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HEAT EXCHANGE OF AN ANNULAR JET TRANSMITTED OVER A CY-
LINDRICAL SURFACE

Abstract. A large number of papers are devoted to theoretical and experimental studies of heat
transfer and control of jet mixing processes. In this paper, a thermocouple for measuring the temperature
of the cylinder surface, according to the amount of heat transmitted by a unit of the surface of the cylinder
heated by an electric current when measuring the local heat exchange coefficient, the distribution of
pulsation characteristics is studied using a thermoanemometer. The paper considers the problem of the
distribution of laminar flow flowing through Ring nozzles of the last size along the cylinder of a constant
radius along its length. When solving the problem, a semi-empirical speed profile is used. As the
horizontal curvature increases, it is shown that the speed profile in the boundary layer in the cylinder is
more filled in comparison with the speed profile in the plate. Later, a theoretical and experimental study
of the longitudinal flow of a long cylinder, which is not smoothed by a uniform turbulent flow, was
carried out. The study of the influence of acoustic effects on heat exchange in partially restricted lowland
submerged currents and satellite flow is carried out. There is a possibility of resonant amplification of the
turbulence development of a partially restricted flow, such as free flows. This reduces the length of the
laminar boundary layer of the wall, shortens the laminar flow zone, and establishes the area where the
turbulent flow previously developed. Exposure to high-frequency vibrations stretches the laminar-
turbulent transition.

Keywords: cylindrical surface, heat exchange, semi-linear flow, pulsation, turbulent jet, turbulent
development, heat exchange of an annular jet.
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TEIVIOOEMEH KOJILIIEBOI CTPYH MPOXOSIIEN MO UJINHAPUYECKON
MMOBEPXHOCTH

AHHoOTanus: bonbiioe Konmu4yecTBO paboT MOCBSIIIEHO TEOPETHYECKUM H SKCIEPHMEHTAIbHBIM
HCCIICIOBAaHMUAM TEIIOOOMEHa M YNpaBJIEHHS TPOIEcCCaMU CTPYHHOTO IepeMemnBaHuA. B maHHOU
paboTte TepMmomapa AN HM3MEPEHHS TEMIIEpaTyphl MOBEPXHOCTH LWIMHAPA, MO KOJWYECTBY TeEIUIa,
[IEPEelaBaeMOro €AMHUILIEH IIOBEPXHOCTH LMIMHIPA, HArpeBacMON JJIEKTPUYECKHUM TOKOM, IIpH
N3MEPEHUH JIOKAIBHOTO KOA((UIMEHTa TEeIJI0O00OMEHa HCCIeNyeTCs paclpelesieHne MyJbCalnOHHBIX
XapaKTepUCTHK C TOMOIIBI0 TepMoaHeMoMeTpa. B pabore paccMmaTpuBaeTcs 3afada O paclpeesieHIH
JJAMMHAPHOT0 TOTOKAa, MPOTEKAIOLIET0 Yepe3 KOJbLEBLIE COIUIA MOCIEIHEr0 pa3Mepa, BAOIb LHUIMHIpPA
MIOCTOSTHHOTO pajnyca 1o ero JuinHe. [Ipyu peneHnn 3ajaqy UCIoIb3yeTCsl MOMyIMITMPUIECKIH poduib
ckopoctr. Ilo Mepe yBennueHHs TOPH3OHTAJILHOM KPUBU3HBI IIOKa3aHO, YTO NPO(WIbL CKOPOCTH B
MIOTPaHUYHOM CJI0€ IMIIMHJpa OoJIee 3aroIHeH 110 CPaBHEHUIO ¢ IPOoUIIeM CKOPOCTH B IutacTuHe. [To3xe
ObUIO MPOBEJICHO TEOPETHUECKOE M IKCIIEPUMEHTAIFHOE HCCIIEA0BaHNE TIPOAOJILHOTO TeUEHHS [UIMHHOTO
LWINHIpPA, HE CIIaKeHHOTO pPaBHOMEPHBIM TYpOYJIEHTHBIM mHOTOKOM. [IpoBeneHo wuccienoBanue
BIIMSIHASL aKyCTHUECKUX 3(P(EKTOB Ha TEIUIOOOMEH B YaCTWYHO OTPAHWYEHHBIX HU3WHHBIX ITOJBOIHBIX
TEUCHUAX M CIYTHHKOBBIX IMOTOKaX. CyIIecTByeT BO3MOXKHOCTh PE30HAHCHOTO YCWJICHHUS DPa3BUTHA
TypOYIEHTHOCTH YaCTUYHO OTPAHWYCHHOTO ITOTOKA, TAKOTO KaK CBOOOIHBIE MOTOKH. DTO YMEHBIIAET
JUIMHY JIAMHHApHOTO TIOTPAaHWYHOTO CJIOS CTEHKH, YKOpAauWBaeT 30HY JIAMHHAPHOTO TEYECHUS U
yCTaHaBJIMBAeT 00J1acTh, TIE paHee pa3BUBAIOCH TypOYIEHTHOE TeUCHNE.

