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Abstract—Results are presented from an experimental investigation of the tube side friction and heat transfer
behaviour of one smooth tube and seven spirally corrugated tubes of one to four helical starts, having the
same helix angle 65° for a wide range of the geometrical aspect ratios (h/D;), (p/h) and (p/D;) characterizing the
surface roughness. Based on the analogy between heat and momentum transfer, friction and heat transfer
correlations are developed to fit the experimental data. On the criterion of heat exchanger capacity per unit
pumping power, the four-start corrugated tubes are found to be 100%, more efficient than 2 smooth tube for
heating of water (Pr = 4.3) and 150%; more efficient for heating of the more viscous liquids of high Prandt]

number (Pr; = 109).

NOMENCLATURE

tube inside area [m?];

specific heat [kJ kg~ ' K™'];

tube inside diameter [m];
roughness height [m];

tube inside heat transfer coefficient
[Wm2K™'];

thermal conductivity [Wm™' K ~'];
flow consistency index [Ns" m~?];
length [m];

flow behaviour index ;

number of groove starts;

pitch of corrugation [m];

effective pitch [p N™1];

pressure drop [N m™?];

heat transfer rate [W];

radius of tube [m];

temperature [°C];

shear velocity [ms™*];

bulk average velocity [ms™'];
width of corrugation [m];

radial distance from the wall [m].

Greek symbols

H

dynamic viscosity [Nsm™2];
differential viscosity [Ns m~?];
kinematic viscosity [m?s™!];
density [kgm3};

shear stress [N m~2];

helix angle [degrees].

Dimensionless groups

A

friction factor, 21,(g/c)/pV?;

G(h*, Pr) heat transfer roughness function

h+

R(h™) + (f25t — 1)/\/(/2);

roughness Reynolds number

hu*/v = Re./(f/2)(h/D);

Subscripts

= BN

ET e

Nusselt number, (hD/k);

Prandtl number, (C u/k);

generalised Prandtl number,

= (C,K'/k)8V/D)™ ~D[4n*/(3n + 1)];
Reynolds number, (DV p/u);

generalised Reynolds number,

=(D"V2 "p/K'8" )3 + 1/4n’?);
momentum transfer roughness function,
(\/2/1) + 2.5In(2h/D) + 3.75;

Stanton number, h/(VpC,);
dimensionless velocity, u/u*;
dimensionless radial distance from the wall,
yur/v;

dimensionless temperature,

(Ty = THC,pu*V/g.

augmented tube;

bulk condition;

based on inside diameter;

mean value, at radial distance from the wall
where u = u,,;

equivalent smooth tube value;

turbulent flow condition;

wall condition.

INTRODUCTION

THE NEED to conserve energy and materials has
stimulated the search for various methods of augment-
ing heat transfer and some of the modern techniques
include the use of convergent-divergent type and plate
type heat exchangers. Further, various turbulation
techniques are used to improve the tube side heat
transfer coefficients for convective heat transfer and
many of these involve the penalty of increased pressure
drop and pumping power. Internal roughness such as
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sand-grain textures [1-3] transverse ribbing, [4-8]
internal fins [9, 10} and wire coils [11] have been
studied or applied with varying degrees of success. The
spirally corrugated tubes investigated for a few heat
exchange applications [12-17] provide several advan-
tages over other rough surfaces such as (i) the increase
in pressure drop is often more than compensated by
the increase in the heat transfer coefficient (ii) no
material is added to or removed from the tube (iii) the
fabrication is easier. However, no systematic study
of these tubes with single start and multi-start con-
figurations has been made with a view to develop
correlations based on heat and momentum transfer
analogies and also to make a parametric evaluation of
the tubes for different heat exchanger applications.

