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ABSTRACT

Based on the study olfendtehifddew sa,r oaamdaradlny g ie

flow resistance characteristics of commonly en
at high Reynolds numbers was conducted. A comp
the flow resistance withincrtihsei ss urbecgriiotni,c aan dr et
recovery region was obtained. Additionally, tr
resistance char-aenhgthstylcsndér 6iantdevariabl e d
analyzed using | arge eddyprseihmneulsa tvieonf o(rLnRIS )a, deers
the range of end effect influence was obtaine
resistance coefficients at both ends of the va
t he aspelct Ratynnuombddle ) ( and inglud@dndngl e
increase, the distance affected at the top of
t he affect etd tdhies ttaonpc easnda bott om increase. The ¢
the influence range can be used to modify t he
coefficient. These findings have important i mp
the fl ow chdr albéenagtiest vasi abl e di ameter cylinde
KEYWORDS

Vari-dbbhmeter ,8ypeatdeRsotwi oHi glhd Reynol,ds Numbe
Endhace Effect

INTRODUCTION

The flow dynamics around cylindrical bodies |
researctho dulkeeir rel evance i n engineering app
structur es, heat exchanger s, and fluid transp
often focusedi aometuwermri,f oirnni i ni t ewoyr |ldo nagp pd yi Iciant d er
frequentl §i Aliaetiegt We -dvameadalkere geometri es, such
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columns and truncated cones. These configurat:

particularly related to end ®Kefteats samdi asi &la:
highligbtedchawal dmadihf acatifdo]ls h@ampaoxigmi ty to w

[ 20lcan drastically alter flow resistance and
influence of geometry is furt-beepeandentandemt
cylinders. For exampl b 3]eMceratl erd an &t Yanrcu s ewaykce |

to diameter disconti[nalntdi 68|, Blhlbavleal Wamwg de ta melt .e
rati o and spaicnidiugc ead fveichir d@tliooms and shielding e

as investigat e[do]bal skoh ache neatn satlr at e t hat di amet e
asymmetric hydrodynamic | oads due Despbhue@®yancy
these insights, the combmetear ,efffiercittse olf e nvgatrhi, e
tapering have received comparatively little at
entilace effects on drag coefficient di stributi
model s remains | i mitbhad.dgehitshi st gy -fdiydnesd nmgdyoy i r
Large Eddy Simulation (LES) t o -laenmmdtyhz ev arhiea bflle
di ameter cylinders across vari ous Reynol ds n
segmented drag coefficienta nhood ealc caonudn ta fcoorr reencdt
of fering enhanced predictive capabilities for

The flow around cyHiimdreerter arcd/ | vadeéeradl @ s a
phenomenon in engineering, characterized by f|
formation of trailing and shedding vortices, (
conditioinrsg irreshil ghly compl [eH]1B8Whiwl ec htalmearce ear ¢
certiaminl ari ties between t he f |-doiwa naertoeurn dc yclyil ni dnedr
significant differences also exist. Schol ars b
conducted numerous experiments and numeri cal S
of flow resiteagté tygti hdersewith various asp:
ref er[el’dclea hr ough model experiments and comparat
[ 1452210" Re @4 16 ) , ref o liescatd Re 209 1§ ), and referenc:
[ 1pL §Re21.23C ) , provided the variation pattern
coefficients of cylinders with different aspec
Kravchenko andd Modarmge mpddwyesi mul ati on met hods t
in flow [dydflahowesver, research on thlerddgtolw char
var i-déibdmet er cylinders (such as truncated cone
anal ysi s of resi staaneeg i §t ucs yatkiegn immdHdmuenci nq
characteristics, and comprehensive relationshi
of analysis -fregerdf hgctem,d with insufficient e
influencing facthersefofreend tefifsemtex.esSary to co
to establish a foundation for engineering appl
characteristic | ine adidarméteeraxg sliishdsesthke(l var i &a
hehg of the cylinder is |large, relevant theori
flow can be wutilized. Through appropriate met
caused -bycenaf fects, the resi stdinanmetcerarcaycltiend es
f wocan be obtained.

