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The present work is devoted to a comparison, from the energy characteristics, of the most prevalent types of
finned, tubular surfaces over a wide range of values of Re, The purpose of the comparison is the development of an
efficient type of surface and determination of the direction of research for creating a series of surfaces having the
optimum geometric parameters.

A list and the principal parameters of the surfaces investigated are given in Table 1. The experimental setup,
method of investigation, and interpretation of the experimental data are described in [1]. Data on the heat transfer
and aerodynamic resistance of the investigated surfaces are given in Tables 2 and 3,

Comparison of the convection surface studied was carried out on the basis of the energy' coefficient proposed
by V. M. Antuf'ev [2]:

E= g
AN,

where ¢ is the heat-transfer coefficient in W/m?- degrees; AN, is the energy expended in 1 h for circulating the
heat transfer fluid and exerted per 1 m? of surface (A = 1,163 W. h/kcal) in keal/h- .

The energy expenditures for overcoming pressure drop can be expressed in the following manner:

AN, =3600A A pw -,
F

where Ap is the loss of head in the tube sheet in newtons/m?; w is the velocity of the air stream in m/sec; fis the

free cross section of the air stream in m?; and F is the heat transfer surface in m?,

Because the comparison of the investigated surfaces is carried out for AN; = idem,

E; &

Ep
where Ej, Ek, @, and oy are, respectively, the energy coefficients and heat-transfer coefficients of the surfaces
being compared,

As is seen from Fig, 1, in the regime for cooling of air, surfaces No, 3 and 7 have the best characteristics with
respect to thermal efficiency in the whole range of values of ANy, This is explained by the fact that the diameter
of the support tube of surface No, 7 is small (d¢ = 12.3 mm) and the relative height and thickness of the {in are also
not great (h/d¢ =0.5, 6/dc=0.032). The tubes are arranged in a tight bundle, Surface No. 3 has a small tube mid-
section (d; = 12 mm) and a small relative fin thickness (6/dc =0,041), so that the fin has good contact with the
support tube and the tubes are arranged in a tight bundle,

In the initial section where ANy =6-40 kcal/h- n? the characteristics of surface No. 6 adjoin the characteris-
tics of surfaces No. 3 and 7, but because of the rapid drop in the efficiency of the wire fins it departs sharply from
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TABLE 1. (Continued)
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them and at the end of the investigated range AN, is located in the group of thermal characteristics of the low-fre-
quency surfaces No. 4, 9, and 10. The characteristics of the latter demonstrate their low thermal efficiency in the
whole range of AN, investigated, which is explained by the following circumstances. Surface No. 9 has a relatively
large diameter support tube (de = 23 mm) and an oversized relative fin height (h/d, = 0.6). The method of solder
"bathing” used for the fins of surfaces No. 4 and 10 causes, as was shown by experiments [4], a substantial increase
of thermal resistance at the contact site.

The thermal characteristics of swrfaces No. 8, 1, 2, and 5 in the initial section differ‘ little from one another
and are located in the middle berween efficient and low~efficiency surfaces. In the range AN, =20-10,000 kcal/h- m?
the characteristics of surfaces No. 5 and 8 are improved and after a discontinuity at ANy =800 kcal/h- m? they unite
in a single line running parallel to and slightly below the characteristics of surface No, 7. The nature of the thermal
efficiency of surfaces No. 5 and 8 is explained by the following reasons. Surface No. 5 has a tube midsection of
d. = 6 mm and a low profile, thin fin. Surface No. 8 has monolithic fins and small relative height and fin thickness
(h/dC =0.5; 8/de =0.0318). Tubes of both surfaces were arranged in tight bundles, which also has a positive effect
on the thermal efficiency.

770



TABLE 2

No, of | 5 Calculation formulas for heat transfer
tubular . )
surface for cooling of air for heating of air
1 Nu = 0,270 Re®® (Re = 10+ — 2 . 10%); Nu = 0,296 Re®® (Re = 10t — 10%);
Nu == 0,008 Re®® (Re =2 - 105 — 3,2 - 10%) Nu = 0,0108 Re®®6 (Re = 105 — 3 . 10%)

Nu = 0,0992 Re®%® (Re =4 - 105—7,4 - 10%);
2 Nu=1,85Re"3 (Re =7,4 - 103 — 2,4 - 10%); —
Nu =20,0 Re®'* (Re = 2,4 - 10+ — 3,9 - 109

