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Section 8, Lecture 1
Supersonic Wings with Skin Friction:
A Primer on Boundary Layers and Skin Friction
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Lift/Drag Ratio on Symmetric

Double-Wedge Airtoil
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Example: Symmetric Double-wedge
AlI'fOﬂ e oo L/D (cont’d)
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e Friction effects
have small effect
on Nozzle flow
or flow 1n “large

“ducts”

e But contribute
significantly

to reduce the
e | performance of

e e supersonic wings
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Types of Drag
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istribution, in
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paradox says drag a big difference | wave drag wave drag
this is zero v AN v J | dueto  dueto
lift volume

also known as profile drag additional |
parasite drag independent  profile drag g I
associated of lift due to lift be small |

h enti (the drag from 2D|( at |
Zilrtcrfz;:zt zz lar airfoils at lift) ./ cruise  / |
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component
interference drag drag due to lift

i W.H. Mason, Virginia Tech
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zero lift drag
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What causes “Skin Friction”

e Gases are not completely non -viscous ... when gas flows
over a solid boundary, Molecules “stick™ to the surface
and 1impede the flow of other molecules ... eventually
creating an uneven velocity distribution for some small
but finite layer ... the “boundary layer”

Burst rate
becomes
constant

First burst
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What causes “Skin Friction” oo

* The “momentum defect” within the boundary layer
manifests itself as a “drag” on the surface
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Two Types of “Boundary Layers”

e Laminar e Turbulent

Shm}lda‘ of airfoil - oo 7~ Note Flow outside boundary
maximum speed outside | / > S B E i
/ ay er is inviscid flow
| e Turhulent houndary layer - —
ﬁﬁtﬂ /—r— /
£ v°
=0
P g is
Boundary / '
layer
- region
Poosapeuo e & oo (shaded)
Voo g pressure = Total pressure p, ity
== Separation
point

(Stalled flow)

MAE 5420 - Compressible Fluid Flow
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Boundary Layer (continued)
* Two Types of Boundary Layers

e Laminar --> orderly e Turbulent --> chaotic

MAE 5420 - Compressible Fluid Flow
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Eaminar Boundary Layer Model

Turbulent

Instantaneous
edge

Time-average
thickness

Time-average
velocity profile

MAE 5420 - Compressible Fluid Flow
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“Skin Friction” Momentum Defect Model

Start with incompressible flow for now ( p = const )

* Look at the flow near the aft end of a flat plate with span, b

* Mass flow into the small segment —_V.—~>

dy: I’;’l _ 1 b u(y)> =
(y) = p(y)u(y)boy N
OM o = M|V, — u(y)] | y| ——4

| P i . i L IR P

e Momentum defect from freestream across segment dy:

* Assuming no pressure gradient along plate

0

Ot
: A\
> D =m|V, - u(y)] =>‘[b\0y u(y)|V, —u®y)]

omentum ]

Drag = loss in momentum\}" =

MAE 5420 - Compressible Fluid Flow 10
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Simple “Skin Friction” Model «onco
e Integrating across the depth of the boundary layer
o
_ pvzbj‘ u(y) _u®) dy =
0 Ve 4

e

let:é—%:dg—%:

ol o] (Sj-u(ﬁ) L uO)] uly)y
vV V V

0 e e e

e \/
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\
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W@ wE W[ u©
D=pV’bS|—=|1-—=>|dé | ©®=9 —— |45
p e J‘ ‘/e I ‘/e ) 5 j e ] ‘/e |
. . “momentum thickness™;
MAE 5420 - Compressible Fluid Flow
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Simple “Skin Friction” Model conciudea)

1
e Normalize Drag by plate area (bc) and dynamic pressure, By /OVe2
(D)
1 ) fric
~ PV, b
2 T

25Iu(§) U
co Ve

O  uy) ——d{—
V
¢ y

e

W ol ol ol il P r A AP rrr i r i r s s

® =2 “momentum thickness”

MAE 5420 - Compressible Fluid Flow
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Velocity Profile in Laminar Boundary Layer