Vari-dbbhmeter cylindrical structures ar e co
engineering scenarios, -sipereldudirrag nt panamms aphsh
pol es. These compone-rtisowe xwienrdi enea&dicnrgossnder
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cothitions and exhifbade seafgfnecftiscadtte end t heir f
geometry.lpFiegeme s -wowd dr exlampl es of such stru
motivating the need to understand their drag
regi mes.

(a) overhead railway pantograph arm with  (b) tapered utility pole subjected to cross-
tapered geometry flow wind

Fig. 1 - Examples of variable-diameter cylindrical structures in engineering
application

THE DRAG COEFFICIENT OF FINITE-LENGTH CYLINDERS IN FLOW

- L/D=1(Experimental values)

1.4¢ - L/D=1.5 (Experimental values)
12k - R L/D=2(Experimental values)

1F T _L/D=3 (Experimental values)

0.8 ___ Cewiziial i _ L/D=5(Experimental values)

g SEEREICNS : . L/D=10.97 Numerical simulation
06 L/D=19.40 Numerical simulation
- _L/D=30 Numerical simulation

©) L/D=40.1  Numerical simulation
0.4} - L/D=42.2 Numerical simulation
Zone | Subcritical region ..L/D=48.44 Numerical simulation
..L/D=60 Numerical simulation

Zone Il Critical resistance coefficient zone L/D=70.18 Numerical simulation
Zoneii Recovery region of resistance coefficient ~L/D=80 Numerical simulation

0.2 L . L/D=115 Literature values
6x10" 1x10 2><1d§Re 4x106x10 1x10° - L/D=Infinity Literature values

Fig. 2 - Variation of the drag coefficient of cylindrical flow with aspect ratio and
Reynolds number. (Data partially compiled from references [19] and [20], combined

with the authors6é numerical simulati)ons and f
To derive the resistance dabmetartiictyl f @ dmubka
neces®anfyrist use numeri cal simul ation methods
drag <coefficient of cylinders with Reynol ds |
corresponding cylinder model s ar e establ i she
coeffiCciwenth aspec(=H/® ioanging from 10 to 80.
| arge and s ma]lrlefaesrpgedc&é sr aitindaigntiit ecyl i nnder s and
l ength cyl/inadeliBsndvirtenf p2Rprcelséemgtie cyl/inders wi
=1 .233 acet ed. Through numehme calar icatl ican atif ontsh

coefficient of cylimahear Rewintoh cRe s e mtb ¢aes tnieal
showriignu.re 2
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The results of numeri cal simul ations define
wi t hin t he SuUbCclotReid®a )) wirtenginont h(e drag crisi
(10°CRe 4310° ,)and wi t hin t he dr agre24 B0t o)v.er The egi o
comprehensive relationship equaltenognt hf ocry Itihned edrr.
is fitted wi,rRipmnatssede sien zsoengemse[n2tls] as f ol |l ows

(1) When 10* ¢ Re 40, the subcritical region

C,=0.855+0.683In(Re)-0.588In" ( R§-1.730/ +2.629 7 1)
(2WhenOC¢Re 4310°,t he drag crisis region
G, =1.111- 0.081In(Re) -0.019Irf ( R§+0.002IF ( Rp 1.762 310877 2.81 ° @)
(3Whemre24310°t he drag recovery region.
G, =0.739- 0.124In(Re)+0.000In* (Re) +7.510/ -3806 7 ®)

DERIVATION OF THE DRAG COEFFICIENT FOR FINITE-LENGTH VA-
RIABLE DIAMETER CYLINDER

The heigwhdriodbltdhedi ameter c,wiithdéhei sopenef e
to as the upper base and the bottom referred t
representaendd,paynd t he radiusrand,. démotcadlchuy ati or
the diameter at t hken awn sagndried endbeiendo t ali, e by

commonly used. The angle between the side char
represemtetdtbys worth noting that variable dia
and f rusytpuinecsal 'y ref errialg meanbeasi a s eqntgri meteu r
relatively small di ametgevar iasmms Wwiatrlgien gs@rey ts ma

as shown 3 n Figure

Z b Unit: mm
i AR
BR i Ho |y -
| \ i Ha g -
dz | | | iHa L &
NEr \ g iH 4t
e el e
| E:' :Fc\ HW 6 'WH\
T ol
7 o' \o i iT o
| r | 1 il
| "
b | L Hr@ Ll Ll
X

Fig. 4 - Definition of Variable Diameter

Fig. 3 - The drag coefficients for each Cylinder.

section when Re=10°.

