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Abstract—Experimental results are given for heat transfer from convex and concave walls and for hydraulic
drag in hydrodynamically and thermally stabilized air flow in rectangular helical channels over a wide
range of operating conditions (Re = 10°-2 x 10%) and geometric parameters (D/h = 5.5-84.2, b/h = 2.4~
18.5). It is established that, with an increase in the channel curvature, heat transfer from the concave wall
is enhanced, whereas that from the convex wall is reduced, and a transition to turbulent flow on both walls
occurs at different Reynolds numbers, which are larger than those in a straight channel, and has different
lengths. Applying artificial roughness to the convex surface is shown to allow its heat transfer enhancement
even to the level of heat transfer from the concave surface. Correlations are obtained for the critical
Reynolds numbers at which the transition from laminar-vortex to turbulent flow occurs, for heat transfer
from separate walls and for hydraulic drag in the helical channels.

1. INTRODUCTION

ONE PROMISING method of enhancing convective heat
transfer is the action of mass centrifugal forces on flow
of a heat transfer agent. This is realized in curvilinear
(including helical) channels, frequently encountered
in various heat exchangers, in cooling and heating
systems, in nuclear reactors, in heat engines, etc. The
complex character of flow and heat transfer in such
channels with the interaction between the main axial
motion and secondary flows, originating at certain
operating conditions, mainly calls for an experimental
method of study. Although a good deal of attention
has been given to thermohydraulic investigations in
curvilinear channels, the results obtained refer pri-
marily to average characteristics, i.e. to the length-
and perimeter-averaged heat transfer and hydraulic
drag or only to length-averaged parameters [1, 2].

The local heat transfer over the channel length and
perimeter has been studied to a much lesser extent.
Data have been acquired mostly for very short curvi-
linear rectangular channels [3-6] and only refs. 2, 7-
9] report results for longer curved (including helical
[7-9]) channels. These studies demonstrate a con-
siderable difference in heat transfer from the separate
surfaces of the curvilinear channels; thus, ref. [2]
established that heat transfer from a concave surface
is twice as large as that from a convex surface, whereas
heat transfer from an end surface is greater by 2.4
times. However, there are no correlations accounting
for the effect of curvature and other geometric
characteristics on the local heat transfer in curvilinear
channels.

The present study presents experimental results for
the local heat transfer from convex and concave sur-
faces and for the hydraulic drag of helical rectangular
channels over a wide range of operating conditions

(Re = 10>-2 x 10°) and geometric parameters (D/h =
5.5-84.2 and b/h = 2.4-18.5), as well as data for the
heat transfer enhancement in a helical channel with
a rough convex surface in hydrodynamically and
thermally stabilized air flow.

2. INVESTIGATION TECHNIQUE

Investigations were performed on an open-type
aerodynamic set-up. The test section represented a
channel (Fig. 1(a)) formed by outer calorimetric stain-
less steel tube (1) with a 38.]1 mm outer diameter,
a 1.0 mm wall thickness, a 720 mm length and by
replaceable textolite worm insertion (2), closely
adjoining the outer tube, with stainless steel smooth
or rough calorimetric 0.1-mm-thick foil (3) wound
round the insertion groove. Thus, a helical rectangular
channel with concave and convex heat transfer sur-
faces was produced. The use of the textolite worm
with the foil allowed heat transfer to be determined
only for the convex or concave main lateral surfaces
of the channel (excluding the end surfaces).

The relative length of the helical channel constituted
l/d, 2 80 and the initial section of hydrodynamic sta-
bilization of the length x/d, 2 20 was straight annular.
The calorimetric surfaces of the channel were heated
by direct electric current. The channel wall tem-
perature was measured with copper-constantan
thermocouples (4) mounted lengthwise in 10 sections
on the non-wetted sides of the calorimetric surfaces
in the middle of the spacing between neighbouring
fins. A detailed description of the test section is given
in ref. [10].

