C HCIOIB30BAHUEM TOJIYOJIA MIPU
JIABJICHUSIX, HE JIOCTUTAIOUINX KPUTUIECKOTO YPOBHs. B mporecce skcnepumenTta (PuKCUpoBasiach TEM-
nepatypa CTeHKH U JKUJIKOCTU KaK B TJIaJIKUX, TaK U B MPOQUIUPOBAHHBIX TPyOax, a TAKKe ONMpeAesuICs
K03(p(PUIIMEHT TETI00TIa4uM HAa OCHOBE TUIOTHOCTHU TEIIOBOTO MOTOKA. [IpoBe/IeH cpaBHUTEBHBIN aHA-
73 TAaHHBIX, TIOJIyYE€HHBIX IPU MCIIBITAHUSIX TOIYOJa B PSMBIX TIIaJIKUX U MPO(QUIHMPOBAHHBIX TPyOax.
YcTaHOBIIEHO, 9TO KOAPQPHUIMEHT TEIDIOOTAaYd B MPOPMINPOBAHHBIX TPyOax MpPEBHIIIAET aHAJIOTHY-
HBII TTOKa3aTeNb I Tiagkux Tpyo B 2,0-4,0 pasa.
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Abstract. The article presents the improvement of the efficiency of heat exchangers by increasing the
heat transfer inside the heat exchange tubes. To achieve this improvement and enhance the heat ex-
change process, profiled tubes are used. Experiments were conducted using toluene as the working fluid
in both smooth and profiled tubes. The study presents a detailed comparison of the data obtained from
these two types of tubes to determine the heat transfer efficiency in profiled tubes. The results demon-
strate the advantages of using profiled tubes in the optimization.

Enhancing heat transfer is a key strategy for optimizing the heating of liquids to the desired temperature
while minimizing the size and weight of heat exchanger systems. This process requires artificially in-
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creasing turbulence in the near-wall region of the fluid flow. The research examines ways to intensify
heat transfer in flows with variable thermal properties and analyzes the temperature distribution and
heat exchange mechanisms in heat exchanger tubes.

Experiments were conducted on a test setup to investigate heat transfer enhancement in both single-
phase flow and toluene boiling processes. The experiments used toluene at subcritical pressures, measu-
ring the temperature of both the tube wall and the liquid inside for smooth and profiled tubes. Addition-
ally, parameters such as fluid flow rate, pressure, electrical current, and supplied voltage were recorded.
The study determined the heat transfer coefficient based on heat flux density, with experimental data
comparing smooth and profiled tubes. The following key relationships were established. The correla-
tion between tube wall temperature and liquid temperature along the tube's relative length, showing that
tubes with turbulence-enhancing elements exhibit a significantly smaller temperature in according with
the difference between the wall and the fluid compared to smooth tubes. The relationship between the
tube wall temperature and the heat transfer coefficient along the tube's relative length, demonstrating
that heat transfer efficiency is considerably higher in tubes with turbulizers than in smooth ones. The
effect of heat flux density on the heat transfer coefficient, indicating that, despite similar heat flux va-
lues, also tubes with turbulizers show significantly higher heat transfer coefficients. The dependence of
the heat transfer coefficient on the ratio of heat flux density to mass velocity, proving that even when
mass heat flux values are comparable, heat transfer is markedly more efficient in turbulized tubes than
in smooth ones.

The results indicate that the heat transfer coefficient in profiled tubes is between 2,0 and 4,0 times
greater than that of smooth tubes.

Keywords: efficiency, heat exchange, surface, artificial turbulence, heat transfer, pipes with turbulazors,
efficiency, temperature, heat flux density
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SIBIISICTCSL OJIHAM M3 TJIaBHBIX HATPABICHUH TpHU
pa3paboTke W MOJCPHH3AINH TEIUIOOOMEHHBIX CH-
crem [10-18].

