Advanced Engineering Research (Rostov-on-Don). 2024;24(2):135-147. eISSN 2687—1653

MEXAHUKA
MECHANICS

W) Check for updates
BY

UDC 622.692 .4 Original Theoretical Research
https://doi.org/10.23947/2687-1653-2024-24-2-135-147

Analysis of the Drag-Reduction Ability of the Layout and Cross-Sectional E E
Shapes of Subsea Structures in the Critical Flow Mode - .
Henry F. Annapeh"*, Victoria A. Kurushina“='D<

Industrial University of Tyumen, Tyumen, Russian Federation E

D4 v.kurushina@outlook.com EDN: TDJYXD
Abstract

Introduction. Slender structures of subsea energy production systems are under constant influence of currents and waves.
Hydrodynamic loads result from the interaction of subsea pipelines, umbilicals, equipment supports with fluid flows, and
lead to the vortex formation in the area behind the structures. Vortex-induced forces are the sources of the cyclic loading.
They accelerate gradually the fatigue damage, which may result in a failure. One of the ways to reduce the loads on subsea
structures is to alter the shape of a cross-section, taking into account the flow regime. Dependence of the resulting
hydrodynamic loads on the cross-sectional shape and relative position of structures has not been studied in details for the
uniform flow in the critical mode. The current work is aimed at filling this gap. The research objective is to consider the
impact of the distance between the structures, and also, the presence of a D-shaped structure, placed upstream relative to
the group of three cylinders of different cross-sectional shapes.

Materials and Methods. The computational fluid dynamics approach was used in this work for numerical simulations of
vortex-induced forces in the ANSYS Fluent software for cylinder with D = 0.3 m. Modelling was conducted with the
Detached Eddy Simulation (DES) method, which combined advantages of the Reynolds-averaged Navier-Stokes equation
(RANS) method and the Large Eddy Simulation (LES) method. The object of the research was the system of four
structures in the 2D computational domain, which included the upstream D-shaped cylinder and the main group of three
cylinders with the circular, squared and diamond shapes of the cross-section. The transient process was considered, where
structures were under the influence of the uniform flow in the critical regime at Re = 2.5x10°.

Results. Five sets of data were obtained in simulations for the time-dependent coefficients of the lift and drag forces: for
the main system — of the D-shaped, circular, square and diamond structures, and also for the four systems — of only
D-shaped, only circular, only square and only diamond shaped structures. Additional analysis was conducted for the effect
of the distance between the structures on the amplitude of fluctuating hydrodynamic force coefficients. The obtained
results are presented as time histories of coefficients of the lift and drag forces, frequency analysis and contours of
velocity, pressure and vorticity fields. The results indicate a positive effect of the upstream D-shaped structure on reducing
the drag force, acting on the central structure in the group of three cylinders located downstream.

Discussion and Conclusion. The results of the performed studies facilitate the informed decisions regarding the
arrangement of subsea structures in a group of four objects, depending on the cross-sectional shape and the distance
between the structures. The upstream D-shaped structure provides reducing the hydrodynamic drag force acting on the
central structure in the downstream group of three structures, thereby slowing the fatigue accumulation and increasing
the time of safe operation.
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OpueunaﬂbHoe meopemu4eckoe ucciedosanue

AHaJIM3 BO3MOKHOCTH CHUKEHHSI JIOOOBOT0 CONMPOTHUBJICHHS 32 CYET PACIIOI0KEHUSA
U NONepevYHbIX ceYeHN i MOABOAHBIX KOHCTPYKIHI B NOTOKEe KPUTHYECKOI0 peskuMa