KiroueBble c0Ba: NOUIMHAPUYECKAs IOBEPXHOCTh, TEIJIOOOMEH, IONYJIMHEHHOE TEUYeHNE,
IyJIbcanus, TypOyJIeHTHas CTpYsl, TEIUIOOOMEH KOJIBIIEBOH CTPYH.
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Annoranusi: KenrereH >xyMmbIcTap Kbuly Oepy/i TEOPHSUIIBIK JKOHE IKCIIEPUMEHTTIK 3epTTeyliepre
JKOHE PpEeaKkTHBTI apajacTelpy IpolecTepiH Oackapyra apHayFaH. byn jkymbicTa HIWIMHADP O€TiHIH
TeMIIepaTypachlH eJIICyre apHAaJIFaH TEpMOIapa, SJIEKTP TOTBIMEH KbI3IBIPBUIFaH LHWIMHAP OCTiHIH
OipiriHe OepijieTiH XBUTy MeIIIepiHe COHKeC, JKBUTYy aIMAacCyIbIH KXEpPrilikTi KOd(QQHUIHUCHTIH eey
Ke3iHJe TepMOaHEeMOMETP KOMETIMEeH IyJIbCallisUIbIK CHIIaTTaMaIapblH Tapaiysl 3eprreneni. JKymeicTa
Y3BIHIBIFE OOMBIHIIA TYPaKTBl paadychl Oap LWIHHAP OOHBIMEH COHFBI MOJIIEPIEri CaKWHAIIBI
CaHpUIAYJIAp apKbUIBI OTETiH JAMUHAPIIBIK aFbIHHBIH Tapallybl KapacThIpbulagsl. MoceneHi menty Kesinue
KapThUIail AMIMPUKAIIBIK SKBUIIAMABIK Hpodwmii KoiamaHbuiaabl. KeljeHeH KHCBIKTBIK JKOFapbliaraH
CaliblH, IWIMHAPAIH IIEKapaJblK KaOaThIHAAFbl JKbULIAMIBIK NPOGWI IUIACTUHAAAFBI JKBIIIAMIIBIK
npoduiTiMeH CaNBICTHIPFaHAa KoOipeK TONTHIPBUIFaHBIFbI KopceTireH. Keifinipek Oipkeski TypOyIeHTTi
arbIHMEH TETiCTeJIMEreH Y3blH LWIUHAPAIH OOWIBIK aFbIHBIH TEOPHSUIBIK YKOHE SKCIIEPUMEHTTIK 3epTTey
KYPrizinai. AKyCTHKaIBIK ocepiiep/iH illiHapa MEeKTeNreH OMIAaTThl Cy acThl aFbIHIAphl MEH CITyTHHUKTIK
arbIH/Iap/aFsl JKbUTY alMacyFa 9cepiH 3epTTey >Kypri3inai. EpkiH arelHAap CHAKTHI iliHapa IMIEKTeyIi
aFblHHBIH TYpPOYJICHTTUIITIHIH JaMybIH PE30HAHCTHIK KymIedTy MywmkiHziri Oap. Bym kaObipraHbeiH
JIAMHHAPJIBIK [IeKapa KaGaThIHBIH Y3bIHIBIFBIH a3aiTaIbl, TaMHHAPIBIK TOK aiiMarblH KBICKApTabl KOHE
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TypOYJEHTTi TOK OYpBIH TaMBIFaH aliMaKTHI OenTineiimi.
Tyiiin ce3gep: LMIMHAPIIK O€T, JKBUIy aiMacy, JKapTbUlal CBI3BIKTBL TOK, ITyJIbCALUs,
TYpOYJICHTTI aFbIH, allHAIMaJIbl AFBIHHBIH XKbUTY aJIMacybl.

