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Enhancement of Heat Transfer in the
Bundles of Transversely-Finned Tubes

Pis’'mennyi, E.N., Terekh, A.M. and Razumovskiy, V.G.
National Technical University of Ukraine “Kyiv Polytechnic Institute”
Ukraine

1. Introduction

The problem of improving heat transfer surfaces made in the form of the bundles of
transversely finned tubes remains very pressing. Studying the works, devoted to this
problem, and a number of patents, including patents of the USA, Great Britain, Germany,
and Japan, revealed that the ways of increasing thermoaerodynamic efficiency of the
transversely finned surfaces mainly involve a search for the most rational types of finning
and arrangement of the finned tube bundles.

A great many works on developing intensified surfaces are associated with setting up
conditions for the breakdown of thickened boundary layers on relatively high fins and for
the organization of a developed vortex flow, if possible, over the entire surface. Such
conditions are attained by corrugation of the transverse fins (Tolubinskiy & Lyogkiy, 1964),
their perforation (Migai et al., 1992; Eckels & Rabas, 1985), cutting into short sections with
ends bent to the opposite sides (Taranyan et al., 1972; Sparrow & Myrum, 1985) and with
the use of the so-called segment finning.

Analyzing these developmental works and related investigations allows us to note the
following. The fin corrugation leads to a noticeable augmentation of heat transfer, but the
heat enhancement is accompanied in this case by a still more noticeable increase of the
aerodynamic drag: by data (Tolubinskiy & Lyogkiy, 1964), the replacement of smooth fins
on a single finned cylinder by corrugated fins at Re = 104 enhances heat transfer by 12-15%
with a drag increase by 65-70%. This circumstance, in conjunction with a difficult
manufacturability of the tubes with corrugated fins, renders their wide use problematic.

The literature offers ample coverage of the results for thermoaerodynamic characteristics of
bundles of tubes with cut fins (Taranyan et al., 1972; Kuntysh & Iokhvedov, 1968; Antufiev
& Gusyev, 1968; Iokhvedov et al., 1975; Antufiev, 1965) (Fig. 1). Such heat transfer surfaces
are fabricated from the tubes with a typical helical finning by cutting the fins into short
sections by a thin mill along the generatrix of a carrying cylinder or along a helical line at an
angle of 45¢. Cutting does not practically diminish the fin surface and, according to data of
the above-mentioned works, enhances heat transfer by 12-36% depending on the fin
parameters and the method of cutting fins. The effect of flow turbulization, produced in this
case, is the more appreciable, the higher are the cut fins. However, in all cases an increase in
aerodynamic drag markedly outstrips an increase in heat transfer which on the whole
noticeably reduces the total effect of heat transfer enhancement. Besides, the production of
tubes with cut fins requires additional technological operations, which, in conjunction with
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160 Heat Analysis and Thermodynamic Effects

a high susceptibility to contamination of the heat transfer surfaces from such tubes and
complexity of their cleaning, substantially limited their application.

Fig. 1. Tubes with cut fins (Taranyan et al., 1972; Kuntysh & Iokhvedov, 1968; Iokhvedov
et al., 1975)

More technologically advantageous, with similar characteristics of thermoaerodynamic
efficiency, is a solution involving the application of flow-agitating notches on the ends of
rolled-on fins (Kokorev et al., 1978; Kuntysh & Piir, 1991; Kuntysh, 1993), owing to which it
found use in manufacturing heat transfer surfaces from aluminum tubes for some air
cooling devices. However, this situation, apart from the limited range of application as to
temperature conditions, retained essential operational drawbacks of the cut fins with bent
edges, viz. an increased susceptibility to contamination and complexity of cleaning the
interfin gaps, aggravated by their considerable blocking by the deformed fin edges.

Fairly well-known is the type of finning referred to in the literature as segment finning
(Fig. 2). Judging from advertizing materials and from data (Weierman, 1976), such finning
can produce an appreciable effect even in the case of some loss by heat transfer surface in
comparison with continuous fins with the same height, thickness and pitch. Heat transfer is
enhanced here not only because of a decrease in the boundary layer thickness as a result of a
small width of an individual “segment” and the turbulization of flow on its separation from
sharp edges of the fin but also because each individual element of the segment fin is, in
essence, a straight rectangular fin with efficiency higher than of a disk fin. Estimates
according to data (Weierman, 1976) manifest that replacing a typical helical finning by
segment finning, with other conditions being equal, can decrease the number of tubes in a
bundle by 18-20%. However, reviewing the structures of present-day heat exchangers,
including power devices, indicates that, regardless of the above-stated assets that are
combined with easier manufacturability (the segment finning is formed by welding a
preliminarily notched steel strip to the tube by high-frequency currents), the considered
type of the intensified heat transfer surface has not found wide application as yet. This fact
is to some extent linked with a scanty investigation of thermoaerodynamic characteristics of
the surfaces from tubes with segment finning. Insufficiently reliable, by our data, are design
equations forming the basis for estimating thermoaerodynamic characteristics of the
bundles of such tubes.

Fig. 2. Segmented fins (Weierman, 1976)

www.intechopen.com



Enhancement of Heat Transfer in the Bundles of Transversely-Finned Tubes 161

The enhancement method, described in (Fiebig et al., 1990), also involves perforation of a thin

fin. Its essence lies in the formation, on a rectangular fin behind the carrying cylinder, of two

delta wings representing bent parts of the perforated fin. The wings, inclined toward the
incident flow, generate longitudinal vortices enhancing transfer in the near-wall region, which,
with reference to actual heat exchangers, in the authors” opinion, can increase heat transfer by

20% and decrease operational expenditure by 10%. These estimates, relying on the exploration

of experimental data for a single finned cylinder to a multirow heat exchanger, are too

optimistic, considering the variation in the flow turbulence over the depth of a finned bundle.

Study (Kuntysh & Kuznetsov, 1992) attributes the improvement of mass and dimensional

characteristics of the surfaces, made from circular tubes with a helical rolled-on finning, to

the removal of a finned part lying in the wake region behind the carrying cylinder, where
the heat transfer rate on the whole, as is well known, is relatively low. For the removal of the
finned part to be possibly more adaptable to manufacture, the authors suggest that fins

should be cut off on the chord along the plane parallel to the tube midsection (Fig. 3).

According to data (Kuntysh & Kuznetsov, 1992), the heat transfer coefficients, related to a

total surface of the tubes with a finning cutoff in the indicated fashion throughout height h,

increase in comparison with the case of typical finned tubes by 1.23 times at Re = 3-10% and

by 1.3 times at Re = 2.5-10% Here, the aerodynamic drag is practically unchangeable.

However, due to the decrease in the area of the heat transfer surface, a total heat extraction

diminishes by 13% and 23%, respectively. Nonetheless, the authors assert that, with other

conditions being equal, up to 28% of the metal consumed for the finning fabrication can thus
be saved. Overall, the above-considered way of perfecting transversely finned surfaces
cannot be recognized as rational for obvious reasons.