I'.®. Annane'™', B.A. Kypymmna =/ D<
P4 v.kurushina@outlook.com

AHHOTANNSA

Bgeoenue. JInuHHBIE U Y3KHE B IONEPEUHUKE KOHCTPYKIUH MOPCKHX 3HEProf00BIBAOIINX CHCTEM HaXOATCS MOJ 110-
CTOSIHHBIM BO3JICHCTBHEM TEUEHUH M BONH. [ MApOoIMHAMUYECKUE HArpy3KU SIBIAIOTCS PE3yJIbTaTOM B3aUMOAEHCTBUS
MTOJIBOTHBIX TPyOOIIPOBOIOB, IJIAHTOKa0EIeH, ormop 000pyIOBaHHUS C MMOTOKOM JKUAKOCTH M IPUBOIAT K 0Opa30BaHUIO
BHXpEH B 30HE 32 KOHCTPYKIMAMH. BuxpeoOpa3oBaTeIbHbBIE CHUIIBI CIIYXKAT NCTOYHHKOM IIHKIMYECKOTO HArpy>KeHUS 1
MIOCTETIEHHO YCKOPSAIOT YCTaJIOCTHOE Pa3pyllIeHHE, YTO MOXKET NMPHUBECTH K aBapusiM. OIHUM U3 CIOCOOOB CHIDKEHHMS
Harpy30K Ha I0/IBO/IHbIC KOHCTPYKIMH SIBIISETCS N3MEHEHHE ()OPMBI HX TTOTIEPEYHOTO CEUCHHUS C YIETOM PEXHUMa ITOTOKA.
HenocrarouHo n3ydeHo, kakuM 00pa3oM UTOTOBbIE THAPOANHAMUYECKHIE HATPY3KH 3aBHUCST OT (DOPMBI ONIEPEYHOTO Ce-
YEeHUS ¥ B3aUMHOI'O PACIIOJIOKEHHsI HA3BAHHBIX BBIIIE DJIEMEHTOB CHCTEM, HAXOSIIUXCSI B PABHOMEPHOM KPUTHYECKOM
noroke. IIpencrasiennas Hay4Has paboTa IpU3BaHa BOCHOIHUTE 3TOT npoben. Llens uccnenoBanust — paccMOTPETh B
JTAHHOM KOHTEKCTE 3HAUY€HHE PACCTOSHHS MEXAY KOHCTPYKIMSAMH, a TaKke HaJIW4IHe MONyKpyrioi D-oOpa3Hoil kKoH-
CTPYKILUH, Pa3MEILEHHOMN NIepe] TPYNIOoN U3 TPEX NUIMHAPOB C Pa3HBIMU MTONIEPEUHBIMUA CEYEHUAMM.

Mamepuanst u memoowt. 171 YUCISHHOTO MOJEITMPOBAHHS BUXPEOOPA30BaTEIbHBIX CHJI UCIIOJIB30BAJICS METO BBIYHC-
TUTensHON nuHaMuKH (ionmoB B mporpamMe ANSY'S Fluent mms munmuaapos quamerpom D = 0,3 M. MonennpoBaHue
BBITIOJTHEHO METOJIOM HempucoeanHEHHBIX BuXxped DES, KoTopslil coueTaeT B cebe MpenMyIIecTBa METOAA YCPETHEH-
Horo 1o Perinonsacy ypaBHenns HaBre-Ctokca RANS u metoma kpynusix Buxpeit LES. B xauecTBe 00bekTa nccieno-
BaHMS pacCMaTpUBAJach CHCTEMa, COCTOAIIAS M3 YETHIPEX KOHCTPYKIMH B BBIYMCIUTENHEHOM ja0MeHe B 2D, Briodas
CTOSIIIUM BBIIIE M0 TEYEHHUIO NOMYKPYIJIbIM IMIMHAP U OCHOBHYIO IPYIITY U3 TPEX LMIMHIPOB KPYIJIOH, KBagpaTHOU 1
POMOOBHIHOI (POPMBI IIONIEPEYHOTO CEUEHHS. DT KOHCTPYKIIMHU B YCIOBHSIX HEYCTAaHOBUBILIETOCS TIpOIiecca HaXOIITCs
O] ICHCTBUEM PABHOMEPHOTO MOTOKA KPUTUYECKOTO peskuma npu Re = 2,5%103,

Pesynomamol uccnedosanus. B pesynbraTte MoJeITMPOBaHUS TOTYUYESHBI 1T HAOOPOB JaHHBIX /ISl U3MEHSIOIINXCS BO
BpeMeHH K03((HIIMEHTOB BUXPeoOPa30BaTeNbHBIX IOXBEMHON CHIIBI U CHIIBI CONPOTHBIICHHUS: Il OCHOBHOW CHCTEMBI
U3 TOTYKPYTIIOH, KPyTJIoH, KBaApaTHON 1 pOMOOBUIHON KOHCTPYKIIUH, a TAaKXKe IS YEeTHIPEX CHCTEM M3 TOJIBKO IOIY-
KPYTJIBIX, TOJTBKO KPYTIIBIX, TOJIBKO KBaZPATHBIX M TOJIBKO POMOOBHUIHBIX KOHCTPYKIMH. JlOMMOTHUTENIBHO POBEAEH aHa-
JIU3 BIMSHAS PACCTOSHAS MEXAY KOHCTPYKIMSIMH Ha aMIUTUTYAy KojeOaHni k03((GUINEHTOB THAPOANHAMHUYECKHIX CHIL.
[Tomy4eHHbIE pe3ynbTaThl MPEACTABIEHBI B BUAE KO3(G(GHUINEHTOB NOABEMHON CHIIBI U CHIIBI CONPOTHUBICHUS B AWHA-
MHKE, aHaJHM3a 9acTOT U KOHTYpPOB MOJIEH CKOPOCTH, AABJICHHS, 3aBUXPEHHOCTH. Pe3ysIbTaThl MO3BOJISIIOT YCTAaHOBUTH
TIOJIOKUTEIHLHOE BIMSHHUE CTOSIIIEH BBILIE 10 TEYEHHUIO MOIYKPYTJIOH KOHCTPYKIUH Ha CHIDKEHNE CHIIBI CONPOTUBIICHHS
Ha LEHTPAJIbHYIO0 KOHCTPYKLHIO B TPYIIIE U3 TPEX LUIMHAPOB HIXKE 110 TEUEHHIO.