To enhance heat transfer from the convex surface
of the helical channel, use was made of the rough foil
(Fig. 1(b)) with a three-dimensional artificial rough-
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NOMENCLATURE
b mean channel width yr dimensionless distance, yu,/v.
p heat capacity
D mean curvature diameter Greek symbols
d,.d> diameters of wetted lateral surfaces of the 2 heat transfer coefficient
channel and of the inner and outer é fin thickness
tubes of the annulus, respectively A thermal conductivity
d, equivalent channel diameter u dynamic viscosity
F heat transfer surface v kinematic viscosity
ya area of channel cross-section ¢ hydraulic drag
h channel height I channel perimeter
k roughness element height p density
I, x  length in the axial direction of channels T shear stress
Nu  Nusselt number, a2/4/4 Q@ mean angle of channel swirling.
Pr Prandtl number, uc,/2
q heat flux density Subscripts
Re Reynolds number for analysing heat 0 straight channel
transfer, u;2h/v, and hydraulic drag, 1 convex surface, inner tube of the
urd, /v annulus
St mean Stanton number, 2 concave surface, outer tube of the
(Nu,F\+ Nu,F)J((F\+ F,)Re Pr) annulus
s channel swirling step cr critical value
T temperature f in flow
u longitudinal velocity L laminar
Uy dynamic velocity, \/(rw/p) T turbulent
u* dimensionless velocity, u/u, t in the tube
¥ distance from the wall w at the wall.

ness in the form of tetrahedral pyramids. Such rough-
ness is conservative to the direction of the heat transfer
agent flow onto the roughness elements. The height
of the roughness elements (kK = 0.2 mm) was selected
on the basis of the optimum conditions for the heat
transfer enhancement in annuli [11].

Investigations were carried out in nine smooth and
one rough (with a rough convex surface) helical chan-
nels with geometric characteristics presented in Table

1. Channels 3-5 were actually of identical curvature
(D/l ~ 20) and only differed by the relative width
b/h. Channels 1, 2 and 6-9 differed essentially by
the curvature parameter D/h. Rough channel 10 was
geometrically similar to smooth channel 5.

The local heat transfer was determined in heating
either the concave surface (of the outer tube) or the
convex surface (of the calorimetric foil). To ascertain
a convective component of the heat flux, account was
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FiG. 1. Fragments of a helical channel (a) and a rough foil (b): 1, outer calorimetric tube; 2, worm
insertion ; 3, calorimetric foil ; 4, thermocouples.
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Table 1. The basic geometric characteristics of the channels studied

Channel K b

h 1)
no. (mm) (mm) (mm) (deg) D/h hih
i 30 25.6 6.05 72.4 5.5 4.2
2 70 54.5 395 55.3 12.1 13.8
3 120 9.9 4.05 40.0 19.2 2.4
4 120 74.2 4.0 40.0 194 18.5
5 120 22.8 3.85 40.2 20.1 5.9
6 180 36.4 4.0 29.2 334 9.1
7 231 378 4.03 23.6 50.2 9.4
8 192 28.2 2.0 29.2 71.9 14.1
9 250 19.5 2.65 228 84.2 7.4
10 120 20.9 35 40.5 22.1 6.6

taken of the radiative heat transfer between the convex
and concave surfaces, heat losses to the ambient and
longitudinal heat flows along the channel walls. The
investigation was conducted under the boundary con-
ditions approaching g,, = const. Hydraulic drag in the
helical channels was estimated from the static pressure
drop over a definite length and expressed as the total
drag due to the wall friction along the entire channel
perimeter and due to the momentum variation.

The experimental data processing for each helical
channel was reduced to obtaining the Nu, Re and ¢
values, to finding the dependence of Nu and £ on Re
and, eventually, to unifying the results for all channels.
The local mean mass temperature of flow 7, was taken
to be the reference temperature, the local mean mass
velocity u; was assumed to be the reference velocity
and the double height of the channel 2/ was taken as
the reference dimension in studying heat transfer or
the equivalent channel diameter d, in studying
hydraulic drag:

4f 2(s—0d)singoxh

ST I (s—8)sinp+h’ M

The mean curvature diameter D and the mean swirl-
ing angle ¢ of the helical channel were obtained from
the standard equations

0.5(d, +d,
= (_:__-) )
sin’ ¢
B L

A detailed description of the investigation tech-
nique and data processing, as well as results of some
methodical experiments, can be found in ref. [10].