ROUGH SURFACE ANALYSIS

The flow over a rough surface is not sufficiently
understood to permit heat transfer and friction pre-
diction by analytical methods, and law of the wall
similarity is, however, a reasonably well accepted
concept. The law of the wall and velocity defect law,
applicable respectively for the inner and outer regions
of the turbulent boundary layer, are combined to give
the following velocity distribution equations for the
turbulence-dominated regions of the wall region, the
constants being proposed by Nikuradse [18] on the
basis of measured velocity distributions:

ut =25Iny* + 5.5 (smooth tube), 13

u* = 25In(y/h) + R(h™) (rough tube). (2)
Equation (2) gives on integration

R(h™) = /@) + 2.5In(2h/D;) + 3.75. 3

Nikuradse [ 18] correlated his pressure drop results for
tubes having sand-grain roughness by plotting R(h ™)
as a function of the roughness Reynolds number (h*)
given by

h* = hu*/v = (h/D)ReJ(f)2) )

For the fully rough region (h* > 70), Nikuradse
obtained a constant value of 8.48 for R(h*). For the
hydraulically smooth region (h™ < 5), R(h") is given

by R(h*)=25Inh* +55. 5)

This equation (5) combined with equation {2) gives the
equation (1) for u* for a smooth tube for turbulent
core (y* > 30).

Webb et al. [5] used the same correlation method
for their friction data for geometrically similar re-
peated rib roughness, and found that different values of
R{h™*)are obtained for the repeated-rib and sand-grain
roughness. The authors found that R{(k*)is a function
of (p/h) and correlated their results by using the
equation

R(h*) = 095(p/h)°5*  (for h* > 35).  (6)

Assuming that the law of wall similarity applies to
the temperature profile as well as to the velocity profile,
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Dipprey and Sabersky [2] developed a heat-
momentum transfer analogy relationship for flowina
sand-grain roughened tube, given by

(725t — VA1) + Rh*y = G(h*, Pry (T

and correlated their results for the fully rough region
(h* > 70) by the equation

(f/28t — 1)/(\/f/2) + 8.48
=519 Pr0.44 (h+)0.20_ (8}

Webb et al. [ 5] correlated their heat transfer results for
tubes with repeated rib roughness, not considering the
small effect of (p/h) in their correlation

(f128t — 1)/\J(f/2) + R(r")
= 475(Pr)°ST (h*)°2%  (for h* > 25) (9)

Dodge and Metzner [19] extended the friction
similarity law to non-Newtonian (power law) fluids
and obtained a velocity profile equation, which for
Newtonian fluids, reduces to the equation {1) of
Nikuradse for smooth tubes, Thus R(h*) for power
law fluids would be a function of flow behaviour index,
n’ besides the geometrical parameters defining surface
roughness. Since no previous work was reported on
evaluating and correlating R(h*) and G(h™*) functions
for non-Newtonian power law fluids, the present
investigation was undertaken with the object of study-
ing the thermohydraulics of spirally corrugated tubes
with single-start and multi-start helical groove con-
figurations for power law fluids and proposing design
correlations based on heat and momentum transfer
analogies, and making parametric evaluation of the
tubes for a particular heat exchanger application.

EXPERIMENTAL

Tube configuration

In the present investigation seven spirally cor-
rugated tubes and one smooth tube, (25 mm L.D. and
28 mm O.D.) all of copper material were used. Their
dimensions are presented in Table 1. Smooth tube was
used for standardizing the experimental set up and also
to compare the enhancement obtained in heat transfer
and friction factor. Tubes 1-4 were fabricated from
plain copper tubes by single-spiral indenting, which
embosses an internal projection (ridge), in registration
with an external helical groove. This configuration was
attainable without thinning the tube wall at the focus
of the corrugation. Tubes 5-7 were fabricated to have
two-, three- and four helical starts, but all having the
same helical angle (@ = 65°)as tubes 1 -4. In the case of
multi-start tubes, pitch is defined as the axial distance
through which one ridge or crest makes a 360° turn
along the tube circumference. The effective pitch (p’) is
thus the pitch divided by the number of helical starts.
The dimensionless aspect ratios (p/h), (h/D) and (p/D)
are useful in correlating the frictional and heat transfer
characteristics of the corrugated tubes.



Table 1. Characteristic dimensions of the spirally corrugated tubes

w
(mm)

D, D, h
(mm) (mm)

(mm)

Tube

p'lh p'/D;

h/D,

(mm)

No.

No.
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65
65
65
65
65
65
65

o0
1.169
1.179
1.167
1.182
0.595
0.393
0.297

56.60
47.62
38.96
42.86
3333
12.71

44.78

0
0.0261
0.0208
0.0245
0.0303
0.0139
00118
0.0233

30
30
30
30
15
10
1.5

300
300
300
300
300
300
300

2.81
3.30
4.05
5.85
246
243
273

067
0.53
0.63
0.77
0.35
0.30
0.59

250

25.66
2544
25.70
25.38
25.22
2545
25.26

280

28.66
2844
28.70
28.38
28.22
2845
28.26

N =N O~

- NN \D 00

FiG. 1. Characteristic parameters of a spirally corrugated
tube. 4, height of corrugation, w, width of corrugation, p, pitch
of corrugation, D, diameter of tube, o, helix angle.