Yet another trend for improving thermoaerodynamic characteristics of the tubular

transversely finned surfaces that involves a change of their geometry is a search for new

types of the arrangement of finned tube bundles. Main ideas of such developmental works

have been mostly borrowed from studies (Yevenko & Anisin, 1976; Lokshin et al., 1982;

Migai & Firsova, 1986) conducted with smooth tube bundles. Among them are:

- aso-called crossed or lattice arrangement of the tubes;

- arrangements intermediate between purely in-line and purely staggered that can be
produced by changing the angle between the axes of longitudinal rows of ordinary in-
line tube bundles and the velocity vector of the incident flow;

- zigzag arrangements formed by an alternating longitudinal displacement of the tubes in
transverse rows of staggered bundles (Fig. 4); and

- bundles with an unequal number of tubes in transverse row.

A significant volume of investigations in these directions has been conducted in works

(Kuntysh & Kuznetsov, 1992; Kuntysh et al., 1991; Kuntysh & Stenin, 1993; Stenin, 1994;

Kuntysh et al., 1990).

Fig. 3. Tubes with finning cut off in the rear part
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162 Heat Analysis and Thermodynamic Effects

When characterizing the results for thermoaerodynamic characteristics of crossed bundles it
should be noted that, in conformity with data (Kuntysh & Kuznetsov, 1992), such
arrangements do not enhance heat transfer in comparison with an ordinary layout of finned
tubes, although the drag decreases somewhat, and should in all probability be regarded as
inexpedient.

Studying the characteristics of intermediate in-line - staggered arrangements (Kuntysh &
Stenin, 1993; Stenin, 1994) revealed the effect of heat transfer enhancement reaching 5%
relative to the data for the original purely staggered bundle with a dense distribution of
tubes, which is comparable with an error of the experiments of this kind. An appreciably
greater effect can be attained, as study (Pis’'mennyi, 1991) showed, using normal staggered
arrangements with optimal pitch relationships.

The use of zigzag arrangements can be justified to some extent primarily because the frontal
width of a bundle can be diminished (Fig. 4). Discrepancy of the data (Kuntysh &
Kuznetsov, 1992) allows us to assume that there is no noticeable effect of heat transfer
enhancement when the tubes in transverse rows of staggered bundles are displaced. The
matter is that, in the above-mentioned study, in experiments with zigzag tube bundles with
the fin factor ¢ = 12.05 and with the drag equal to that of original ordinary staggered
bundles heat transfer increased by 8-17% and experiments with zigzag tube bundles with
the fin factor p = 17.5 indicated a decrease in the surface-average heat transfer. It is very
doubtful that the recorded relatively insignificant variation in the parameters can lead to a
substantial change in transfer in the bundles of transversely finned tubes. Obviously, the
above effects are linked with methodical errors of the experiments.

Fig. 4. Zigzag tube arrangement (Kuntysh & Kuznetsov, 1992)

Some studies (Kuntysh & Fedotova, 1983; Samie & Sparrow, 1986; Khavin, 1989)
considered the possibility of enhancing heat transfer by inclining the finned tubes with
respect to the direction of the incident flow. In this case, an additional turbulization of the
flow occurs as a result of its separation from the inlet edges of fins whose planes have a
positive attack angle. Experiments, performed in the region of Reynolds numbers Re =
5103 - 5.10* with a single finned tube (Samie & Sparrow, 1986) and with staggered tube
bundles (Kuntysh & Fedotova, 1983), showed an increase the surface in average heat
transfer coefficients by 20-30% with an increase in the inclination angle by up to 40c. Here,
the most intense rise in a is observed for the inclination angles raging from 0 to 30°, which,
with a relatively monotonic increase in the aerodynamic drag, allows a selection of an
optimal inclination angle of the tubes.

www.intechopen.com



Enhancement of Heat Transfer in the Bundles of Transversely-Finned Tubes 163

A certain reserve for increasing thermoaerodynamic efficiency of transversely finned tubes
resides in converting to a noncircular shape of the cross section of the fin-carrying tube.
Under definite conditions, specifically, with stringent limitations on the aerodynamic drag
of a heat exchanger, it is reasonable to use shaped (generally plane-oval or elliptical) tubes in
lieu of circular carrying tubes (Antufiev, 1966; Berman, 1965; Yudin & Fedorovich, 1992;
Ilgarubis et al., 1987). Geometric characteristics of such tube bundles include additional
parameters among which are the relation of longitudinal and lateral dimensions of the
cylinder cross section and the attack angle of the profile with respect to the direction of the
incident flow (Fig. 5). As works on heat transfer and aerodynamics of smooth and finned
shaped cylinders (Antufiev, 1966; Yudin & Fedorovich, 1992; Ilgarubis et al., 1987)
demonstrated, the search for optimal values of these parameters can be tied with the
prospects for improving the developed surfaces.

Fig. 5. Geometric characteristics of a plane-oval finned tube

In conclusion of the review part it should be noted that at the present time, in connection
with a significant increase in the metal cost for large volumes of the production of the heat
exchange equipment, it is considered expedient to use the ideas and designs leading to
decrease in the specific amount of metal per structure only by a few percent, with other
conditions being equal. Here, a good deal of attention is given to manufacturability of the
developed surfaces: their elements should be fabricated with the aid of waste-free high-
efficient technologies (like welding, rolling on and molding).

2. Physical substantiation of the proposed designs

In order to determine the ways of enhancement of local heat transfer in the bundles of
transversely finned tubes an experimental research of the effects of fin tube geometry, of
tube type, and of in-line and staggered arrangement on the distribution of heat transfer
coefficients over the fin surface was conducted in NTUU “Kiev Polytechnic Institute”.

In addition, the relationships governing local heat transfer incident to gas flows across
bundles of tubes with radial and helically-wound fins are of interest in calculating the
temperature distributions over the heating surfaces (especially at high loads), and in
determination of the real fin efficiencies E. The latter depend strongly upon the distribution
of heat transfer coefficients a over the fin surface, and are used in analytical engineering
methods for converting from convection to reduced values of heat transfer coefficients.

The measurement of the distribution of a over a fin involves great procedural difficulties, so
relatively little was done on this problem.

Here we present the results of the studies on the local heat transfer coefficients in tubes with
radial fins of different geometries, operating in various bundle arrangements.
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164 Heat Analysis and Thermodynamic Effects

We worked with three tube models, described in Table 1. The model geometries conformed
to those of industrial use. In addition, we aimed to investigate the widest possible range of
ratio 1/d which, from previous visual observations, we knew to have a large effect on the
flow pattern over the fin. The tubes were assembled into staggered and in-line bundles
(Table 2) and the measurements were performed in the first rows encountered by the gas
flow, as well as in inner rows.

The local values of 2 were determined under steady conditions by means of foil-type heat
flux rate transducers, known as the Gardon transducers (Gardon, 1960). Pickups of this type
have a fairly high sensitivity, low inertia, linear dependence of the output signal on the
sensed heat flux, and are relatively simple to construct. Six to seven such pickups, with
thermocouples for determining the fin-surface temperature embedded in their casings, were
spaced along the mid-height of copper fins of the tubes in which the heat flux was metered.
The sensing elements of the pickups were 0.05-mm thick constantan foil disks of 6-mm
diameter. The number of pickups per tube depended on the desired radial resolution of the
measurements (i.e., over the height of the fin). Variations in azimuth were obtained by
turning the entire heat-metering tube about its longitudinal axis in 5° to 10° increments. The
three types of electrically-heated heat-metering tubes used in the experiments were identical
in all respects except for dimensions.