The analysis of the experimental errors revealed
that, for the most part, the relative errors of Nu were
2-3%, those of Re were 3-7%, those of ¢ were as large
as 3-5%, and only at smaller Re values (Re < 2 x 10%)
did the Nu errors reach 10%.

3. RESULTS

3.1. Local heat transfer
The present subsection considers the results regard-
ing heat transfer in smooth helical channels, obtained

in the region of stabilized heat transfer for Re varying
from 10* to 2 x 10*. As is evident from Figs. 2 and 3,
heat transfer from the concave surface is greater than
that from the convex surface within almost the entire
Re range studied. Only in the channel 3 (D/h = 19.2),
when Re < 4x10%, and in channel 8 (D/h =71.9)
with Re > 3 x 10*, is it similar for both the surfaces. In
the region of developed turbulent flow, the maximum
enhancement of heat transfer from the concave sur-
face as against that in the straight tube amounts to
60%, whereas its maximum reduction for the convex
surface is equal to 50%.

Investigations disclosed that the relative width of
the channel b/ir (especially when b/h = 6) insig-
nificantly affects the heat transfer rate in the mid-
width of each surface (Fig. 2). The same conclusion
ensues from ref. [12] in analysing the hydraulic drag
in curved channels. The most appreciable influence on
the local heat transfer of the helical channels is exerted
by the relative curvature D/h. With an increase in the
channel curvature (a decrease in the parameter D/h),
heat transfer from the convex surface is markedly
reduced, whereas that from the concave surface is
enhanced (Fig. 3).

Based on the heat transfer data, laminar-vortex,
transient and turbulent flows are discriminated. It is

« 6 810

Re

FiG. 2. The effect of the parameter b/h on heat transfer from

convex (solid dots) and concave (clear dots) surfaces of

helical channels at D/h ~ 20.1 by equation (9) for the tube
heat transfer in turbulent flow.
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F1G. 3. The effect of the parameter D/h on heat transfer from
convex and concave surfaces of helical channles. Designation
as in Fig. 2.

characteristic of the helical channels that the tran-
sition to turbulent flow occurs at Re values larger than
those in the straight channels, and the transition is
smooth rather than stepwise. Moreover, in the large-
curvature channels, the transition to turbulent flow
on the concave and convex surfaces takes place at
different Re values and the lengths of the transition
zone differ. Thus, in channel 2 (D/h = 12.1), the tran-
sition to turbulent flow on the concave surface occurs
at Re =~ 10* and, on the convex surface, it takes place
at Re ~ (1-6) x 10* (Fig. 3). In channel 1, with the
greatest curvature (D/h = 5.5), it occurs on the con-
cave surface at Re ~ (1-2) x 10*, whereas on the con-
vex surface, the transition only starts at Re ~ 6 x 10*
and fully developed turbulent flow does not set in
within the range of Re values studied.

Such qualitative variations of the flow regimes in
the helical channels verify the investigations of the
shear stress and its fluctuations at the wall along the
perimeter of the coil pipe [13], as well as the measure-
ments of the velocity profiles (Fig. 4) and Reynolds

u’ T T L T ..- T
... ,/
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u'=5iny*-305

FiG. 4. The velocity profiles on convex (1,3 (solid dots),

5,7) and concave (2,4 (clear dots), 6,8) surfaces of helical

channels: 14, data of ref. [14]; 5,6, data of ref. [15]; 7,8,
data of ref. [16].
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stresses on the concave and convex surfaces in curved
channels of different curvatures [14]. As seen from
Fig. 4, with an increase in channel curvature, devi-
ations of the velocity profiles from the standard log-
arithmic law occur at smaller y* values. While the
experimental data for D/h = oo actually obey the log-
arithmic law, the velocity profiles at D/h = 6.7 decline
downwards with distance from the concave surface,
whereas at a distance from the convex surface, they
deviate upwards, which indicates, correspondingly,
the flow turbulence and a decrease in the turbulent
transfer rate. The Reynolds stresses on the convex
surfaces of the helical channels are noticeably smailer
and those on the concave surfaces, and are somewhat
larger than in the straight plane channel. Besides, they
decrease and approach zero on the convex surfaces as
the channel curvature increases, which is also indica-
tive of turbulent transfer reduction.