{
8 | Nu=0,00Re"™ (Re=3,6-10°—5,4 . 10% Nu = 0,0154 Re""® (Re = 2,5 - 108 — 2 - 10%)
. Nu = 0,103 Re®%® (Re =6 - 10 — 2,3 - 10%);
Nu = 0,563 Re®*® (Re = 2,3 - 10t — 5,2 - 10%)
5 Nu = 0,0263 Re®5*? (Re = 2,5 . 105 — 1,05 . 10%);
Nu = 0,392 Re%5* (Re = 1,05 - 10t — 3 . 104
6 | Nu=Re"" (Re = 10" —8§ . 109 | Nu=0,0663 RV (Re =5 . 105 — 3 - 101)
.. o e ‘U,(id P 3 S .
7 Nu == 0,225 Re"% (Re =6 . 165 — 8 . 109 Nu == 0,338 Re . ““_:4 107 =2 10%;
Nu=1,1-10"% Re"™ (Re==2 . 10t — 6 - 109
g Nu == 0,0426 Re"7 (Re = 9,6 . 105 — 3 . 10); Nu = 0,0512 Re® 7 (Re = 5,6 - 108 — 4,4+ 10');
j Nu = 0,264 Re"3% (Re == 3 - 10" — 1,4 - 107 7Nu = 06,44 - 1073 RV (Re = 4,4 - 10* — 1,5 - 10°)
9 ' Nu = 0,067 1 Re™ %2 (Re = 1,4 - 10 — 1,8 . 107) Nu == 0,021 Re® ! (Re = 1,3 - 10" — 1,4 - 107
0 l Nu s 0,213 Re" ™ (e -~ 4. 107 — 2,3 10%;

Ni-= 2,84 Re%H (Re =223 0100 — 4 10%)

-

The line designating the thermal characteristics of surface No. 2 has a break downward at ANy =160 kcal/h - m?

and, passing through a group of inefficient surfaces, is located below all the remaining lines. This is explained by the
poor contact of the fin with the support tube.

As is seen from Fig. 1b, the thermal characteristics of the surfaces during the heating of an air stream are an-
alogous to the characteristics obtained during cooling. Suifaces No. 3 and 7 are the most efficient. After their in-
tersection at ANy =50kcal/h - m?the characteristics of surface No. 7 become better than the characteristics of surface

No, 3.

Evaluation of the investigated surfaces with respect to their dimensions was carried out for the same heatex-
traction and for the same specific energy consumptions for overcoming pressure drop. The dimensions of the surfaces
are determined by the degree of efficiency and compactness. The degree of efficiency is determined from Fig. 1
and the efficiency coefficient from the formula

Surface No. 1 was taken as a standard surface. Theefficiency coefficients of the surfaces compared were ob-
tained by dividing the heat-transfer coefficients of the investigated surfaces by the heat-transfer coefficient of sur~
face No. 1. We will use the compactness coefficient If for the characteristics of the volume occupied by the heat
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TABLE 3

No. of |
tubular
surface Calculation formulas for aerodynamic resistance
[
| l Eu = 16,2 Re™ "% (Re = 10t — 10°); Eu = 0,86 (Re = 10" — 2 - 10%);
f Eu=0,65-10"" Re"™® Re =2 10" — 3 - 10%)
2 J Eu=1,2Re (Re = 4 - 10° — 9. 10%; Eu==36,8 Re™"* (Re =9 - 105 — 7 . 10%)
3 Eu=17,5Re™"% (Re = 2. 105 —7 - 10%)
| Eu =192 Re %% (Re = 6 - 108 — 1,3 - 104);
Ei=37,2Re ™% (Re=1,3-100—6- 10
5 Bu = 24,5 Re™" M (Re == 2,5 . 10° — 3+ 109
6 l Eu=:10,5Re™ Y (Re =5 . 103 — 8 - 10%)
7 Eu=17,3Re™ (Re =4 - 10° — 8 - 10¥)
8 j Bu==18,5Re™ " (Re = 6. 10 —7 . 109; Eu =1,4 (Re =7 - 10*—1,6 . 10%)
!
9 Eu = 20,6 Re™"% (Re == 1,3 - 10 — 1,8 - 10%)
10 Eu=1,99Re 7 (Re = 4. 10° — 6 . 104
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Fig. 1. Plot of the heat-transfer coefficients oy of various tubular surfaces ver-
sus the energy AN, expended for circulating the heat-transfer fluid. The desig-
nations of the tubular surfaces are the same as in Tables 1-3; a) cooling of air;
b) heating of air.
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Fig. 2. Plot of the dimensional characteristics AN/ IIj ¥ versus
the reduced energy coefficient E; /9 of various tubular surfaces
during the cooling of air. Designations of the tubular surfaces
are the same as in Tables 1-3.
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transfer surface; 1 is the magnitude of the swface in 1 m*of volume. For realization of the condition of identical
heat extraction at ANy=idem, itis necessary todivide the valuesof Ej, Ey, Ey, . .., Ejq by the coefficients gy, ¥, ¢, . . .,
¥yp. By takingsurface No. 1 asthe standard we will obtain values of E reduced to the same heat extraction:

E, E;;_, B — 5‘.’_
‘P‘J Y L{)lu

If the quantity of heat wansferred by the heat transfer surface of the apparatus is Q = idem, and the tempera-
ture difference equals 1°C, then

2, Fy=o, F,
whence
Fi o o 1 F’*F/‘
Ao w s T
k 4y Vi Y

Frp=1 m? is taken as the standard for evaluating the dimensions. The expression 1/I¢4 is a typical dimen-
sional characteristic taking into account the geometric compactness and thermal efficiency of the heat transfer

surface.
From Fig. 2, it is evident that the dimensional characteristics are clearly divided into three groups.

