INVESTIGATION OF THE INTENSIFICATION OF HEAT
TRANSFER DURING FLOW OF GASES AND LIQUIDS
IN PIPES
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The article presents the results of an experimental investigation of intensification of
heat transfer by means of periodically arranged annular diaphragms in pipes with heating
and cooling of air, carbon dioxide, helium, water, and water —glycerol mixtare in the
range Re = 560-2-10% and Pr = 0.7-50.

Intensification of heat transfer during turbulent flow of a heat-transfer agent in channels and especially
in circular pipes is an urgent problem for many branches of engineering. By means of intensification it is
possible either to reduce the size and weight of tubular heat-exchange apparatuses or devices, or to re-
duce the temperature of the heat-transferring surface in the channels of atomic reactors or other heat-
transferring devices with a prescribed heat release,

A common method of intensifying heat transfer is to create turbulence of the flow artificially, which
increages the turbulent heat-transfer coefficient Aq. Artificial agitation of the flow is usually attained at
the price of an increase of the resistance coefficient.

We can show that a heat-exchange apparatus in which heat-transfer intensification methods are used
will be smaller than a smooth-pipe apparatus (for the same heat fluxes) if the ineguality
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is fulfilled. Here the subscript i denotes that the ratio of Nu or ¢ is taken for a pipe with intensification and

smooth pipe at the same Re numbers. The second and third factors on the right are the ratios of the Re
numbers and thermal heads for pipes of the heat-exchange apparatuses being compared.

As an analysis shows [1, 8], inequality (1) can be secured most successfully by agitating only com-
paratively thin wall layers of the transfer agent. Inaddition, the method of intensification should satisfy
the following requirements: possibility of mass production of pipes with intensification; the assembly of the
heat-exchange apparatus from such pipes should be no more complex than from smooth pipes.

The reliability of operation of heat-exchange apparatus from pipes with intensification should be no
worse than that of a2 smooth-pipe apparatus,

The method of intensification in which knurling is used to create small periodically arranged dia-
phragms on the inside surface and grooves on the outside surface satisfies inequality (1) and all afore-
mentioned requirements.

Mass production according to the technology of the All-Union Scientific Research, Planning, and
Design Institute of Metallurgical Machinery is simple and cheap. Knurling is done on lathes with additional
equipment,

The grooves on the outside surface intensify heat transfer on the outside of the pipes during longi-
tudinal flow past bundles of pipes [7,8]. Special tests showed that the fatigue strength of kuuried pipes
is close to that of smooth,
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TABLE 1. Characteristics of Knurling of Experimental Pipe Speci-
mens

Air, carbon dioxide, helium

1,0 11,0 11,01 1,6 |2,6 {2,615 5 7 10
0,95 10,93 (0,9{0,97(0,95|0,9 {0,95| 0,95} 0,95 | 0,9

¢D 10,5 {0,565 [1,0
d/D {0,971 0,95 | 0,97

Water Water — glycerol mixture
¢/D 10,496 |0,498|0,497|0,523|0,496(1,0 | 0,992 2 4 0,497 0,523
d/D 10,983(0,966|0,943 0,922 0,8750,94/0,9{2{0,94 (0,94 0,943 0,922

The results of an experimental investigation of heat transfer and hydraulic resistance in knurled
pipes for gases and liquids are given below.

The experimental device for investigating intensification on gases was an open circuit. The gas (car-
bon dioxide, air, helium) was delivered from high-pressure cylinders through a filter, drier, and reducer
to the flow-rate measuring section and then successively to the heater and cooler. The device for water and
water —glycerol mixture also operated as an open circuit with free overflow of the liquid into a tank from
where it was pumped fo the measuring section, heater, cooler, and final cooler. The investigations were
carried out with heating under conditions gy, = const = 103-2-10° W/ m? and cooling in stainless steep pipes
of diameter 10.6/9.6 mm; the length of the heated sections was 110 diameters. The wall temperature was
measured by Chromel—Alumel and Chromel —Constantan thermocouples welded at a rate of 20 per section,
in combination with semiautomatic potentiometers p—2/1. The temperature of the flow at the entrance and
exit was measured by laboratory thermometers in the mixing chambers. In addition, the temperature of
the gas flow was measured by a longitudinal thermocouple whose junction, by means of a special device,
could be moved along the axis and radius of the pipe in any cross section. The pressure drop in the ex-
perimental section was measured by micromanometers, water differential manometers, mercury dif-
ferential manometers, and standard manometers. The flow rate of the transfer agent was measured by
normal diaphragms and by the volumetric method. Table 1 presents the characteristics of the experimental
specimens investigated on gases and liquids.