Introduction

The study of heat exchange of semi-
limited flow flows is devoted to theoretical and
experimental work. Interest in these tasks is due
to its wide application in semi-limited flow
industries: in Chemical Technology, in the
technological processes of drying bonfires, in
the cooling of combustion chambers, blades of
gas turbines, jet engines, etc.

In most cases, at small values of the
horizontal curve parameter, flow patterns were
considered in flat and radial semi-bounded
flows or flows spreading along the cylindrical
surface, which can be ignored under the
influence of which.

Of great interest, both from a scientific
and practical point of view, is the study of heat
exchange of annular flows distributed over a
wide range of changes in the curve parameter
along a cylindrical surface. Due to the influence
of the horizontal curve parameter, the problem
of the distribution of ring flow along a
cylindrical surface is not an auto model, and it
is very difficult to theoretically study it on the
basis of boundary layer theory.

There is absolutely no data on the study of
the laws of vortex formation and the study of
the laws of turbulence development in valal and
transition sections of Wall-ring flows. This was
the basis for setting the following task in this
work.

Partially restricted flow research
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An annular ribbed flow occurs when a
cylindrical body flows longitudinally [1]. The
flow passes through a circumferential hole of
width b, and propagates along a cylinder of
constant radius R,.

Like the movement of a flat ribbed jet, the
entire flow sphere can be divided into three
parts: primary, transition, and main [2]. The
primary part is characterized by the presence of
a constant velocity core, bounded by a free
layer of interference from the outside and a
boundary layer of the inner wall. In the initial
part, at the end, the boundary layers bend at the
maximum speed line.

The transition after the initial part, and
then after reaching the developed level of speed
and intensity of turbulence, begins from the
place where the main section of the current
extends. In the initial and transition parts of the
flow, the length depends on the initial thickness
of the boundary layer (internal and external),
the level of turbulence and the Reynolds
number of the flow, as well as the intensity of
various impacts [3].
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Figure 1- Circular spreading along the
surface of the cylinder flow chart of the stream

The distribution of the turbulent flow over
the cylinder surface is obvious; the laws in the
ribbed boundary layer are close to the laws of
the turbulent boundary layer when the cylinder
flows longitudinally [4].

In this work, the values of indirect
stresses, averaged and pulsation velocities are
measured over the cross section of a circulating
jet flowing from a nozzle with a diameter of
16.9 mm and propagating through a cylinder

with a diameter of 12.7. mm (S; = % =0.33).

0

Experimental installations and
measurement methods
According to the requirements, two units
were assembled: for the study of heat exchange,
vortex structure of the flow and visualization.
Figure 2 shows the installation scheme

that meets the specified requirements:

T }
3

Figure 2— Experimental installation
diagram

Before conducting the experiment, the
width of the gap between the cylinder surface
and the nozzle in the output section is carefully
monitored and, if necessary, the speed profile in
the initial, transition and main parts of the flow
is checked the symmetry was smoothed out.
Especially carefully monitored and maintained
speed stability in the exit section of the PLO.