1. Beenenne

Nurencudukams KOHBEKTUBHOTO TEITIOOOMEHa
TIpEeICTaBIsIET COO0M OTHY M3 HamOoJee 3HAYMMBIX
3a/1a4 COBPEMEHHOW HAYKW U TEXHUKH. Y IIydIICHUE
mporiecca TEIUIOOTAaYH MO3BOJISIET CYIIECTBEHHO
YMEHBUINTh Pa3Mepbl U Maccy TEIUIOOOMEHHBIX
YCTPOKCTB, a TaKXkKe MOBBICHTH 3P(PEKTUBHOCTh HX
pabotsl. Takol MOAXO/ CIIOCOOCTBYET 3HAYUTEIIb-

I1. MaTtepuasbsl 1 MeTOABI

Just uccrnenoBanns 3PPEKTUBHOCTH TEIII000-
MEHHBIX ammapaToB OblIa pa3paboTaHa SKCIEPH-
MEHTaJIbHAs YCTAHOBKA, NIPETHA3HAUCHHAS ISl U3Y-

HOMY dKoHOMUYeckoMy 3 dekty [1-5]. Omnako Bme-
CTE€ C 3TUM BO3MOXKHO YBEJIMYEHHUE 3aTpaT, CBSI3aH-
HBIX C TPAHCTIIOPTUPOBKOW TEMJIOHOCUTENS. B cBsI3n
C 9THM, TIpH OIeHKE Y(P(HEKTUBHOCTH TETTIOOOMEH-
HBIX anmapaToB (TA) ogHMM M3 KITFOYEBBIX (DaKTo-
POB SIBJISIETCSI TPAMOTHBIN BBIOOP KPUTEPHSI UX TPO-
HM3BOJUTEIILHOCTH [6—9].

3HaUNTENbHOE BIMSIHUE Ha KITIOYEBBIE TOKa3a-
TENIM KaK ONTHMU3AIMs, TOBBIIIEHHE KOI(DPHIIU-
€HTa TEIUIOOTauH, YBeIWYeHue o0Iei r3ppekTus-
HOCTH TEIJIOOOMEHHOTO MpoLecca, CHIKEHUE TeTl-
JIOBBIX MOTEPh U TOBBIIEHUE POU3BOIUTEIBHOCTH,

YeHHsl MPOLIECCOB HArpeBa W TEMIIEPaTypHBIX pe-
JKMMOB TIPH BBIHY’KICHHOM JIBIDKCHUH JKHUIKOCTEH.
B xopne skcriepuMeHTOB MPUMEHSIJICS METO]] MHTEH-
cU(UKaIK TEII000MEHa C MCIOJIb30BaHUEM IPO-
(buIMpoBaHHBIX TPYO.

[pemioxenHast yCTaHOBKA M METOAMKH M3Mepe-
HHH, a TAK)Ke CBEJICHUS O MOTPEIHOCTAX pe3yJibTa-
TOB MOAPOOHO ONMHMCAHBI B MPEIBIAYIINX HCCIE0-
BaHusix [19-22]. DkcniepuMeHTanpHas 4acTh ycTa-
HOBKHM OblIa MOJIEPHHU3MpOBAHA JUIsl MOBBILICHUS
TOYHOCTH M3MepeHuil. B pamkax skcriepumenTa pe-
THCTPUPOBAIUCH CIIEYIOUINE MapaMeTphbl: TeMIiepa-
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Typa >XKHIKOCTH, TeMIepaTypa Hapy>KHOM MOBepX-
HOCTH TpPYyOBI, Pacxo]] >KUJIKOCTH, JaBJIE€HHE, CHIIa
TOKa W HANpPSDKCHUE 3JIEKTPHYECKOW SHEPrHH, Mo-
JTaBaEMOi1 B 30HY Harpena.

