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HYDRODYNAMICS OF A SWIRLING FLOW
IN THE CYCLONE-VORTEX APPARATUS

Abstract. Despite the wide spreading of apparatuses, using the centrifugal force,the process of heterogeneous
systems’ separation, occurring in them, is not sufficiently studied because of the difficulty in taking into accounting
allparameters, influencing on it.

In view of the fact that the dusty gas stream enters the cyclone through the branch pipe located tangentially to
the cylindrical dust collection chamber, passes circumferentially around the exhaust pipe and moves spirally down
the wall of the cone and then up, the resulting centrifugal force isinfluencing on solid particles, causing them to cling
to the inner wall of the housing and then, under the influence of gravity, to slide to the outletbranch pipe.

To calculate the cyclones,there was offered a large number of models describing the processes of flow motion
and gas-solid separation system. Many researchers accept as a separating boundary the imaginary vertical cylindrical
surface, corresponding to the radius of the inner tube for gas outflowfrom the apparatus.Others, to calculate the
hydraulic resistance, usethe medium cylindrical surface with a radius of /r;r;and height h, assuming that there
occurs an abrupt flow ratechange on it. On both sides of this surface the potential flowis prevailing. As a result, there
have beenderived the equations for calculation of local resistance coefficientsfor input and output in the cyclone and
those of total resistance.

Some researchers propose to calculate the hydraulic resistance of the cyclone via the inlet gas velocity. To
calculate thecyclone hydraulic resistance, we havesuggested the equation, takinginto account the resistance of the
inlet zone, vortex zone and output zone. The results of calculation according to the proposed equation correlate well
with the data of other researchers.

Keywords: cyclone, tangential branch pipe, centrifugal force, solid particles, gas velocity, resistance
coefficient, hydraulic resistance.

Introduction. It is known that the application of a centrifugal force can increasegreatly the limits of
separation of heterogencous dust-gas systems [1,2-5]. However, despite the wide spreading of
apparatuses, using the centrifugal force [6-13], theprocess of heterogencous systems’ separation,
occurring in them, is not sufficiently studied because of the difficulty intaking into accounting all
parameters,influencing on it.

In the basis of the centrifugal separation process thefollowing physical model is studied [1]. The dust-
laden gas stream enters the cyclone through the branch pipe, located tangentially to the cylindrical dust
collection chamber, passes circumferentially around the exhaust pipe and moves spirally down the wall of
the cone and then up into the exhaust pipe. The diameter of the flow, ascending in a spiral, is almost equal
to the diameter of the exhaust pipe. The gas flow at the entrance to the cyclone is moving with
acceleration in the annular space between the walls of the housing of the cyclone and the exhaust pipe.
The kinetic energy of the annular flow is dissipated as a result of exchange between momentumsand
return flows,occurring at the boundaries of stagnant zones.

The hydraulic resistance of the apparatus, as well as the energy consumption for separation of the
preset volume flow rate of the dust-gas mixture,are closely related to the geometrical dimensions of the
cyclone.
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To establish the correlation between the optimal geometric dimensions of the cyclone, its
performance, power consumption and separation capacity is possible only approximately, with using
empirical data. To calculate the cyclones, there was offered a large number of models [14], describing the
processes of flow motion and gas-solid system separation. The distribution of flows in the cyclone
(especially in its conical part) is still not studied sufficiently.

Methods of studies.To carry out the studies, there were used the method of direct measurement of
hydraulic resistance by a well-type manometer and a micro manometer, and also the computer-aided
numericalmethods.

Results of studies. It was established experimentally that the path of the gas stream inside the
cyclone conforms to the Archimedean spiral’s form. This is especially important to know for proper
placement of the outlet branch pipe for dust[1,15,16].

The hydraulic resistance changes inside the apparatus depending on the velocity distribution and
therefore can be approximatelycalculated in assuming a certain form of the gas (liquid) — solid system
separating boundary. Many researchers assume as a separating boundary the imaginary vertical cylindrical
surface with a radius of r; (equal to the radius of the inner tube for gas outflow from the apparatus).
Recently [1] for calculation of hydraulic resistance there is used the average cylindrical surface with a
radius of y/r;r;and height h, assuming that there occurs an abrupt flow ratechange on it.On both sides of
this surface the potential flow is prevailing.