Oobcyrcoenue u 3axnouenue. Pe3yapTaThl MPOBEASHHBIX HCCIICOBAHUH TO3BOJIIOT IPUHUMATh OOOCHOBAHHEIC pPellie-
HUSL U PACCTaHOBKHM MOPCKHX KOHCTPYKIMH B TPYIIIE U3 YETHIPEX OOBEKTOB B 3aBUCUMOCTH OT ()OPMBI ITOTIEPEYHOTO
CCUCHUA U PACCTOAHUA MEXKIY HUMMH. YcraHoBka HOHpryFHOﬁ KOHCTPYKIIMH BBIIIEC MO TCUCHHIO IMO3BOJISACT CHHU3UTDH
TUAPOJUHAMUYECKYIO CHUILY COIPOTUBIIEHUS HA LICHTPAIbHYI0 KOHCTPYKIUIO B IPYIIE U3 TPEX KOHCTPYKLUI HUXKE 110
TEUEHHUIO, YTO 3aMEIIET €€ yCTAIOCTHOE Pa3pyIIEHHE U YBEIUIUBAET CPOK IKCIIITYaTaLHH.

KiroueBble c10Ba: BIXpeoOpa3oBaTesIbHbIC CHIIBI, KO3 (UIIEHT J000BOT0 COMPOTUBIICHUS, KOA(PPHUIUEHT HOIBEMHON
CHJIBI, PABHOMEPHBIH ITOTOK

BaarogapHocTu. ABTOPBI BBIPAXAIOT IPU3HATEIBLHOCTh JOKTOPY A. IIoCTHHKOBY 3a 00Cy>K/IeHHE IO MOJECIHPOBAHHIO
MIOTOKA BOKPYT LIMJIMHAPA. ABTOPHI TaKkKe O1arofapAT pelakMOHHYIO KOJUIETHIO )KypHaIa M aHOHUMHBIX PELICH3EHTOB
32 KOHCTPYKTUBHBIE 3aMEUaHHs], MO3BOJIMBIINE YIIyUYIIUTh CTAThIO.

®unancupoBanme. llccnenoBanue BBINTONHEHO TpH (DUHAHCOBOW mopanepkke HarmonamsHoro mpoekra «Hayka n
YHUBEpPCUTETHD» MHUHHCTEpCTBA HayKH U BbICIIero oopasoBanus Poccutiickoii ®eneparmu (rpant Homep FEWN-2021-0012).
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Introduction. Operation and construction of modern offshore systems, specializing on the energy production,
extraction of resources or carbon capture and storage, require evaluation of the impact of environmental flows on
equipment and structures. An increased fatigue failure in subsea structures, such as pipelines, risers, cables, piles,
equipment supports, may come from the vortex shedding phenomenon. The problem is particularly important when
slender structures are designed to reach deep waters to connect subsystems together. The layout of subsea systems comes
with the arrangement of structures with different geometry, hydrodynamic properties, and their position in proximity to
each other. The interference of wakes from these structures and vortex formation patterns is sometimes challenging to
predict at very high Reynolds numbers due to the turbulent nature of the flow.