Experiments on the study of the pulsation
structure and heat exchange were carried out in
units that differ from each other in some
features arising from the conditions for setting
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tasks. To monitor the flow pattern, the studied
flow area is located in the working part of the
shadow instrument IAB-451.

From The Fan 1 through the soft touch of
rubber 2, air is fed through the diffuser 4,5 to
the calming Chamber of the grid 3 and ends
from the soplo along the cylindrical insert. 8
loudspeakers are installed in the lower part of
the silencing chamber with a power of 25 w, a
protective casing 9. a plastic bar is attached to
the side to seal the chamber and improve the
transmission of the loudspeaker to the
protective casing. In order to reduce the
acoustic resonance of the chamber walls, it is
made of wood-chip material with a thickness of
25 mm and inside it is sound-absorbing material
with a thickness of 15 mm. The grid 5 has a cell
size of 0.7*0.7 mm and serves to heat the flow.
Heating is carried out by passing alternating
current through it. In experiments, a small
heating up to 30-40 flows was used to visualize
the flow pattern. In the upper part of the camera
3, the holder 6 is mounted [5].

When studying the heat exchange and
vortex structure from the visual drawing, the air
is connected to a low-power 300 W fan with
less air consumption. To obtain high speeds up
to 80 m/ s, the unit is connected by a soft touch
of the air duct from the TV-80-1,6 type
centrifugal compressor. The flow rate was
regulated by changing the voltage applied to the
electric motor of the small fan and by flaps in
the air duct of the centrifugal compressor.

The study of heat exchange during the
flow of a cylinder jet in the same installation
(Fig.2) is made of sheet steel heated by
electrical conductivity using a working cylinder
made of a thin-walled tube. In the practice of
heat transfer research (0.84 ohms- mm?/m) a
high resistivity stainless steel cylinder was
used.the outer diameter is 14 mm, the wall
thickness is 0.22 mm and the length is 850 mm.
the cylinder was heated by an electric current
that was passed through the copper tips to the
edge of the cylinder . The decrease in the
electric current voltage in the cylinder varied
within 1 V and was measured by devices of the
electromagnetic system of the e 59 brand with
an accuracy class of 0.1.The current value
varied within 10 A and was measured by an e
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59 electromagnetic system device with an
accuracy class of 0.1.

The uniformity of the cylinder wall
thickness was checked by measuring the
voltage drop along the length of the working
cylinder [6]. A direct current passed through the
cylinder and the voltage drop was measured
using a pptn-1 potentiometer. The uniformity of
the cylinder wall thickness was checked by
measuring the voltage drop along the length of
the working cylinder. A direct current passed
through the cylinder and the voltage drop was
measured using a pptn-1 potentiometer. The
stress unevenness did not exceed 10.3% and
therefore was considered g, =const along the

length of the cylinder.

Experimental results and discuss

To study the influence of the horizontal
curve parameter and the development of
turbulence, local heat transfer coefficients of the
cylinder u,=3.32,9.62,1451m/s with a

diameter of 2R, =14mm were measured for a

rotational flow flowing into the cylinder flow,
25.0 mm and 40.0 mm with knowledge of the
initial flow velocity. The curve parameters for

the studied flows had the  values
Sk, :%:0.79 and 1.86, where b, is the width

0
of the annular gap at the nozzle outlet.

The value of the local heat transfer
coefficient decreases to a distance of 4+5mm
from the nozzle, after which the local heat
transfer coefficient increases to a distance of

X _10-+15.
by

At x/b, >15, a monotonous decrease in
the heat transfer coefficient removed from the
nozzle is observed in all measurements.
Up to x/b, <5, the nozzle section near

the cylinder surface has a laminar flow mode,
while in zone 5< x/b, <15 there is a transient
flow mode, and in zone x/b, >15 there is a

turbulent flow mode.