Suppose the variable di amegtldmdaeylcianderecd o oanis
wi t h aDHh,e idgihatme tleebA,g,t hdi adnet.e.r. DH, hedigddnet er
Let the aspketH/DEHItH4LY , @ t hei mmdter of the wvar
di ameter c YOI D(d]+ed))/ 2=+€, tang=(r,-r)/H . Take a differen
segment odzwl émgtah &€¢j st amcehe bottom of the var
cylinder, @&yfdora trhaedidusf ferenti al degment, as sh
The resultant force acting on the cylinder i s:
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aF, =§rV B((Gd €4 .+ Gt Er5\/ H [T (4)
The drag forcei bBtcéregt oal t segment i s:
dF:Qj;NZdA:Qr‘&d; (5)
F=RCrVdz=rV iCd (6)
Wherei n:
aH o) . VD
= f=,Re f(/,R Re—
e o/ Ry ™ Rel
Frotng=2" L %1 we obtzra(—riirrql)—z+ ,hence:
z H- z H-z
D oH ~
:Eé% z@nq @)
Thereflbeeexpression for the drag force i s:
eD aH 0
F= QQr\?e— aez'z"@n qui ®)
The expression for the drag coefficient i s:
1 o
:nirvS( M d) #(C,DH4) o
d
%rvHD .

I ntegrating the segment edEguatyg{ oz fnfdidfgdarent s de
fl ow acrydumnmddeerosbt ain the expressions for the dr
cylinder within differ,eespReynoledy: number rang
(1Wheno'¢Red40 ,t he subcritical region

F, :rvziegs).855+ 0.683In(Re)-0.588In° (Re) -1.730 /+2.629 */ %D +Stan §-tan H?qg (10)
i - a
(2WhenOC¢Re<d ®’,t he drag c

roi si S region
E = Vgeﬂlll 0.081In(Re) -0.019In° ( Rg +0.002IF' ( R

@ D ? H g
{81762/ 8987 f 2381 °/ ?_ an A 4 (11)
(3) WRdno,t he drag recovery region
F. —r\f| §.739- 0.124In(Re)+0.009In* ( Rg +7.510 /- 3.86 °/ |23+§tan g -tan %qg (12)
- u

The expressions for the drag coefwitchiemtt lodé t
three Reynolds number ranges are as foll ows:
(1Wheno'¢Re40 ,t he subcritical region

2 8, eAD  H 0 H d
Cdlzma:,g).855+0.683ln(Re)- 0.588In" ( Rg- 1.730/ +2.6D f % +tan qg n —g y (13)

(2WhenOC¢Re 4310°,t he drag crisis region

_2 PeL 111- 0.081In(Re) -0.019Ir" ( R¢+0.002I7( Rp @D
HDT 1.762/ +3.987 f 2381 °/

H
w2 = 2tana g an q (14)

OO
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(3WheRe2430°,t he drag recovery region

= A2 ~ 2 1
Cd3=%§§)-739' 0.124In(Re)+0.009In* ( R§+7.510/ - 3806 7 %D +|2_—|tan qgi tan Ezqﬁ (15)

[on

THE INFLUENCE OF END-FACE EFFECTS ON THE CHARACTERISTICS
OF DRAG FLUCTUATIONS

Large Eddy Simulation (LES) method
The Large Eddy Simul ati oac c(urBEaS)e nieotrh odo livsi nt

around cylinders and similar bodifeasce ThfufsectLES
of fliennigtten and variabl[e22dn almE & e&fria diebrk mdyerfsunct |
filters -Sthoek eNsaveigeurat i ons. The i-Sntcooknepsr eesqgsuiabtlieo nfsl

ar e expressed as :

£+ H(UIUJ ) = _JL@ n+_u2Uj p_r”_ (16)
ut X roXpoX X
WO, _
—=0,i 1,2, 17
o -0 {123 17)
I n the exuatdkornepresent Cartesitaamdigoordinat
represent f il t eyrwhde riveed,ygciint yt-dnreseeinali ©® n al probl e

pdenotes the pressur e rexperetseedn tosn #tldueindd i deesnds;i t y |
fluid viscosiatnyd. sThdee roifghtthe equation contain
ruu- gy ,referrad et ¢wdwsar ied §t,wh 8 g,eruu - gy .