KitoueBbIM 371EMEHTOM YCTaHOBKHU SIBISIETCS
HKCTIEPUMEHTANIBHBIN Y4acTOK, MPEACTaBICHHBINA Ha
pucyHke 1. OCHOBOW KOHCTPYKLUH CITy>KUT HCCIIE-
nyemas Tpyoa (mpoduiarpoBaHHas TpyOa), Ha BXOJie
U BBIXOJIE KOTOPOI pa3MelleHbl KaMepbl CMEILICHHSI.
B s1ux xamepax obecrieunBaeTcsi paBHOMEPHOE pac-
HpeJieieHne TeMIIEpaTyphl KUAKOCTH Hepes U3Me-
pennem. CrienmanbHasi KOHCTPYKIHS SKCIEPUMEH-
TaJIBHOTO YYacCTKa MO3BOJIIET KOMIICHCHPOBATh TEM-
HepaTypHOE paciipeHre TPyObl B TIPOLiecce HarpeBa.
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Puc. 1. DxcniepuMeHTaIbHbBIA y4acTOK

Hcxoanble mapamMeTpbl SKCIIEPUMEHTa: 00Ias
JuinHa TPYObL: Logw = 700 MM; AynMHa HarpeBae-
MOTO Y9acTKa: luap = 430 MM; COOTHOITIICHUE HAPYXK-
HOTO ¥ BHYTPEHHETO TUaMETPOB TPYObI: Dw/Dy =
=6,0/4,0 MM; COOTHOIIICHHUE IIara TypOyiHM3aTopa
K HapYXKHOMY IUaMeTpy TpyOsl: Z/Dy = 2,1; coort-
HOIIIEHUE JUaMETpa BHYTPEHHEN BBICTYIAIOIICH Ya-
CTU K HapyXKHOMY IUaMeTpy TpyOsl: d/Dy = 0,92;
oTHocuTeNnbHOe AaBneHue: P/Py = 0,7; oTHOCHUTENb-
Hasl JUTMHA HarpeBaeMoro y4acTka TPYObL: luarp/Ds =
=5, 15, 25, 35, 45, 55, 65, 75, 85, 95, 105; macco-
Bast cKopocTh: (pU)wyps = 476 Kr/mM>xc — B ipouu-
poBanusbIit TpyOe, (0U)mmax = 511 Kr/M*XCc — B Tnaj-
KO TpyOe.

B nauarne TpyObl pacmonoxeH THApOJHMHAMUYC-
CKHI{ y9acTOK CTaOwIM3aIyy moToka. [[immaa n mua-
MeTp TPyObI TIOAOMPAIHCH AKCTIEPIMEHTATHHO. Pa3-
Mepbl TypOy/IM3aTOPOB HAa BHYTPEHHEH MOBEPXHOCTH
TpyOBl BBIOpaHbI Tak, YTOObl 0OECHEUUTh YCHJICH-
HYIO TypOYyJI€HTHOCTb MOTOKA U MOBBILIEHHBIN ypO-
BEHb TEIUI00OMEHA.

[orpemHocT SKCIEPUMEHTAIBHBIX MU3MEPEHHIA
HAXOZATCSI B TIPEieNiax JIOMyCTUMBIX 3HaueHUH. Cpen-
HEKBa/IPaTHYHAS TTOTPEITHOCTh PacyeTa YAEIbHOTO
TEIUIOBOTO IMOTOKA IO 3HAYEHHUIO 3JIEKTPHUECKON

MortHocTH coctapiseT 0,02, a aHaoruyHast morper-
HOCTB 115 Kod(pdurmenTa Terurootnauun — 0,18.

II1. Pe3yabTaThl M 00Cy:KAeHUSsI

[oBbimienre 3¢ GEKTUBHOCTH TEIIOOOMEHA TI03-
BOJISICT TIO/JICPKUBATh CTAaOWIBbHYIO paboTy arra-
para [20-22]. B manHO# paboTe mporiecc HHTEHCH-
(buKayy U3yJascst SKCIEPUMEHTAIBHO C TIPHIMEHE-
HHEM TpyOOK B JlabopaTOpHOM ycTaHOBKE (puc. 1).
B xonie 9KCIIepUMEHTOB aHAIU3UPOBAIUCH OCOOCH-
HOCTH TEIJI000MEHa TOJTyoJia B 0JJHO(ha3HOM IOTOKE,
a TAKXKE HE TOCTUTAIOIINX KPUTHIESCKOTO JaBICHHUSI.

