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EXPERIMENTAL INVESTIGATION OF INFLUENCE OF TURBULENCE OF
FLOW ON HEAT EXCHANGE DURING MOTION OF AIR IN PIPES

I. T. Shvets, Ye. P. Dyban, M. V. Stradomskiy,
and E. Ya, Epilk

To investigation of heat transfer and friction during motion of
1iquids in pipes have buen dedicated a large number of experimental
and iheoretical works [1-3].

It has been established that the magnitude of local coefficlent
of heat transfer monotonically changes along length of pipe, with
maximum value in entrance gection and minimum constant value in sec-
tions located at 30-50 dlameters from the entrance. Change of magni-
tude of average coefficlent of heat transfer along length of pipe has
analogous character.

Results of numerous investigations made it possible to determine
for turbulent and laminar regions of flow in pipes criterial depen-
dences for calculation of heat transfer after the stabilization sec-
tion. For initial segments of pipe, determination of magnitude of
coefficient of heat transfer is produced by means of multiplication
of value of a corresponding to a long pipe by a correction factor
(larger than unity) depending on distance to the entrance (for local)

or on length of pipe (for average heat transfer),

FTD-MT-65-367 -1-



Magnitude of correction factor was determined by all authors by
experimental means, as & function of Reynolds number and length of
pipe for turbulent region of flow and length of pipe for the laminar
region [2]. For Reynolds numbers corresponding to transition from
laminar flow to turbulent flow, reliable data on regularity of heat
exchange in initial segments of pipe are practically non-existent.

During experimental determination of correction factor for length
of pipe, there were usually taken measures to decrease initial distur-
pances introduced into the flow by local resistances before the
entrance into the pipes and also conditions of the entrance, It is
in our opinion absolutely impermissible to disregard the indicated
circumstances.

Considering what has been presented by us, there were conducted
experimental works on the study of heat exchange during motion of alr
in relatively short pipes in range of Reynolds numbers (1-103 to 5-10“)
with consideration of initial turbulence of flow.

The Experimental Installation and Method of Investigation
A schematic diagram of the installation is shown in Fig. 1.

Experiments were conducted on a segment of seamless pipe of steel
[EYa1T] (8A1T) with inner diameter of 51 mm, thickness of wall 1.5 mm
and length 4000 mm (maximum ratio of length to dlameter about 80).
Supply of alr to experimental section was carried out through
system of receivers and a damper with metal grids and cloth filter
installed in it. Entrance of air into pipe was realized through a
convergent channel, which provides at the output a smooth velocity
profile and has an outlet section with diameter equal to inner diameter
of pipe. At outlet from convergent channel there was fixed an insert

with inner dlameter also of 51 mm, which provides possibllity of

FTD-MT- 65- 367 -2-
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placement of artificial turbulence generators directly at the entrance
to the investigated segment of the pipe.

As turbulence-generating devices there were applied perforated
plates with thickness of 3 mm and wire grids (geometric characteristics
of which are given in Table 1), which provide, as was established
earlier the greatest increase of level of axial pulsations of velocity

[4].

- Table 1. Geometric Characteristics of Investigated
Turbulizers and Magnitude of Radial Components of
Pulsation of Velocity Created by Them

Diameter of Obstru ¢ ' FPIly oF Sraah
er o C= L ) »
openings Step I, | tion coer-| Desisnation of | rumber Re(1-5)-10%, %,
4, mm e flolant o | Worbulimrs . Cross Eiolt
1 — 0,0384 lholes@ 10 3—4,6 | 4.2-5,6
) 20,80 0, 1806 Vilg 10x 3,6-5.8 1.8-3.4
] 10.40 0,1806 Vii@ 6x 8—9 2,337
3 6.28 0.1806 Vii@g 3x 5.6—8,8 2,13,6
3 4,92 0,2016 - Vi p3x 4—6.4 1.6-3.4
2,3 4,00 0. 1806 1I from VII 1.6 1.9—-1.8
51 - 1,00 Natural <0.2 <0.2
turbulization X

Note: 1, Turbulizer No, 1 — diaphragm with
one central hole.