_V_>

Engimeering

e Simple Velocity Profile Model

Laminar (parabolic)

Pick {a, b} to Best Match Theoretical Model from
Navier Stokes Equations (Blasius Model)

Fitting with “near” Velocity Profile Allows Use of
Integral Methods

http://mae-

Theoretical Pro ﬁ le: nas.eng.usu.edu/MAE_5420_Web/sec
tion8/Blasius_files/Blasius .html

MAE 5420 - Compressible Fluid Flow B
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Calculate Skin Friction Coefficient

Engimeering

for Laminar Boundary Layer, Integral Method

2
o) _ z.a(l)_b.(zj X:]-)®:1%2-a—b=l—>b=2-a—1
v, 0 0 v,

Let ...
Sizgnc,, =2-g-ﬂ[z-a-ﬁ—b-&zj—[Z-a-cﬁ—b-éz]z-d§

Expand and Integrate

Cyp, =2-§-f;[2-a-§—(4-a2+b)-§2+4-a-b-§3—b2-54]-615:

2 3 4 5
2-2{2-@5——(4.&+b)-‘§—+4-a-b-5——b2-‘f—}
c 2 3 4 5

2
MAE 5420 - Compressible Fluid Flow
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Simple Skin Friction Model
for Laminar Boundary Layers

—1C, =2 cz—4.az+b+a-l9—b—2 é .
Pre 3 5 | c||* But what is 07
* Define BL thickness as the distance from the plate Y1 % g
where local fluid velocity reaches free-stream velocity. o v,

e Start with Wall Shear Stress .. Shearing force per unit area

- 1 aDwallfn-c SO 8”()7) (au
wall b ax roportlonal ay wall 8}/ -

dx /
wall shear stress

[ | Constant of Proportionality

T

“dynamic viscosity” .
MAE 5420 - Compressible Fluid Flow
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The viscosity of a fluid is a
measure of its resistance to
deformation at a given rate.

Newton's %wr j/

wédcméé/. au
gradient, dy

shear stress, r

Twall — /L .
AN

‘

velocity u
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The viscosity of a fluid is a measure of its resistance to deformation at a given rate. 
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Boundary Layer Thickness

eFrom Earlier derivation of momentum thickness

O
L 77 7 77 //CDﬂic :2;
1 aDwall Fric de_ I Toall dx
Twall_ C _2®_0 -
b ax Dfnc o T 1
¢ Epr ¢

MAE 5420 - Compressible Fluid Flow 16
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Boundary Layer Thickness o)

: 00
Take derivative of above wrt.x 2 |T = pVe —

OX

e Classical boundary layer equation ..
Von Karman Momentum law for laminar boundary layer

b-ITW :b.zz_@)_)c __Tw _,®
Loy X LIS
2Pe 2Pe

¢, — "local skin friction coefficient"

17
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Boundary Layer Thickness o)

e Now Calculate Laminar Boundary Layer Shear Stress Using
Velocity Distribution Model

\ )

d d y y) 2-a
— | —— — .V— 2. - _b. - —_——_—, .V
Twall ll'l (ay] u e ay|: a(é) (5 j| 5 ILt e

—

e Two ways of calculating T,

— —
2-61 2 (9@
Twall:T.'u.I/e Twall:p. e _x
e bquating terms ... —
p.Vz.a@zz'a.M.V
© Ox 0 ¢ \\
———— \
: v :
p-V2-8®:2 a.M.V P , 00 _ 2-a SN
© Ox 0 ‘ L Ox 0
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Laminar Boundary Layer Thickness «onco

e From earlier momentum analysis

o=sc, ~20-2c C\D_]:a_ww O
2 re Ox  Ox i 3 Ox
s Previ p-V, 00 2-a
® > . —
rom rrevious page 10 Ix s ~
~~
p-V 4.-a>+b b’ 86/ 2-a
e'CZ— —|—ab— . —
(4 5| Ox 6\

e Separating Variables \ \

. .2
PV 4a+b+ab—}666 2-a-0x
(u

.a—

MAE 5420 - Compressible Fluid Flow 19
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Laminar Boundary Layer Thickness «onco
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Engimeering