The pressure change at the entrance to the cyclone can be expressed by the moment of momentum M,
on the outer side (1) of the separation space (the correction should be allowed for the fact that the
momentum in the cross-section of the inlet branch pipe M, will be slightly different from M,). The
momentumon a cylindrical surface with a radius ryis expressed by the difference

My=M, -M,, (D
with
M.,=A - 2k % W, W, 2)

As a friction coefficient i in the first approximation there can be assumed the value A, defined in the
conditions of existence of a turbulent boundary layer on the outer wall of the cyclone at a constant
pressure[17]:

Aep = 0,074Re 2% (3)

where
Re = w, - 211y /., with5 - 10° < Re., < 107

With taking into account these dependencies, there can be obtained the equations for calculation of
coefficients of local resistances for input and output in the cyclone. For the input pipe[1]:

52
'UL T1
For the output pipe:
\4/3 \2
e = i =K () + () ©

Under the experimental data [1],the constant K=4,4. The ratio of velocities at the entrance to the
apparatus and the exit of it can be calculated according to the ratio of the cross-section areas of the inlet
branch pipe and the outlet pipe:

w; 1

% (©)

F T h
v, Fex 1.k,
Fpuix Tex 71

wherea — the correction factor, taking into account the ratio of moments of momentumsM;,/M,:
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a — h — VBXTBX (7)

My W,oT
The total hydraulic resistance of the cyclone is calculatedtotally as[1]:

AP, = ARy + AR, ¥
or

2
AR = §F, ©)
Whereg = SBX + é’BbIX
ByLIOTprocedure|[ 18], the hydraulic resistance of cyclones of various types is calculated by the

conventional (fictitious) gas flow rate in the horizontal cross section of the cylindrical part of the empty
apparatus as

2
AR = § 28 (10)
orby the velocity in theinput branch pipe as

APy = & 5 (11)

To reduce the hydraulic resistance of NIIOGAZ cyclones, on the exhaust pipe
thereareinstalledthevolute or the annulardiffuser, reducingAF, in average by 10 %[ 1].

The hydraulic resistance coefficients & .andéyare given in [1] (CN-11&,, = 6,1,&, = 150; CN-15
& = 7,6,& =160, CN-24 ¢, = 10,9,¢, = 80).

It should be taken into account that the hydraulic resistance of the cyclone largely depends on the
dust content of gas, and the coefficients of hydraulic resistance & in the dusty gas flow are changing in
average from 2 to 20% depending on the dust concentration [1]. According to experimental data, the
presence of dust in gas in amounts exceeding 1 g/m3, causes the heterogeneity of the gas-solid
systemseparation process, the formation of secondary circulation flows, the boundary layer separation and
deceleration of the circumferential gas velocity. At concentrations > 10 g/m3 the influence of dust content
on the hydraulic resistance cannot be neglected.

According to [19], during the sedimentation of particles under the conditions corresponding to the
Stokes law, the theoretical settling velocity in m/s is calculated by the formula:

_ d? (P1—P2)Wr2
Wo = 9v2p2D (12)

herew,. — the circumferential gas velocity in the cyclone, assumed to be equal to 12 — 14 m/s; D —the
cyclone diameter in m.

The diameter of the cyclone should be first preset, and then checkedby the subsequent calculation. To
pre-select the diameter of the centrifugal dust precipitator, one can be guided by the data [19, 20], in
which there are given the approximateratios of the main dimensions of centrifugal dust precipitatorsand
the inletbranch pipewidth b or the cyclone diameter D.

The cross-sectional area of the inlet branch pipe in m2

f = bh = 2 (13)

Wpy

whereV.., — the actual second volume of gas coming into the cyclone at a preset temperature, in m’/s;
w,,~ 20 m/s — the gas velocity in the inlet branch pipe of the cyclone.
The correct application of the formula (12) is checked by the equation
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Re=22<0,2. (14)

V2

AtRe>0,2the theoretical settling velocity is calculated asfollows.
After defining the criterion of Archimedes by the equation

A3 pi—p;
Ar =22 .PiP2 15
v3 P2 ( )
the separation factor is found:
wZ  2w?
o, = E D (16)

The criterion of Reynolds should be calculated according to the formulas:
at Ar®,<84000

Ar¢p)1/1,4-

Re = (13,9 , (17)

atArd,>84000

Re = 1,71,/Ar®, (18)