Differences in the flow over a standalone cylinder and two cylinders in tandem are discussed in [1], and three vortex
shedding regimes are identified for tandem structures. These vortex formation modes include the extended-body regime
at 1.0 < L/D < 1.8, where L/D is spacing ratio, commonly used to quantify the distance between centres of neighbour
structures. So that, L corresponds to the distance, and D is the diameter of the structure. In [1], increase of the spacing
ratio to 1.8 < L/D < 3.8 leads to the reattachment regime, where shear layers detach from the upstream structure and
reattach to the front side of the downstream structure, so that vortices are formed behind this downstream object. Further
growth of the spacing ratio, above L/D > 3.8, introduces the co-shedding regime, where a separate vortex is formed from
the upstream structure and from the downstream structure. Another fundamental research investigated vortex dynamics
in details through experimental research [2]. One of the following fundamental studies [3] experimentally investigated
the vortex shedding frequencies of two staggered identical circular cylinders with the Reynolds number Re varying from
3.2x10% to 7.4x10%, and two fixed side-by-side cylinders at the Reynolds number of 2.5x10* were earlier considered in [4].
These investigations provide an important foundation for modern studies in terms of the known effects in fluid forcing
and vortex shedding patterns.

Significantly more recent investigations are performed numerically [5] to study the effect of spacing on loads and
vibrations for two tandem cylinders at subcritical Reynolds numbers, and for specific cases, like a group of mixed large
and smaller structures [6]. The latter work [6] numerically investigates fluid force coefficients and observes the vortex
formation pattern on three identical rigid circular cylinders in proximity to a square cylinder. A parametric study is
conducted in [7] for three identical stationary circular and D-shaped cylinders placed close to a square cylinder at
Reynolds number 3900 in both linearly and parabolic sheared flows.

Considering the impact of cross-sectional shapes further, a numerical study is conducted by [8] for a flow over six
identical stationary cylinders having different cross-sectional shapes at Reynolds number of 2.5x10° in the uniform and
linearly sheared flow. Rectangular cylinders are investigated in details in [9, 10, 11], where one of the most impactful
factors for hydrodynamic loads is the aspect ratio of rectangle sides. The works [9, 10] provide new experimental data
and attempt to develop semi-empirical methods of predicting the response of structures. Further steps in improving the
modelling approaches for the structural vibration of rectangle-shaped objects under the hydrodynamic excitation are
performed in [11]. Another branch of studies considers a flow over a sphere [12, 13, 14], while still leaving issues of the
impact of the cross-sectional shape of subsea structures open.

Further research on diverse cross-sectional shapes is performed in [15, 16, 17], where triangular and diamond cross-
sections are studied in comparison. Research [15] is focused on the sensitivity to the corner sharpness for the diamond
(rhomb) cross-section. Work [16] investigates effects from diverse cross-sections for the system with a rotational degree
of freedom, when subjected to flow-induced vibration, and study [17] uses cross-sectional shapes for the energy
harvesting with fluid-structure interaction.

Following published results, the current work aims to investigate the drag reduction when three structures of different
cross-sectional shapes are located around a circular cylinder to observe the wake interference and the vortex formation
pattern between these structures for the spacing ratio L/D varying from 1.67 to 2.83 in the uniform flow at the Reynolds
number of 2.5%10° with the computational fluid dynamics approach. Specifically, the drag reducing ability of the upstream
structure is of the research interest. The considered layout is a combination of cylinders placed in tandem, side-by-side
and staggered position, with a mixture of cross-sectional shapes.

Materials and Methods. A system of four cylinders with a diameter (characteristic size) of 0.3 m with different cross-
sectional types is considered in this study. The selected cross-sectional shapes and positions of structures are shown in
Figure 1. Fluid forces and the flow interference are studied for the spacing ratio of L/D varying from 1.67 to 2.83 in the
uniform current at the Reynolds number of 2.5x10° and the corresponding velocity of 0.837 m/s. The study focuses on
the specific layout, where structures are positioned relative to each other in a mixed tandem (cylinders 1 and 3), side-by-
side (cylinders 2 and 3, and cylinders 3 and 4) and staggered (cylinders 1 and 2, and cylinders 1 and 4) configuration.
Cross-sectional shapes considered include half-circle, square, circle, and diamond.
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Periodic

27D

Shadow

47D

Fig. 1. Considered structures in the computational fluid domain

Computational fluid dynamic simulations are performed in the domain with a size of 47D x 27D. The top and bottom
boundaries are located at a distance of 13.5D away from the center of the circular cylinder, periodic and shadow properties
are assigned to these boundaries. The left boundary serves as a velocity-inlet, which is located at the distance of 20D from
the centre of the circular structure 3 in the domain. The value of gauge pressure is set to zero at the pressure-outlet set at
the right boundary. No-slip conditions are applied to the cylinders.

