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HEAT TRANSFER AND HYDRAULIC RESISTANCE IN TUBES WITH BLADED

SWIRLS

A. F. Koval'nogov and V. K. Shchukin

Inzhenerno-Fizicheskii Zhurnal, Vol. 14, No. 2, pp. 239-247, 1968

UDC 536.242

Results from an experimental investigation of the heat transfer and hy-
draulic resistance in tubes with bladed swirls are examined; the swirls
are unique in terms of the flow-twist angles which they produce and
in terms of the radial variations in these angles.

Experimental study of twisted flows has demon-
strated that bladed swirls are capable of intensifying
heat transfer [1-3]. However, many aspects of this
problem require additional investigation. We will deal
with two of these here—the effect of tube length and the
radial variation of circumferential speed on heat trans-
fer and hydraulic resistance.

The use of a bladed swirl to twist an incompressible
fluid may alter the coefficients of heat transfer and
hydraulic resistance in two ways. First of all, because
of the appearance of a circumferential component there
is an increase in the speed of liquid motion relative to
the wall. Secondly, centrifugal forces are generated,
and these may affect the nature of fluid motion and the
conditions of its interaction with the wall.

The circumferential component of velocity in the
fluid layer at the wall increases with distance from the
tube wall, thus setting up conditions favorable for the
generation of Taylor-Goertler eddies. The distribution
of the circumferential velocities in the remaining por-
tion of the flow is a function of the variation in the
radial blade-twist angle. Profiling of the swirl blades
permits variation of the radial twist angle so as to en-
hance the appearance of secondary flows throughout.

Use of the Rayleigh method to analyze the motion of
fluid particles over a curvilinear trajectory permits us
to draw the conclusion that the mass forces will inten-
sify the random radial displacements when

1 d L L dp
(ur)? dr p dr

<0. (1)

With the circumferential velocity an exponential
function of the radial coordinate

ur® = const (2)

Inequality (1), for n >1, is satisfied under isothermal
conditions. (The problem of a nonisother mally twisted
flow is covered in [4].) It is to be expected thatthe mass
forces will enhance intensification of heat transfer in
the isothermal case.

With a uniform field of axial velocities in front of
the swirling device, condition (2) is assured when the
blades are profiled as per the law

tgg = (l:_) t o (3)

Heat transfer and hydraulic resistance were inves-
tigated for n = 0 and five flow-twist angles {¢ = 15, 30,
45,60, and 75°),as well as for ¢ = 45° and four blade-
twisting laws (n =-1, 0, 1, and 3).

The swirling devices were made of bronze rings
with a clearance diameter of 32.5 mm; eight blades
made of brass sheets 0.5 mm in thickness were
welded to the inside surfaces of each of the rings. The
radial and axial dimensions of the blades are equal to
half the tube radius. The blades were profiled to match
the arc of a circle. When n = 0, the blades were identi-
cal in width throughout their entire height, and ¢ =
const. When n # 0, the blades varied vertically in
width, to ensure the required radial twisting law.

The gradient method is used to study heat transfer,
since this makes it possible to determine the relation-
ship between the heat-transfer coefficient and tube
length. The flow of heat needed to determine the heat-
transfer coefficient is found in this method from the
temperature gradient in a wall whose temperature field
is evaluated by measuring the temperatures over the
contour of the longitudinal cross section of the tube.
The analytical foundations of this method for a tube are
presented in [5], while the method for the rediction of
the experimental data by means of computers and the
procedures for evaluating the reliability of the results
are covered in [6].

The investigation was carried out in a test stand
whose basic diagram is presented in Fig. 1. Distilled
water is passed from a constant-level tank 13 through
copper washer 10, stabilizer 15, inlet chamber 7,
reaching the test section 1 at whose inlet the bladed
swirl chamber 6 is positioned. Water enters funnel 21
from the test section to reach measuring tank 20 from
which centrifugal pump 17 transfers the water to the
constant-level tank 13, first cooling it in refrigerator
16. Valve 25 is used to regulate the flow rate.

The basic element of the test unit is a thick-walled
tube with an outside diameter of 58.1 mm, an inside
diameter of 32.5 mm, and a length of 2000 mm; it is
made of 1Kh18N9T stainless steel. For technological
reasons, the tube is made up of two segments of one-
meter length, with each segment demountable along
the axis.