Diameter . . . Surface
Type of of tube Fin Fin pitch Fin Relative area
YP ) height d, p thickness | fin height .
tube supporting t, mm extension
. mm S, mm h/d
the fins factor y
1 32.0 30.0 12.7 5.0 0.932 10.9
2 63.0 22.5 12.0 2.5 0.357 6.1
3 83.5 32.5 12.0 2.5 0.257 3.8
Table 1. Geometric parameters of the finned tubes
Tube type Relative Relative
Assembly transverse 1
(see Table | Arrangement . longitudinal 01/ 02
number tube pitch .
1) ” tube pitch o,
1
1 1 In-line 3.47 2.97 1.17
2 1 " 3.47 5.31 0.65
3 1 Staggered 3.47 2.56 1.30
4 1 " 3.47 5.31 0.65
5 1 " 431 2.65 1.62
6 1 " 4.31 5.31 0.81
7 2 " 3.33 1.30 2.56
8 2 " 3.33 1.76 1.89
9 2 " 4.09 1.30 3.15
10 2 " 4.09 1.76 2.32
11 3 " 3.02 1.30 2.32
12 3 " 3.91 1.30 3.01

Table 2. Geometric parameters of the bundles of finned tubes
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The studies were performed on an air loop, described in detail in (Pis'mennyi & Lyogkiy,
1984). The values of a in the sensor locations were determined from expression

o =—3_ (1)

where g; is the flux density in the pickup site; t; is the fin surface temperature at this site and
tg is the temperature of the flowing air. The values of g; were determined from calibration
curves g; = f(e), relating g; to the value ¢; of the electrical output of the pickup.

The measurements were performed at several fixed values of Re between 1-104 and 5-10%. The
reference dimension was diameter d of the tube supporting the fins, the reference velocity was
the velocity U in the narrowest net free cross section of the bundle. The physical properties
were taken at flow temperature #5. The results were worked up in the form a;/a., = f(o, P) at Re
= const, where ¢ is the angle (in the plane of the fin) measured in the frontal (i.e., facing the air
flow) generatrix of the tube, and P = r - r9/R - 1y is a dimensionless coordinate, measured
along the radius of the tube that made this angle ¢, the point P = 0 being the base of the fin
(r = r9), and the fin tip (» = R) having the coordinate P = 1. The local heat transfer coefficients a;
were related to the surface-averaged coefficient a,, calculated as

> aAtH;
i @

where Af,, is the surface-averaged temperature difference; At; is the local temperature
difference; H; is the area of heat-transferring surface adjoining the ith heat flux rate pickup,
and N is the number of such pickups. The values of a, were also calculated from
correlations for the average coefficients of heat transfer of transversely-finned tubes
(Pis’'mennyi, 1993). The differences in the values of a;/a,, obtained by these two procedures
were less than the experimental error, which we estimate to have been no more than 14.5%.
Some of the results are plotted in the figures that follow, on which the distributions of a;/a.
are shown in the form of five zones, depending on the level of this ratio.

The measurements that shed most light on the mechanisms of the processes occurring in the
space between the fins and on the effect of the finned-tube geometry on the distribution of
heat transfer coefficients over the fin surface are those in the first rows of bundles with fairly
large relative longitudinal tube pitches o, (Figs. 6 and 8). At these 0, the pitches cease to
affect the heat transfer. These data show that the distribution of a over the fins surface is
very uneven, with the highest a occurring in the root zones.

The shape of these distributions fits the model of the flow over a finned tube, which we have
developed previously (Pis'mennyi, 1984, 1993) on the basis of experimental data.

The distinguishing feature of that model is that it reflects the existence of intensive
secondary circulatory flows near the fin roots (Fig. 9). This circulation explains all the
features of the flow over finned tubes and of the distributions of a over their surfaces not
explained by traditional theory, namely the relatively high (and in some cases peak) a near
fin roots, high a at the boundaries of the trailing vortical zones, etc.

The distributions of a;/a. plotted in Fig. 6 were obtained for a type 1 tube with relatively
high fins (h/d = 0.932), for which the flow over the front (facing the flow or “windward”)
half of the tube circumference is as shown in Fig. 7a. The high values of a;/a,, at the fin base

www.intechopen.com



166 Heat Analysis and Thermodynamic Effects

result from the reattachment of secondary flows to its surface (zone A,, Fig. 7a), while the
minimum in the region of P = 0.3 to 0.35 occurs in the zone of separation A3 where the
secondary (recirculating) and primary flow collide. The static pressures, measured in the
axial plane of the windward half circumference of the fin, suggest the existence of an
adverse pressure gradient, which, of course, is the necessary condition for flow separation.
The local peak observed at P = 0.7 is associated with reattachment of the flow that has
separated from the sharp inlet edge of the fin which, in this case, is quite thick. The shapes
of the distributions of a;/a, do not vary greatly as Re is varied from 2-104 to 5-104. However,
the peak a;/a, is shifted from the root region of the fin (at Re = 2.104) to the region of its
front edge (at Re = 5-104).

o,/ O

1,5

1,0

0,5

0,1 -I 1 - - g 1 ] | 1 ]
0o o1 02 03 04 05 06 07 08 Py

Fig. 6. Distribution of the relative heat transfer coefficient over the height of type 1 fin
(h/d = 0.932) located in the first (along the gas flow) row. Re = 2.104. ¢, °: 1) 0; 2) 30; 3) 60;
4) 90; 5) 120; 6) 150; 7) 180

The peaks of a;/a., below the middle section of the tube (curves for ¢ > 90°), observed in
Fig. 6, stem from the spreading along the flow of the recirculation vortices from the fin root
zones upon interaction with the layers that were sheared off from the supporting cylinder
(tube). On the whole, the value of a;/a, in the rear part of the fin is lower because of
formation (at high h/d) of a broad trailing vortex zone with relatively weak recirculation
flow. For the same reason Fig. 6 does not exhibit any significant rise in a on the rear side of
the tube itself. The slight rise in a on the rear edge of the fin at ¢ = 120 to 180° is produced by
macroscale vortices, into which the sheared off layers (mentioned above) that separate from
the tube are rolled up by the secondary flows. The large size of the rear vortex zone at high
h/d is due to the significantly greater thickness of the boundary layer on the tall fin and, as a
result, significant displacement of flow from the interfin space.

At low relative fin heights (h/d < 0.357), the flow pattern on the fin (Fig. 7b) and the
distribution of a;/a,, over its surface (Fig. 8) change. The effect of the tube itself on the flow
pattern in the windward part of the fin increases, increasing the strength of the root vortex
in region A; and forming of a local pressure trough beneath its center. As a result, an
adverse pressure gradient is induced in the zone of the recirculating flow. This gradient
causes separation of the boundary layer from the fin surface in zone Az and the formation, in
addition to the small corner zone A; of still another circulation zone, namely As. The
secondary flow is reattached in zone A4 and then continues counter the main stream up to
the windward edge of the fin. In this way the zone of secondary flow extends to the front
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edge of the fin. The net result is that much of the fin area is virtually devoid of flow patterns
predicted by the traditional theory.

