Turbulent
Boundary Layer

Goodarz Ahmadi

Department of Mechanical and Aeronautical Engineering
Clarksom University
Potsdam, NY 13699-5725

ME 326 G. Ahmadi

Outline

 Transition

» Turbulent Boundary Layer Flows
Momentum Integral Method
Drag on Smooth Plates
Drag on Rough Plates
Empirical Equations for Drag

ME 326 G. Ahmadi

»| | Transition

Laminar > = >
—_— > Q/q
B/ ‘ ‘

¥ [Turbulent

=

ME 326 G. Ahmadi

ME 326 G. Ahmadi

2/4/2016



Boundary Layer over a Flat Plafe Clarksen

Reynolds’ Experiments

Boundary Layer
Thickness

Friction Coefficient

SN

1
C, =1.328Re,?

Critical Reynolds
Number

ME 326

,:’ Recrit ~

3.2x10° ~10°
5x10° ~3x10°

G. Ahmadi

molds Pipe Flow ExperirF-

Reynolds’ Experiments

lolds Pipe Flow Experirl'-

Laminar

V

=== | Turbulent

b EETSTIG

G. Ahmadi

Transition |

ME 326

2/4/2016



ME 32, 5 G. Ahmadi

0.8

'Jlent Stress=Wall Shear-

2 *
_ oyt |:>d_“:U_ v
TO_pKy(ﬁyJ I dy «y p

N\
ULy o€
—=Uu"==Iny+c
u K -
yr =LY Bx5
all L1 . Dy
I;nitsl u'==Iny"+B
K 30<y* <300 _
ME 326 G. Ahmadi

T os 1
ME 326 .
Viscous Sublayer Gisen
-Jlent stress is negli.
_du -
o= H dy .
2 du
u =v—
dy
du” - +
—=1 =
dy” u y

ME 326

G. Ahmadi

2/4/2016



30}~
U+

> U =25Iny* +55

—
- 4

- (e,

- o,

Spalding

Log law

T T T T L R

10 10 10° 10*
+

Spalding, Eq. (10-85)

10
U=y .
12 30 300 y*
ME 326 G. Ahmadi
Clarkso

Momentum [ntegral Metho

University

T, _ do _,do
O ﬁch,X-de

Prandtl
Suggestion

M} C,, =0.02Re;""

ot Ry

(- e

G. Ahmadi

Momentur Integral Method Clarkses
o :2d_49 C;, =0.02Re;1/6:ld—5
’ dx | 72 dx

E} a5 144 v yue E} 5805 = 0.205(—)"*dx
dx 7 U U,

|:> 5= 0.16(—)7x%7 E} & _0.16|fe _0.0155
U, X - Rei” X Re”

ME 326

X

I Turbulent Boundary Layer Thickness I

2/4/2016



Turbulent Boundary Layer -Smooth Cistsen
PR i s

Friction

.:JNC _,d0 _ 0027
Coefficient fx = & - —Rei”

Dr_ag .j C, =2 6(L) _ 0.0371
Coefficient L  Re/

ME 326 G. Ahmadi
Average Friction Goefficient Clarkson
Laminar Co=12%  Re, <5x10°
Re!

Turbulent C, :&Ej 5x10° < Re, <10
Re
Corrected for L
laminar part
Cp =207 1742 5 16 <Re, <10°
Re; Re,

ME 326

G ANmao

Transition Clarkson
'ichting Equatior.
L 0.01?771 1440 Re. = 5x10°
Re; Re,
CD - OOS;L - 570 ReTrans = 3x106
Re/" Re,
Rough Walls Clarkson
X -2.5
Cr= (2.87 +1.58Iog—j
e
L -25
Cp = (1.89 +1.621og —j
e

2/4/2016



Turbulent Boundary Layer ke

Drag Coerlicient Sarsen

Concluding Remarks

 Transition

» Turbulent Boundary Layer Flows
Momentum Integral Method
Drag on Smooth Plates
Drag on Rough Plates
Empirical Equations for Drag

ME 326 G. Ahmadi

ro!
. Eq. (7.48b) 300
White
500
nnnnn
1000
2000
/‘i\
— 5000 ————
/ Sk 10
[~~~ = 10*
LN e S—————
Turbulent T 3 S ——
smooth [
e —=
L"lminM&I. (7.49)
Eq. (7.27)
10 107 10%
Reg
ME 326 G. Ahmadi
University

Thanix you!

Questiions?

ME 326 G. Ahmadi

2/4/2016