The flow around cylinders is simulated using the computational fluid dynamics software ANSYS Fluent, where the
finite volume method is implemented to solve the Navier-Stokes system. The incompressible flow is considered, and the
2D DES transient simulations are conducted with the k&—® SST turbulence model. Time integration is performed using
the second-order implicit transient formulation with a time step of 0.01 s, and the PISO algorithm is used as the solver.

The DES approach connects capabilities of the Reynolds-Averaged Navier-Stokes (RANS) and Large Eddy
Simulation (LES) methods [8]. The RANS governing equations for the incompressible flow are as follows:

o(pu,)
) (M
olpw) o ——\ o,y )
p +a—)6i(pu,.uj+puiuj)—aXi o, (2)

where p is mean pressure, u; is average Cartesian components of the velocity vector, pu;u; are Reynolds stresses, p is

density of the fluid and ; is mean viscous stress vector components, which could be expressed as:
—  (ou, ou;
oty :p(a—-i-—j}, (3)

where p is dynamic viscosity.
The Large Eddy Simulation (LES) system of equations for the incompressible flow can be written in the following way:

ou;

—=0, 4

. @)
" 1 3o 2, oty
%‘*‘i(l‘i j)z__a_p+v 07u; ¥ 5)
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where Z and p represent the resolved filtered velocity and pressure, respectively.
The diffusion term of the DES model is given by
Y, =pB koF s, (6)
where B* is a constant, & stands for fluctuation of the turbulent kinetic energy,  is specific energy dissipation rate, and
Fpgs is as follows:

Fpes =max(L,lj, @)

des = max
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where Cg; is a constant, A, is local maximum grid map A = (A1, A, A3)'?. Further, L, is turbulent length scale:

JK

L =——". 8
s ®
The DES-SST model uses the following zonal formulation:
L
Fpgs :max[—t(l_FSST),le )
des = max

where Fssr= 0, F1, F», and F, F, are mixed functions of the SST model.

Table 1 below provides results of the mesh independence test for the uniform flow of Re = 2.5x10°. The mesh settings
are adopted from [7], and the accuracy of the grid is demonstrated by comparisons in Table 1. All subsequent analysis in
this paper is performed with Mesh 2, and the results include signals and frequencies of the fluid force coefficients and an
indication of the vortex shedding pattern. The drag force fluctuations are presented in this work in terms of the drag force
coefficient Cp which comprises the mean drag coefficient Cpo and the fluctuating drag coefficient Cp/, as follows:

Cp=Cp+C}. (10)
The lift force fluctuations are presented using the lift coefficient C;.
Table 1
Mesh independence test results
Cases Cno Number of cells Strouhal number

Re =2.5x10°

Current study
Mesh 1 0.98 63,345 0.24
Mesh 2 1.08 86,478 0.24
Mesh 3 1.08 131,041 0.24

Published data
Lehmkuhl, et al. (2014) (LES) [18] 0.833 - 0.238
Achenbach&Heinecke (1981) (Experiment) [19] 1.135 - 0.230

Re =3,900
Current study, Mesh 2 0.93 86,478 0.18
Wornom, et al. (2011) (VMS-LES) [20] 0.99 -
Re =3.6x10°
Current study, Mesh 2 0.4100 86,478 —
Porteous, et al. (2015) (URANS) [21] 0.4206 -
Nazvanova, et al. (2022) (URANS) [22] 0.4657 74,496 -

Results. In this study, simulations are performed in two series. The first series is focused on recognising the overall
effect of various cross-sectional shapes, placed at L/D = 2.00 from each other. Cylinder numbers here correspond to the
ones used in Figure 1, according to the cylinders position. The calculation results for this set are reported in Table 2, in
comparison to the case of structures with mixed cross-sections. The second series provides an insight into the impact of
L/D ratio on hydrodynamic loads observed for the mixed cross-section case only, as in Figure 1. These results are
summarised in Table 3 and allow defining the drag reducing effect of the D-shape upstream structure on loads when
cross-sections are different.
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Simulation results for the same arrangement with different cross-sectional shapes for L/D = 2.00