The distribution of a;/a. over the fin surface fits the above flow pattern. In the windward
half of the fin, the largest a;/ a4, occurs in the root region. As in the case of h/d = 0.932, this is
caused by secondary flows. However, at the Re = 1-10¢ (Fig. 8a) there are two peaks in this
region: the first is close to the base (Pr < 0.15) in the point of reattachment of the secondary
flow to the fin surface, while the second is slightly farther from the base (Prx = 0.33). The
second peak is induced by the transition from laminar to turbulent flow in the wall
boundary layer in the accelerated flow region of zone A; (Fig. 7b). The second peak is not
observed at higher Re (Fig. 8b) because the boundary-layer flow is now turbulent until the
reattachment point. At all Re we observed beyond this point a reduction in a;/a., which
dips in the point of separation of the secondary flow from the fin surface (zone As, Fig. 7b) at
approximately midheight of the fin (P = 0.5).

W v

Fig. 7. Patterns of flow upstream of the windward part of the finned tube. a) At high 1/ d; b)
atlow h/d; A zone of secondary circulation flows; A; and A3 zones of separation of the
boundary layer from the surface; A> and A4 reattachment regions

The a;/as in the rear part of the fin are higher than in the case of high /1/d, mainly because of
the more intensive recirculation flows in the relatively shallower and wider trailing vortical
zone. These flows create three-dimensional secondary flows in the root zone of the rear part
of the fin (¢ > 120° and Pr < 0.2), which are qualitatively similar to the recirculation flows in
the front root zone A. Their superposition on the high flow turbulence in the rear one
accounts for the high a;/a, in the rear of the tube at low h/d.

Note that at 11/d = 0.263 maximum a occurs at the fin base at all Re. These results show up
quite clearly in Figs. 9 and 10.
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Fig. 8. Distribution of the relative heat transfer coefficient over the height of type 2 fin
(h/d = 0.357) located in the first (in the direction of gas flow) row. Re: a) 1-10%; b) 2-104. g,
1) 0; 2) 30; 3) 60; 4) 90; 5) 120; 6) 150; 7) 180

o Bl ko=

Fig. 9. Distribution of the relative heat transfer coefficient over the surface of type 1 fin (h/d =
0.932) located in the frontal row of the bundle. Re = 2-104; the free-stream direction is from the
top down. ay/ a.y: 1) 1.93 to 1.53; 2) 1.53 to 1.14; 3) 1.14 to 0.75; 4) 0.75 to 0.35; 5) 0.35 to 0.03

The above is also confirmed by the spike in turbulence level € on the rear surface of the tube,
as well as by the fact reported in (Neal & Hitchcock, 1966) that the variations in ¢ in the
zones of ¢ = 0 and 180° at low //d are similar. The local minima and maxima of the curves
of ai/a. = f(Pr) at @ > 900 (Fig. 8a) are probably caused by transitions in the recirculation
boundary layer in the rear region of the fin, and also by propagation of secondary flows
from the frontal zone of A toward the rear. With reduction in row pitch o, the distribution
of a over the fin surfaces of the inner-row tubes is increasingly affected by the type of tube
arrangement within the bundle (Figs. 11 and 12). Thus, the value of a on the front parts (¢ =
+ 30°) of fins of the inner tubes in in-line bundles decreases steeply along (Fig. 12a) because
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Enhancement of Heat Transfer in the Bundles of Transversely-Finned Tubes 169

of the effect of vortical wake of the upstream tubes in the same rows (these values of a drop
to those typical of the rear vortical zones of the upstream tubes).

Fig. 10. Distribution of the relative heat transfer coefficient over the surface of type 2 fin
(h/d = 0.357) located in the frontal row of the bundle. Re = 2:104, the free-stream direction is
from the top down. ay/ aa,: 1) 1.94 to 1.66; 2) 1.66 to 1.24; 3) 1.24 to 0.83; 4) 0.83 to 0.41;

5) 0.41 to 0.11
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Fig. 11. Distribution of the relative heat transfer coefficient over the surface of type 1 fin
(h/d =0.932) in the 4th row of a six-row bundle. Re = 2.10%; for legend see Fig. 7 or 9.
a) in-line bundle, 01 = 3.47, 0, = 2.97; b) staggered bundle, 01 = 3.47, 02 = 2.66

The drop in a increases at smaller 0>, and is explainable by the decrease of the intensity of
circulation in the wake with decreasing relative pitch L/d between interacting tubes (for in-
line bundles L/d = 03). According to data from (Migay, 1978), the rear wake exhibits an
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170 Heat Analysis and Thermodynamic Effects

approximately constant turbulence level e. Thus, in the inner rows of in-line bundles, the
highest a occur in fin zones with ¢ = + 50 to 70°, where the fin is impacted by a flow outside
its aerodynamic shadow.

In a staggered bundle with longitudinal and transverse pitches similar in those in an in-line
bundle, the L/d is double that of the latter bundle (L/d = 20,), so that at oo > 2 the
distributions of a on the fronts of inner-row tubes (Fig. 12b) stays approximately the same as
on the first row, i.e., with a peak at ¢ = 0°. The uniformity of the distributions of a in these
bundles improves with the forcing effect of adjoining tubes, which is maximum at 01/ 02 =
273. In this case each tube operates as if it were surrounded by a circular deflector formed of
six adjoining tubes.

As 07 in staggered bundles is decreased to 0, < 1.5 (which is possible at quite large o1 and
relatively low h/d), the flow pattern begins to resemble that in in-line bundles. That is, the
inner-row tubes operate in the near vortex wakes of upstream tubes, and the distributions of
a over the fin circumference (Fig. 13) acquire the configuration exhibiting the low a in the
front that is typical of in-line bundles. It remains to represent the experimental data on the
local values of a in dimensionless form. In paper (Pis’'mennyi, 1991), in which we described
the surface-average values of a for bundles of transversely finned tubes, the high values of
exponent M in the equation for the average heat transfer coefficients

NU = CRe™ 3)

which are typical of bundles with low L/d, were attributed to a direct correlation between
the values of ¢ and m. Workup of data on local a for a type 1 finned tube (Table 1) located in
an inner row of an in-line bundle with o1 = 3.47 and 0, = 2.97 confirmed the existence of this
correlation.

Fig. 12. Distribution of the relative heat transfer coefficient over the circumference of type
1 fin (h/d = 0.932) in the 4th row of a six-row bundle. Re = 2.10%, a) in-line bundle, o1 = 3.47,
02 = 2.97; b) staggered bundle, 01 = 3.47, 02 = 2.66. P: 1) 0.117; 2) 0.247; 3) 0.393; 4) 0.540;

5) 0.697; 6) 0.833

The highest levels of ¢ in both the front and rear vortical wakes correlate with high values of
m in the equation for the local heat transfer coefficient

Nuz = ClRe”’. (4)
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These results are listed in Table 3 in a form convenient for comparison with Figs. 11a and
12a, which present the distributions of a for this bundle. Averaging of local values over the
surface of the finned tube yields m= 0.836, which is virtually identical to the value of
m = 0.833, calculated from the correlation in (Pis’'mennyi, 1993; Pis’'mennyi & Terekh, 1991).