Ha pucynke 2 a u300paxeHbl rpadyiKu HU3Me-
HEHHS TEMIIEPATyPbl CTCHKH (f:) U KUIKOCTH (fx)
10 OTHOCUTETIHHOW JUTHHE TJIaJIKOU TPYOBI B TPYObI
¢ TypOynu3aropam. AHaim3 rpaduka mokaspIBaer,
YTO B YCJIOBUSIX SKCIIEPUMEHTA PA3HUIIA MEXKIY TeM-
MepaTypor CTEHKH W TEMIIEPATYpPOr KUIKOCTH 3Ha-
YHUTEIBHO MEHBIIIE B TpyOax ¢ TypOynu3aropamu
M0 CPaBHEHHMIO C IVIAJIKUMHU TpyOamu. DKCIIepUMEH-
TaJIbHBIC JAHHBIC TIPE/ICTABIICHBI B TA0MHIIE 1.

Ha pucynke 2 b npusenenb! rpaguku M3MEHEHUs!
M3MEHEHHE TEeMIIepaTypbl CTEHKH (f) U Kod(hdu-
[IEHTA TEIJIO0TIauH (¢) IO OTHOCUTETIHHON JJIHHE
TJIaJKON TpyObl U TpyOBI ¢ TypOymm3atopam. Mc-
X0/ U3 JaHHBIX TpauKa, MOKHO C/IEIaTh BBIBO/,
9TO TIPU OJUHAKOBBIX YCIOBUSAX KOA(h UIIHEHT
TEIUIOOTIaYM B TPyOax ¢ TypOynM3aTopaMu CyIIle-
CTBEHHO BBIIIIE, YEM B IJIAJIKUX TPyOax, M 3TO MpU-
BOJIUT K CHIDKCHHIO TEMIIEpaTypbl CTCHKU. DKCIe-
PUMEHTAIIbHBIC IAHHBIC TIPECTABIICHBI B TAOJHIIE 2.

t, °C
10, xB1/(m°C)

s 2% “* 3 [ 108

/Dy

Puc. 2. a — I3MeneHne TemMniepaTypsl CTEHKH (fc) M KUIKOCTH (fx)
TI0 OTHOCUTENBHON JUIMHE TJIa/Koi TpyOBI M TpYOBI ¢ TypOymizaro-
pam. 1 — # (Temmepatypa cTeHkH, TpyOa rankas), °C; 2 — te (TeM-
nepatypa CTeHkH, Tpyba ¢ TypOymuszaropami), °C; 3 — fx (Temrie-
patypa kuaKoctH, Tpyda ¢ TypOymnuszaropami), °C; 4 — tx (Temrre-
patypa >xuaKocTH, Tpyda riaakas), °C.

b — VI3MeHeHue TeMIIepaTypbl CTEHKH (fc) 1 Kod((HIMEHTa TeIIo0T-
J1aud () 110 OTHOCUTENBHON JUTHHE TIIafKOH TpyOBI M TPYOBI C Typ-
Oymu3aropam. 1 — t (Tpy6a rianxas), °C; 2 — . (tpy6a ¢ TypOymnu-
3aropamu), °C; 3 — a (tpyba ¢ TypOymuzaropamu)* 10, kBt/(m? °C);
4 — o (Tpy6a riagkas)x 10, kBt/(m? °C).
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Ha pucynke 3 a npencraBnens! rpapuku m3me-
HeHns1 Kod(hduImeHTa TerwiooTnaqn (o) u TIOTHO-
CTH TEIJIOBOT'O MOTOKA (g) MO OTHOCUTENILHON JITUHE
IJIa7KOM TpyOBl U TpyOBI ¢ TypOymmuzaropam. W3 ana-
m3a rpaduka cieayer, 4To, HECMOTpPS Ha CXOXKHUE
3HAYEHUs! TUIOTHOCTH TEIJIOBOTO MOTOKA B TpyOax,
KOX(QQHIMEHT TEIUIOOTAaun B TpyOax ¢ TypOynu-
3aTOpaMH OKAa3bIBACTCS 3HAYUTEIHHO BBIIIE, YEM
B TJIAJIKUX TpyOax. DKCIepUMEHTAIbHbIC TaHHbIC
MIpe/ICTaBIICHbI B TabmuIIe 3.