Table 2

1D=2.0 Basic;;?}ieaﬁizzztures All circular | All square All D-shaped All diamond-shaped
cross-sections in Fig. 1 structures structures structures structures
Cylinder 1
Cpo 0.45 0.28 0.49 0.48 0.46
Cg 0.19 0.14 0.43 0.28 0.17
Ce 0.18 0.04 0.07 0.13 0.28
Cylinder 2
Cpo 0.87 0.39 0.89 0.64 0.70
cf 1.03 0.38 1.38 0.49 0.60
Ce 1.38 0.53 0.07 0.11 0.07
Cylinder 3
Cpo 0.3 0.24 0.26 0.35 0.70
Cg 0.45 0.37 0.91 0.68 0.63
Ce 1.03 0.73 1.26 0.30 0.73
Cylinder 4
Cpo 0.98 0.39 0.83 0.61 0.99
cf 0.90 0.27 0.96 0.44 1.05
Ce 1.22 0.81 1.63 0.37 1.11
Table 3
Simulation results for the mixed cross-sections at various L/D ratio
Cylinder 1 Cylinder 2 Cylinder 3 Cylinder 4
L/D
Coo | Cf C Coo | Cf C Coo | CP C Coo | Cf G
1.67 0.14 | 0.18 0.15 0.98 1.17 1.44 | 048 0.57 0.66 0.93 0.75 1.13
1.83 0.33 0.21 0.18 0.93 1.54 1.40 0.33 0.50 0.86 1.01 1.36 1.15
2.00 0.45 0.19 0.18 0.87 1.03 1.38 0.30 0.45 1.03 0.98 0.90 1.22
2.17 0.49 0.05 0.19 0.81 0.14 1.11 0.25 0.06 0.83 0.96 0.38 1.10
2.33 0.37 0.12 0.00 0.78 0.34 1.03 0.25 0.06 0.28 1.00 0.07 0.79
2.50 0.57 0.16 0.20 0.76 0.89 1.18 0.26 0.47 0.77 1.01 0.64 1.06
2.67 0.57 0.02 0.27 0.78 0.16 1.37 0.28 0.08 0.82 1.02 0.03 0.96
2.83 0.58 0.21 0.21 0.84 0.91 1.70 | 0.20 0.52 1.16 0.93 0.68 1.03

Comparison of all circular, all square, mixed (as in Fig. 1), all diamond and all D-shapes with each other in Table 2
reveals relatively lower hydrodynamic loads for all four structures observed for the circular shapes at the L/D = 2.00. The
largest mean drag coefficient here is experienced by the fourth structure in both mixed-shaped and all diamond-shaped
arrangement. The highest maximum fluctuating drag coefficient of 1.38 is observed for cylinder 2 in the all square-shaped
arrangement. The largest maximum amplitude of the lift coefficient of 1.63 also belongs to the all square-shaped
arrangement, but corresponds to cylinder 4. Mixed-shaped arrangement (or basic case of structures with alternate cross-
sections, as in Fig. 1) at L/D = 2.00 demonstrates a relative consistency in large amplitudes of the lift coefficient for
cylinders 2, 3, 4, which makes estimations of hydrodynamic loads for this arrangement more important, due to higher
expected loads.
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Fig. 2. Time histories of fluctuating drag coefficients for four cylinders of a different cross-sectional shape with L/D = 2.0:
a — cylinder 1; b — cylinder 2; ¢ — cylinder 3; d — cylinder 4
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Fig. 3. Time histories of lift coefficients for four cylinders of a different cross-sectional shape with L/D = 2.0:
a — cylinder 1; b — cylinder 2; ¢ — cylinder 3; d — cylinder 4

Further observation of signals of the fluctuating drag and lift coefficient in Figures 2 and 3 reveals meaningful instabilities
in forces experienced by all structures with square shapes, and for structures 2, 3, 4 with diamond and mixed shapes. The
comparison shows that circular and D-shaped structures would experience lower and more stable fluid loads in this arrangement.
Table 2 and Figures 2 and 3 confirm that cylinder 1 in the shape of a circle or D-shape provides reducing fluid loads for the
three downstream cylinders. This substantiates the common interest in further exploration of the effect of the D-shaped structure
on reducing the drag force in the arrangement with all alternative cross-sectional shapes.
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This effect is studied in details in the next (second) simulation series, presented for each cylinder in Figures 4-7 in
terms of the fluid forces and in Figures 8, 9 — in terms of the fluid flow characteristics for the considered computational
domain. Figure 4 illustrates fluid loads on the upstream structure, where the most unstable signal (at L/D = 2.17) belongs
to fluctuations of the drag force. Figure 4 ¢ also indicates presence of multiple frequencies in signals of the fluctuating
drag coefficient, while a single dominating frequency can be identified for the lift force coefficient in Figure 4 d.
Figures 4 ¢ and 4 d demonstrate that the frequency of both lift and drag forces generally increases with the growing L/D
ratio, and the maximum frequency is indicated by signals at L/D =2.67 and 2.83.
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Fig. 4. Time histories of fluid force coefficients for cylinder 1 in the uniform flow:
a — fluctuating drag coefficient; b — lift coefficient; ¢ — fluctuating drag coefficient FFT; d — lift coefficient FFT