The temperature at the outside and ingide surfaces
was measured by means of nichrome-constantan
thermocouples positioned lengthwise at seventeen
points, and at 5 points on the end surfaces. The hot
junctions of the thermocouples were welded to the tube
surfaces by spot welding. The thermocouple leads were
carried in annular grooves 0.4 mm in depth and 0.3
mm in width; these were then covered with an epoxy



INZHENERNO-FIZICHESKII ZHURNAL

122

*9ATRA (GZ ‘Atun xaddoo (Fg (SI9YDIIMS (87 T1/7% 4 Iojowortualod (g7 {[ouuny (1g uey
Suranseewr (07 {del (6T ‘IojBIoUSS Op (8T ‘dwnd [BIQIIIIUSO (LT {XOIBISSIIIDE (9T fI0ZT]
-1qe1s (QT ‘de} (FT {1°A9] AIBUOIIEBIS YIIM uk} (8 {xojowozoid (g1 {Iedwep (IT ‘J8UsBM

Suranseow (QT (YSE]] WNNOBA (§ {ISJOWOWISY} (8 {JIOqUIBYD (L [IIMS (9 (19783 (g ‘sB1d
—Iqyy (7 ‘S1I9SUl OTwWeISD (g ‘Sulseo (g ‘oqny Bullse) (T :UOHE[IEISUL [BjUsWLIddXY T *SLi

o . _
N\ |||Il| o —
6 sw\ —

R TR
s

9 HHw” it peprsleslple GinGotaiiaty
.
\ == S :b.:’.»r.».\?:&.»nev
a ; u...m .wnq .WJ 5 .nwc 0 Ca%s .onoanuw émc.mmnon.u..d&u n&.tn\\
k2 v £ Zl /
4 543
e
Lo 5. o=
LA 5 -0, o~ -5 o
N X g zz
4 X 0/ A A R TY
e . /
124 o A\
4 3 2 -
— | — {— -0
2
—_— f— 2/




JOURNAL OF ENGINEERING PHYSICS

resin. The points at which the thermocouple junctions
were located were first thoroughly cleaned. The
thermocouple leads were passed through two longitu-
dinal grooves milled into the surface at which the tube
separated.

After the thermocouple wiring was positioned, the
tube was joined with an epoxy glue. The thermocouple
leads were extended to a large copper block 24 housed
in a thermostat, and they were connected to switches
23 of the semiautomatic P 2/1 potentiometer by means
of copper wiring.

The testing section was housed in casing 2 to which
ceramic inserts 3 were attached. For ease in assembly,
the casing and the inserts were cut along their axes.
The two sections of the tube were joined by means of a
transitional coupling. The coaxiality of the testing sec-
tion relative to the inside surfaces of the inserts was
ensured by means of adjustable reference screws.

The heat flow is produced by a nichrome-strip radi-
ator 10 mm in width and 1 mm in thickness; this strip
is mounted on the inside surface of the insert. The
heater leads are connected to the busbars of the dc
generator 18.

To set the device for a specific water-flow regime,
provision is made for a metering washer 10. The water
flow rate is measured volumetrically by means of a
calibrated metering compartment in tank 20.

The average liquid temperature at the inlet to the
testing section was measured by means of a mercury
thermometer graduated in 0.1° C,

The thermal conductivity of the tube material was
determined experimentally on a special device. The
results from the experimental determination of A over
the range of operating temperatures coincide to within
1% with the Neymark formula [7] which, for the given
chemical composition of the tube material, has the
form

A=12.49+0.0119¢. (4)

The hydraulic resistance to twisted flow was studied
on an installation whose test section consisted of a tube
with an inside diameter of 32.5 mm, a length of 2750
mm, fabricated of plastic.

The total pressure was measured at 6 points along
the length by means of total-head tubes. The direction
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of the velocity vector for the flow was determined by
means of attaching a silk thread to the rear portion of
the metering tube and this was tested against the mag-

Table 1

Tube-length Correction Factor for the
Coefficient of Hydraulic Resistance

1/d
s o | 2| % | 0 | 0 | e

9° n=20
156 11.95|1.55 {1.16 | 1.10 ] 1.05 {1.03 | 1.00
30 |2.251.80 ;1.30/1.17 | 1.10 | 1.05 | 1.00
45 12.45)1,95 )1.45)1.26 | 1.17 | 1.09 | 1.00
60 |3.50)2.50 {1.65!1.40 {1.25 | 1.12 }1.00
75 15.201{3.30 | 1.95 ‘ 1.55 | 1.35 | 1.20 { 1.00