Tab. 1 - The computational results of Large Eddy Simulation for flow around cylinders

Cd Cpb St qsep Liea

Experime/0O.R80.(0.R6. (0. 2N05 0/86.N@( 1. &D. ¢

Hi eor der u 1.00 0.95 0.203] 85. 8§ 1.360

Central <co 1.00 0.93 0.207] 86. 9 1.400

B-Spline 1.04 0.94 0.210 88. 40 1.350D0

This art 1.01 0.95 0.208] 86. § 1.390
FIl ow around a cylinder at a Reynolds number
There are abundant aevxapielraibmeentfadr rtehsiwélitBbynol ds
can be used for comparison to validate the acc

When wusipgedigihon t®eheStmeasnf ord Tur bul ence Res
experimentedprwici Bi chn glup wisred covddleea mesonser vat i\
centeredendi hfe ,sarhdei8@3 i ne Gal er, kalnl nyeit ehloddisn g

satisfactory results. The I ength of the comput
t he streamwi se wavelwaket hf | @fw st & u cnteuwarre s fro
experiment avlherlesepl.t sThe number of grids is 9.
numeri cal simul ation results in Table 1 show ¢
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results. ,IChrephreesamt £ t he Cgr age sceonetfsf itchee ngtr es s
coefficient at,Stheepeesentdse phemetprreewsheanlt sn u rhkee
separati,andangpeesents the | ength of the reatt

To validatieabihleity of the LES method used in
we-dbcumented flow condition at Reynol ds numbe

regi me has been widely studied experimentally,
woBkuch as dea$)¢osfefpiaciati on angl dshawedStrouh
good agreement wi t h benchmark dat a. The comp

confirming that the simulation met hodol ogy a«
featur es nrecneosdsealriyngf omor e compl ex geometries.

Fig. 5 - Computational grid for LES validation case at Re = 3900.

The computational domain was di staruettiuzesd usi
mesh near the cylinder surface ehaveesrbdggbnr e
Grid stretching is applied toward the outer do
mai ntainini@i abcuebttcped el ements near the cylir
resolve boundary | aSperre sdeynntasmitctse dgdiidgdorrteotptod ogy
validation case at Re = 3900, -whdelhi it cCBasstsu d

and supports the accuracy of the simulation fr
Analysis of end-face effects on finite-length cylinders

Near the upper and | iowetehr e nfdl o va cfeise lodf dihset rciyd
from that in the middle section of the cylinde
mul tiple smal | sections adiornegctti lm@ ) héeéioghanadiyt
di stribution pattentn off ttthe dadylaighdceorefdéiacrng t he
shown i rm Figure

1608

&

7
Ly

Fig. 6. - Schematic diagram of various cross-sections of the cylinder (unit: mm)
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The temporal variation of ¢t Xe &1Z8g:0befficie
the cylinder under di fferent Thper atsi nd lauscndiatt
Figufted QwheRei s respetl1dwvelly 5810° . The primary
sections af ffeacctee de fbfye cH,rgd; Zsr an @3z Z The tempor al
variation patterns of the drag coefficient f o
(sectiHnsZzg are relatively consistent and ar e
"UA" (Undisturbed Area) region.

24 12
Zl UA 232 4'721 UA4'7232

& : z 2 Z 31%7Z 33

00 " 0pa obsﬂS 012 016 020 00002 002 A 006 008 010
Fig. 7 - The drag coefficients for each Fig. 8 - The drag coefficients for each
section when Re=10* section when Re=10°.

7°7Z 1 ) U A Z 32 7'72 1 U A . Z -
10} 10|
—Z, Z31 Z33 L, Ly g
o8| 08}
G -
06 06 L
04 | 04
02f ‘ | | | 02
005 010, 015 020 002 004, 006 008
Fig. 9 - The drag coefficients for each Fig. 10 - The drag coefficients for each
section when Re=2.5[ 10°. section when Re=5I 10°.