Ha pucynke 3 b npuBeneHs! rpaguki U3MeEHe-
HUS KO PUILIMEHTA TEeIUIO0TaauH (0!) U OTHOLICHUS
TUIOTHOCTH TEIUIOBOTO IMOTOKA K MAaCCOBOM CKOpO-
ctu (g/pu) IO OTHOCUTEITHFHOM JUTMHE TIIAJKON TPYObI
U TpyOBI ¢ TypOynuzatopaM. JlaHHble rpaduka mo-
Ka3bIBaIOT, YTO XOTS MaccoBasi CKOPOCTh TETJIOHO-
cUTeNsl B TpyOax HAaXOAMUTCS HAa CXOXEM YpOBHE,
K03(h(UIMEHT TEII00TAaYH B TpyOax ¢ TypOysm3a-
TOpPaMU CYIIECTBEHHO BBIIIE 110 CPABHEHMIO C IJIajI-
KUMU TpyOaMu. DKCIiepUMEHTaIbHbIE JAHHBIE TIPEe/-
cTaBJIeHbI B Ta0uIie 4.

010, KkB/(M °C) @10, KB1/(3°C)

2. CpaBHEHHME TIOJYYECHHBIX PE3YJIbTATOB IS
TJIAIKAX ¥ IPOQHIIMPOBAHHBIX TPYO TOKa3aio, 9To
B TIPO(MITMPOBAHHBIX TPyOax MpoIiece TerooOMeHa
3HAYUTETIHPHO YCHIIMBACTCS, a KOA(PPHUIMEHT TEIUIO-

OTJa4M BO3pacTaeT B 2—4 pasa.

Ta6muna 1. DxcnepuMeHTaIbHBbIE JaHHbIE U3MEHEHUsI TeMIle-
PATypbI CTEeHKH (fc) M JKMIKOCTH (Zx) 10 OTHOCUTEJILHOM IINHE
I12K0H TPyObI H TPYObI ¢ TYypOy/1M3aTOpPaM

I(heated)/d(inner) twal(l)(éurb), tliquigl éturb), twaloléﬂat), tliquic(lj(ﬂat)
5 106,75 81,15 184,53 79,71
15 111,75 87,86 209,75 86,11
25 114,05 94,47 219,75 92.45
35 124,01 100,98 224,67 101,24
45 138,52 107,62 229,52 105,01
55 141,25 114,08 237,01 111,25
65 143,75 120,48 24201 117,42
75 163,53 126,87 239,54 123,42
85 163,51 133,19 246,75 129,52
95 163,53 139,37 251,75 135,53

105 163,54 145,63 246,75 141,32

Taémuua 2. JkcnepuMeHTA/IbHbIC JaHHbIC H3MEHEHHs! TeMIie-
PaTyphbl CTeHKH (%) 1 Ko3dduumenTa TeniooTaauu (o) M0 OTHO-
CHTEJILHOI JJIMHE IJ1aiKoM TPYObI U TPYOBI ¢ TypOy/u3aTopam

9, KBT/(M:) q/pu-102, kIGx/kr
160 1
b heatedydnnen) 0 | o)

e 5 106,75 74,24 184,53 14,62
5 , 15 111,75 63,54 209,75 12,49
\/\/\/\ ’ 2 25 114,05 77,38 219,75 12,15
! e . 35 12401 | 6558 | 22467 | 1254
P - — ) . ] ) ) 45 138,52 42,94 229,52 12,47
WDs ® ® * s L /'f)‘ 55 141,25 56,02 237,01 12,38
65 143,75 65,43 24201 12,52
a b 75 163,53 41,66 239,54 13,43
Puc. 3. a — V3amenenne koadduupenTa terwoornaqu (o) U mioT- 85 163,51 3548 246,75 13,33
HOCTH TCIUIOBOTO TIOTOKA (¢) MO OTHOCHTEIBHOW JUTMHE TIIAJKOH EA) 163,53 47,02 251,75 13,46
105 163,54 40,44 246,75 14,82