The most compact surfaces No. 3 and 5 fall into the first group, which is explained by the large values of the
product [j¥i,although there are also other reasons. The less compact surfaces No. 6, 7, 4, 2, and 8 fall into the
second group.

Despite the fact that these surfaces have different thermal efficiencies and compactness coefficients, they are
practically equivalent with respect to their dimensional characteristics because they have close values of the prod-
uct IIj¥i. The least compact surfaces No. 9, 10, and 1, combining low efficiency coefficients ¥; with low compact-
113, fall into the third group. The dimensional characteristics obtained during the heating of an air stream are an-
alogous and are not cited in this work.
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Fig. 3. Plot of the weight characteristics ANgb;/II; ¥ versus the
reduced energy coefficient E/¢; for various tubular surfaces during
the cooling of air, Designations of the tubular surfaces are the
same as in Tables 1-3.

The weight characteristics, like the dimensional, were obtained for the surfaces compared during the cooling
of air.

As is seen from Fig. 3, all of the weight characteristics are divided into three groups. Into the first, most ef-
ficiept, fall surfaces No. 3, 5, and 7. The first two of these, having the best dimensional characteristics, possess val-
ues of b (b is the weight of 1 m? of heat transfer surface) that are close in magnitude and sufficiently low. The
thermally efficient surface No. 7 is less compact than surfaces No. 3 and 5, but the size of by is less than that of by
and bg: therefore, its weight characteristic is located closer to the characteristics of surfaces No, 8 and 5 than on
the plot of the dimensional characteristics. Surfaces No. 6, 2, 4, and 8, with sufficiently close values of the coeffi-
cient i, and b, fall into the second group. They are located in a group above the characteristics of the first
group. The least efficient surfaces with respect to the weight characteristics, No. 9, 10, and 1, fall into the third group.

For the same reason as the dimensional characteristics, the weight characteristics obtained during the heating
of an air stream are not cited in this article.

The grouping characteristics of the surfaces are determined analogously to the weight and dimensional charac-
teristies for the condition Q = idem and Ny = idem. To maintain this condition the stream velocities of the surfaces
compared must be different. The relationships of the velocities for the i-th and k-th surfaces are determined from
the equality Nj=Ngk. In addition,

— 3. — 3
N;=B,p; v, Nk—B/ng'wk,
where p; and py are air densities.
For the case when p; = py,
R
" Be.

w-
Bw?=Bwd; —= .
We B;

Frontal sections can be found from the condition fjw; = f xwy where f; and f, are the free cross sections for
passage of the working media.

Hence,

3
Jr_wi_ v/ Br
fi Wy l/ i,
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For lateral streamlining
B; =269 (5, — 1) Eu,
where gy is the transverse pitch of the bundle (g; = Sy/d).
The investigation conducted permits the following conclusions.

Surfaces No, 3 and T are the most thermally efficient. In the range of large Reynolds numbers surface No. 6
adjoins them, With respect to dimensional characteristics surface No. 7 leaves the group of most efficient surfaces
and surfaces No. 3 and 5 remain in it. With respect to the weight characteristics the most efficient group is com-
prised of surfaces No, 3, 3, and 7.

Surfaces No. 2, 6, and 8, which differ only slightly in their characteristies, belong to the group that are aver-
age with respect to all indexes. These surfaces can be successfully replaced by surface No. 8 which possesses good
technological properties.

Surfaces No. 9 and 10 are in the low efficiency group according to all indexes; with respect to thermal char-
acteristics surface No. 4 adjoins them. These surfaces can not be recommended for use in heat exchange apparatus;
therefore, it is expedient to take them out of production.

As the experimental investigations showed, surfaces with noncircular profiles (approximating streamlined) do
not have, in principle,advantages over surfaces with a circular profile. On the basis of this, surface No. 7 should be
considered the most efficient surface in spite of some advantage of surface No. 3 in dimensional characteristics.
This choice is predicted by the following considerations.

Rolling mills that prepare tubes with seamless finning are distinguished by efficiency and high productivity;
they permit the production of any sizes of fins and tubes required in practice, whereas mechanization of the produc-
tion of finned tubes having a noncircular profile is rendered difficult because of the large number of manufacturing
operations of varying nature. In addition, monolithic joining of the fin to the support. tube allows avoidance of the
use of expensive solders (comprising up to 30% of the cost of the whole tube) and avoidance of high contact resis-
tances (which increase during use because of vibration) at the point where the fins join the support tube. And finally,
the production of tubes having seamless rolled fins permits replacing scarce nonferrous metals with aluminum and
steel and at the same time allows the use of bimetallic tubes for operation in corrosive media.

The use of tubes having seamless rolled fins is dependent on centralized production of the optimum surfaces
satisfying the broadest raiige of operating conditions.
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