By the found values of the criterion Re the theoretical precipitationrateis determined.
Based on the pre-determined performance of the cyclone.the internal diameter of the exhaust pipe is

determinedaccording to the equation
VCeK
d, =113 /—WT, (19)

wherew, — thegasvelocityintheexhaust pipe inm/s (in practical calculations) wiis assumed to be equal to
4-8 m/s).
The outer diameter of the exhaust pipe

D, = d, + 28; (20)

hered — the wall thickness of the exhaust pipe.
The correctness of the chosen value of the cyclone diameter is verified by the formula
Dy

D= Q1)

T 1-1o%c”
Wr

The height of the cylindrical part of the centrifugal dust precipitator

— 2Veex
(D—D1)wr

hy (22)

Theheighth,of the conical part of the cyclone can be determined by the data, given in [19, 20]. The
reliable withdrawal of entrained particles from thecyclone is provided with the value of the angle at the
top of the cone of 30-40° The hydraulic resistance of the cyclone is calculated by the formula:

2
AR, = & =22, (23)
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whereé;; — the resistance coefficient, depending on the design of the cyclone (for CKKB design cyclones
&y = 2,5, for VTI cyclones &, = 6, for NIIOGAZ cyclonesé,, = 7[5]).

As can be seen from the formula (12), the settling rate of particles in centrifugal dust precipitators can
be increased by increasing the gas flow rate wy. or decreasing the radius of rotation R. the First way is
inefficient, as it causes a sharp increase in the hydraulic resistance of the apparatus, with increasing the
turbulence of the gas flow and, finally, the reduced efficiency factor. The second way has resulted in the
creation of multiclonestructures.

In paper [20] to calculate the pressure drop in a cyclone there is proposed the equation:

ap =B (24)

According to the preset efficiency, the actual gas velocity in the cyclone iscalculated, and the gas
velocity in the cyclone should not deviate from the optimal one by more than by 15%.

According to the tables, given in the paper, there isassumedthe hydraulic resistancecoefficient,
corresponding to the predetermined type of a cyclone. For NIIOGazcyclones (single ones or group ones)
the specifyingcorrections are made bythe formula

§= K1K2§Lc{goo + K, (25)

where £;'500 - the hydraulic resistancecoefficientof a single cyclone with adiameter of 500 mm. Index «c»
meansthat the cyclone operates in a hydraulic network, while«n» - without the network, i.e. directly with
exhausting intothe atmosphere; K; — the correction factor for the cyclone diameter; K,— the correction
factor for gas dust content; K; — the coefficient, taking into account the additional pressure losses, caused
by the arrangement of cyclones in a group.

To calculate the hydraulic resistance of a cyclone,we have proposed the equation:

AR, = ARy + AR5 + ARy, (26)
where AP,, — thehydraulicresistanceof the entrance area, Pa; AP, , — thehydraulicresistanceof the vortex

area, Pa; AP, , - the hydraulic resistance of the exit area, Pa.
Thehydraulicresistanceof the entrance area:

2
ARy = o, (27)

where &, = 3,32 — the resistance coefficient at the entrance to the apparatus.
Thehydraulicresistanceof the vortex area:

2
5B = Cag o, (28)

where &, , = 4,1 — theresistancecoefficientof the vortex area; wy 5 — gas velocity in the vortex area, m/s.
The hydraulic resistance of the exit area:

2
BB = o (29)

where &, = 5,7 — theresistancecoefficient at the exit of the apparatus.
Figure 1 gives the results of the cyclone hydraulic resistance calculations according to the equations,
presented by various authors.
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Figure 1 — the cyclone hydraulic resistance APdepending on the gasflow velocityat the entrancew,,.

As it can be seen from the figure, the cyclone hydraulic resistance, depending on the gas flow rate at
the entrancetothe apparatus increases. It is obvious, because with increasing speed there are growingthe
expenditures on overcoming the local resistances and creation of a swirling flow. Calculations on the
equations,proposed in papers [1, 20], and our data have close values, whereas the data in paper [19]
areslightly overvalued.

Conclusions. There has been considered the model of centrifugal separation of a dust-laden gas
stream.

There has been given the analysis of different approaches to determination of the cyclone hydraulic
resistance.