The experimental investigation of heat-transfer intensification was preceded by experiments on heat
transfer and hydraulic resistance in smooth pipes, the object of which was to convince us of the reliability
of the method of measuring and treating the experimental data and to obtain standard calculation depen-
dences. The experimental data on smooth pipes are generalized by the following dimensionless depen-
dences,

1. Viscosity regime, heating of water [2]:
a) local heat transfer
Nu, (Pr,, /Pr; VP — 4.36X705.10718% (2)

where X = (x/d)/Regy. Here all quantities with the subscript x are referred to the temperature
of the liquid (and Pry to Ty,) in cross section x, and Regp, is referred to the temperature of the
liquid at the entrance;

b} average heat transfer

Nug = 1.64 (Ped/L)"™ (u, /i) €
¢) average coefficient of hydraulic resistance
64
& = oo (el ) (4)

In cases b) and c) the average temperature over the pipe length is taken as the characteristic temperature.
2. Transition region, 2400 < Re < 10%, heating of liquid:
a) average heat transfer
Nug = 0.11 (Re”® — 125) Pr™*%, (5)

the characteristic temperature is the average temperature over the pipe length;
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Fig. 1. Effect of Re number on average heat-transfer coefficient in pipes: 1) smooth pipe; 2) d/D
=0.983, t/D =0.496; 3) 0.966, 0.498; 4) 0.943, 0.497; 5) 0.912, 0.991; 6) 0.922, 0.523; 7) 0.875, 0.496.
Solid lines: water; dashed lines: water —glycerol, d/D =0.92 and 0.9686.

Fig. 2. Effect of Re number on effectiveness of heat-transfer intensification: 1) boundary of Re* num-
bers; 2-7) see Fig. 1.

Fig. 3. Effect of height of agitators on effectiveness of heat-transfer intensification for stepd/D = 0.5
and Re =50,000 (water): 1) Nu/Nug; 2) £/&g.

b) average coefficient of hydraulic resistance, the data are given in Table 2.
3. Turbulent region:
a) average heat transfer with heating of gases (Ty,/ T} =1-1.6)
Nu, = 0.0207 Re"® Py, (6)
b) average heat transfer with cooling of gases (Ty,/T; = 0.7-1)
Nu, = 0.0192 Re™® P4, (M
c) average heat transfer with heating and cooling of liquids and gases Pr = 0.7-50 and Re = 10%-10°
Nug = 0.0216 Re™® P45y, (8

where ¢ =1 for heating of liquids; y = (Ty,/ T;) %% for heating of gases; ¥ =1,27-0.27 (Ty/ T;) for
cooling of gases, The exponent of the Pr number is determined experimentally for liquids. The
characteristic temperature in cases a), b), ¢) is the average temperature of the liquid over the
pipe length;

d) average coefficient of hydraulic resistance

0.316
E, = RO My 1y )", {(9)

where n = 0.14 for heating of gases, n = 0.2 for cooling of gases, and n =1/ 3 for heating of
liquids.

These dimensionless dependences generalize the experimental data on heat transfer with a scatter
of +6.5% in the viscosity regime, +10% in the transition, +5% in the turbulent, and +4-6% with respect to
resistance.

Results of Investigating Heat Transfer and Hydraulic Resistance in Knurled Pipes. Figures 1-3
present some results of investigating heat-transfer intensification. We see from Fig. 2 that we can dis-
tinguish three characteristic regions of Reynolds numbers in which the effect of heat-transfer intensifica-
tion is governed by different regularities [5].

1. The region of subcritical Reynolds numbers, Re < Re,, is characterized by smaller values of the
heat-transfer coefficients in knurled pipes in comparison with a smooth pipe, i.e., Nu < Nug. The
reason lies in the fact that, in the case of laminar flow, stagnant zones are created between the
projections of the diaphragms which are an additional thermal resistance of the little-moving
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liquid layer. We note that the critical Reynolds number in knurled pipes decreases with increase
of the height of the agitators [4] and at d/D = 0.875, Re,, = 1580. Thus this region of Reynolds
numbers is of no practical interest.

