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Modeling Effective Slip Length for Predicting Drag Reduction
Effects of Superhydrophobic Surface Over Turbulent Channel Flows
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ABSTRACT

Research on the flow characteristics and drag reduction effects of superhydrophobic surfaces(SHS) has been vigorously
conducted. In particular, studies utilizing Direct Numerical Simulation (DNS), known for its high accuracy in computational
fluid dynamics, have been prevalent. However, the high computational cost of DNS limits the scale of computational domain
that can be studied. In this research, we present a model that uses the k-epsilon turbulence model combined with the effective
slip length of superhydrophobic surfaces. This model can predict drag reduction effects without the direct implementation of
superhydrophobic structures in actual-scale geometry. Initially, to validate our model, we focused on turbulent channel flows
and limited our study to ridge-type superhydrophobic structures. The simulations were conducted under various conditions, and
the results demonstrated that our model effectively predicts the drag reduction effects of superhydrophobic surfaces in areas
where P is below 100. Further research aimed at expanding this model to accommodate various superhydrophobic structures
and external flow conditions is expected to provide a powerful tool for effectively predicting the drag reduction effects under

conditions that are challenging to handle with DNS.
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Fig. 4 Computational domain

Table 1 Details for boundary conditions and simulation settings

No-slip case SHS case
Rem 180 180
PlH 0 0.375
(] 0 0.5
To No-sli No-sli

Wall P P P
Bottom No-slip SHS

L .. Periodic mass flux Periodic mass flux
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condition condition

v

v

Re = (15)

7|4 U= friction velocityS YEIH, vi= S84
S A0 A 1B UE )2 P goldf, BT B
T Hak Afo] ARl Avks yEhdoh A5E A% si4 9
A% R, =180Q1 2AIA =T, E3F 2HF FAIR

A *JHH E(water liquid)& A oH, 59 HE+=
p=998.2kg/m", /3 AlG= p=0.001003kg/m + s S AHESFA

o Zf AlolLofl gt ApAIRE Si4] 2232 Table 1 off YERY
AT

= et ol Ad - 2290 B4 T I iy oY
o] Ak HFo] - Hob I ol gl AeR
5 4= Qlek, ofof wih 2 upd gele & e iR
& AAE7] gl vhE e Blastel A% A% ans
A o= Qirk, E=3t vpE e v Ak S w9
HOE Yehd £ Qloug ofgje] A& T8 AY Ad &
= Absrict

DR= T"TO ! (16)

o714] 7%= No-slip Aol2x0] Hwl gk S24& Lehy
re ZSE0] AEH Aolxg ME AT S 1}

Ehict,

S=ERHDIHEE =28 M27R, N6S, 2024

I'-ID



ZdtaAgH M2 U2 19 59| Mg X2 = o|=517| LISt Effective Slip Length ZE
Table 2 Tabulate results for Re, =180 25 T
Formula | Martell et al’® | Std. wall func, | Ernanced wall 201
func.
U
Re, A 180.0573 180.272 180.324
14
UH
Re, 3308.846 3369.86 3032.68
14
U (2H
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14 1
U |
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% :
Ty ]
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2 c
42 MAEHM DR MY U AS
O B oJTLof A ARRE realizable k

3 AZ517] 9J5) Patel?] 04-?“8%
9] AFtof k= bulk velocity U5 ©]&

v, (21
ey

2kl Ao uf R, <1,3509]1 ¢ laminar

flow, Re, >1,80091 73 fully turbulent flow2}al & 5= Q)
O Re,=3,000Q1 FY7IA]+= transitional effects’} LE}
Gk ejsia glok & ATold dols= 47} 1 v
2 R, =1800F o] ZZO|A Re,i= Table 20| e}
@'E]—, 0|% transitional effect”} YERITIL &+

m,—so0MT 2 Aol 4 gelolr] uEel
transitional effectE& 1= fully turbulent flow

oA Z=YE AlEd

AR A Sl
2har & 4= Qlek E3E R, =180 24

ol4e] 23 DNS Hlo|§j} H|aLslo] Fig. 5 Bl Table 29]
AAs] UERITE olEfRt e %611 = Al
realizable k—e W7 BEE ARGSF 4] 2710] Bigsirh=