Fig. 13. Distribution of the relative heat transfer coefficient over the circumference of type 2
fin (h/d = 0.357) in the 5th row of a seven-row bundle with o1 = 3.33 and 0, = 1.30. Re = 2-104.
P:1) 0.13; 2) 0.22; 3) 0.34; 4) 0.47; 5) 0.60; 6) 0.72; 7) 0.81

P Local values of m

0° 30° 60° 90° 120° 150° 180°
0.117 0.86 0.80 1.00 1.07 1.30 1.22 1.30
0.247 0.88 0.82 0.80 0.77 0.88 0.85 1.04
0.393 0.73 0.72 0.56 0.72 0.71 0.95 1.15
0.540 0.77 0.65 0.58 0.64 0.82 0.99 1.10
0.697 0.78 0.58 0.57 0.64 0.90 1.10 1.05
0.893 0.91 0.78 0.62 0.69 0.94 1.06 0.89

Table 3. Values of m in the equation for the local heat transfer coefficient

We have thus gained deeper insight into the physics of the processes occurring in bundles of
transversely finned tubes, improved our understanding of the temperature distributions in
standard industrial tube bundles operating at high heat flux densities.

The developed heat transfer surfaces applied in large power plants have, as a rule, a
staggered arrangement with large lateral S; and small longitudinal S; tube pitches, for
which there are corresponding increased values of the parameter S1/S; = 2.5 to 4.0. Large
values of S; are dictated by a need for ensuring repairs of the heat exchange device. Besides,
the bundles with large lateral pitch are less contaminated and more fitted for cleaning. On
the other hand, relatively small values of the longitudinal pitch S, are dictated by a need for
providing sufficient compactness of the heat exchange device as a whole.

As results for the flow (Pis'mennyi, 1991) and local heat transfer revealed, the arrangement
parameters (S1, Sz, and S1/S;) largely determine the flow past the bundles and the
distribution of heat transfer rates over their surface.

Dimensions of the rear vortex zone are at a maximum in the bundles characterized by large
values of parameter S1/S;. In such bundles, the neighboring tubes exert a slight reducing
effect on the flow in interfin channels and, being displaced as the boundary layer at the fin
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thickens in the direction from the axis of the incident flow, the flow forms a wide rear zone
(Fig. 14).

Fig. 14. Flow pattern in the finned tube bundle with S;/S5; = 3.0 (Re = 5.3-104) (Pis’'mennyi,
1991)

In this case, the distribution of heat transfer rates over the finned tube surface is essentially

uneven: in the forepart of a circular diagram of the relative heat transfer coefficients there is

a crevasse associated with a superposition of the near vortex wake from the streamwise

preceding tube (Fig. 13). The same pattern is observed also in the rear part of the tube. Thus,

frontal and rear sections of the finned tubes, which are in the region of aerodynamic shadow

in the discussed cases of large values of parameter S1/S,, show low-efficiency. In this case,

the highest levels of the heat transfer rate are displaced into the lateral regions of tubes

interacting with the flow outside the zone of the aerodynamic shadow.

In the typical case considered there are two ways of increasing thermoaerodynamic

efficiency of the heat transfer surface:

- the first way is linked with constructive measures that make it possible to engage low-
efficient sections of the finned tube surface in a high-rate heat transfer; and

- the second way involves the use of heat transfer surfaces not having a finned part that
lies in the region of aerodynamic shadow and is, in fact, useless.

3. Bundles of the tubes with the fins bent to induce flow convergence

The first of the two ways is applied to the case of finned tubes with circular cross section. It
is suggested that this be done by bending the fins to induce flow convergence (Fig. 15).

This method of a development of the idea of parallel bending of fins suggested at the
Podol’'sk Machine Building Plant (Russian Federation) (Ovchar et al., 1995) in order to
reduce the transverse pitches of tubes in bundles and to improve the compactness of heat
exchangers as a whole. Surfaces with fins bent to induce flow convergence can be made of
ordinary tubes with welded or rolled on transverse fins, by deforming the latter, something
that is achieved by passing the finned tube through a “draw plate” or another kind of
bending device. In addition to parameters of bundles of ordinary finned tubes, the geometry
of such surfaces is described by two additional quantities: the convergence angle y and
bending ratio b/h. For this reason the possibility of attaining the maximum enhancement of
heat transfer when using the suggested method for tubes with specified values of d, i, ¢, and
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0, in addition to finding their optimal layout represented by ratios 01 and o0y, involves finding
the optimal values of y and b/h. Special investigations were performed for determining the
extent of the enhancement and the optimum values of the above parameters.

Fig. 15. Tubes with the fins bent to induce flow convergence

Studies of heat transfer, aerodynamic drag and specifics of flow over bundles of tubes with
fins to bend in order to induce convergent flow were carried out using experimental
methods, the most important features of which are:
- complete thermal simulation attained by electrically heating all the tubes in the bundle;
- determination, in the course of experiments, of surface-average convective heat transfer
coefficients, by measuring the temperature distribution over the surface of the fin and
of the wall of the finned tube.
The experiments were performed using steel tubes with welded-on transverse fins and the
following geometric parameters: d =42 mm, h = 15 mm, t =8 mm, 6 = 1.3 mm, yp = 5.98, and
b/h = 0.5. Tubes with these dimensions are extensively used in various heat exchangers,
including units used in power equipment.
The effect of the value of y on the thermoaerodynamic performance of finned-tube bundles
was determined with the specially constructed bundles with y = 7°, 14°, and 20°.
The value of b/h was selected with consideration of investigations of heat transfer and
aerodynamic drag of the bundles of tubes with parallel bent fins, which showed that the
value of b/h for tubes of these dimensions should be taken equal to 0.5. A further increase in
this ratio causes a marked rise in drag while contributing virtually nothing to heat transfer
enhancement.
Calorimetering tubes that served for measuring the temperature field of the fin and the tube
were made of turned steel blanks in the form of two parts screwed together with one
another. This provided access to the surface of the tube heightwise middle fin into which, as
into the wall of the tube at its base, were lead-caulked in 18 copper-constantan
thermocouples that used 0.1 mm diameter wires. The beads of the latter were, prior to this,
welded in points with specified coordinates. The thermocouples were installed at a pre-bent
fin. The fins were bent by pressing the tube in a specially constructed “draw plate” with a
specified distance and angle between bending plains. The device was capable of producing
fins with different values of y.
The geometric parameters of the staggered tube bundles used in the experiments are listed
in Table 4.
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Location 51, mm 52, mm 01 () 01/02 deq, mm

number
1 135 38 3.21 0.90 3.55 26.9
2 135 54 3.21 1.29 2.50 34.6
3 135 65 3.21 1.55 2.08 38.3
4 135 75 3.21 1.79 1.80 38.3
5 135 85 3.21 2.02 1.59 38.3
6 127 38 3.02 0.90 3.34 23.8
7 111 54 2.64 1.29 2.06 27.0
8 86 75 2.05 1.79 1.15 17.1
9 86 85 2.05 2.02 1.01 17.1

Table 4. Geometric parameters of the bundles of tubes with fins bent to induce flow
convergence

A total of 24 staggered tube bundles were used in the experiments; the planes of the bent
parts of the fins of all the tubes were oriented symmetrically relative to the direction of the
free stream. The surface-average heat transfer of internal rows of tubes was investigated at
Re between 3-10° and 6-10%. The experimental data were approximated by power-law
equations in the form

Nu = Cg-Rem, )

Table 5 lists value of experimental constants m and C, in equation (5) for the 24 bundles that
were investigated. The extent of heat transfer enhancement was assessed by comparing our
data with those for ordinary bundles (in which the fins were not bent).