2. Turbulizers No. 2-5 — perforated
diaphragms with unstaggered holes.

3. Turbulizer No, 7 — insert providing
smooth entrance into pipe (natural turbulization of
flow).

Experiments were conducted with heating of walls of pipe by
alternating electric current with voltage from 1.5 to 6.2 v at current
of 400-450 amp.

Feed of current to pipe was carried out through contacts made of
thin stainless steel sheet wrapped around the pipe. For preventing
of local overheating of contacts, their surface was covered with

copper foil of thickness 0.3-0.5 mm. Leakage of current through the

flange and contacts was prevented by compensating adjustable Nichrome
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neaters located on them and fed through autotransformers of type
[LATR-1] (IATP-1).

Quantity of air proceeding into investigated segment was measured
with help of double diaphragm fixed before the flow damper. Pressure
drop was measured by a U-shaped water differential manometer, and
absolute pressure was measured by a laboratory spring-type manometer
of class 0.35. Air pressure in pipe was taken equal to atmospheric
pressure determined by barometer.

Determination of temperatures of air and pipe wall was carried
out by mearns of chromel-copel thermocouples; emf of thermocouples was
measured by null method with the help of potentiometer of type [PPTV-1]

(INTB-1). Thermocouples measuring temperature of wall of pipe were

welded to it and imbedded flush with the surface; thermocouple measur-
ing initial temperature air was installed in flow damper before entrance
sectior of the convergent channel,

Measurement of temperature of air at outlet from working segment
wae carried out by a perforated copper diaphragm with diameter of 47
mm, thickness of 9 mm, having a large number of holes with dliameter
of 2 mm. For removal of influence of walls of pipe on temperature of
dlaphragm, the latter 1s thoroughly insulated around its outer diameter
by a layer about (2 mn) of asbestos insulation impregnated with 1liquid
glass.

The diaphragm, fixed inside pipe perpendicularly to flow and
possessing very high coefficient of thermal conductivity takes the
average-flow temperature of the incident flow [5], which 1s measured
by a chromel-copel thermocouple calked in it. Displacement of diaphragm
along length of pipe was carried out from the outlet section with the

help of a set of thin mesallic rods connected with each other,
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During experiment, at constant flow rate of alr coolant and con-
stant current intensity, there was measured temperature of wall of
pipe at 17 points along the length and also distribution of temperature
of air along length of pipe.

The obtained distribution temperature curves of wall and flow
along length of pipe were used for determination of local and mean
values of coefficients of heat transfer.

Quantity of heat absorbed by alr was determined according to the
enthalpy difference between outlet and inlet sections of plpe:

Qu==Gcy - Oy, (1)
where G — flow rate of air per hour; Atn —~ heating of air in the
glven segment,

During calculation of average value of coefficient of heat trans-
fer for the segment, temperature head was determined as difference of
mean-integral values of temperatures of wall and air, where integra-
tion of distributions of ‘emperature was carried by the trapezoidal
rule:

T+ e ticd— 3 0+ 10— taed
“.’ﬂ ) - ) - W:. - . ( 2)

For finding of local values of coefficlent of heat transfer,
heat-exchange surface was taken equal to one diameter and located
unfformly on both sides of the considered section of the pipe.

Temperature head in this case was calculated as the difference
between temperatures of wall and alr in the given section.

Physical constants of alr for Reynolds and Nusselt numbers were
determined according to its mean-flow-rate temperature over the sec-
tion; the characteristic dimension was considered to be the inner

diameter of the pipe and the velocity was considered to be velocity in

the given section,



In process of carrying out the investigation, there were conducted
nine series of experiments (eight with the use of turbulizers and one
with natural turbulization of flow), in each of which there were per-
formed 30-35 experiments at different Reynolds numbers. Error in
determination of Nusselt number was 5% and in Reynolds number — 2%.