e From earlier analysis

. . 2 2
PV \g B adb o D s 95—2.a.0x
i S * Define e
AV
e Integrate from {0,c} pVec
\Re _
v . > 21 &2
pY.| 4a +b a-b—b— -5—:2-51-(: B H .,
p 5] 2 * “Reynolds Number
e Solve for o \
5 C 4a ¢ \ 4a
c 1/2 2 2 1/2 2 2
'O'Ve.c a—4 a +b—|—a-b—b— ( e) a—4 a +b—|—a-b—b—
u . )

MAE 5420 - Compressible Fluid Flow 20
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Laminar Boundary Layer Thickness «onco
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e Sub into Skin Friction Model

N P B L S S o 1 4 :
Dy 3 51| ¢ ¢ (R) la—4 ¢ +b+a.b_ﬁ
5. 4 a’+b 'bbz}_ 4a
3 S|l 4a+b ool ]| 4 a2+b+a.b_bT
o - 3 5 B 3 5
Dy (Re>1/2 (Re>1/2
1 4(1) 5477

<Re)1/2
If.. {ab}={1,1}

1

4-(1)° +()
3

+(1)-(1)—(ﬂ (R)

4\/0)-[(1) A D +<1>.(1)_<ﬂ

 1.461

(R)”

(7"

MAE 5420 - Compressible Fluid Flow
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“Best Match™ Velocity Distribution

(1 249
Best Fit
Shape
Parameters
>
5
4a 498
. B 4-a>+b b &
Blasius Model ) ya- +a-b—ﬂ ®,)
http:/lmae-
nas.engusu.edu/MAE 5420 _Web/sec Bl s
tion8/Blasius_files/Blasius.html ‘|a 3 —I—a~b—? i
i-4 98
00 01 02 03 04 05 06 07 08 09 10| _goee7.0 40 15 " 1328
y/delta c 15¢ (R )”2 (R )”2
22
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Laminar Boundary Layer oo
e Approximate Drag Coefficient Model based on ‘“‘Best Fit”

Parabolic Velocity Profile

y
8

MAE 5420 - Compressible Fluid Flow

é: 4.98 c - 1.328
c

Re 1/2 Dﬁw Re 1/2

® Compares well with
Exact “Blasius Solution” ... slightly under
predicts boundary layer height

R
5 5 https://
— = 7 www.sciencedir
C ) Blasius (Re ) ect.com/topics/

engineering/

c _ 1328  blasius-
( friv)Blasius_(R )1/2 solution

* Blasius method described in Appendix
to section 8 ... MAE 5420 students not
responsible for exact method

23
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Blasius Laminar Boundary Layer Solution Summary

Disturbance Thicknes§:

Displacement Thickness:

Momentum Thickness:

Wall Shear Stress:

Friction Coefficient:

Drag Coefficient for Fricti

24
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Comparison of Reynolds Number and
Mach Number

Mach number is a measure of the ratio of the fluid

* As derived 1n section 3 Kinetic energy to the fluid internal energy (direct motion

5 To random thermal motion of gas molecules) ﬁ
/—V / ( _ 1) -- Fundamental Parameter of Compressible Flow --
2 _ Y\ M2
S N
2 % Ve \ 1 .V2‘/
R — pV.c _ pV.,c 6 ¢ _ 4 .2'0 e Inertial — Force/ Area
e :
o - u uv, _ z uv p/c T Viscous — Force | Area
/ 5 ° /
2 Reynold’s number is a measure of the ratio of Inertial Forces acting
_ = V on the fluid -- to -- Viscous Forces Acting on the fluid
Tw T 5 [J e -- Fundamental Parameter of Viscous Fluid Flow --

MAE 5420 - Compressible Fluid Flow 2
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» From Definition for Viscosity =

\ Lwal _y ynits I _Ni—s =Pa—s
H="5u ou mls g2
Oy m
(kg—m]_s
Ne—s _\ & _ kg _ 1000( 0.
m* m* m-—s 100cm s cm—s
—)"poise"z\-]P’zl- & 50.10-Pa—s

cm—S

alﬂ—sﬂo-ﬂ»

— "centipoise"=1-cP=0.001- Pa—s=001-P

What are the Units of u, R,?