A section of the four-start corrugated tubes used is
shown in Fig. 1. All the tubes were manufactured by
Spirance Corporation, Bombay.

Test liquids

The test liquids used were water, 0.30, 0.50 and
0.75% SCMC solutions. The rheological properties of
the polymer solutions were determined by a capillary
tube viscometer and are listed in Table 2. These
solutions were found to be pseudoplastic in nature and
obeyed the generalised power law model [20]

7, = DAP/AL = K'(8V/DY". (10)

For these dilute aqueous polymer solutions, p, C, and
K’ were found to be the same as those of water within

1-2%.

Apparatus

A schematic diagram of the experimental set up is
shown in Fig. 2. The actual test section consisted of a
3000 mm long double pipe heat exchanger, the inner
tube of which was either the smooth tube or a spirally
corrugated tube under test. The outer tube was a
50 mm L.D. galvanised iron pipe, having openings, at
every 250 mm distance, radially displaced by 180°, for
the passage of copper—constantan thermocouple leads.
Thirteen such thermocouples were embedded in the
exchanger tube wall for the measurement of wall
temperature. The test section was preceded and fol-
lowed by smooth tube or spirally corrugated tube
calming sections, each 1250 mm long, depending on
the tube under test.

The isothermal pressure drop studies were con-
ducted at 30°C in all the tubes for turbulent flow of
water and the three aqueous polymer solutions and
steady state pressure drop was measured by means of
U-tube manometers using mercury or carbon tetra-
chloride as manometric liquids. Steady state flow rate
of the test liquid was obtained from a precision
calibrated rotameter.

Heat transfer studies were carried out in turbulent
flow inside the inner tube of the heat exchanger using
hot water (as heating medium) flowing at a constant
temperature in the annulus of the exchanger. Steady
state flow rates of hot water and test liquid were
obtained from calibrated rotameters. The incoming
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Table 2. Rheological properties of the pseudoplastic solutions

Temperature K x 10?
Solution °C) n (NS" m™2%)
30 093 0.583
40 093 0.492
0.30%, SCMC 50 093 0.382
60 093 0.324
30 0.85 3.24
40 0.85 2.70
0.50%, SCMC 50 0.85 2.19
60 0.85 1.74
30 0.82 8.14
40 0.82 6.76
0.75% SCMC 50 0.82 5.21
60 0.82 4.23

and outgoing temperatures of exchanger fluids were
measured by calibrated precision thermometers, and
the metal wall temperature obtained from a precision
temperature recorder.

RESULTS AND DISCUSSION

Friction factor
The Fanning’s friction factor was calculated from
the equation

f=DAP/2pLV2. (11)

The smooth tube turbulent flow friction factors for
water were well correlated by the Blasius equation

f=0.079(Re)" 25 (12)

for 4000 < Re < 1.5 x 10° with a standard deviation
of 2.5% and this served the purpose of standardization

of the flow setup. Further, the smooth tube turbulent
friction factors agreed within 10% of those calculated
by the Dodge-Metzner [19] equation for the three
pseudoplastic polymer solutions

Lf'7 = 4.0/n° 7 log [Regen(f)* "]

—040/n't2 (13)
where
Dn’ VZ ‘n'p
Rew, = W . (14)
Further, Re, based on p, was defined as
D"VI"p (30 + 1) _ @B+ 1)
Red - Kr8n’— 1 (4"'2) - egen W (15)

At a constant Reynolds number, the friction factors
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FiG. 2. Schematic diagram of the experimental set-up.



Thermodynamics of single- and multi-start spirally corrugated tubes 1017
2x1072
KX‘K & ~.\.\
~ O U L *
N
N ~ Fae,
[ BoTE, L, Lo
L e} R Poig ~2_(Z°'g~‘0;%0 Blasius
sxo3]- i
= On L0,
~e o
axio™3 b o
10% e Water -~ 7
I 4
- o 03% SCMC o
T x 0.5% SCMC /./
- o 0.75% SCMC ,°
, Pl
/ ,,:' ¢
0.’
4
(K
w— Tube |
= = Srnooth tube
P )
Dittus — Boelter equation
oddo il
0%
FiG. 3. Variation of f and Nu with Re.
of all the test liquids were found to be higher in spirally Q = AT, - Te)m (16)

corrugated tubes than in a smooth tube, and this is
clear from an inspection of Fig. 3, showing resultsfora
typical corrugated tube 1.