Evaluation of turbulization of flow in glven section was carried
out according to the mearured distribution of radial component of
pulsation of velocity along radius with the help of an electro-thermo-
anemometer of type [ETA-5a] (3TA-5a). Method of measurement of radial
component of pulsation of veloclty and results of experiments are

presented in article [7].

Results of Experiments

Results of experiments were processed to obtain a dependence of
average and local Nusselt number on Reynolds number.at different sec-
tions of the pipe for different magnitudes of Karman number,

During heating of pipe by transmission of electrical current,
change of quantl .y of heat of released in wall along its length is
proportional to change of specific electrical reslstance of the
material and constitutes approximately 2%, Therefore, change of
difference t°7 -8 along length of pipe qualitatively characterizes
changg of local values of coefficient of heat transfer. This made
it possible to use for analysis also distribution curves of wall
temperature, Consideration of curves of change of wall temperatures
and air along the length of the pipe in case of natural turbulization
of flow (Karman number in entrance section is of the order of 0.2%)
has shown that monotonic change of value of local coefficlent of heat
transfer occurs only at values of Reynolds number lower than 2000 and

higher than 30,000,
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?ig. 2. Local heat transfer during natural turbuliza-
tion of flow for segments located at the following
distances from the entrance section: c=~— 2d; B — 54;
O= 10d; A = 15d; v = 20d; ¢ — 30d; x — 40d; @ — 754;

I = Nu = 0.018-Re®* 9,

As processing of experimental data has shown (Fig. 2), during
natural turbulization of flow, intensity of local heat transfer for
segments from 1/d = 10 to 1/d = 40 1is described by three different
criterial relationships:

a) at Reynolds number lower than 3500, the exponent of Reynolds
number is of the order of 0.1;

b) in range of Reynolds numbers from 3500 to 20,000 with exponent
of the order of 1.2-1.0;

¢) in range of Reynolds numbers higher than 20,000, with exponent
close to 0.80.

Near the entrance (segment 1/d from 0.5 to 5), exponent of Reynolds
numbers is 0.5, and the criterial equation after recalculation acquires

form with error not more than 10%, which coincides with equation for

-8-



heat transfer from a flat plate:

Num=0,66Re*", (3)

For sections located more than 50 diameters from the entrance,

regularitles of heat transfer obey the following two equations (Fig. 2):

a) in range of Reynolds numbers over 3500 = equation characteristic

for turbulent regime of flow:
Nu ==0,018Re*%; (4)

b) at value of Reynolds number lower than 3500 — equation char-
ecteristic for laminar regime of flow:

Num=5,6Re* %, (5)

It 1s necessary to note that disappearance of third segment with
increase of distance from entrance or Reynolds number corresponds to
appearance of a monotonlc distribution curve of temperature of wall of
pipe.

On the basls of the conducted experiments, i1t is possible to
make the conclusion that the segment of pipe occupied by zone with
transient regime of flow has relatively small extent, and at a dis-
tance from the entrance of over 50 diameters transition from laminar
regime of flow to turbulent regime occurs directly (Fig. 3). The
exponent of Reynolds number for initial segments of pipe depends not
only on regime of flow but also on distance from the entrance, and in
the case of natural turbullzation is changed from 0.5 to 0.1 during
laminar and from 0,8 to 1,5 during transient regimes.

Tﬁe indicated character of change of intensity of heat transfer
along length of pipe during natural turbulization of flow also renders
an influence on average Nusselt numbers (Fig. 4).

In the conducted experiments, lengths of applied pipe (75 diame-

ters) turned out to be insufficient for achievement of transition from

-9~
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laminar flow to turbulent flow: according to Reyn~lds number, inten=-
sity of average heat transfer has three zonea. For length of pipe
over 40 diameters, in range of Reynolds numbers over 1.10u, criterial
equation for heat transfer has the form Nu = 0.018Re°'80; in the
transition zone, the exponent of Reynolds number changes with increase
of length of pipe not monotonically: in the beginning it increases

(to 1.25) and then starts to decrease (to 0.90).