These phenomena, observed in the course of study-
ing the thermohydraulic characteristics in individual
helical channels with the heat transfer agent flow in the
field of mass forces, are attributed to the emergence of
secondary flows differing in their nature from normal
turbulence. Many authors [1, 17, 18] mostly differ-
entiate between two types of secondary flow origin-
ating in curvilinear channels, near the end walls and
the so-called Taylor—Gdrtler vortices, on the concave
walls. The initiation and rate of secondary flows of
either or both types are dependent simultaneously on
the operating conditions and geometric parameters.

3.2. Hydraulic drag

Hydraulic drag in the helical channels is studied for
Re values ranging from 10? to 2 x 10°. Within the
entire Re range, it is possible to distinguish laminar,
laminar-vortex and turbulent flows (Fig. 5). Incontra-
distinction to the straight channels, the transition
from one flow to another in the helical channels is
smooth ; therefore, there are no clear boundaries of
the transition. Moreover, the effect of the geometric
parameters b/h and D/h on hydraulic drag is less pro-
nounced than that on heat transfer. In laminar flow,
the hydraulic drag of each helical channe! practically
conforms to the hydraulic drag of the straight plane
channel [19] with the same ratio b/h. In laminar-vortex
flow, as the parameter D/f increases (the channel cur-
vature decreases), the hydraulic drag in the helical
channels decreases. In turbulent flow, the hydraulic
drag does not actually depend on the geometric par-
ameters. Besides, in channels 1, 3 and 5 with the mini-
mum relative width b/h equal, respectively, to 4.2, 2.4
and 5.9 (Table 1), self-similarity of hydraulic drag
with respect to Re is obtained at Re = 5x10*
(¢ ~ 0.03). This fact is also reported in ref. [2] for
curved channels with commensurable lengths of the
cross-section sides at Re 2 8 x 10*.

Transient flow identified by the heat transfer data
for the helical channels is not distinctly defined from
the hydraulic drag results; rather it sort of merges
with turbulent flow.
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FiG. 5. Hydraulic drag in helical channels: 1-3, by equations (16)-(18). respectively: 4, by the Hagen-
Poiseuille equation for a tube in laminar flow (¢ = 64/Re) ; 5, by the Blasius equation for a tube in turbulent
flow (¢ = 0.3164/Re"**).

4. CORRELATION OF RESULTS

4.1. Flow regimes

Sorting out the experimental data on heat transfer
and hydraulic drag necessitates a clear delimitation
of the regions of separate flows. Based on the data
pertaining to the local heat transfer from the convex
and concave walls of the helical channels, effort is
made to obtain relations for Re, on individual
surfaces. It is difficult to clearly ascertain the begin-
ning (Re,,,) and the end (Re,,,) of the transition from
laminar-vortex flow to turbulent flow on the concave
surface ; therefore, a certain mean Re,, value is deter-
mined from the relation (Fig. 6, curve 1)

Re.. = 2300+ 1400 exp [4.5(D/h)~*3]. ©)

Re_., and Re_ , on the convex surface can be estimated
inasmuch as the heat transfer rate over the Re range
considered changes in character twice (Fig. 3). To find
Re,, on the convex surface, the following correlation
is obtained (curve 2):

Re,,, = 2300+ 2340exp [22(D/h)~""] 5)
and Re,,, is defined by the relation (curve 3)
Re,., = 23004207 000 exp [42 S00(D/H)~%]. (6)

FiG. 6. Dynamics of Re. on separate surfaces of helical
channels: 1-3, by equations (4)—(6), respecively; 4, Re,, for
a coil [20].

It should be pointed out that the most marked
alterations in the transition character for the convex
and concave surfaces of the helical channels are
observed when D/h < 20. Qualitatively similar results
were found in ref. [20] for coils.