AL 9L 4 sk

g ek gkl S4S 99 et o 24 BAknear
wall treatment)”} T EQct o] 71X ¥ 23] A} v
¥ Fola] A At 0e) v b 2o AYES
X standard wall function¥} enhanced wa
2 vl | Ceboict,
Table 2= No-slip #|o]0]4 AXE ofe] Flojiz= o 1
nASE Uehd Zles, M3 Aol HwsiilE
standard wall function®] enhanced wall function®] H]3
22 o AR o3 A8 o 4 Aok ER Fig, 5k

11 function

£49] ofe|% upie] Zusteo] 489 Aol1e] i
Bxs Ay Avel wad Aow ¥ A ooyt

L OX|

S=ERHMDIHSE =28 27, MeS, 2024

10°

(b)

20

10’

y+

10?

10°

Fig. 5 Velocity comparison between our simulations and

DNS data; — Martell et al”,

® enhanced wall function,

A standard wall function (a) velocity profile comparison

(b) velocity profile close to SHS (c) velocity profile close

to no—sli

p wall

47



0.9 4 -

Drag Reduction

0.0 T T T T T AL L L RN LR
20 40 60 80 100

(a)

0.9+ -

Drag Reduction

' 20 T '40"”méd”””éém%loo
P+
(b
Fig. 6 Comparison of drag reduction and P* values
between our simulations, theoretical predictions, and DNS
data; @ Rastegari et al® A Turk et al®, w Park et al®

— Tomlinson et al™®, O Re_ =180 (a) standard wall function

(b) enhanced wall function

enhanced wall function®|, &
standard wall function®| Z+z+
ARE A A A v RS ), E

of 2 Aol BT 4 ek Fig, 62 ZUSEY
& Azt ng Pr=p/5. 9k vlwa) YeRd Foz A3 o
=1 o,
standard wall function2t} A3} A7t a3= X o A
g5 dl&the BgS 0T 4 ASIHh webA & A
oi= A A aRE asFoR 95T 5 e
enhanced wall functionS ARESISTTH

enhanced wall function©]

48

Table 3 Dimensionless parameters and each values

Re 180,395,590
3 0.5,0.75,0.875,0.9375,
P/H 0.09375,0.1875,0.375,0.75,1.5,3

Table 4 Details for boundary conditions and simulation settings

Realizable k-e
Enhanced wall function

Turbulence model

Near wall treatment

working fluid Water liquid
Top/Bottom SHS
Boundary conditions Inlet/Outlet Periodic
Side Periodic

Periodic condition Peridoic mass flux condition
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Table 7 Mesh details

area—averaged wall shear stress
g Case N, N, N, Total
Mesh Number of Area-averaged wall shear stress [Pa] Re, =180 60 30 30 54,000
cells Re, =180 Re, =39 LBe, =590 Re_ =395 60 40 30 72,000
! 18.000 1291.84 6514.39 13799.6 Re, =590 60 50 30 90,000
’ (-1.03%) (-7.24%) (-1.55%)
1285.30 6247.47 14667.3
2
36,000 (-0.52%) (-2.85%) (-7.94%) : :
1280.12 6098.24 13983.8
3 34,000 (-0.11%) (-0.39%) (-2.91%)
1279.07 6080.95 13679.5
4 72,000
’ (-0.03%) (-0.11%) (-0.67%) -
5 90,000 1278.79 6075.61 13602.7 '% i
’ (-0.01%) (-0.02%) (-0.10%) §
6 108,000 1278.70 6074.55 13588.7 E, .
a

Table 6 Grid independence test results for area—averaged "

Number of Area-averaged y~ [Pa]
Mesh | cells Re =180 | Re =395 | Re =590
1 18,000 1.99 4.46 6.49
2 36,000 1.33 2.92 448
3 54,000 091 1.98 2.99
4 72,000 0.69 1.50 2.25
5 90,000 0.55 1.21 1.80
6 108,000 0.46 1.01 1.51
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