3.

et mede *|

L T

Fig. 3. Influence of Reynolds number
on extent of segments with laminar
and transient regimes of flow durlng
natural turbulization of flow.

- = — end of laminar regime of flow;
~.—.— beginning of developed turbu-
lent regime of flow; .... through ex-
treme points on temperature distribu-
tion curves of wall of pipe along its
length; ¥~ through points of break
on curves Nu = f(Re).

From consideration of Fig. 2=4 one may see that with lncrease
of Reynolds number, influence of length of pipe on local and average
heat transfer considerably decreases.

Calculations show that at Reynolds number above 1.2'105 local
heat transfer directly from the entrance will be described by the

equation which is characterlstic for turbulent regime of flow; for

-10-



average heat transfer, for a length of pipe of 30 diameters, this
phenomenon will occur at Reynolds number of 3.1'105, and for a pipe

with length of 5 diameters — at Reynolds number 7'106.
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Fig. 4. Average heat transfer during natural turbu=-
lization of flow for segments of pipe of length:
o - 2d; 8- 5d; O~- 104; @ — 15d; v — 20d; v = 304;

¥ — 40d; Xx=75d; I — Nu = 0.018Re?+ 0,

Analysis of results of experiments made 1% possible to establish
approximate empirical dependence for determiziation of length of segment
of stabilization of local values of Nusseit number Iin range of Reynolds
numbers 1.5-10h to 5-10“:

ijd==25(Re 10-%)~*", (6)

Length of segment of stabilization for mean values of Nusselt number
in the same ranges of Reynolds numbers 1is determined by the equation
1/d =42 (Re-10-4)"**. (7)

On the basis of experiments there were determined magnitudes of

corrections for consideration of influence of length of pipe on

-ii-
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intensity of local and average heat transfer during natural turbuliza-
tion of flow (Table 2). During determination of magnitude of correc-
tion factor, magnitude experimentally determined Nusselt number per-
tained to the value calculated by means of equation (4) in range of
Reynolds numbers corresponding to turbulent and transient regimes, and
to the value calculated by means of equation (5) in range of Reynolds

numbers corresponding to the laminar regime (Table 2).

Table 2, Values of Correction Factors €,5 & fcr

Cc
Calculation of Local and Mean Values of Nussel% Nume=
ber During Natural Turbulization of Flow

e "R %
» sl s w]|w]|w]|m]e]|e]| n
2.1 w |l |02 1.00]1.00 1.00 1,00 | 1,00 | 1,00
%, 206 1:86 (1126|1118 (1113 | 1108 | 1:08 | 1,05 | 1,02
".0‘ “ g 1,78 ln” 1.0 '.m 1,00 1.00 I.W I-N K.N :
ey .| 280 | 17T | 1136 | 1128 | 115 | 108 | 108 | 108 | 102
g .
T w 1,73 1.09 | 0.8¢ .80 [0.80 .82 |0.85[1.00]1.00
‘., | 288|138 | 118 | 1103|063 | 087 | 086 | 0.84 | 036 -
710 “ 1,56 | 0,93 | 0.68 | 0.71 | 0,77 | 0.94 | 1,00 | 1,00 { 1,00
R 2] *, |23 |146|1.04 0,00 082 083|087 0.9 |09 -
S ™ 1,40 ! 0,92 | 0,77 | 0,89 { 1,00 | 1,00 ' 1,00 | 1,00 ] 1,00 -
“ 2018 | 1.39 | 1,08 | 0.99 | 0,95 | 0,94 | 0,96 | 0.98 | 1,20
\ '
L . 1,33 | 0,94 | 0,81 | 1,00 1,00 1,00 1,00 1.00 | .00
e, | 4099 {136 | 1114 | 1007 | 1006 | 1,00 4,00 | 1,00 | 1[0
210 " 1,28 ' 9.9 |1.00|1.00]1.00/..00]1.00}1.00|1,00 -
"‘” :a. ln“ l.‘a I-“ 'c“ I.Ol lo” lom I.U
»10° “ .21 10,90 1,00/ 1,00 (1.00(1.00]1.00/1.00]1,00
o, {10131 | 121006 | 1loz | 1l00 | Livo | 100 | ilo0
5100 “ 104 1,000 1,001,000 1,00 1,00 1.00]{1.00(1,00
fup | 181 [ 1728 | 11|04 | ol | 100 | 1,00 | 1.00 | i00