Analysis of results shows that bending the fins enhances heat transfer in all the cases under
study, but that its level, defined by the ratio of Nusselt numbers for the experimental and
basic fins (Nu/Nuy), depends highly on the value of y and on the tube pitches (Fig. 16).

As expected, the highest values of Nu/Nu, were obtained in bundles with large transverse
and relatively small longitudinal pitches (01/02 > 2) when the conditions of washing the
leading and trailing parts of basic finned tubes are highly unfavorable (Pis"mennyi, 1991).
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Fig. 16. Enhancement of heat transfer as a function of convergence angle y at Re = 1.3-10%.
o1 =3.21; 02: 1) 1.29; 2) 1.55; 3) 1.79; 4) 2.02; 01 = 2.05; 02: 5) 1.79; 6) 2.02
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Location 5 o y=7 y =14 y=20°
number ! 2 m Cq m Cq m Cq
1 3.21 0.90 0.69 0.135 0.71 0.112

3.21 1.29 0.64 0.270 0.66 0.232 0.71 0.158

2

3 3.21 1.55 0.67 0.204 0.70 0.150 0.68 0.196
4 3.21 1.79 0.66 0.187 0.69 0.151 0.68 0.162
5 3.21 2.02 0.61 0.276 0.69 0.148 0.67 0.185
6 3.02 0.90 - - 0.77 0.068 0.74 0.084
7 2.64 1.29 - - 0.73 0.132 0.76 0.111
8 2.05 1.79 0.71 0.105 0.71 0.107 0.71 0.107
9 2.05 2.02 0.66 0.155 0.71 0.102 0.72 0.094

Table 5. Experimental constants m and Cg in Eq. (5)

The bent tube segments in this case press the flow toward the trailing part of the finned
tube, thus directing highly-intense secondary flows that are generated in the root region of
the leading part of the tube (Pis’'mennyi, 1984; Pis’'mennyi & Terekh, 1993b) deeper into the
space downstream of the tube. This, in the final analysis, decreases markedly the size of the
trailing vertical zone, which is clearly seen by comparing Figs. 17a and b, obtained by
visualizing the flow on the standard and bent fins of tubes of the same dimensions under
otherwise same flow conditions. Significant segments of the trailing surfaces of the tube and
fin then participate in high-rate heat transfer, thus increasing the overall surface-average
heat transfer rate. This rate increases both because of reduction in the size of regions with
low local velocities and by increasing the fraction of the surface of the finned tube that
interacts with high-intensity secondary circulating flows, which are induced to come into
contact with the peripheral lateral parts of the fin and also due to increasing the length of
vortex filaments within a given area (Fig. 18).

Fig. 17. Flow on the surface of an ordinary cylindrical (a) and bent (b) fins at Re = 2-104

The flow pattern in the wake of the finned tube also changes radically. The leading part of
the further downstream tube interacts in this case with a relatively intensive jet that is
discharged from the trailing convergent part of the tube-fins set (Fig. 15), rather than with
the ordinarily encountered weak recirculation flow. This also increases the heat transfer
coefficient, because of the increase in the local velocities and also because of intensification
of secondary circulation flows at the fin root and increasing the region of their activity in the
leading part of the finned tube (Fig. 18).
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Fig. 18. Transformation of the dimensions of typical regions on the surface of a finned tube
in the inward part of a bundle with o01/02 > 2 with fin bent to provide for flow convergence.
(a) an ordinary (basic) fin, and (b) bent fin. 1) region of intensive secondary circulating
flows; 2) the trailing vortex zone

The level of perturbation of the wake flow which, as is known, controls, together with the
local velocities, the rate of heat transfer remains rather high with the bent fins. This is
promoted by turbulization of the flow after its separation from the outer surfaces of the
perforated wall of the convergent “nozzle” that is formed by the bent parts of the fins (Fig.
15) and injection through gaps between their edges of a part of the flow from the spaces
between the fins transverse to the free stream (Fig. 19).

Fig. 19. Injection of flow into the space between the tubes through slots in the walls of the
“convergent nozzle”

Taken together, all the above increases the surface-averaged heat transfer coefficient. Here
exist optimal values of 0, which give, in case of 01/0; > 2 under study, the greatest gain in the
heat transfer coefficient. Thus, at 0; = 3.21 the value of Nu/Nuj, is highest at 0,  1.3. The
slight deterioration in the improvement at lower values of 0, is caused by increasing the
mutual shading of tubes of the deeper-lying rows, which interferes with the supply of
“fresh” flow from the spaces between the tubes to the convergent passages formed by the
bent fins. A much greater reduction in the value of Nu/Nuyis observed when the value of 0,
is increased above the optimal. This is also caused by redistribution of the flow in the spaces
between the tubes and the fins so as to reduce the flow rates within the latter.

The dominant effect of the relationship between the flow rates in the spaces between the fins
and those between the tubes is also confirmed by the fact that reducing the values of o;
while maintaining the values of 0;/0, constant causes blockage of spaces between the tubes,
over which a part of the flow was bypassed past the convergent passages formed by the fins
(Fig. 20), which causes the flow rate through the latter to increase.

It is typical that the maximum gain in the rate of heat transfer is observed in layouts that
also provide for the highest absolute values of the surface-average heat transfer coefficients.
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Fig. 20. Comparison of configurations of bundles with ¢; =3.21, 0, = 1.55 (07/02 = 2.08) (b)
and with o7 = 2.64, 0, = 1.29 (01/02 = 2.06) (a)

a

As previously mentioned, the effect of y on the rate of heat transfer is very clearly observed,
but is much more complex than it would appear at first sight. This is seen from Fig. 16
which, in addition to data obtained in the present experimental study at y between 7 and
200, also presents experimental results on bundles of the same size with parallel bending of
fins (y = 0°). The effect of y is most perceptible at the ranges between 0 to 7° and 14 to 20°. As
noted, the effect of the fin bending ratio b/l on the heat transfer rate was investigated using
tubes with parallel fin bending. Experiments performed over the range of b/h = 0.3 to 0.5
showed that Nu/Nu, increases only slightly (up to 5%) with an increase in b/h. There are
grounds to believe that this tendency prevails also when the fins are bent to provide flow
convergence.

It was found in investigating the aerodynamic drag of bundles of tubes with flow-
convergence inducing bending of fins that the experimental data at Re,; between 3-10° and
6-104 are satisfactorily approximated by an expression such as

El.lo = Cr‘Regq_n. (6)

Table 6 lists the values of experimental constants n and C, for the tube bundles under study.
Bending of fins to provide for flow convergence was found to cause a marked rise in
the aerodynamic drag as compared with bundles where the fins were not so bent over the
entire range of pitches, pitch ratios and values of y. The rise in drag can be represented by
the ratio of Euler number for the bundle under study and for the base bundle Eug/Euq’ at
Re.;= const.