The influence of acoustic influence on the
development of axial symmetrical free flow was
studied in the works. A review of studies and
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generalized conclusions on the study of the
influence of acoustic chokes of different
intensities and frequencies on free and Wall
flows are presented in the paper. The problem
of the impact of acoustic protests on the wall
and the flow has now become particularly
relevant, since the impact effects can be used to
intensify heat mass exchange during turbulent
mixing or deceleration, forced and free
convection in streams [7].

Thus, using acoustic influence, as well as
using other methods (mechanical action using a
velocity pulsator, increasing turbulence of the
initial level, etc.), it is Possible to control the
intensity of heat exchange within the initial and
transition sections of the flow during the flow
of the body jet.

However, the intensity of heat exchange
in the main section of the flow remains
unchanged for all values of the frequency of
acoustic influence. The change in the local heat
transfer coefficient at different frequencies of
acoustic influence is shown here [8].

Thus, in an annular flow, as well as in flat
partially restricted and free axisymmetric flows,
the influence of acoustic influence depends only
on heat exchange within the initial and
transition sections of the flow and practically
does not affect the intensity of heat exchange in
the main section of the flow.

In this work, an attempt is made to
account for the effect of the turbulence level on
the heat transfer intensity at the outer boundary
of the wall boundary layer when the plate flows
with a flat partially restricted flow [9]. With the
introduction of a correction factor, he was able
to link the heat exchange of plates when
flowing with a heat exchanger when flowing
with a uniform flow. In this case, the heat
exchange during the flow is characterized.

A correction similar to the effect of
turbulence was made for the heat exchange of
the surface of a cylinder flowing in a rotating
flow. In this case, the velocity in the rotating
flow is calculated of the change in the
turbulence level along the maximum line. The
experimental data processed are shown in Fig.3.

Buin.23 Ne3-4 2021
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Figure 3— Dependence of the
dimensionless coefficient of heat exchange in

the rotating flow of the cylinder Reg,, taking

into account the effect of the horizontal
curvature of the filling surface.

With additional consideration of the
influence of the level of turbulence, the
dependence of the heat exchange of the
cylindrical surface during the flow of the plate
can be reduced to the dependence of the heat
exchange during the flow of the plate with a
uniform unlimited flow.

Conclusion

When the cylinder is fed through the size
of the local heat transfer coefficient, as well as
in cases of plate flow, a laminar boundary layer
occurs at the initial section of the rotating jet
near the cylinder surface; the heat exchange
intensity removed from the nozzle decreases to
the end of the initial section. In the area of

5« x/b, «10+15, there is a transition zone of

the flow, the heat transfer coefficient of which
is removed from the nozzle. At a large distance
from the 15-gauge nozzle, the flows in the
turbulent boundary layer and the heat exchange
intensity are monotonously eliminated, moving
away from the nozzle.

Processing  experimental  data  at
coordinates Nu, = f(Re ) does not provide a
universal dependency as a flat semi-bounded

stream. This is due to the fact that at a great
distance from the nozzle.
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u

X

m
v
under the influence of the horizontal curvature
of the flowing surface, but Nu, continues to
grow.

To calculate the heat transfer intensity,
the universal dependence can be obtained by
introducing the effective Reynolds number,
which takes into account the influence of the
horizontal curvature parameter of the flowing
surface. As a result of the analysis of
experimental data, an empirical dependence is
obtained for calculating the heat transfer
intensity of the cylinder for annular flow and
Reynolds flow in a wide range of the horizontal
curve parameter.

The effective value of the Reynolds
number taking into account the influence of the
parameter of horizontal curve, and the intensity
of turbulence at the ribbed border of the
boundary layer depends on the heat transfer
plate in a uniform ow stream by heat exchange
flow cylinder flow.

The acoustic effect mainly affects the heat
exchange rate at the initial and transition
sections of the rotating partially restricted flow
and does not affect the heat exchange rate at the
main section of the flow. The resonant acoustic
effect slightly increases, and the high-frequency
effect weakens the intensity of heat exchange in
the initial and transition sections.

Re

mx

, the value stops changing
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