n @ = 45°

—1 1.70 [ 1.45 {1,204 1.12 | 1.05 | 1.00 | 1.00
1 | 2.8 {1.951.45|1.30 |1.20 ;1,07 |1.00
3 1450295 |1.80 50 230 | 1.15 | 1.00

nitude of the pressure drop (the magnitude of the pres-
sure drop reaches its maximum when the axis of the
orifice in the metering tube coincides with the direc-
tion of the velocity vector). The total pressure of the
liquid was measured in each section at five points
positioned at the centers of equal areas. The average
value of the total pressure in a section was calculated

with the formula
5
- 1 *
p* :T ‘_El p: -

The hydraulic and thermal tests of a testing section
without a swirl chamber when Re = 1049 10* demon-
strated that the coefficients of hydraulic resistance
and heat transfer derived in these tests for the entire
working section coincide, to within + 3%, with the
familiar Blasius and Mikheev formulas.

All of the measurements were carried out only after
the installation was brought to the steady-state regime.

The experimental heat-transfer data were processed
on a Ural-2 computer. The heat-transfer coefficients
« were calculated for 16 values of 1/d. It took 8 min
to process one experiment.
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Fig. 2. Correlation of experimental data with respect to hy-
draulic resistance: ("ay", £/e¢ =f (Re); b) £/, = F (Re):
1) ¢ =15, n=0; 2) 30 and 0; 3) 45 and 0; 5) 75 and 0;

6) 45 and -1; 7) 45 and 1; 8) 45 and 3.
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With n =0, ¢ = 15-75°, and Re = 1-9-10%, the
experimental data on the hydraulic resistance for tubes
with [ /d = 68.3-75.8 are generalized by the formula

0.3164
Rel-25

E= (1 —0.13 ¢*55) Re0% | (6)

The line £/¢, = f(Re}in Fig. 2 corresponds to this
formula. Here we have denoted

g, = (1 — 0.13¢0-5) Re? % (7)

For a flow-twist angle of 45° near the tube surface,
with n ranging from -1 to 3, and with Re =1-9. 104,
the experimental hydraulic-resistance data for long
tubes are described by the equation

0.2265

—W (1 —0.02 n,) Ret.017, @)

§:

The line £/g, = F(Re) in Fig. 2 is plotted according
to this equation. Here we have denoted

£, = (1 —0.02 1) Red-01r, ©)

The greatest deviation in the experimental points
from functions (6) and (8) does not exceed 8%.

With local twisting of the flow, the circumferential
component of the velocity diminishes with increasing
distance of the liquid from the swirl chamber, so that
a reduction in tube length involves a substantial in-
crease in the coefficient of hydraulic resistance. The
coefficient of hydraulic resistance for a short tube can
be estimated by means of the correction factor iy

g =& (10)

This correction factor is virtually independent of the
Re number. Its numerical values are presented in
Table 1.

The transfer of heat for all of the swirl chambers
was investigated for Re = 104—9-10*, Figure 3 shows
the results of heat-transfer tests in a tube with a swirl
chamber in which ¢ =75° and n = 0, for nine values of
1/d. The line a shows the heat transfer in a tube with~-
out a swirl chamber in the case of a turbulent flow
regime.

Here

NLIf

F= Droas 0.95" (11)
Pro-8 (Pry/Pr,, )

Substantial intensification of heat transfer is noted
at the initial segment of the tube. When I /d >15, the
relationship between the heat-transfer coefficients for
twisted and untwisted flows is a weak function of tube
length and amounts to 1.35-1.50.

The results of the study of heat transfer when n = 0,
@ =15-75°, and Re = 1-9. 10* for long tubes
(I /d = 60) have been generalized by the criterial equa-
tion

Pr; 0

0.83,.0.43 B —
Nu; = 0.021 Re}*pr’ ( ) (14 0.1479082). (12)
o
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In Fig. 4 the line K, = f(Re) has been plotted from
formula (12). Here we have denoted

K;

(1 + 0.147¢"8)

The results of the investigation of heat transfer
when ¢ =45° and when n is equal to -1, 0, 1, and 3

Table 2

Tube-length Correction Factor for the Heat-
transfer Coefficient

s o | 2 | a0 | a0 | s | e

¢ Re n=20

15 104 | 1.64|1.23 1,11 ]1.06)1.03 |1.01 { 1.00
30 10¢ {1.90|1.385]1.16 { 1.09}1.05 |1.02 ) 1.00
45 10¢ 11.93{1.38{1.17 {1.10;1.06 |1.03 1,00
60 104 {1.9711.43(1.18 | 1.10]1.06 | 1,03 | 1.00
75 10+ 1 2,03 1.50]1.20 [ 1.12]1.06 |1.03 | 1.00

n ¢ = 45°

104 {1.65|1.32|1.16 | 1.09 | 1.05 | 1.02

,_‘...
oo
353

100 1200]1.48|1.20 |1.1211.06 | 1.03

9.104} 1,32 | 1.16 | 1.10 | 1.06 | 1.04 | 1.02

—

.00

have been generalized for long tubes in the same range
of variations in the Re number by the criterial equation
0.25