2. The region of fransition and weakly developed turbulence, Reg,. < Re < Re*, is characterized by
a dependence of the effect of heat-transfer intensification Nu/ Nug on Re numbers as a conse-
quence of the earlier transition of laminar flow to turbulent in knurled pipes. The upper limit
of this region (it is shown in Fig. 2 by the dashed line) Re* corresponds to those values of the
Reynolds numbers beginning with which the effect of heat-transfer intensification Nu/Nug for a
given height of the agitators ceases to depend on the Re numbers, i.e., Nu/Nug > 1 = const, It
was shown in [5] that stabilization of the ratio Nu/ Nug is achieved at those Reynolds numbers at
which the height of the agitators becomes equal to the thickness of the wall layer in which 99% of
the total thermal head between the pipe wall and axis is produced. The values of Re* found analyti-
cally agree satisfactorily with the experimental data and are described by the following relation:

3150
a 4D P

Re* = (10)
The region being considered is of great interest with respect to heat-transfer intensification. The
maximum increase (3.5 times) of heat transfer with a liguid is obtained precisely in it owing to
the earlier transition to turbulent flow. Here also occur the best relations between Nu/Nug and £
/ £ at high absolute values of these quantities. Thus, for a pipe with d/D =0.91 and t/D =1.0,
Nu/Nug = 2.05 and E/Es =1,95. With an increase of the Pr number @t Pr > 10 for water —glycerol)
Re* decreases and the effect of intensification increases, which is seen clearly in Fig. 1. The
character of the dependences Nu/Nug ={(Re) and & /tg =1, (Re) in this region is rather complex,
and the experimental data cannot be generalized by simple empirical dependences. Therefore,
calculation recommendations are given in Table 2. We see from Table 2 that in this region it is
expedient to use comparatively high agitators,d/D = 0.92, since they promote an earlier transi-
tion and agitate thicker wall layers. We should note that the transition region is characterized by
intermittence of the flow with pronounced fluctuations of the heat-transfer coefficient [3]. The use
of pipes with artificial agitators reduces the region of Re numbers where intermittence appears,
shifts it toward smaller Re number [4], and, with consideration of the effect of heat transfer
obtained, permits broadening the range of Reynolds numbers with high and stable values of the
heat-transfer coefficients to Re = 2000.

3. The region of developed turbulent flow, Re > Re*, as already noted, is characterized by the fact
that the effect of intensification Nu/Nug > 1 = const and does not depend on the Re and Pr num-
bers. In this region the wall layers of the liquid in which the main thermal resistance of the flow
is concentrated are equal to and less than the heights of the agitators. Therefore, the best ef-
fects of heat-transfer intensification are attained atsmall heights of the agitators and their com-
paratively frequent arrangement. It follows from Fig. 3 that for small heights of the agitators we
can obtain Nu/Nug > £ /4 at absolute values of these ratios of about 1.5. A further increase of the
height of the agitators leads to agitation of the layers of the flow, which as it is have a high degree
of turbulence. Therefore, heat transfer increases weakly (and not at all for liquids), whereas the
coefficient of hydraulic resistance continues to increase intensely.

The experimental data in the investigated ranges of variation of knurling are generalized by the fol-
lowing empirical dependences.

Heat transfer of gases (heating and cooling) with an accuracy of +12%:

Nu ( lg Re —4,6) ‘1,14 — 0,28V 1—d/D ) [ (1 — d/D) }
=11 W eXp | ————= 1, 11
No, T ( 1,14 (/D)% “h
where Nug is taken according to (8).
Heat transfer of liquids (heating) for t/D = 0.5 and d/D = 0.94 with an accuracy of +10%:
N _ 1001 — dDy, (12)
Usg

where Nug is taken according to (8).