With such processing of data, influence of change of physical
properties of liquids along length of pipe and conditions of experiment
on value of correction factor decreases. In particular it turns out

to be possible to compare experimental data obtained under different

-12-



conditions of the entrance.*

Increase of level of initlal turbulizatlion of flow considerably
changes both the magnitudes of coefficlents of heat transfer in initial
segments of the pipe and the character of their distribution along the
length.

With increase of Karman number in entrance section to 4% of magni-

tude of local values, Nusselt numbers increase by 7-8 times: section
occupied by transient regime of flow vanishes, and in sections located
more than 20 diameters from the entrance, starting at Reynolds number
of 2800, local heat transfer is described by equation (4), which is
characteristic for a well-developed turbulent regime of flow (Fig. 5).
Due to growth of intensity of heat exchange in inlet sectlons,
length of segment i stabilization for mean values of Nusselt numSer
is increased. At Reynolds numbers of the order of 5-10h, correction

factor for length of pipe € becomes equal to unity in approximately

3

cp §
200 diameters, In an artificially turbulized flow, for all investigated '
lengths of pipe in the region of Reynolds numbers u-103-1»1o“, the

exponent of Reynolds number turns out to be lower than 0.80, and not
higher, as for a naturally turbulized flow. !
Monotonic change of the exponent of Reynolds number during change
of its magnitude 1is also characteristic for artificlally turbulized
flow (Fig. 6).
For the most effective of the investigated turbulizers (No. 1 ?
according to Table 1), local heat transfer at inlet sections was

increased by 5-15 times (Table 3) with increase of asverage Nusselt

*During natural turbulization of flow experimental data obtained
by us coincided well qualitatively with results of investigation [6]
conducted on a viscous liquid (oil).

_1}_
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Fig. 5. Local heat transfer during artificial
turbulization of flow (turbulizer No, 1, holes
@ 10) for segments located the following dis=-
tances from the inlet section: = — 2d; B —~
5d; O = 10d; @ ~ 15d; V — 20d; V = 30d; ¥ = 404;

X =T5d; I = Nu = 0.018Re0'80.

number for a pipe with length of 75 diameters by 20=30%. With decrease
of level of turbulization of flow, intensification of heat exchange

on initial segments of the pipe changes, and for turbulizer No. 6

(wire grid) values of correction factors approach magnitudee character-

istic for naturally turbulized flows.
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ficial turbulization of flow (turbulizer
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X=75d; I = Nu = 0.018Re0’ o.

In the process of carrying out the work, 1t was not possible to
establish a quantitative relation between level of turbilization of
flow (Karman number) and intensification of heat exchange in the pipe,

As experiments showed, in cross sections of pipe located more
than 30 dlameters from the inlet, distribution of radial components of
pulsation of velocity turns out to be identical both during natural
and during artificial turbulization. As it was shown earller, at

approximately the same distance there is stabilized the level of local

heat transfer.
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In cross sections located closer than 30 diameters from the inlet
character of distribution of radial component of pulsation along the
radius turns out to be different for different turbulizers, and there
is absent qualitative agreement between mangitude of Karman number
and intensity of local heat transfer,

The conducted experiments have shown that frequency of pulsations
of velocity created by different turbulizers turns out to be essentially
different due to the fact that apparently it was not possible to obtain
generalized dependences for calculation taking into account the level

of turbulization of flow on heat exchange during flow of air in pipes.

