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SUMMARY

The mixed convection in horizontal pipes occurs in heat exchangers
designed for viscous liquids, pipelines transporting oil, and gas flows.
Nevertheless, it is difficult to interpret the phenomena that occur in the mixed
convection. Therefore, it receives attention from the field of the heat transfer,
but it was treated as a hard task.

The mixed convection means that the forced convection coexist with the
natural convection. When the forced convection happens, that is no longer the
pure forced convection since little natural convection exists. Thus, it was
combined with the forced and natural convection. The heat transfer
phenomena of mixed convection was not combined with characteristics of
forced and natural convection physically, new and complex phenomena occur
as phenomena of forced and natural convection are mixed.

The mixed convection has 3 types of flow, that is, buoyancy—aided flow,
buoyancy-opposed flow and buoyancy-transverse flow. When the direction of
forced and natural convection is same, it is called buoyancy-aided flow. And
when direction of forced and natural convection is reverse, it is called
buoyancy-opposed flows. Two flows occur in a vertical pipe.
Buoyancy-transverse flow happens that the direction of forced and natural
convection 1s transverse In horizontal pipe. A lot of experimental and
numerical studies were performed in a vertical pipe. However, the studies of
mixed convection on a horizontal pipe are lacking. Some results of
experiments were the old data, on the other hand, numerical studies on recent
studies were just. The result of researchers confirmed the mixed convection
region as dimensionless length only. And existing author to use the buoyancy

coefficient is not clear.

Xi



In this study, using analogy concept: the heat transfer system can be
transformed into the mass transfer system using the electroplating system.
Firstly, we carried out experiments of natural convection. It measured the
natural convection heat transfer inside horizontal pipe with varying the
diameters of the pipes at various angles. The Prandtl number is 2,094 and the
ranges of Rayleigh numbers are 6.8x10°~15x10"” The results are agreed well
with the correlation of Sarac and Korkut. It is confirmed that heat transfer
decreases as increased angle for piece wise electrodes. And then, we suggests
a mass transfer correlation with laminar and turbulent region. Secondly, it
measured the forced convection heat transfers inside horizontal pipe. The
Prandtl number is 2,094 and the ranges of Rayleigh numbers are from 3.0x10’
to 55%10° and those of Reynolds numbers are from 58 to 1,270. And length
of pipes is fixed 0.03m. Then, we developed correlations with geometry on
length of pipe is 0.03m and diameter of pipe is 0.026m in forced convection
experiments. The heat transfer rates of mixed convection were measured with
length increases, 0.03m~0.50m, for two different diameters (0.026m and
0.032m). Thus, it is confirmed the region of mixed convection and compared
experimental results and correlation of forced convection.

It is defined as semi-empirical buoyancy coefficient derived from correlation
of natural and forced convection. Because of existing authors to use the
buoyancy coefficient is not clear and it cannot find a physical basis. Also
shown in the experimental results, the impact of the L/D was added. Then,
the buoyancy coefficients were compared with existing others buoyancy
coefficient. As a result, newly defined the buoyancy coefficient well explains
not only this result of experiments but also existed experiments.
Consequentially, the phenomena of the experimental results can be
summarized as a single line. Finally, the correlation equation using buoyancy
coefficient was developed. It applied to other systems, it means that good

description of the horizontal pipe in laminar mixed convection.
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Table 2. Locations where velocity and temperature profiles are given.
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Table 3. Data and Correlations used in mixed convection in an isothermal horizontal pipe.

Reference Correlation Limitations
s 0.76<Pr<160
Colburn, 1933 Nu,,, = 1.75( a b) Gz (140.015Gr?) 24<L/D<400
3.7x10°<Gr<3.0x 10°
39<Pr<2040
Kern and |0t 48<L/D<193
Nu,, = 10.45— U3(140.01Gr/*)1
Othmer, 1943 tam = 10 5( ) Gz (14 0.01Gr)/In e 10°<Gr<10”
100< G=<3000
140< Pr<15200
Eubank and 7 01411/3 61<L/D<235
Proctor, 1951 Ntam = 1'75( ) | G=+12.6(GrPrD/L)"™] 3.3x 10°<Ra<86 x 10°
12<G2<4900
Pr=0.71
Jackson et al,, ) s L511/6 L/D=31
= 2. . X ;