TpyOBI ¥ TPYOBI ¢ TypOymm3aropam. 1 — g (TEIIOBOH IOTOK, TiIaj-
Kast Tpy0a), KBT/M?%; 2 — g (TemoBoii MOToK, TpyOa ¢ TypOym3aTo-
pamn), kBt/M?; 3 — o (koaddHImeHT TerooTaaun, Tpyoa ¢ Typ-
oymm3zaropamun)x 10, kBt/(m? °C); 4 — a (ko3 duipeHT Teriooraa-
4y, riaazkas Tpy6a)x 10, kBr/(m? °C).

b — V3menenre ko3¢ duumenTa TemwooTaaus (&) ¥ OTHOLICHHUS
IUIOTHOCTH TEIUIOBOTO MOTOKA K MacCOBOU CKOPOCTH (q/put) 10 OT-
HOCHTEJIBHOH JUIMHE TJIaJKol TpyObl ¥ TPYObI ¢ TypOyIi3aTtopam.
1 — a (ko3 dumpent Temnoornauy, Tpyda ¢ TypOym3saropamu)x 10,
kB1/(M*%°C); 2 — glpu (1pyba c TypOynmsatopamu)x10? kJhx/Kr;
3 — g/pu (rnagkas tpy6a)x10% kJLx/kr; 4 — a (ko3 dunrenT Ten-
nooTRa4H, raankas Tpy6a)x 10, kBr/(m? °C).

IV.BeIBOOBI

1.B X0A€ 3KCIICPUMEHTA OBLI HCCJICAOBAH IIPO-
necc TEIUIOOOMEHA B YCTaHOBJICHHOM JHAIIa30HC
PEKUMHBIX MTAPAMETPOB IIPH JABJICHUAX HHKE U KpU-
THYCCKOI'O B I'NIa AKX U HpO(bI/IJ'II/IPOBaHHBIX pr6ax.

Tadnuna 3. JxcnepuMeHTAIbHbIE JaHHbIE H3MeHeHHs! K03 pu-
LIUEHTA TeI100TAauYH (¢¢) U MVIOTHOCTH TeIIOBOro MoToKa ()
110 OTHOCHTEJIBHOI IJINHE IVIaKO0ii TPyObl M TPYOBI ¢ TypOy./IH-

3aTopam

. turb), | a(turb)x10, flat), | a(flat)x10,

heated)dnner) | [, K(Vt/(1312°C) K Kgft/(r)n”C)
5 152451 | 7424 | 153221 1462
15 151816 | 63,54 | 154471 12,49
25 151,529 | 7738 | 154,704 | 12,15
35 151,052 | 6558 | 154903 | 12,54
45 152,082 | 4294 | 155302 1247
55 152213 | 5602 | 155764 | 1238
65 152063 | 6543 | 156,048 | 12,52
75 152,637| 41,66 | 155916 | 1343
85 152,806 | 3548 | 156289 | 13,33
95 152,775 | 47,02 | 156,539 | 1346
105 153,155 | 4044 | 156280 | 1482
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Tabimna 4. JKkcnepuMeHTAILHBbIC JaHHbIC U3MEHEHUs K03¢-
¢umenTa Temnooraauu (o) ¥ OTHOLIEHHUS] TUIOTHOCTH TeIJIO-
BOI0 MOTOKA K MAacCOBOi CKOPOCTH (g/pu) MO OTHOCUTEILHOI
JUTMHE IJ1aKoi TpyOb! U TPYObI ¢ TypOy/au3aTopam

oetdonn At 10, oMY o1,
5 32,02 7424 29,98 14,62
15 31,89 63,54 30,22 12,49
25 31,83 77,38 30,27 12,15
35 31,72 65,58 30,31 12,54
45 31,95 42,94 30,39 12,47
55 31,97 56,02 30,48 12,38
65 31,98 6543 30,53 12,52
75 32,06 41,66 30,51 13,43
85 32,11 3548 30,58 13,33
95 32,09 47,02 30,63 13,46

105 32,17 40,44 30,58 14,82
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