Table 3, Values of correction factors €, and €,

cp
for Calculation of Local and Mean Values of Nusselt
Numbers During Intense Artificial Turbulization of
Flow (Turbulizer No. 1, Holes @ 10)

I ) in
L. 0] s lnlulw|w]aealewlan
* 2,100 w |8.98]|3.4]1.38 100097 0.82] 003700208
1 s - |Te8| 80|34 [ 20382001 | vies | 1ia8 | iise )i
310 “ 8.57 | 0.3 1,59 | 1.14 ] 0.90 | 0.87 | 0.87 [ 0,67 | 0.07
e N L EX RN E T N A R R R
Cosa0e, | ou 0 |1o.8f e8] 0621 ]1.00]1.00]1.00]1,00]1.00
- D e N[ f a3 [ gl | 222 183 [ 10001048 | 19
e | w 11,88 4,78 | 1,66 { 1,14 | 1,06 [ 1,00 1,00 [ 1,00 | 1.00
S BT L TR RCIRROI B AR XA SR R R RK
e | Ly 12,3/ 4,66 | 1,68 | 1,16 [ 1,08 1.00 [ 1.00 ] 1,00 1.00
. o |17 i | 408 |70 {2l | 178 | s f e |1
TS “ 13,32 4,84 | 1,69 | 1,20 { 1.08 | 1,00 [ 1.00 | 1,00 | 1.00
A . [I4]778| 301 2l | 218 | 1171 | 180 |ile0 f 1.0
3100 " 14,08] 4,44 [ 1,71 | 1.22] 1,00 [ 1,00 1.00 [1.00] 1,00
, S - |113] 70 | 202 | 00 | 20k 1l67 | 17 [l | i
5100 " 16,78 4.17 | 1.82 | 1.% | 1.13 | 1,00 1,06 | 1.00| 1.00
| o, 10|78 | 3082 | 2is | oo | ioa) 1130|1020 | 17
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The conducted investigation showed that use of Karman number is
insufficient to obtain total characteristic of degree of turbulence
of flow; it is necessary, apparently, during experiments, to measure
also a magnitude proportional to the mixing length or dimension of

artificial vortex, for example, frequency of pulsations.

Conclusions

1. During naturally turbulized flow in a pipe, in a short (less
than 5 diameters) segment, regularities of heat transfer coincide with
those observed diring flow around a plate.

In the range of Reynolds numbers from 2500 to 45,000, after the
short segment there is a zone with length of 50 diameters, occupied
with a transient regime of flow, after which there is a region with
turbulent regime of flow.

2. With increase of initial perturbations, intensity of local
and average heat transfer is increased, and length of pipe after
which heat transfer is stabilized also increases. Certain of the
turbulizing devices investigated in this work provided increase of
initicl turbulence to 8=-9% (as compared to 0.2% with natural turbuli-
zation), which caused increase of local values of Nusselt numbers
at inlet sections by 14-16 times, and of average values by 10=12 times;
thus, in spite of fast damping of introduced perturbations along
length of the pipe, average heat transfer is intensified at very con-
siderable distances (on the order of 100-200 diameters).

3. Experiments have shown that initial turbulization of flow
renders a very significant influehce on intensity of neat exchange
during flow of air in short pipes and must be taken into account during

determination of corresponding correction factors.
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Obtained experimental data permit us to make a conclusion concern-
ing the fact that installation at the inlet into pipes of artificial
turbulizers is one of the ways of intensification of heat exchange.

4., In order to obtain generalized relationships describing law
of heat transfer in pipes, taking into account initial turbulization
of the flow, it is necessary, in the first place cto find the parameters
which most fully characterize artificial turbulization. Use of Karman
number as such a parameter (ratio of mean-square magnitude of radial
component of velocity pulsation to its average-flow-rate value) lis,

as results of the investigation showed evidently insufficient.
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