It is seen from Fig. 21 that the variation in Eug/Eugt= f(y) is monotonous. The highest rise in
drag (to 90-100%) is observed at y = 20°. These data were compared with separately
obtained results for tubes with parallel bent fins. It is remarkable that the rise in Eup/Euo’ as
compared with the case of y = 0o does not exceed 30%. This indicates that inducing
convergence of flow in the spaces between the fins is only one of the reasons of the rise in
drag in such bundles. Another factor is that bending of fins as such, even at y = 0, causes a
transformation of the half-open spaces between the fins into narrow closed curved channels
with wedge-shape cross sections (Fig. 19), the flow between which involves a marked
energy loss, in particular because it is subjected to the decelerating effect of the walls over
the entire perimeter of its cross section.

It follows from the analysis above that improving the flow pattern within the bundle may
allow attaining a significant rise in the heat transfer rate without an excessive increase in
drag. Depending on the fin-bending parameters, layout and Reynolds number for the tubes
of the size under study the enhancement of heat transfer ranges from 15 to 77% at a
respective rise in drag between 40 and 11% as compared with ordinary fins.
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Location y=7 y=14° y=20°

number o1 02 n C: n C; n C:
1 3.21 0.90 - - 0.11 0.744 0.15 1.271
2 3.21 1.29 0.15 1.410 0.15 1.473 0.16 1.775
3 3.21 1.55 0.14 1.319 0.17 1.717 0.17 1.857
4 3.21 1.79 0.13 0.943 0.15 1.280 0.16 1.485
5 3.21 2.02 0.13 0.859 0.14 1.080 0.17 1.615
6 3.02 0.90 - - 0.13 1.070 0.14 1.263
7 2.64 1.29 - - 0.14 1.626 0.13 1.553
8 2.05 1.79 0.13 1.065 0.14 1.256 0.13 1.176
9 2.05 2.02 0.13 1.073 0.14 1.173 0.14 1.241

Table 6. Experimental constants n and C, in Eq. (6)
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Fig. 21. Rise in aerodynamic drag as a function of y at Re = 1.3-104. 01 =3.21; 02: 1) = 1.29;
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Fig. 22. Ratio of surface-averaged reduced heat transfer coefficients of the enhanced and
basis bundles at the same values of drag and 0,=1.29; 01: 1) 3.21; 2) 2.64

The effect of using a given method of enhancement of external heat transfer in finned-tube
bundles can be uniquely estimated by comparing the reduced heat transfer coefficients of
the ordinary and enhanced bundles at equal pressure drops AP. Estimates performed in this
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manner show that the best performance is exhibited by bundles with 0, = 1.29 and 01 = 3.21
and 2.64 at y = 20e. Figure 22 is a plot of the ratio of surface-averaged reduced heat transfer
coefficients «,,, of enhanced and basis bundles obtained at AP = idem.

The range of values of drag corresponds to Re between 810 and 13-10° which is most
typical for power-equipment heat exchangers. It follows from the figure that the net gain in
the external heat transfer of convergence-inducing bending of fins for o; = 3.21 and o, = 1.29
is from 38 to 44% and for the case of o1 = 264 and o, = 1.29 it is at least 47%. Metal
consumption of the device decreases correspondingly.

4. Surfaces of partially finned flattened oval tubes

The second of the ways for improving the thermoaerodynamic performance of transversely-
finned heat transfer surfaces that involves removing ineffective parts of fins appears
advisable in cases when configured (oval, flattened-oval, etc.) finned tubes are used in heat
exchangers in order to reduce the aerodynamic drag. In such cases it is suggested to replace
fully finned configured (for example, flattened-oval) tubes by partially finned ones, i.e., such
in which parts of the cylindrical surface with a high curvature (the leading and trailing
parts) are not finned (Fig. 23). This means that the suggested type of surface is missing a
part of the fin area which “works” relatively poorly not only because it, as a rule, is located
in the region of the aerodynamic shadow, but also because its efficiency factor E is lower
than that for fins located on the flat lateral sides of the tube.

Fig. 23. Partially finned flattened oval tubes

The principal geometric parameters of the tubes (Table 7) were selected to be close to those
of fully finned oval tubes, the heat transfer and aerodynamics of which were investigated in
(Yudin & Fedorovich, 1992). This made it possible to compare their thermoaerodynamic
performance and to evaluate the effect of replacing fully finned tubes by those with a
partially finned surface.

The surface-average heat transfer was investigated by the traditional method of complete
thermal modeling consisting in electric heating of all the tube bundles. The main quantity of
interest were the reduced heat transfer coefficients a,.;. The heat transfer coefficients a were
computed from the reduced coefficients using the expression

Ored = A (E‘Hf/Ht + Hft/Ht) (7)

The fin efficiency factor E was calculated from a formula for a straight rectangular fin. For
comparison of the heat transfer data with corresponding data for fully-finned tubes from the
paper (Yudin & Fedorovich, 1992), which also presents reduced heat transfer coefficients,
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the latter were also recalculated to their convective counterparts by means of equation (7).
The values of E for the oval fin were then determined by averaging values calculated
separately for segments with smaller and greater curvature over the surface.

It is sensible to compare heat transfer data for tubes with different fin patterns only when
the convective heat transfer coefficients are referred to the surface of the tube, for which
reason the experimental results were represented in the form

Nuc: p = f(Re) 8)
Quantity Designation Eraliliiu’zlubes f&léle}; ?nned
Transverse dimension of finned tube di, mm 15.0 14.0
Longitudinal dimension of finned tube dp, mm 38.0 36.0
Height of fins h, mm 11.5 10.0
Fin pitch {, mm 3.5 3.0
Fin thickness 0, mm 0.8 0.5
Surface extension factor v 5.22 10.2
Aspect ratio of tube cross section dy/ dq 2.53 2.57
Relative height of fin h/dy 0.76 0.71
Relative fin pitch t/d1 0.23 0.21
Relative fin thickness 0/t 0.05 0.04

Table 7. Geometric parameters of configured finned tubes

The data on aerodynamic drag were represented in the form of Euler numbers referred to a
single transverse row of a bundle.

The experiments were performed with seven staggered and two in-line bundles, in which
the flattened oval tubes were arranged with their major axis along the free-stream velocity

vector (Fig. 24a and d).
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Fig. 24. Geometric arrangements of configured tubes within the bundles: (a) through (c)
staggered bundles; (d) through (f) in-line bundles

1Yudin & Fedorovich, 1992
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At the same time, configured tubes can be placed within bundles in a number of ways by
varying the angle of attack of their profile ®, and also by using different combinations of
mutual arrangement of the tubes with nonzero angle ©. In this manner we analyzed two
principal versions of in-line and staggered arrangements: with successive alternation of the
sign of angle © across the bundle (Fig. 24b and e) and without such alternation (Fig. 24c and
f). This means that we investigated a total of 15 versions of bundle arrangements. Their
geometric parameters are listed in Table 8.

The results on heat transfer (Fig. 25) show, in the first place, that replacing fully finned oval
tubes (y = 10.2) with partially finned tubes (yp = 5.22) does not reduce the heat flux from the
tube bundle, all other conditions remaining equal. This holds for all the four bundle
geometries (Nos. 1, 2, 4, and 5, Table 8) that had pitches which allowed comparison with
data for bundles of fully finned tubes obtained in (Yudin & Fedorovich, 1992), which
validates the physical assumptions for the modification of the tubes. Moreover, the heat flux
removed from bundles of partially finned tubes is in these cases even slightly higher than
from bundles of fully finned tubes. The mutual location of curves of Nux- p = f(Re) for all
pairs of bundles being compared (curves for tubes with = 10.2 lie lower and are shallower)
allows the assumption that the reason for the lower heat transfer efficiency of the fully
finned tubes is the existence of thermal contact resistance between the oval fins that have
been placed on them and the tube wall, the role of which increases with increasing Re, as
follows from paper (Kuntysh, 1993). On the other hand, partially finned tubes have a perfect
thermal contact between the fins and the tube wall.