The friction factor for tube 1 was improved by a
factor of 2-2.3 for water (for 10* < Re < 10%),
compared to 1.2-1.6 only for the more viscous 0.75%,
SCMC (for 3000 < Re,; < 7000). On the other hand,
the rougher tube 7 with four helical starts (p = 7.5cm)
gave still greater friction enhancement of 3.0-3.5 times
for water, and 1.7--2.0 times for 0.75%;, SCMC.

The tubes 5 and 6 having two and three starts but
with a lower corrugation height of 0.30-0.35 mm were
noted to give slightly lower values of friction factor
enhancement compared to tube 1 at any Reynolds
number of a test liquid.

A characteristic feature of flow in a spirally cor-
rugated tube is that friction factor continues to
decrease with Reynolds number even at higher flow
rates—a behaviour earlier reported by Gupta and Rao
[15], as due to the spiral flow superimposed on the
main axial flow. Further, the dependence of fon Re was
found to decrease with markedly severe surface rough-
ness, resulting from larger height (k) and smaller
(effective) pitch (p') of corrugation.

Heat transfer
The inside heat transfer coefficient of the test liquid
was calculated by the equation

The inside coefficient h; was expressed as Nusselt
number, (h,D,/K) which was plotted against Re (or
Re,)in Fig. 3 for the smooth tube and a typical spirally
corrugated tube 1 for the four test liquids used (4.3 <
Pr < 109). Experimental turbulent flow Nusselt
numbers for water in the smooth tube agreed closely
within 3% of the values predicted by Dittus—Boelter

equation
Nu = hD,/K = 0023 Re®8 Pr04. (17

The experimental turbulent Nusselt numbers of the
aqueous polymer solutions in the smooth tube were
correlated by the following equation

Nu = 0.00160 Re}.o** Pro.a°
= 0.0014 Re} %% Pro4¢ (18)
where [20]
Pry.. = (C,K'/k)/K' 8V/Dy"™1;
Pry = (C,K'/k)/K’ 8V/DY" ' [4n}/(3n’ + 1)].  (19)

The exponent 1.045 of generalised Reynolds number
agreed closely with the value of 0.99, obtained by
Clapp [21] for power law fluids.

At a constant Reynolds number, the Nusselt num-
bers for the turbulent heating of test liquids in spirally
corrugated tubes are higher by a factor of 1.8-3.0,
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depending upon the tube wall roughness and Prandtl
number of the test liquid. The functional relationship
of Nusselt number with the Reynolds number might
not be the same for smooth and rough tubes, in view of
the fact that both Kidd [13] and Gupta and Rao [15]
have noted the exponent of Re in Nu-Re relationship
to be greater than 0.8, and which is a unique function of
surface roughness, especially for very rough tubes.
Watkinson et al. [9] have however reported a Rey-
nolds number exponent of 0.6, for water heating in
tubes with internal integral spiral fins. This fact
underlines the importance of determining the tube side
heat transfer coefficients directly, without resorting to
the Wilson plot technique which was used by Withers
et al. [14]. As this technique assumes the exponent of
Re as 0.8, it might give inaccurate h; values for rough
tubes.

Friction correlation

The results of friction factor in spirally corrugated
tubes are analysed in terms of momentum transfer
roughness function R(h*), which is plotted as a
function of (h*) in Fig. 4 for all the seven tubes for
water as well as 0.75% SCMC. Although tubes 1-4 are
essentially geometrically similar {p/h = 35-56), their
groove width varies from 2.81 to 5.85 mm, due to which
the data are vertically displaced for these tubes 6 and 2,
and are the lowest for the rougher tube 7. For all the
tubes R(h*) shows a rising trend with increase in h™*,
which is similar to the same reported recently by
Withers [17] for single-helix corrugated tubes for
turbulent flow of water.