4.2. Heat transfer in turbulent flow

All flows at Re larger than Re, (equation (4)) for
the concave surface and at Re larger than Re,,, (equa-
tion (6)) for the convex surface refer to turbulent
flows. In sorting out the results, experimental data
were normalized on the basis of heat transfer in the
straight plane channel. Heat transfer was expressed as
that in the annulus with one-sided heatingat d,/d, = 1
[21]:

Nuo/Nu, = 1—o(Pr), ™

where @(Pr) = 0.45/(2.4+ Pr). In the given case,
Pr =0.71; therefore

Nu, = 0.86Nu,, (®)

where Ny, is the stabilized heat transfer in the tube
defined by the expression [22]

Nu, = 0.0225Re"8 Pr®¢. 9

With such data interpretation employed, the cor-
relation of stabilized heat transfer (//2h > 60) for tur-
bulent flow in helical channels depending on their
curvature is presented in Fig. 7. While heat transfer

12+ O — concave wall
® — convex wall

0 v w w0 W @ w0 o

FIiG. 7. The relative heat transfer of convex and concave

surfaces of helical channels in turbulent flow: 1-3, by equa-
tions (10) and (11), respectively.
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Table 2. The coefficients ¢ and m in equation (12) for various channels

Convex wall Concave wall
Channel
no. D/h ¢ m ¢ m

1 5.5 0.70 0.37 0.098 0.66
2 12.1 1.75 0.23 0.96 0.42
3 19.2 0.83 0.40 0.26 0.55
4 19.4 0.93 0.30 0.88 0.42
5 20.1 0.31 0.45 0.36 0.52
6 334 1.54 0.25 0.41 0.49
7 50.2 0.95 0.30 0.44 0.47
8 71.9 0.63 0.33 0.124 0.58
9 84.2 1.43 0.25 0.34 0.47

from the convex wall gradually decreases with an
increase in the channel curvature (a decrease in D/h),
heat transfer from the concave wall gradually in-
creases with D/h decreasing to ~40 and does not
actually vary with a further increase in the channel
curvature. The results are generalized by the following
relations :

for the concave wall (Fig. 7, curves 1, 2)

N _
Nug
1.55 when 5 < D/h < 40
1.55—0.008(D/h—~40) when40 < D/h < 90;
(10)

for the convex wall, when 10 < D/h < 90 (curve 3)

Nu/Nuy = 0.7540.003D/h. an

4.3. Heat transfer in laminar-vortex flow

Laminar-vortex flows are those at Re < Re,, (equa-
tion (4)) for the concave surface and those at
Re < Re,,, (equation (5)) for the convex surface. The
heat transfer data for the concave and convex walls
of each channel are generalized by relations of the
type

Nu = ¢ x Re™,

(12)

where the constants ¢ and m are given in Table 2. As
follows from Table 2, there is no strict regularity in
the variation of ¢ and m depending on the channel
curvature. However, for the convex wall, it is possible
to obtain the unique correlation

Nu = 1.4Re*>*(D/h)~ "', (13)
4.4. Heat transfer in the transition from laminar-vortex
to turbulent flow

To describe heat transfer in tubes in the transition
region, use is generally made of the intermittence co-
efficient y, defined as the ratio of the time of turbulent
flow existence at the measurement point to the total
time of observation. Therefore, it can be assumed that
y =0 at Re., and y = 1 at Re,,,. In correlating data
on local heat transfer in the transition region of the

tube, ref. [23] successfully employed a relation of the
type

Nu = Nu (1 =v)+ Nury, (14)

where Nu; and Nu; are the laminar and turbulent flow
heat transfer, respectively. To describe the alteration
of y, use is made of the relation

_ Re—Re,,
B Recrz - Recrl ’

The laminar-vortex flow heat transfer should,
naturally, be used as Nu; in the helical channels.

Comparing heat transfer from the convex walls of
some channels, which is predicted by relations (11),
(13) and (14), with experimental data indicates fairly
good agreement (Fig. 8).

Y as)

4.5. Hydraulic resistance

Owing to the fact that, according to the data of
hydraulic drag in helical channels (Fig. 5), there are
no distinct boundaries between separate flows, they
are determined roughly. The results are generalized
by the following correlations :

for laminar flow with Re = 1024 x 10? (Fig. 5,
curve 1)

&= (1.68log Re—2.16)"2; (16)

Nu
2
s
8
s L
ol
.|
<
10" 9
L 1 1 S W 1 1 1 1
w2 4 6 81 2 4 6810 Re

Fi1G. 8. Comparison of heat transfer from a convex surface
of a helical channel in different flows with prediction by cor-
relations : 1-3, by equations (11), (13) and (14), respectively.
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F1G. 9. The heat transfer enhancement in a helical channel.