INTechSnicS)edrenos S ce)

Engimeering

R = -V-x
H |
R - -V-c
" u
K m o kg
units? ~M_S =M=3S _ dimensionless!
Nt —s kg
m* m—s

1000*Centipoise= Pa-sec

MAE 5420 - Compressible Fluid Flow

* Most common table lookup form for viscosity data

26
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What are the Units of u? o

e YOU ve Used Viscosity Units Before Motor Oil? 2>

5W-30 Oil Rating?

SAW J300 Oil -
Classification \s

“W” is for Winter! -

APl - American Petroleum Institute

SAE viscosity grade (Society of
Automotive Engineers)

SAE 10W at low temperature

SAE 30 at high temperature

Rated as energy conserving

MAE 5420 - Compressible Fluid Flow

A SW-30 oil is a mult-viscosity oil that behaves as 5-
weight oil at low temperatures but gives the
protection of 30-weight oil at the high engine
operating temperatures.

Viscosity is defined as oil’s
resistance to flow and shear and
is expressed as centipoise (cP).

Quality rating of oil - SJ is currently
the highest; SL will become the
highest during the Summer of 2001

0il has passed ASTM fuel economy test

27
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Gas Viscosity Model

 Sutherland’s Formula
Result from kinetic theory that expresses viscosity as a function of temperature

3/2 = u = viscosity in (Pa s) at input temperature T
( V(T +C)

‘l.l‘s‘ = reference ViSCOSity in (Pa S) at reference telllperature IS‘

e Write u in terms of freestream

= input temperature in degrees Kelvin
T = reference temperature in degrees Kelvin

CS; Sutherland's constant

temperature Outside of Boundary Sutherland's constant & reference temperature for some gases
layer .
3/2 Gas c. T_ U
(T +C, ) - :
L J L J ‘ - K Pas
wT) T, r +C, air 120|291.15/0.00001827
3/2 :
.U(Too) (Too\ ( Ts + Cs \ nitrogen 111/300.55|0.00001781

H, oxygen 127|292.25/0.00002018

L TO J kT + CSJ carbon dioxide 240 293.15/0.0000148

\3/2 (T C \ carbon monoxide 118|288.15|0.0000172

—> uT)=uT,)| — hydrogen 72 |293.85 0.00000876
LT J L I+ C J ammaonia 370 293.15/0.00000982

MAE 5420 - Compressible Fluid Flow sulphur dioxide |416/293.65/0.00001254
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Sutherland, W. (1893), "The viscosity of gases and molecular force", Philosophical Magazine, S. 5, 36, pp. 507-531 (1893).
Australian physicist who studied the te = ndence of ideal gases. In 1893, he developed an empirical-theoretical

relationship between the temperature and viscosity of an ideal gas.
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university  Reynolds Number Scales’ ’

e High-Speed and Large Configurations Operate with Mostly Turbulent

Boundary Layers

e Aircraft Carrier — R, ~ 10

-

o F-18-25x 10°

. lLow-Speed and Small
Configurations Operate with
Mostly Laminar Boundary

Layers

29
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Reynolds most famously studied the conditions in which the flow of fluid in pipes fransitioned from laminar flow to turbulent flow. In 1883 Reynolds
demonstrated the transition to turbulent flow in a classic experiment in which he examined the behavior of water flow under different flow rates using
a small jet of dyed water introduced into the centre of flow in a larger pipe.

The larger pipe was glass so the behavior of the layer of dyed flow could be observed, and at the end of this pipe there was a flow control valve used to
vary the water velocity inside the tube. When the velocity was low, the dyed layer remained distinct through the entire length of the large tube. When
the velocity was increased, the layer broke up at a given point and diffused throughout the fluid's cross-section. The point at which this happened was
the transition point from laminar to turbulent flow.