Unlike for repeated rib roughness, R(h*) for cor-
rugated tubes was not independent of 2™ in the fully
rough region (for A* > 70), and it increased with
increasing h*, due to the unique nature of flow in these
tubes, wherein f is a function of Re even in highly
turbulent flow conditions. In general, the greater is the
Prandtl number of test liquid, the flow will be more in
the transition region 3 < h* <« 70). With water,
however, it is possible to cover transition and fully
rough regions, since h* values ranged from around
10-300.

In the present study, h* values less than 10 could be
obtained only for the more viscous pseudoplastic test
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solutions. Dodge and Metzner [19] have shown that
the laminar sub-layer for pseudoplastic fluids would be
thinner than for Newtonian fluids. Thus the spirally
corrugated tubes continue to behave as rough surfaces,
even at lower h™* values, for pseudoplastic fluids.

Dalle Donne and Meyer [7] found that inter-rib
spacing (p — w) is a more significant parameter than
pitch (p) in view of the lack of influence of rib width (w})
on the transfer process, which is controlled by the
repeated separation and reattachment of flow. Thus,
by cross-plotting, R(h*} was found to vary with
[h/(p — w)] 932 Webb ez al. [ 5] also found that for h*
> 26 R(k*) correlated well with (h/p)~°-3. The effect
of increased number of groove starts (N) was to
increase f, and R(h*) was found to be proportional to
N792% Further R(h*)was observed to vary with n"*>.
The following correlation fitted the data points in Fig.
5 within a standard deviation of 10%;:

R )[A/(p — w)]° SN2 ()
=0273In(h*) + 0.127
or
h* = 0.629 exp[3.66 R(h*)
+ [ — W)]OS2 NO24n)2 5], (20)

Heat transfer correlation

Values of heat transfer roughness function G(h*, Pr)
were calculated from equation (7), using R(h™) value
for the same value of (h*) for the given tube and test
liquid combination. Variation of G(k*, Pr}is shownin
Fig. 6 as a function of roughness Reynolds number
(h*) for water and 0.75% SCMC.

It is evident that water data cover transition and
fully rough regions (h* = 10-300), while data for
0.75%, SCMC cover part of transition region only (h*
= 3-20}. The data for 0.30%; and 0.50%;, SCMC (not
shown) cover partly transition and partly fully rough
regions. No significant dependence of G{h*, Pr) on
(p/h) was observed in the present work.

Dalle Donne and Meyer {7] and Webb et al. [5]
observed that G(h*, Pr) is essentially independent of
rib geometry for internal rib-roughened tubes. Withers
[17], however, incorporated the smali effect of (p/D,),
by using G(h*)p/D)!”® in correlating heat transfer

13
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70 @00, o . +
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’ -+
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FiG. 4. Variation of R(h*) with (h*).
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F1G. 5. Variation of [R(h*)] [h/(p — w)]°-*? N°2% 23 with roughness Reynolds number (4 * ) for the flow of
water and aqueous SCMC solutions in spirally corrugated tubes—final correlation.

results for corrugated tubes with internal single-helical
ridging. Even then, the heat transfer results for tubes
having (p/D;) = 0.911 were 25%, higher than those for
tubes having (p/D;) = 0.337. Gee and Webb [8]
reported that the G-function was influenced by the
helix angle of the corrugation. In view of the constant
helical angle (@ = 65°) used with single-start and
multi-start tubes of the present study, and the very
small effect of (p/D,) on the heat transfer correlation,
{(p/D;y) was not included as an argument of the G-
function in the heat transfer correlation.

The influence of Prandtl number on the G-function
was evaluated by the treatment of the heat transfer
results for the four test liquids (4.3 < Pr < 109) and
G(h*, Pr) was found proportional to Pr®35 This
compared well with the function Pr®3%7 obtained by
Webb e al. [5] for repeated-rib roughened tubes.
Dipprey and Sabersky [2], however, obtained the
function as Pr®“* for sand-grain roughness. The heat
transfer results of the present work with multi-start
spirally corrugated tubes cover a wider range of
roughness Reynolds number (3 < h* < 300) and

Prandtlnumber (4.3 < Pr < 109}, and were correlated
on the plot of G(h*, Pr)Pr~%*% against (h*) in Fig. 7.
The solid curve closely represents the data points and
the final correlation between G[(h*), Pr] Pr=°-% and
(h*) was obtained as a polynomial function, given by

log [G(h™*, Pr)Pr—%3%] = 2.576 — 1.707 logh*

+ 0497 (log h*)* — 00103 (logh*)>. (21)

The above equation predicts the value of G-function
within a standard deviation of 20%.