Further analysis reveals the average drag ¢
section simulated wunder did feheWe 1l%aperaant i ng c
examptlhee di fferences between t hej-Zsdarnadg tchoeef f i c
average drag coefficien3509874h45 W% dddr 82k 3
respectivel pe 8imfleaeihges bet ween t heszdrag coe
and the average drag coef f,6ci2e02bh. 983 6.tHE%cyl i nd
and 39.24% respectively.

Analysis of end-face effects on finite-length variable diameter cylinders
The flow field distribution varies tnhoet abl vy

vicinity of the upper and | ower end faces of t
for femgtle variable diameter QGylinderapprasexi mai
that the cylinder consists ofl i mdeirmsfi miatcd i mi

same drag coeffi ci EBxotf. tHencvea,r itatbd edrddgamet er ¢
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expressed as foll ows:
1 1 1 1

F= &, edlarvz Hbd Q’é’ar\% Hol .. "QEH’ZV anCDZ' A H,Q (18)

I n the equation above, it's assumed that the
is unmnéglrencti ng the flow field changes around
faces. Additionally, there's an angle bet ween t
line of the variable diameter cylindere. The de
di ameter cylinder as a cylinder, l eading to d
formula and experiment al results. These factor
affectingObhetdeagariable di amet edbectyweiennder i r
téh side characteristic | ine taag)d tRheey ncoe ndtsr anlu mbier

Re h eH,g hdti abtneé epr essed asaitahnee theeri gai&@dt) i, o or
considering the windward areai dmefTduscyltihrdanr a

be represented by the following equation:
F :%rVZQ,A (19)
Wher ei n:
1
F :ErVZQ,A (20)
H
Gi= f(Re_) (21)
Cal culation model and computational conditions
The distance fr onbotumedamydeolf ttchet ceomput ati on
showm Figurmeeetlilng t he requirement of el i mi na
computational domain scale on the flow field.
cylinderwimohded st ot al number of grids ranging f
wal | functions method is used toamsdbltviee niemlrett |
velocity magnitude i KReamred erménetiabactedar iont i c
cylinder.
10D, ., 10D
‘ 4 ]m\
ol i — T
ol — f
S U I
- _

Y
=

| 4411:4444

LIl [ e
u—| 4 5

Fig. 11 - Variable diameter cylinder model and computational domain.

Numer i cal simulation results and analysis
Further analyze the influence of end effects

di ff &BenmtaMae s abl ecdi ameeermodel s are establish

simulate and calculate the sectional drag coef
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di ameter cylinder model are selectebdowawsr foll o\
di ameter ofhelik¢Btc®mentae i o oafndl 3.n3c3 i na)t i ®fn angl e
2. 5A.
The error between the drag values derived f
formula and those obtained from numer,i cal S i m

indicating a nded cdeov araddadimesstteironc.yl i nder char ac
Reynol ds Reumbeahglt eween the side characteristic
| engitamd -chi @am®i sr est abli shed. Thempoedlengpavaemegt
considering the ff adtacres edfffeedt ionfg tthhee-fdmdv ar o
di ameter,acel s dReep3 100-8%s10",D=5 0 NtH=6 50 ~ Nnh@ O

=2-A% Re 12510 ~2510 D=5 om-8 lhamd=2A6ARe 4510 -~

5310°,D=5 hm~7 Bnmod=1A6AA t orrddperfati ng conditions were

Tab.2 - Error between formula derivation and numerical simulation

Reyno Drag. Dr ag co'effici
numbe For mu Numeri Errq{¢ For mu| Numer i E
. ) . . rror
deriv|isimulg (%)) derivgsimul 3
53 10° 6. 35 7.22013. 1 0.53 0.66| 13.77
2.53 10 126.(¢ 141.212. ( 0.61 0.68| 12.08
5310° 173.7 200. 4 15. ¢ 0. 35 0.40 15. 64

I n the anal,ybes ppsotéessas of each section ar
di stance-akhsttdereaection of t h e, uvsarniga btl ee dd amee t
representation met hodd &aa &htgdémtehien sFeicgtuiroens wi t
di stinct charactémhstiecsotdree diogml acyoencentr at e
defined as the ConcentratisdreaAliyeasa(fCA)X i megiod n .t
coefficient within different regions is calcul