Osbourne Reynoldsd
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Turbulent Boundary Layer Model

Comparisn of laminar and turbulent
velocity profile in the boundary layer

1
2 A —
wele(3)] B —
e [ ‘/e 5
' —>
u(y) 716') e
o
du dy|y=0
dy|y=0 §
: ; .,./
Laminar bulent
du

<_3E'

dy|y=0,lam  9y|y=0, turb

MAE 5420 - Compressible Fluid Flow 30
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Velocity Profile in Turbulent Boundary Layer

* Power-Law Velocity Profile Models

Turbulent (exponential curve fit)

We’ll find out what
n 1s later

n=7 Re < 107
n=8 107<Re<108
n=9 108<Re<10°

u(y)> g

=

MAE 5420 - Compressible Fluid Flow !
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Calculate Skin Friction Coefficient

for Turbulent Boundary Layer

* Turbulent Boundary Layer

B[
2] ) - )
)8 (g)nH (5)n+l _ g{l B 1}2% n_ n }:
¢ %*1 %*1 C %H %H cln+l n+2
: _’(1) o 4 n
2§_nzn++23(_nn:2_)n}=2§{(n+1)’zn+2)} oo :22 (n+1)(n+2)i|turbulent

MAE 5420 - Compressible Fluid Flow
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Turbulent Skin Friction Revisited

e Turbulent Boundary Layer

* No Theoretical Prediction for Boundary Layer [ du
Thickness for Turbulent Boundary layer dy

Instantaneous
edge

l Time-average
thickness

Laminar

u(y) ,/

b — e e b7 s i MR
* “Time averaged” Statistical 0.16¢ /
Empirical Correlation 0=—"7 N )
... Herrman Schlichting [R ]; .
c Ly

MAE 5420 - Compressible Fluid Flow
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Skin Friction Revisited

(Turbulent Boundary Layer) (concluded)

2n
C _(n+ 1)(n+ 2)_

0.32n
(n+1)(n+2)

_ _(n+1)(n+2)_ [Re]%

MAE 5420 - Compressible Fluid Flow o
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Compare Laminar and Turbulent Skin

Friction Models
é 498 c 1.328
C o 1/2 Dpe 1/2
(Rec ) Laminar (RQ) \
0.32n
0 = 0.16 (n+1)(n+2)
c (R )l/n CDﬁic = 1
e, [Rex];
Turbulent

MAE 5420 - Compressible Fluid Flow
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Compare Laminar and Turbulent Skin Friction
Coefficients with Wave Drag Coefficient

C = 1.328 Flat Plate with Chord “c”
-0 " ,
R.)
—
0320 |
Not! Independent of size
{(n+1)(n+2);[// P /
—>—>—> CDﬁic = T e
R, ]! . Independent of size
—
D, |p.—ps|(t \ &
CDwave = f = I_:y - 31[_j 7/ tan5
bcq “p M* € Tp M’

MAE 5420 - Compressible Fluid Flow 30
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‘Compare Laminar and Turbulent Skin
7 FI’iCthn (cont’d)

1.00000E-2~

9.S0000E-3- Laminar

9.00000E-3~
8.50000E-3~
8.00000E-3-

7.50000E-3-

7.00000E-3 -

Plot C Formulae

& SO000E-3 - R

6.00000E-3~
5.50000E-3~

Versus R,

9.00000E-3~

CF

4 .5S0000E-3-

4 .00000E-3—

3.50000E-3~
3.00000E-3-

2.50000E-3~
2.00000E-3-
1.50000E-3 -
1 .00000E-3 — guups

5.00000E-4-

0.00000E+0-) , , , ,
1.00E+5 1.00E+6 1.00E+7 1.00E+8 1.00E+9 37
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‘Compare Laminar and Turbulent Skin
FI’iCthn (cont’d)

1.00000E-2~

9.S0000E-3- Laminar
9.00000E-3—
8.50000E-3—

8.00000E-3-

7 S0000E-3-
7.00000E-3 - s

6 .SO000E-3 - KA
6.00000E-3-

5.50000E-3~
9.00000E-3~

CF

'y /
y
P
y
J
!
f
J
y
f
!
7
!
!