The curve in Fig. 7 has a minimum value of G(h*,
Pr)Pr=93%ath* = 40,at which the roughness element
extends into the turbulent core. For a roughness
element to be effective, it should extend well beyond the
buffer layer. Webb et al. [5] found the minimum at h*
= 26 for rib-type roughness. The wall heat transfer
resistance has a minimum value at this minimum
point.

The equations of Dipprey and Sabersky [2] for
sand-grain roughness and Webb et al. [ 5] for repeated-
rib type roughness are also shown as dotted lines in

1000 A 100
» . 075%SCMC  Tubero. | 2 3456 7 Water
8 N o e _} Symbol & 0o x ODAS + ‘
8 —15¢
S o4oe a0
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— + X% g (]
+ - l a +%s s 8 270% ﬁ.”—ﬂao
= X' & . 5 S+, 04
b a &, 5 Yoo (2 %o T o
200} +‘§)’(XB * 0 & '3 dz0
X o X
+ 0 —i5
1 Ledodedee 1] ] i L1 1111t i ]
1002 0 % 20 I °

FiG. 6. Variation of G(h*) with (h*) for water and 0.75% SCMC.
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FIG. 7. Variation of [G(h*, Pr)]Pr~°-** with roughness Reynolds number (h*) for the heating of water and
aqueous SCMC solutions in spirally corrugated tubes—final correlation.

Fig. 7. It is evident that spirally corrugated tubes do
not exhibit fully rough friction factor behaviour,
because they have only a low-to-medium-micro-
roughness, and the dependence of G-function on (h*)
is less significant in the rough region (h* > 25)
compared to other rough surfaces.

Performance evaluation
In technically evaluating a spirally corrugated tube

for a heat exchanger, a criterion of importance is the
gain in internal heat transfer performance at constant
pumping power, with the normal standard of com-
parison being a smooth tube of equal inside diameter.
This criterion, referred to as R, by Bergles, Blumen-
krantz and Taborek [23] (R; = h,/hy), is useful when
the design objective is to increase the heat transfer
capacity of an existing exchanger at constant pumping
power to upgrade a process. For this criterion, we get

30— & Tube | =7
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- X Tube 3 e
" oTube 4
24+ A Tube 5 MD,D-|4
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FiG. 8. Thermal performance of spirally corrugated tubes compared with a smooth tube at equal pumping
power for the heating of water and 0.75%, SCMC solution.
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AfuRel = AgfoRed = Ao(0079)(Reg)™°2* (Rep)®
.. Req = [12.66 (A,/A,) f, Re2]°36*
= 12,661, (Re,)°2%* (22)

For the non-Newtonian polymer solutions, the
Dodge—Metzner equation was used to obtain Re, as a
function of f, for smooth tube. As this involved tedious
and time-consuming calculations, empirical equations
of the type f, = C,[Reo]™", were obtained for each
polymer solution. Obviously C and m are dependent
on the flow behaviour index, n’ of the test solution. The
h,, value was obtained corresponding to the calculated
value of equivalent smooth tube Reynolds number,
Re,, using Dittus—Boelter equation for water and
modified Dittus—Boelter equation for power law fluids.

The performance curves, showing Ry(=h,/hy) vs
Re, are shown in Fig, 8 for water and 0.75%, SCMC for
all the seven corrugated tubes used. For heating of
water, all the tubes show a better thermal performance
over the range 5 x 10* < Re < 9 x 10% Of all the
tubes, tube 1 has exhibited a performance ratio as high
as 2.1. In general, the performance ratio for aqueous
polymer solutions is higher than for water, and R
values as high as 2.5-3 were obtained with the tube 7
with four helical starts, especially for 0.75% SCMC. In
view of the more than two-fold increase in heat duty,
multi-start spirally corrugated tubes appear to be
attractive for convective heat transfer to fairly viscous
fluids of high Prandtl number.
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ETUDE THERMOHYDRAULIQUE DES TUBES CORRUGUES EN SPIRALE POUR L’EAU ET
POUR DES FLUIDES A LOI PUISSANCE INDEPENDANTE DU TEMPS