1961 Nu,,, = 2.67[G2*+ 7.57 <10 °(Gr,,, Pr); o 10
33<(Gz<1300
1.9<Pr<326

0.14 _
. oy _ 1/3 L/D=172
Oliver, 1962 =1, 6x10" 4 0.7 i
iver Nu,,, 175( ) [Gz+5.6x10 *(GrPrL/D)"7] 00< Cr< L6 x 1P
7<Gz<187
35<Pr<7.4
Brown and oy \OH /3 36<L/D<108
Nu,, = 1. 012 1/3y4/3
Thomas, 1965 Ham 75( ) |Gz +0.012(G26r'")""] 29x 10°<Gr<4.9x 10°
19<G=<112
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0.14
ESDU, 1968 Nu,,, = 1.75( a b) [Gz+0.083Ra*"]"*
5.7<Pr<391
Depew and 1\ U3 L/D=28.4
Nu = 1. 12 1/3 p,.0-36)0.88
August, 1971 Ham 75( [ [ G2+ 0.12(G2GrPPr )] 510<Gr<10°
25< Gz<712
Pr=0.71
Vousef and - 6<L/D<46
ousel an
Nuy = 17522 (Gt 0.245 (Grt o Grt/3 0552 /3 0.8 x 10'<Gr<8.7x 10"
Tarasuk, 1982 W,
25<Gz<110
120< Re<1200
o 0.14 /
Nu,, = 1.75 b) [ Nub ot Nude ]
. B w 6
Hieber, 1982 Nupe= 1.62(z+> 1/?)exp(— 16.42")+ 3.66 [1 - exp(— 27z+)] Ra=4x10
Nuye= [1.08In(1+1.142" Ra'/*)] /2"
20<Pr<10"
0.14
. ‘ 0<L/D< oo
Palen and Nu, = 2.5+ 4.55(Re"D/L) 37Pr0‘17( a b) .,
Ly 0<Gr<10
Taborek, 1985 .
Re" = Re+ 0.8Gr " exp(— 42/ Gr?) 0.1<Re<2000

10 </ 11,<55
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Table 4. Governing equations.

Heat Transfer Mass Transfer

Vv =20

(Continuity equation)

D; _ 9 — —
Py = VP + puViv + F
(Momentum equation)
DT DC )
5y — oV T e D, v-C

(Energy equation)

(Concentration equation)

Table 5. Dimensionless group transformation.

Heat Transfer

Mass Transfer

Prandtl number g & Schmidt number DL
h,, D
Nusselt number o & Sherwood number )
. ATD? D3 A
Rayleigh number 9pAT D g2 P
av D v p

4. MII=2A

FAde 99E ol g% BAAY A
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Tol A ALgE Fake] -3k g ool EA x5S Fenech and Tobias [E.
J. Fenech and C. W. Tobias, 1960]° ¢]&}o] 2 dHx HEF4 Fe2 AAH o}
o3 e BANES AR,
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i

p (g/em®) = 0.9978 + 0.06406 Cyy 5, — 0.00167 C g0,

(27)
+ 0.12755 Cp, 50, + 0.01820 CZ, 50,

j(ep) = 0.974 + 0.1235 Cyy g + 0.0556 Ch g,
+ 0.5344 Cp, g0, + 0.5356 CZ, 50,

(28)
1D, cu50,(em?/s) = (0.7363 + 0.00511 Cy; g, + 0.02044 C,,50,) < 1077 (29)
1D,y so,(em®/s) = (1.6691 + 0.24519 Cy; 5 + 0.96637 Cp,50,) X< 107 (30)
toer = (0.2633 — 0.1020 Cy 4 ) Cp,ev (31)

Cu™

2
t, = 0.8156 — 0.2599 C,, - — 0.1089 C2 .- (32)

flel A5 22 TAlM £05 % ool exp2 & sterha A gl 2=
7} ©+& %o+ Chiang? Goldstein[H. D. Chiang and R. ]J. Goldstein, 1991]
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Fig. 25. Experimental equipments, D=0.032m.

Fig. 26. Experimental equipments, D=0.062m.
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Fig. 31. Heated wall of experimental equipment.
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Table 6. Test matrix for natural convection in horizontal pipe.