Arrange
et Bundle Symm | Y | syd | S/d | sys: | e Bundle
number geometry mm geometry?
1 staggered 47.5 46.0 3.17 3.07 1.03 0 a
2 " 47.5 58.0 3.17 3.87 0.82 0 a
3 " 47.5 75.0 3.17 5.00 0.63 0 a
4 " 63.3 36.0 4.22 2.40 1.73 0 a
5 ! 63.3 42.0 4.22 2.80 1.51 0 a
6 " 63.3 46.0 4.22 3.07 1.38 0 a
7 ! 63.3 58.0 4.22 3.87 1.09 0 a
8 I 63.3 46.0 4.22 3.07 1.38 30 b
9 ' 63.3 46.0 4.22 3.07 1.38 30 c
10 in-line 63.3 46.0 4.22 3.07 1.38 d
11 " 63.3 58.0 4.22 3.87 1.09 0 d
12 " 63.3 46.0 4.22 3.07 1.38 15 e
13 " 63.3 46.0 4.22 3.07 1.38 30 e
14 " 63.3 46.0 4.22 3.07 1.38 15 f
15 " 63.3 46.0 4.22 3.07 1.38 30 f

Table 8. Geometric parameters of the bundles of configured partially finned tubes

Investigations of the effect of bundle configuration showed that at the same pitches and
Reynolds numbers in-line bundles have virtually one half of the drag of staggered bundles.

2 as depicted in Fig. 24
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The in-line geometry gives on the average 40 to 50% lower values of a as compared with the
staggered bundle with the same values of S; and S, or which reason the effect of pitch at
© = 0° was investigated primarily with staggered bundles.

The heat transfer coefficient varied by 20 to 25% over the range of S1/d; between 3.17 and
4.22, of S»/d; from 2.4 to 5 and S1/S; between 1.03 and 1.76: it increased with S1/S; and with
Si/d; and decreased and stabilized with increasing S,/di. The highest heat transfer
coefficients were obtained with arrangement 4 (S;/d; = 4.22 and S»/d, = 2.4).

This allows the assumption that in certain cases in-line bundles of configured finned tubes
may become preferable to staggered bundles.

The effect of Si/d; and S»/d; on the drag was investigated in staggered bundles. The data
show that for the given pitches of bundles of partially finned tubes decreases with an
increase in both these geometric ratios. As to the effect of angle of attack ©, it was found
(Fig. 26) that the drag increases markedly with increasing ® both in staggered and in-line
bundles. The drag is virtually independent on the mutual arrangements of the tubes at © # 0
(Fig. 24). Still it appears that ® has a somewhat more perceptible effect on the drag of in-line
as compared with staggered bundles: in the first case increasing © from 0c to 30° at Rex = 104
increases Eup by approximately 90%, whereas in the second - by approximately 70%. In
addition, the shape of curves of Eug = f(Reg) for the in-line bundles changes with ©: in the
case of ® - 30° the curves become virtually self-similar (n = 0) over the entire range of Re
under study, whereas at ©® = 0 they have a perceptible slope (n = -0.16). On the other hand,
for staggered bundles these curves are virtually equidistant both at ® = 0° and 30e.

Nu. Y ( ,

—

600

400

200
160

210°  510° 10°  2-10° Re
Fig. 25. Heat transfer from bundles of configured finned tubes at ® = 0. a) S;/d; =3.17,
52/d1 = 3/07; b) S1/d1 = 3.17, Sz/d1 = 3.87} C) 51/d1 = 4.22, Sz/d] = 2.40,' d) S1/d1 = 4.22,
S»/d; = 2.80; 1) staggered bundles of partially finned tubes; 2) in-line bundle of partially
finned tubes; 3) staggered bundles of fully finned tubes (Yudin & Fedorovich, 1992)
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Fig. 26. Aerodynamic drag of bundles of partially finned tubes at ® > 0. a) staggered
bundles; b) in-line bundles; 1) geometry 6a; 2) geometry 8b; 3) geometry 8c; 4) geometry 10d;
5) geometry 12e; 6) geometry 13e; 7) geometry 14f; 8) geometry 15f (the geometry numbers
correspond to Table 8)

5. Conclusions

Thus, the use of tubes with fins bent to induce flow convergence makes it possible to

markedly reduce the weight and size of heat exchangers under the same thermal

effectiveness. In addition, the suggested type of enhanced finned surfaces is of interest also
in the following aspects:

- tubes with fins of the suggested type can be manufactured employing standard
technologies of rolling-on and welding-on of fins coupled with a relatively simple fin-
bending operation, i.e,, does not require extensive retooling and large additional
expenditures; and

- bundles equipped with fins of the suggested type should exhibit better self-cleaning
properties in dust laden flows than bundles using standard finned tube, since foulants
usually accumulate in the aerodynamic shadow zone in the rear and front parts of the
finned tube.

It is possible to use bundles of partially finned configured tubes which, in the first place, will
allow a large saving of fin metal. On the assumption that heat fluxes removed from two
bundles with similarly spaced fully and partially finned tubes with the same heights h,
pitches t, fin thicknesses 0, shape and dimensions of the tubes are at least equal, then, if their
aerodynamic drag values are also equal, replacing these by the others may save about half
of the metal used for fins of fully finned tubes. This may amount to 20-30% of the total
weight of the heat exchanger. The reasons why the heat flux density removed from these
two types of tubes remains the same and maybe even increases somewhat in spite of the
reduction in the heat-transmission area may be the following:

- the fins that are eliminated are parasitic, since they are usually located in the
aerodynamic shadow;

- the fins placed on the flat lateral surfaces of flattened oval and similar tubes have
efficiency E higher than oval fins;

- the technology of producing partially finned tubes allows providing for virtually ideal
thermal contact between the fins ant the tube wall, which is not true of the currently
employed technologies of producing fully finned oval tubes; and

- the elimination of the leading and trailing parts of the fins eliminates additional thermal
resistance in the form of foulants that deposit between these fins.
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6. Nomenclature

d - diameter of finned tube;

di and d - lateral and longitudinal dimensions of the cross section of the shaped tube,
respectively;

E - fin efficiency factor;

h - fin height;

H - heat-transfer area;

Pr - dimensionless coordinate: (r - r9)/ (R - 19);

roand R - radius of finned tube at the basis and end of the fin, respectively;

S1and S, - transverse and longitudinal tube pitches, respectively;

t - fin pitch;

AP - pressure drop;

U - flow velocity;

Y — fin factor;

© - inclination angle of a logitudinal axis of the shaped tube cross section to the velocity
vector of the incident flow;

01 =51/d and 02 = 5»/d - relative transverse and longitudinal tube pitches, respectively;
0 - fin thickness

Subscripts:

eq - equivalent;

fs - free stream;

ft - surface of non-finned part of the tube;

red — reduced
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