Résumé—On présente des résultats expérimentaux sur le frottement pariétal et sur le comportement
thermique d’'un tube lisse et de sept tubes corrugués en spirales 4 un seul ou jusqu’d quatre départs
helicoidaux, ayant le méme angle d’hélice 65° pour un domaine large de rapports de forme (h/D,), (p/h) et
(p/D,) caractérisant la rugosité de la surface. Basées sur I'analogie entre transfert de chaleur et de quantité de
mouvement, des relations sur le frottement et le transfert thermique sont développées pour représenter les
données expérimentales. A partir du critére de la capacité de I'échangeur de chaleur par unité de puissance de
pompage, les tubes corrugués a quatre départs sont trouvés étre 100%; plus efficaces qu’un tube lisse pour le
chauffage de I'eau (Pr = 4,3) et 150% plus efficaces pour le chauffage des liquides les plus visqueux 4 grand
nombre de Prandtl (Pry = 109).
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THERMOHYDRAULISCHE UNTERSUCHUNGEN VON EIN- UND MEHRGANGIGEN
SPIRALGEWELLTEN ROHREN FUR WASSER UND FLUIDE, DIE ZEITUNABHANGIGEN
POTENZGESETZEN FOLGEN

Zusammenfassung—Es werden experimentelle Untersuchungsergebnisse mitgeteilt liber das Widerstands-
und Wirmeiibergangsverhalten von einem glatten Rohr und sieben ein- bis viergingigen spiralgewellten
Rohren mit gleicher Steigung von 65° fiir einen grofen Bereich von geometrischen Verhaltnissen (h/D,), (p/h)
und (p/D,), die die Oberflichenrauhigkeit charakterisieren. Auf der Grundlage der Analogie von Wirme-
und Impulsiibertragung wurden Widerstands- und Wairmetlibergangsbeziehungen entwickelt und den
experimentellen Daten angepalB3t. Nach dem Kriterium der auf die Pumpenleistung bezogenen iibertragba-
ren Wirmeleistung sind die viergédngigen gewellten Rohre 100%; leistungsfihiger als ein glattes Rohr bei der
Erwidrmung von Wasser (Pr = 4,3)und 1509 leistungsfahiger bei Erwarmung von ziheren Fliissigkeiten mit
groBer Prandtl-Zahl (Pry = 109).

UCCJIENOBAHHUE TEPMOIMAPABJIMKH TPYB C OJHUM U HECKOJIBKUMU
CIMUPAJIBHO 3AKPYYEHHBIMH JXXEJIOBAMH I[P TEYEHHHK BOJbI
U HECTALIMOHAPHBIX CTENEHHBIX XUIAKOCTEA

Annorauss — [IpencTaBiensl pe3y/ibTaThl IKCMEPHMEHTANbHOTO HCCIIEOBAHHS OBEPXHOCTHOrO Tpe-
HHS M TEIUIONEPeHoca OHOM rnaakoii TpySl U ceMH rodpHpoBaHHBIX TPYS, HMEIOIMX OT OAHOTO 10
YETHIPEX CMHPAJILHO Hape3aHHBIX XeJ100O0B € TEM XE€ YrjIOM 3aKPYTKH B 65° M pa3/M4HBIMH OTHOILIE-
HUAMH CTOpoR (h/D;), (p/h) n (p/D;), xapakTepHU3yIOLIMMH ILIEPOXOBATOCTL NMoBepxHOCTH. Mcxoas u3
aHAJIOTHH MEXAY MEPEHOCOM TeIU1a M MMIYJbCa, NPEATIOKEHbl COOTHOLIECHHS, OMHCHIBAIOLIME 3KCMe-
PHMEHTA/IbHBIE JaHHBIE O TPEHHIO M TemnomepeHocy. Ha ocHoBe KpHMTEpHs, XapaKTepH3YiOILEro
TEMJI0OOMEHHYIO €MKOCTh Ha €MHHIY PACXOAA IHEPIruM, HaleHO, 4TO TPYOBI C Y4eThIphMA KenoGaMu
Ha 1009 Gonee sdpdexTuBHbL, ueM Iiagkas Tpyba mnpH TeueHUH Harperoii Boasl (Pr=4,3), U Ha
150 %, — npu Teyennu Gonee BAIKMUX HArpeThix XuakocTel ¢ 6onbmuM uuciaoM Ipanaria (Pra = 109).