Nu; = 0.0286 Re}* Pr‘;-43( l;i) (1 +0.04n). (14)

w

On the basis of this formula we have plotted the
function K, = F(Re) in Fig. 4, and here

K;

n

The greatest deviation in the experimental points
from the relationships corresponding to (12) and {14)
does not exceed 6%.

The values of the Nu numbers for short tubes—cal-
culated from (12) and (14)—mustbe corrected by means
of the correction factor ¢; which is given in Table 2
for two values of the Re number. When Re = 9+ 10%,
the correction factor gy was independentofboth ¢ and n,

For tubes with bladed swirls, the value of g7 is
greater than for tubes without flow twisting. This dif-
ference is particularly noticeable when Re = 10%, for
which the g7 increases as ¢ and n increase. As the
value of the Re number increases, there is a drop in
the magnitude of the correction factor €7 for both
twisted and untwisted flows.

An analysis of the derived results shows that with a
constant flow-twist angle near the heat-transfer sur-
face an increase in n leads to an increase in the coef-
ficients of heat transfer and hydraulic resistance. At
the same time, for identical coefficients «, swirl
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chambers with n >0 are characterized by a somewhat
lower hydraulic resistance than swirl chambers with
n = 0. Thus, long tubes with swirl chambers exhibiting
¢ =75° n=0and ¢ =45°, n =3, when Re = idem,
are characterized by identical intensity of heat trans-
fer. the coefficient of hydraulic resistance for

Re = 1-9.10% in the case of a tube with the former
swirl chamber is greater by 2.5-5% when I /d = 60
than in the case of the latter swirl chamber, and when
I/d = 50, itis greater by 8—12%; whenl /d = 30, it is
greater by 10—15%.

Comparison of the thermal efficiency on the basis of
the energy factor [8] shows that swirl chambers with
n=0, ¢ =15, 30, 45, 60, and75°and n = 3, and ¢ =45°
yield a gain in heat transfer with identical expenditure
of power for the pumping of the coolant by 12, 15, 18,
20, 24, and 25%, respectively.

NOTATION

d is the tube diameter; I is the tube length; Nu is
the Nusselt number; n is the exponent in expression
(2); Pr is the Prandtl number; Re is the Reynolds num-
ber; r is the instantaneous radius; rg is the ingide
radius of the tube; u is the circumferential component
of flow velocity; w is the mean axial velocity of the flow;
o is the heat~transfer coefficient; ) tube-length cor-
rection for the heat-transfer coefficient; A is the ther-

INZHENERNO-FIZICHESKII ZHURNAL

mal conductivity of the fluid; vis the kinematic vis—
cosity coefficient; £ isthe hydraulic resistance factor; ¢
is the angle between the velocity vector and the tube
axis; @gis the angle of flow twisting near the tube sur-
face; @ =¢o/15; §; is the tube-length correction for
the hydraulic-resistance factor.

REFERENCES

1. G. N. Delyagin and B. V. Kantorovich, I¥Zh, 1,
no. 3, 1958.

2. V. K. Ermolin, Izv. AN SSR, OTN, Energetika
i avtomatika, no. 1, 1960.

3. A. V. Ivanova, collection: Heat and Mass Trans-
fer, vol. 1[in Russian], Izd. Nauka i tekhnika, Minsk,
1965.

4. V. K. Shchukin, Trudy KAI, no. 93, 1967.

5. V. K. Shehukin, Izv. vuz. ser. Aviatsionnaya
tekhnika, no. 3, 1964.

6. V. K. Shchukin and A. F. Koval'nogov, Izv. vuz.
ser. Aviatsionnaya tekhnika [Soviet Aeronautics], no.
2, 1967.

7. B. E, Neimark, Teploenergetika, no. 9, 1955.

8. V. M. Antuftev and G. S. Beletskii, Heat Trans-
fer and Aerodynamic Resistance of Tubular Surfaces
in Transverse Flow [in Russian], Mashgiz, 1948.

7 June 1967 Aviation Institute, Kazan