Analyzing the var i atnitonwiafhhiegnhdtirhdeg agecoeé f y ci
under constant HRaywiotlhd sr ensupnebcetr t¢m ntth eFichhameg es i
l12shows the coefficient curves of the drag f|
sections of t he var wihtRe=s 30f,idavrad tueers oy | j3n.d5eAr and
andgval ues o0ofl013Fr3ombRi gucan be obdieroregdasteisat a:
the distance affected by the upper base of t he

while the distance affected by the | ower bas
i ntermedi ate sectdxmisbiatrien gu ncad f seicstteadnt drag c o«
075 075
5cm 95cm CA
10cm
‘.‘\ Ub
050}
025
00
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(a) Re=5 30%,/=13.3,d=3.5A (b) Re=5 30°,/=10,d=5A
Fig. 12- Drag coefficient for various sections of Re=5 310*,ao=9 . 3 dr/Ma nldd 5 A

Anal yehegdrage gijumder c Resomadi,ttihensvari ati on
pattern of the ddraangs c e Bfstheoiwdgn tt hwei tchoef f i ci ent
fluctuation characteri stRee8s10'fad r§ 3vadBrdd,elmsl secti o
dis 3.5A and 5A. Due tdamndethafémenefef @dt thore tah
as Re detheawmisnf ormity of the distribution alo
further increasefsar Ahi ¢gher s®Ren® @ yitdhies iionnfsl ence
of the end effect on the bottom and top of th

intenenhaneding the stability of the drag coeff
075

5cm 95cm CA

00 01 dzﬂsds 04 05

(a) Re=8 310*,/=13.3,d=3.5A (b) Re=8 310*,/=10,d=5A
Fig. - 13 Drag coefficient for various sections of Re=8 310*,ao=13. 3 ,a=n3d. 510 and 5A.
Analysihe dfag reomdvier gmaegi ogthensaantation o

the resistanceaanaeé&f fgiddeselearws witen fl uct uati on c¢h:
of the resistance coeffici enRe=4id0t, siess F.03 and f e

13,a883ndis 6A and 2A. 1t can 4diédr adbsviirened hfer Rm ymio
number Re i s dilse rsedmd,tdired yahgegef the-influenc
face effect -dbinaméteervaagylaibndker in the axial dire

isrpacularly pdioso@A.ceAlnalhyemni ng the resistance
wi t h Re remainhe@gvamninatiaomn of t he draensdi st ance ¢
Figudl) shows the resistance coefficient curve
Re=1.253CF,di s 2Aanagid 13.3. Combined wi tl# at)he anal
it can be obsdr sadthhd at awhpenof influence on th
ends of t Wdé amat eablceg | i,nadnedr tdheec rceiafsfeesr ence bet
resistance coefficients of sect-ianse affectedan
be more clearly distinguished.
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10
5cm 15cm 65cm 075 5cm 60cm
. — 70 _
. u 060} | bbb b 1 b L
b f i H J ‘m ' H/ 5 ]‘ A U AR AR
b W '_ 1\4“““1‘ \J,', W ul ”“ oaslid w ﬂ( \“‘ M ‘ |
" Wl w MN M h MJ ,Ny ' , ‘ ‘ M i
' i ,\W. MWI‘ILI‘MM ) :FL ql‘].wl \! rlﬂjw"l It “ i W 'ww%wﬁ 030 yi’u H‘ ‘ f‘J& | i“ M 1‘ ’ ‘:i !k!!!v‘l !;d (:1 yw] ! “}
Ll T4 !’ e 1 ) 1"“}‘“ .‘H‘ ‘h | ‘l‘! “ L‘ i Tt X\u} i "
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(a) Re=2.53(F,/=9.3,d= 6 A (b) Re=1.253¢,/=13.3.,d= 2 A

Fig. 14 - Drag coefficient for various sections of Re=2.5 310°and Re=1.25 310,
=9.3 A&ndl=68 and 2A.
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Fig. 15 - Drag coefficient for various sections of and ,
=9. 4 ardt A9 .ahd 6A
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