Pr L(m) D(m) Rap Grp No. of electrodes
0.259 1.5x10" 6.6x10° 10
0.148 2.8x10" 1.4x10° 10
0.099 8.2x10" 4.0x10" 6
2014 | 0.09 0.062 2.0x10" 1.0x10" 2, 4
0.032 2.8x10° 1.4x10° 2
0.025 1.3x10’ 6.6x10° 2
0.02 6.8x10° 3.4x10° -

2) A2

Fig. 332 Rap <ol W& Nup #S 99 S Piecewised 259 29

A3} Sarac and Korkute] g3#21S dlustdnh @ =539 AdZ23= ¥

G =33 Piecewised =39 Nup 55 vlust Ay Aol AX3At

o] = Piecewise?] A7} Algadntstar SAFole] Fo] g & A9

A eggs & 4 Utk 2PHR Rap F 1.310%H Awde]l 449 F AL
oF 4 9t} 2y Rap 57F 2.8x10", 15x10"% 4 A o= Aol AR
t =2 Nup &S EATh

T ZoN A Rap 52 HY7F 1.3x10° ~ 2.0x100 oA o] A& A= A2
A A=A 71717 1/4(1/4logRap) .2 79l s93stH, Rap 7}
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Fig. 34. Comparison Nup as angle(6) for test results and

previous study in laminar.
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Table 7. Test matrix on laminar forced convection inside a horizontal pipe.

Pr D (m) Grp Rap L (m) Re

71, 141, 211, 422, 565,
708, 844, 1126, 1270

0.026 1.4x10° | 3.0x10°
2,094 0.03
0.032 26x10° | 55x10°

o8, 115, 171, 343, 460,
o71, 688, 913, 1030

Fig. 38> #7 0.026m<} 0.032m, Zo] 0.03melA ZAAdF 4 A3d 2o
o AEFEE A7 0.026m, NEHS A4 0.032mollA o] AFAAE Re + 57t
of W& Nup 2 Yelfdth 242 Fench and Tobiase ZAlvHF EdAE
FAA S YEt A Aot vkl

Nu,, = 1.467(RePrD/L)"/? (42)
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Fig. 38. The test results comparison with correlation of Fench and Tobias

for forced convection.
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Fig. 39. The test results comparison with fitted correlation for forced convection.
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A HFo Test matrix® Table 83 th ZFAHH:SO4)-2 15M, FAk-g
(CuSO9)E 0.IMEA Pr £ 20942 1434t 7149 (Heated wal)S &
Aete &9 AA(D)S 0.026met 0.032m= Grp F8 1.4x10° 2.6x10°0] a1, 2
ol(L)E 0.03m~0.50m= W3lstn AHE FPsAh A4 0.026mel e Re
o] WeE 71~1270013, A7 0.032mell HE Re ¢ W= 58~10300]t}.

Table 8. Test matrix on laminar mixed convection inside a horizontal pipe.

D (m) Rap(Grp) L (m) L/D Re
0.03 71, 141, 211,
. o | o0 | 1219 23 38,
0026 | 3.0x10°(1.4x10% | O 422, 565, 708,
77. 115, 19.2
0.06 844, 1126, 1270
0.10
58, 115, 171,
. o 1920 1 09 16, 19, 3.1
0032 | 55%10°26x10° [ 39 343, 460, 571,
: 63, 9.4, 156 688, 913, 1030
0.50 » 915,

Pr 2,094
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Fig. 41. Test results as RePrD/L for D=0.026m.
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Fig. 42. Test results as RePrD/L for D=0.032m.
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Fig. 43. Nu as Re for top semi—circle and bottom semi-circle, D=0.026m.
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Fig. 44. Nu as FRe for single electrode, D=0.026m.
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Fig. 47. Test results for D=0.026m, 0.032m.
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| (@b Bommi] B Gnig A —# — Depew and Zenter, Water
G| TS A AT IS0 Ra,=336x10"Pr=13 4, LD=38.3
— # — Oliver, Ethylalcohol
RED=2 3'\X105,Pr=16 85, L/ID=T72

— # — Oliver, Glycerol water

Ra =1 04x10° Pr=300, L/D=72
— # — Oliver, Glycerol water

Ra, =451 0° Pr=300, L/ID=72

B,=0.38(L/D)"*(Gr/(Re**Pr'®))"

Fig. 52. Nu/Nus as B,1' and experiments data of authors.