Proceeding from the analysis done, there has been proposed the equation that takes into consideration
the resistance of the entrance arca, vortex area and exitarea, well correlated with the data of other
researchers.
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Ir'uaPOJUHAMUKA 3AKPYUEHHOT' O IOTOKA
B ATIIAPATE IMKJIOHHO-BUXPEBOI'O TEVCTBUA

Annotamusa. OpTagaH TCNKIM KYIITI KOJIAHATHIH ANMAPATTAPABIH KCH TapadfaHBIHA KApaMacTaH, Olapiaa
oTeTiH OipKeTiK eMeC KyHemepai Oenly mpomeci ojapra ocep CTCTIH OAapiblKk MapaMeTpiCpAi CCKEPYIiH
KYPACTIIiriHe OaHIAHBICTBI YKETKLIIKCI3 36PTTENTCH.

[TarmaxFad ra3 arsIHBI QUKJIOHFA IATHHAPII MIAHTYHIBIPFBIN KAMEPACHIHA TAHTCHIMAIBI OPHATIACKAH KEIITE
KYOBIP apKbLIbI KIPETIHAIKTCH Ta3 MIBIFAPATHIH TYTIKIIEC afHANACBIHAA IMEHOEP OOMBIMEH OTill KOHYC KaOBIPFACHI
OOHBIMCH CITHPAIBIBI TYPAC TOMCH Kapall KO3FAIaabl Aa JKOHC COTAH COH JKOFApBI Kapail KO3Famambl, Oy perTe
maiina 00MAaTHIH OPTANAH TENKIII KYII KATTHI O6IIIEeKTepal KAHKAHBIH IIIKI KaOBIPFachiHA »KaObICYbIHA MOXKOYpIIeH
OTBIPBII dCEP ETEi, 0NIap KCHIH aybIPIIBIK KYIIi SCEPIMEH IIBFAPYIIbl KENTE KYOBIPFa CHIPFBIT TYCEIL.

HuknoHgapApl ecenmTey YIIH Ta3-KATThl 3aTTap JKYHECiH 06y MCH aFblHOAP KOBFAIBICEI MPOLCCCTCPIH
CHIIATTANTHIH KOITETCH MOJCIbACD YCHIHBUIABL. Kemreren 3eprreyminep Oeny MmEKapachl PETiHAC amaparTaH
ra3gsl OIBIFAPYFA APHAFAH IMKI KYOBID pamMychlHA COMKEC KENCTiH CNECTETIINeH TIK IMIHHAPI OeTTi
KAOBLIAAlABL. ©3relep THAPABIMKANBIK KEACPTiHI ecentey yurH h OWIKTICIMEH >KOHE PAguyChl /717, oprama
OUIHHAPL OSTTI, OHJA aFblH >KBUIIAMIBIFBIHBIH CEKipMeJ e3repici 00maab! Aen oiran, nalirananaisl. byn 6errin
€Ki >KaFbl Ja MOTCHIMANABI arbicKa Me Oonansl. HoTmkeciHae kammbl KeAEpri MCH IUKIOHFA KIPYy KOHE HIBIFYFa
apHAJTFaH KSPTLTIKTI KeACPTLICP KOX(D(DUITHCHTTCPIH SCCNTEYTE APHAIFAH TCHACY ATBIHIBL.

3eprreyminepaid Oip Oemdiri IbFY >KaKTaFbl Ta3 SKbUIIAMIBIFHl OOWBIHIIA ITMKJIOHHBIH THAPABIMKAIBIK
KEACPTiCiH ecenTeyal YChHAABL. bi3 IHKIOHHBIH THAPABIMKAIBIK KEICPTiCIH €CeNnTey VIIIH Kipic aWMarbIHBIH,
KYHbIHIb alMaFbIHBIH JKOHC HIBIFBIC AWMAFBIHBIH KEJCPTiICPiH €CKEPETIH TCHACY YCBHIHBIN OTHIPMbI3. ¥ CHIHBLIBII
OTHIPFAH TCHACY OOMBIHINA CCCNITCY HOTIKEIICP] 63T¢ 3ePTTCY MLICPAIH MOHACPIMCH KAKCHI YHICCC.