4 .5S0000E-3-
4 .00000E-3—
3.50000E-3~
3.00000E-3-
2.50000E-3~
2.00000E-3-
1.50000E-3 -
1.00000E-3 -
5.00000E-4-

|

0.00000E+0-) , , ,
1.00E+5 1.00E+6 1.00E+7 1.00E+8 1.00E+9 38
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Classical Skin Friction Correlations

lo. - ] ] ) LI | ) T Al LR | || I LI ) I 1 1 | | 1 T ] L.
- “‘Smooth Flat Plate with No Pressure Gradient” -
I “Schoenherr Plot” ]

A R.~10,000,000 :
- - TURBULENT o488 .

g = o N Tl

F e R 10°"'CL N
- §§ M“’\ 0 e _ 1700 .

F BE

10k LAMINAR N [19910Re ] Re, -
- Effect of \ Cp = 1:328 ]
. 8 < R -
" Mach Numbr 10 Ve )
i R.~500,000 §

|64 - L TR ! Lll L L L e e ! 1 L1
10 10° 10° 10’ 10° 10

Rel.' * }Xa) -

MAE 5420 - Compressible Fluid Flow
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Prof. K.E. Schoenherr, Dean, School of Engineering, Notre Dame University, South Bend, In
(1945)
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Plot the Cy Laws

Engimeering

0.1ooo-i: T 1T T 0.32(7) a
~ pprox Laminar u
- C.~C (D+)D+2) ||| e :
- | F D, C, = - "
= ric fric 1 n=8 -
; . [R.] :
—~ : | |, | | Schoenherr -
LRGN / ) ‘\\\\\~
0.0100- - - .[ u'-i‘@&!‘“\t&\&\\\\\\\*
A NN 2SS :
S NS TURBJLENT i i
S IS —_— | ¢l e O8O~ -
o - RN ' e L ATTH 288 | | | |-
O \§3;:\ ———— - 10g,0Re| |
9 E SR = -
s | D Mo [N I .
& \Q\ —0
;\Et §%s:\ % 1 L1 '
@ ooo10 LAMINAR SRR " | !
= N 1.328 —— 32 1 |C
- N O RV o
- 0 ‘ (R.)? |-
B : : 1 fa, b} ={1,1} )
i “Blasius exact solution \\\ v I
for Laminar Flow” 1 o
00001 N | | .
1.00E+4 1.00E+5 1.00E+E 00E+7 1.00E+8 1.001
40
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Boundary Layer Transition

R_~500,000

e Laminar --> orderly e Turbulent --> chaotic

MAE 5420 - Compressible Fluid Flow H
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Engimeering

UNIVERSITY

Bypass Vs. Natural Transition?

 Why did NASA Risk a Space Walk on
STS-114 with Steve Robinson to remove
Shuttle Tile Gap Filler?

e To Avoid Premature Bypass Boundary
Layer Transition! During Reentry

MAE 5420 - Compressible Fluid Flow



Stephen Whitmore


Stephen Whitmore


Stephen Whitmore


Stephen Whitmore


Stephen Whitmore



UtahState

UNIVERSITY

INTechanicSfGdrRenospace)

Bypass Vs. Natural Transition? ¢

Engineering

Reynolds Number/meter

1.00E+9-

1.00E+8-

1.00E+7 ==

Mach 0.8
Mach 1
Mach 2
Mach 3
Mach 4
Mach 5
Mach &
Mach 235

“Transition Region”

1.00E+6-

1.00E+5-

1.00E+4 -}
0.100

I
1.000

Space
Shuttle

1 0.600
Altitude, km

I
100.000 43
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Bypass Vs. Natural Transition? s