72



Experiments, Pr=2094
LD
1| D=0 OQSm,RaDZS OX'\OQ‘Re:ﬂ-ﬂQTO
_ — B — Depew and August, Ethylalcohol
B —e—12—a—19 —m—23 —e—33 N 3 . y
| —%—77—e—115—4—1g2 Ra =1.84x10 Pr=14.55 L/D=28
5 4| D=0032m, Ra =5 510" Re=58-1030 8 DepehiEnd:AlgUstIater
Fs _ 5 _
] S T ST T HE o Ra =125x10" Pr=7 65, L/D=28
4]l =F—6B3—0—94—4—156 —®— Depew and Zenter, Water
Ra =3 36x10" Pr=13.4, LID=258.3
é 3 — 8 — Qliver, Ethylalcohol
2 Ra =2 31><105Pr:16 85, L/ID=72
d D
o — B — Oliver, Glycerol water
RaD:1 O4X104Pr:300‘ L/D=72
| — = — Qliver, Glycerol water
e g O I R Y i 5
RaD:4 5x10° Pr=300, L/iD=72
0 T T — T T T
| 2 2 4 5

0.3 2,015

B, =0.552(L/D) "(Gr/Re’)

Fig. 53. Nu/Nus as B,2' and experiments data of authors.

Experiments, Pr=2094
LD
1l O=0.026m, RaD:3 0x10°, Re=71~1270

Y =l A R e A — #— Depew and August, Ethylalcohol
J =T 0= %=1 5—d—1972 RaD:1 84><1OE,Pr’:‘I4 55, L/D=28
5 | D=0.032m, Ra =5 5x10°, Re=58~1020 — ¢ — Dapew and August, Water
J e @Al B B GG | 7 a Ra =1 25x10° Pr=7 85, LiD=28
4 ] R 63 944156 /* — #— Dopew and Zerter, YWater
_ o Ra =3 36x10" Pr=12.4, LD=08 3
Z: 3 — #— Oliver, Ethy\alcohol
=z ] RaDZZ 31107 Pr=16.85, L/D=72
5 — #— Oliver, Glycerol water
1 RaD:‘I.O4><104PriSOO‘ LiD=72
14 — ¢— Oliver, Glycerol water
| RaD=4 SXWOE,PF=3OO‘ L/D=72
0 - —

1 2 3 4 5

25,0 11465

B_=0.85(L/D)"(Gr/Re™")

Fig. 54. Nu/Nus as B,3' and experiments data of authors.
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£10.27
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——=1+038(L/ D)\ —m 17 (52)
Nuf Re™”Pr
y . Gr’ 0.27
Nu,,,;, = 1.598Gz" 414 0.38(L/ D)"°| ——m—7 (53)
Re™”Pr
Experiments, Pr=2094
LD
1 D=0.026m, RaD:S O><'IOQ‘ Re=71~1270 — ® — Depew and August, Ethylalcohol
1 — % —17—A—109 —m—23 —e—38 RaD:1.84x1DBPr:14.55,LfD:28
B —x—77—2—115—2—102 — » — Depew and August, Water
1/ D=0.032m, RaD:S 5><10g‘ Re=58~1030 RaDﬂ stmﬁlpr:? 65, L/D=28
7 =00 =i B D= I —=0—= 131 — & — Depew and Zenter, Water
L =#—63—e—94—4—158 Ra, =3.36x10" Pr=13.4, LID=28 3
4
== — ® — Oliver, Ethylalcohol
< Ra =2.31x10° Pr=16.85, LID=72
3 5 [
=z —® — Qliver, Glycerol water
- Ra,=1.04x10" Pr=300, LID=72
— ®» — Oliver, Glyceral water
i Ra =4.5¢10° Pr=300, LAD=72
0 4+r+——-v—F—T—"T"rrrrrr e
1 2 3 4 5
B,=0.38(L/D)"*(Gri(Re"Pr'"))"*
Fig. 55. Empirical correlation reflecting the L/D.
Table 9. Relative error correlation and experiments data.
Correlation & Experiments data Correlation & Data of authors
Max. Min. Average Max. Min. Average
26.36% 0.57% 9.48% 33.97% 0.02% 9.20%
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