Clear dots pertain to a concave surface and solid dots pertain

to a convex surface: 1, by equation (9) for the tube heat
transfer in turbulent flow.

for laminar-vortex flow with Re = 4 x 10%-6 x 10?

(curve 2, D/h = 10, 35 and 70, respectively)
&= 1.71(D/h)~*'*(2.25log Re—3.65)"%; (17)

for turbulent flow with Re = 6 x 1032 x 10° (curve 3)

(18)

with the exception of channels 1, 3 and 5 of the mini-
mum relative width 6/h (equal, respectively, to 4.2,
2.4 and 5.9), where & ~ 0.03 at Re 2 5x 10%.

&= (1.24log Re+0.17)"2,

5. METHODS OF HEAT TRANSFER
ENHANCEMENT

To enhance heat transfer from an inefficient convex
surface of helical channels, the surface is made rough
(Fig. 1(b)). As is clear from Fig. 9, heat transfer from
smooth concave surfaces of rough (10) and likewise
fully smooth (5) helical channels coincides virtually
over the entire Re range and, in the turbulent flow
region (Re 2 10%), exceeds heat transfer from a cir-
cular straight tube by 30-35%.

1699

Heat transfer from the convex surfaces of the cor-
responding helical channels differs slightly only at Re
values of up to 5 x 10°. Subsequently, with Re increas-
ing up to 2 x 10*, heat transfer from the rough convex
surface increases noticeably, i.e. roughness manifests
itself partially, whereas in the developed turbulent
flow (Re > 2x10%, when roughness is displayed
completely, it reaches and even exceeds heat transfer
from the concave surface. In developed turbulent
flow, heat transfer from the rough convex surface is
twice as large as that from the smooth convex surface.
Despite the adverse effect of centrifugal forces on the
convex surface heat transfer, this conforms to its
maximum enhancement attained in the rough
annuli in the zone, where roughness manifests itself
fully [11].

No considerable difference between hydraulic drag
in the rough and smooth helical channels has been
observed (Fig. 10). Hydraulic drag of both channels in
laminar and laminar-vortex flows actually coincides.
Only in turbulent flow, when Re > 2x 10%, is some
increase of hydraulic drag with its subsequent shift to
self-similarity with respect to Re (¢ ~ 0.41) noticed.
The fact that hydraulic drag in the rough and smooth
helical channels varies insignificantly, whereas heat
transfer is enhanced markedly, is evidence of the great
energy efficiency of such channels with artificial
roughness applied to the convex surface.

When evaluating the heat transfer enhancement in
all the considered helical channels by the generally
accepted efficiency parameters Sr*/¢ and (St/Sto)/
(E/E,), it must be noted that, for Re = 10%, the most
efficient heat transfer is of moderature-curvature
channels 4, 6 and 10 (D/h=19.4, 334 and 22.1,
respectively), and the least efficient heat transfer is
of large- and small-curvature channels 1 and 9
(D/h = 5.5 and 84.2).

6. CONCLUSIONS

1. It is established experimentally that, with an
increase in helical channel curvature, heat transfer
from the concave surface is enhanced (by up to
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FiG. 10. Hydraulic drag in smooth (clear dots) and rough (solid dots) helical channels: 1,2, by equations
for a tube in laminar (¢ = 64/Re) and turbulent (¢ = 0.3164/Re®?®) flows, respectively.
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60%) and that from the convex surface is reduced (by
up to 50%) relative to heat transfer in the straight
tube.

2. The transitton to turbulent flow occurs at Re
values greater than those in straight channels and at
different Re values on the concave and convex
surfaces, and the transition zone has different lengths.

3. Correlations are obtained to determine the criti-
cal Reynolds numbers for the transition to turbulent
flow on the concave and convex surfaces (equations
(4)—(6)), heat transfer from the concave and convex
surfaces in turbulent, laminar-vortex and transient
flows (equations (10), (11), (13) and (14)) and hy-
draulic drag in the helical channels (equations (16)—
(18)).

4. Comparison of the results shows that the heat
transfer enhancement method, combining flow swirl-
ing and turbulization with the artificial roughness on
the convex wall, can be considered as highly efficient.
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