Tyiiin ce3aep: IMKIOH, TAHTCHIHAIIBIKSITC KyOBIp, OPTAZAH TCHOKIIN KYIO, KATTHl OOJIICKTEp, Tra3
SKBITIAMABIFBL, KeAepTi KO3 (DHIUCHTI, THAPABINKAIBIK KEACPTI.
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Ir'iaPOJUHAMUKA 3AKPYUEHHOT O IOTOKA
B ATIAPATE IMKJIOHHO-BUXPEBOI'O TEVCTBUA

Annotamus.HecMOTpS Ha IIMPOKOE PACHPOCTPAHEHHE AaIIApaToB, HCIOIB3YIOMMX LCHTPOOCKHYIO CHITY,
MPOTEKAOIIKN B HUX MPOLECC PA3ACICHUA HEOAHOPOJHBIX CHCTEM HEAOCTATOMHO H3YYCH M3-32 CIOYKHOCTH yUeTa
BCEX JCHCTBYIOIIMX HA HETO MAPAMETPOB.

B Bmay TOrO, 4TO 3aNBIICHHBIA TA30BBIH IOTOK BXOAWT B IMMKIOH d4epe3 MHAaTPyOOK, PACIOJIOKCHHBIH
TAHTCHIUATPHO K NUIHHAPHYCCKOW MBIICOCATUTEIBHON Kamepe, MPOXOAUT MO OKPY)KHOCTH BOKPYT BBIXJIOHOM
TpyOBI ¥ ABIKETCS CIIMPATHFHO BHH3 IO CTCHKE KOHYCA M 3aTEM BBEPX, BOHUKAFOIIAS IIPH 3TOM LEHTPOOSKHAS CHIIA
BO3ACHCTBYET HA TBEPABIC YACTHIBL, 3aCTABILLL UX NPHKHUMATBHCH K BHYTPEHHEH CTCHKH KOPITYCa, KOTOPBIC 3aTEM,
IO/, JICHCTBUEM CHIIBI TSPKECTH, CITOJI3AI0T K BBIIYCKHOMY IaTPyOKYy.

J1s pacuera DUKIOHOB MPEJIOXKEHO OOMIBINOE YUCTIO0 MOJACTICH, OMMCHIBAIOIINX IPOLIECCHI ABMKCHUS IOTOKA U
pazdaencHUA CHCTEMBI Ta3-TBEPAOE BEIIECTBO. MHOrHE HCCICAOBATCIH NPHHHMAKOT B KAYSCTBE TPAHMIIBI
pasmencHus BOOOPAKACMYIO BEPTHKANBHYIO [WIMHIPHYCCKYIO TOBEPXHOCTh COOTBETCTBYIOLIYIO —PamHyCy
BHYTPEHHEH TpyOBl 11 BBIXOAA rasza W3 ammapara. Jlpyrme i pacdyera THAPABIMYECKOTO CONPOTHBICHI
UCTIONB3YET CPEIHION IUIHHAPHYCCKYR) MOBEPXHOCTh PAIHyCOM +/7;7,H BBICOTOH h, mpeamomaras, 4To HA HEH
MPOMCXOIUT CKAYKOOOpPAa3HOE W3MCHEHHE CKOPOCTH MOTOKA. 1o 00c CTOPOHBI 3TOH IMOBEPXHOCTH IPEOOIANacT
MOTCHIMANBHOES TCUCHHE. B  pe3yibrare NOIYyYCHBI YPAaBHCHHWSA M1 pacueta KOI(PPHIHECHTOB MECTHBIX
COTPOTHBJICHHH 71 BXO/IA ¥ BHIX0/IA B IIHKJIOHE W OOIIETO COMPOTHBICHHUS.

Yacte HCCACAOBATENCH MPEATATACT PACCUHTBHIBATH THAPABINYECKOE COMPOTHUBICHHE IUKIOHA IO CKOPOCTH
raza Ha BxoAe. Hamm ama pacyera THAPABIMYECKOTO CONPOTHBICHHA LHKIOHA MPEATOKCHO YDPAaBHCHHE,
VUHUTBIBAOIIEE CONMPOTHBJICHUE 30HBI BXOAJ, BHXPEBOM 30HBI M 30HBI BbIXOAA.Pesymprarel pacdera mo
MPEIN0KEHHOMY YPABHCHHIO XOPOIIO KOPPENIHPYIOTCS ¢ AAHHBIMH JAPYTHX HCCICAOBATENCH.

KioueBnbie c/IoBa: OUKIIOH, TAHICHIHMAIBHBI MAaTPYOOK, IICHTPOOCKHAS CHIIA, TBEPABIC YACTHIBI, CKOPOCTh
raza, Ko3(QPUIHEHT COTIPOTHUBICHIS, THAPABINICCKOE COMPOTHBIICHHUC
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