428



Sss3=4 NN =V SN
06100 (02200 |2120 0| 825°0 [0¥30'0!2830°0 [1,30°0 | 88%°0 {8620°0 [¥EE0 0 |30 0 85200 | 8€0°0| 6€°0 | ¥€0°0| 3€0'0 |50¥0°0 5 yioowrsg
09v‘e| 068°¢ | 0Z8 e | O¥Z e SeIe| 020°€ | 096°C| 088'C| 00L°C| 098°T| 81¥°3 | €.3°¢| 60°'C| S6°1[€l0‘G| 8¥y‘'1} 93'1! & 60l 216
166° 16
00v‘T| $ES 1| 1681 GHO' 1] S69°1| 0SL1| 964°1| €€8 1| €98°1| €98°1| 968°1 | 186°1) S86'1| S0'G| 90°Z| 1¥‘1| ¥6'0f V
ap‘ol| #8'6| 2e'6| 8L'8| 98'8| 08‘L| ¥eL| ¥6'9| BL'9| I1'O| 8L'¢| ep‘G| 96'F| 0S¥ e4‘1| 98'B| 91| & e
967 0 1.5.8"
00€‘z | 008'z| 008z | 008'c| 00€°T| 008°G| S83'G| 83'C| 16°G| L&‘'G| €€'C| Sch'Z| 09'C| €6'c| BS'€| 88'z| 01| V
g0‘c| 028°%| 029°%| 00 %! 081°%| 00°%| 088°€| 099°¢| 08F‘C{ 092°¢| 00‘c| 0GL°C| 0zv‘c| OVI‘z| O€8‘1| GI'1| ¢I'1| &
: €220} 3360
0,221 022'2| 0/3'%| 0/3'3| 0L3°G| 0.8'G| 095°C| 002‘G| 0£1°2| 0G1'C| 0%1'C | 080°C| 966°1{ €88°1| 005 I 01| €0'1} V¥
00,7 | 029z | 088'z| c0a‘z| 03v‘T| 088°T | 05 G| 80G'C| 260°G) SUB°T{ VES'T| 61L°T| 1e8'1 | alv'1| 68’ 1| 20°1| L30°1| & 46
. L6¥'0 | €76
291°G) 2191°2| 2912 | 291°C| 201°2| 291°C| 260°G | 826°1 | 898 1| 199°1| 0SG* 1| 0¥ I LOg I ] OFE L] €OP'E| LO'1| O'I| V
. . _ . . .
088°L| T#8°1| LOB 1| 89L 1| OBL°1|0S0°T | 16S'1| 06S' [ | 9L¥‘1 | BI¥‘ 1| Q9e'I| ¥38°1| 0L8'1| L1g'1| 9323 1| 0'1 01| ¢
867°0 | 996°0
SYOT| GPO‘T | 689'1| 839° 1| 09T | SIS 1| €% 1| 6SC 1| 843 1| 8611 | 1911} #€1 1| #8171 | €61°1] 0¥%€'! 01} ¥'0l ¥V
965 1| 0E3'T| £36°T| 918°1| ¥OZ 1| 61 1| 681°1| 821 1| 0OL1°T | OGT°1| SEI°T | IGT1| L60°1] 080°F| L11°1| Z0°T} 01} §& .
9670 €860
99e°11 998°T| 9%g“1] R0C T ! 682°1| 09z 1| 8¥3 1| 161 1| TI1°1| 260°1| 2601 | 260°1| OLI°1{ €61°1| O¥R°1| Z0°I|gS6'0} V
000€9 0000¢ 0086¢€ 0091e 00182 00002 008¢S1 00951 00001 0964 00£9 0009 086€ ogie 0163 0002 0881 2 arn alse
sadid
TeuewdsdX s 9WOg 10] SPIDI] U0 I8Jsued], 180H JO UOTROTIISUIUI 9Y3 Sunel1issau] Jo sjnsoy g A IdvL

429



The hydraulic resistance of gases and liquids with an accuracy of #10%:

E 100 (Ig Re— 4,6) (1 — /D) 25 (1 — d/D)* 13
—E:;_ B [ bt exp (t/D)0'3 ]EXP[ (t/D)O'75 ] ’

where £ is taken according to (9). Equation (13) is valid in the entire range of knurlings investigated for
gases and for liquids when d/D = 0.94 and t/D = 0.5-4,

The effect of the temperature factor on the coefficient of hydraulic resistance was not specially taken
into account for gases. However, it was established that with an increase of the height of the diaphragms
the effect of the temperature factor decreases, which could be expected since the temperature gradient
near the wall becomes smaller. The effect of temperature on the coefficient of hydraulic resistance under
conditions of artificial agitation of the flow was investigated in greater detail on liquid in [6]. It was found
that

E=2Eolu, /pl)’", (14
where
m = 1/3(d/Dy"** (15)
when t/d = 0.5 and
e 1310 B AT (16)

when d/D = 0.94.

‘ As already noted, one of the advantages of the proposed method of intensifying heat transfer is the
simultaneous intensification on both side of the heat-transferring surface. Comparative results of cal-
culating gas —water coolers made of smooth pipes and pipes with various knurlings are presented in [7].

The comparison showed that the use of heat-transfer intensification by means of annuylar diaphragms and
grooves reduces the weight and volume of the heat-transferring part of heat-exchange apparatuses by about
1.5 times with unchanged hydraulic resistances.

NOTATION

is the inside diameter of smooth pipe;
is the inside diameter of diaphragm;
is the spacing of diaphragms;

is the temperature.

M ey

Subscripts

s denotes smooth;
0 denotes the isothermal flow;
W denotes the wall;
l denotes the liquid.
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