Relatively similar complexity of frequencies of the lift force is observed in Figure 6 d for cylinder 3, where one to
two dominant frequencies could be clearly identified. At the same time, more than two frequencies are observed in
Figure 6 c for each signal of the fluctuating drag force. The pattern of growth in the overall dominant frequency with the
increasing L/D is still recognisable for cylinder 3, similar to cylinder 1. Combination of frequencies is even more complex
for cylinders 2 and 4, as comes from Figures 5 ¢—d and 7 c—d, this is not possible to indicate clear dependences in the
frequencies of the fluctuating drag force. Some resemblance of the found growth trend could be still observed in Figure 5 d
for the lift force coefficient for cylinder 2. This provides evidence for the generally unstable nature of hydrodynamic
loads acting on the square cross-section shown in Figure 5.

Impact of the L/D ratio on the mean drag coefficient for cylinder 1, based on Table 3, is partially confirmed: apart
from a couple of deviations, the mean drag force increases with the growth of L/D. Data for cylinders 2 and 4 do not
indicate a specific pattern, as the values fluctuate back and forth within 10% from the initial mean drag coefficient at the
smallest L/D. Cylinder 3, on the contrary, indicates a stable pattern of the reduced mean drag coefficient with the increased
L/D, so that the reducing ability of the upstream D-shaped structure is evident, but for the central cylinder only. The
largest mean drag coefficient of 1.02 is linked to cylinder 4 at L/D = 2.67. The considered range of L/D allows observing
an important transition from the strong to minor interference in the wake of the three paired structures.

The highest fluctuating drag coefficients of 1.54 and 1.36 are linked to cylinders 2 and 4, respectively, both observed
at L/D = 1.83. The feature of the maximum amplitude of the fluctuating drag coefficient, indicated in Table 2, is in absence
of a specific dependence from the L/D, the values rapidly change from near zero to relatively high with a small increment
of change in the ratio. The fluctuating drag coefficient has generally the lowest amplitudes for cylinder 1, average
amplitudes — for cylinder 3, and the largest amplitudes — for cylinders 2 and 4.

The largest maximum amplitude of the lift coefficient occurs at L/D = 2.83 for cylinder 2. The lift coefficient
generally resembles the distribution, similar to the maximum amplitude found for the fluctuating drag coefficient: the lift
force appears to be the smallest for cylinder 1, relatively intermediate — for cylinder 3, and the highest — for cylinders
2 and 4, with no specific pattern linked to the L/D increase and reduction. This allows us to conclude that the ability to
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reduce hydrodynamic forces by placing the upstream D-shaped structure in front of the array is limited. The force
reduction is observed mainly for the structure placed in tandem downstream, and the effect is most pronounced for the
mean drag coefficient, with some reduced effects also seen for the fluctuating drag and lift coefficients.

1.0

Fluctuating drag coefficient, CU”

-1.0 : : ‘ :
105 106 107 108 109 110
Flow time, t (s)
a)

1.2
%
L 10r
=
Z08
Q
kS
£ 0.6
=
3
2.0.4
v
5
202
& 3

00 4.3 Seba) JVWY s n

0.0 0.2 0.4 0.6 0.8 1.0
Frequency, f (Hz)
c

Fluctuating drag coefficient, C,)”

Lift coefficient, C,

15 : : : :
105 106 107 108 109 110
Flow time, t (s)
b)
12 T .

——L/D-167
——L/D=-183
107 ——1/p=-200
LD=2.17
gL ——1L/D=-233
——L/D=2.50

Power spectrum density, PSD

== L/D=2.67

0.4 0.5
Frequency, f (Hz)
d)

0.7

Fig. 5. Time histories of fluid force coefficients for cylinder 2 in the uniform flow:
a — fluctuating drag coefficient; b — lift coefficient; ¢ — fluctuating drag coefficient FFT; d — lift coefficient FFT

0.6
105 106 107 108 109 110
Flow time, t (s)
a)
0.5
a
n
A~ 041
2
‘z
503
g
=
©02r
9]
2
5}
z 0.1
o
[
0.0
0.2 0.4 0.6 0.8 1.0 1.2 1.4
Frequency, f (Hz)
¢

Lift coefficient, C,

0.8
105 106 107 108 109 110
Flow time, t (s)
b)
14
L/D =167
%12- ——L/D=183 |
A ———L/D=2.00
210k L/D=2.17 |
Z ——L/D=233
g gl ——L/D=2.50 |
£ ——L/D =2.67
2 ——1L/D=283
= )
Q
&
5 4|
Z ol
2 2
0.50  0.55 0.60 0.65 070  0.75 0.80
Frequency, f (Hz)
d)
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a — fluctuating drag coefficient; b — lift coefficient; ¢ — fluctuating drag coefficient FFT; d — lift coefficient FF
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Fig. 8. Contours of the flow characteristics for L/D = 1.67 at 200 seconds:
a — velocity contour; b — vorticity contour; ¢ — pressure contour; d — streamline
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Fig. 9. Contours of the flow characteristics for L/D = 2.83 at 200 seconds:
a — velocity contour; b — vorticity contour; ¢ — pressure contour; d — streamline

Figures 8-9 show the velocity, vorticity, pressure and streamlines of the flow around cylinders for some selected L/D,
where both proximity and wake interference among the cylinders are presented for the time step of 200 s. The flow around
cylinders is complex, and vortex formation patterns are highly affected, as the distance between the cylinders increases.
The proximity interference is observed for cylinders 2, 3, and 4, alternate single vortices are shed on the downstream side
of these structures. For the wake interference at L/D = 1.67, free shear layers separate from the upstream cylinder 1 and
reattach themselves to the upstream side of cylinder 3, and a vortex street is only formed at the downstream side of
cylinder 3. At this distance, a broad region of wake is created at the downstream side of cylinders 2, 3, and 4. As the L/D
increases above 2.00, there are vortices formed at the upstream side of cylinder 3, in the wake of cylinder 1. A vortex
street is also formed at the downstream side of cylinder 3, with formation of 2S vortices. Figures 8 a, 9 ¢ demonstrate a
group of minor vortices formed following the diamond-shaped cylinder 4 and a vortex pair formed in a similar to S+P
vortex cycle past cylinder 2.

Discussion and Conclusion. The 2D numerical simulations are performed in this work for cylinders with different
cross-sectional shapes at the Reynolds number of 2.5%103 using the DES approach. The considered cylinders are studied
in a complex position of an upstream D-shaped structure in front of three paired structures, with the aim to investigate the
drag-reducing ability of this specific layout, observe the flow complexity, the wake interference from each structure, and
vortex formation patterns.

The following conclusions could be made from this study:

1. The ability to reduce hydrodynamic forces by placing the upstream D-shaped structure is mainly limited to the
structure placed in tandem downstream, and the effect is most pronounced for the mean drag coefficient.

2. Overall, the mean drag coefficient of cylinders is observed to be affected by varying L/D, with the main effect on the
mean drag coefficient of cylinder 1, which grows with increasing L/D, and of cylinder 3, which reduces with increasing L/D.

3. Competition of frequencies is observed for the fluctuating drag coefficient for all structures and lift coefficient
signal of cylinders 2 and 4. This competition is due to the joint effects of both the uniform current and wake interference,
which intensifies at a lower L/D in terms of changes to the resulting vortex street.

4. Both proximity and wake interference among the cylinders are observed. The flow around cylinders is complex,
and vortex formation patterns are highly affected as the distance between the cylinders increased with 2S being the major
vortex type formed and shedding the additional vortices from the square and diamond structures.

Mexanuka

145



https://vestnik-donstu.ru

146

Annapeh HF, et al. Analysis of the Drag-Reduction Ability of the Layout and Cross-Sectional Shapes ...

The study generally contributes to the field of knowledge by advancing our understanding of fluid-structure
interactions, drag reduction strategies, and vortex dynamics, with potential applications in offshore energy systems. The
current work contributes to the development of the drag reduction strategies through analyzing the impact of the upstream
D-shaped structure on downstream cylinders. Understanding how different structural configurations affect drag can
inform the design of more efficient systems in various engineering applications, such as subsea transportation of fluids.
By observing flow complexity, wake interference, and vortex formation patterns, this study contributes to the
understanding of fluid dynamics around complex geometries. This knowledge is crucial for optimizing the performance
of structures in environments where fluid flow plays a significant role, such as subsea engineering. The results of the
present research highlight the effect of varying the aspect ratio L/D on drag coefficients to inform engineering designs of
similar arrangements. This study reveals the intricate vortex dynamics and shedding patterns, particularly concerning the
proximity and wake interference among cylinders. Understanding these phenomena can aid in predicting and controlling
flow behavior around complex configurations, leading to more efficient designs and better performance in practical
applications in offshore systems.
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