1.00000E-2 -
9 .50000E-3- Laminar
2.00000E-3 -
8.50000E-3 -
2.00000E-3 -

7.50000E-3-

7.00000E-3 -
6 S0000E-3 - A%
6 00000E-3 -

5 S0000E-3-

5. 00000E-3 -

CF

4 .50000E-3~
4 .00000E-3~
3.50000E-3~
3.00000E-3—
2.50000E-3~
2.00000E-3—
1.50000E-3-
1.00000E-3~-
S5.00000E-4~

0.00000E+0-) ;
1.00E+5 1.00E+6 1 00E+7

REYNOLDS NUMBER

I [
1.00E+2 1.00E+2

44
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Bypass Vs. Natural Transition? ¢

e Reynold’s Analogy ... correlation of heat transfer to skin friction

e Turbulent eddy transports momentum from core flow to V ’
fluid near wall .. It also transports heat ....
>
u . dy
Ue momentum heat (y) t =
> ou
| QLY 4
o | B
T TSI TSI TTITTTTIIT

* Bypass transition
dramatically Increases heat
transfer to the skin surface!

T

45 /
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Skin Friction Drag on Transitional Boundary Layer

Yx
Constant ed
pressure s“ea‘f/ 1
- ouﬁ“de |
strea\'“l?‘,‘.- "‘:'c |
U - ontro
- volume
f D Flat
y Drag force plate
' ———————— — S
0 e X

e Accumulated Skin Drag
Proportional to Boundary

Layer Thickness at Location X

MAE 5420 - Compressible Fluid Flow

Laminar Turbulent(n:7)
R, <5x10° |R >10" <10°
4.98¢ 0.16¢
5 1 — 1
2 7
(Rec) R_]
1.328 7
CDﬁiction 1 1
(R,)2 | 225[R.]
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Skin Friction Drag on Transitional Boundary Layer (2)

INTechSnicS)edrenos S ce)

Engimeering

MAE 5420 -

boundary layer

Y
Y

Laminar | Turbulent, _ :
-] _ Laminar: o _%9
5 8 D
R_<5x10° [R >10"% 10 re 15 ¢
s 4.98c —H—0:T6c
— o| 7
. R SN Turbulent: ¢ = _{_}
fric
\( e) [ e] \ R >10" <10° ¢ 36
C 1.328 — 7 * Empirical turbulent correlations include effects
D fiiction 1 1 of laminar region on accumulated drag, no need
(R )2 225[R :|7 for correction
v
T Turbulent
) boundary layer
Laminar

— —
— —
- —
—
—

What about this region?

Y

47
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UtahState INtechanicsladhienospIce,
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Skin Friction Drag on Transitional Boundary Layer (3)

e “Splice” two curves together for transition region

\ /'1/1 T [ 1328

1 1 1

5x10°)2 (5x10°) 5x10° )2
CD transition - f 1 b L - ( x 1 ) ( x 1 ) |:a:| ( x 7 )
(R.) 1

1x107% 1x107% 225/ 1x 107 |7
(1x10’) (1x107) \ L [1x107]

H {—3.116} _3.116 —0.04096
- - CD transition - B

’—3.1 16 \
b —0.4096 (Re)% (Re )%

N |
—~~

~
a
—

~ |

—+0.04096

(R)

MAE 5420 - Compressible Fluid Flow 48
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UNIVERSITY cramesrng
Skin Friction Laws Revisited
0.1000-2 M WA N N  — T R
= B 7] Approx Laminar [ ||
- 1 |-3.116 "= A i
C = +0.04096 n=8 ”N
B D yansition l S n=9 ™ i
- (R [ (R, :
\ e i e \ | Schoenherr ™
— a8
~ » Transitional AT
. 0.0100-f- *\Qiﬁ = -+ Cg = O;z.‘.: \ -
S - N Bk € -
S E §§S§ —— » TURBULENT : -
b - \\\§\ - | 0.458 n
¥ \§Q§§§ : /'cvp F Z 68
v B \§§:‘N \’\\\ "‘-‘"-'-—-.74__ |° Re ] " -
c - RESY B e Il i -
= “x I : —
= s \§ d @ N~ : DA —— —
& AN —0 S [00.45 1 M
£ \‘%\ 2 CeITre L [
% LAMINAR SRS 12910 Rey
0.0010-§= + T : -
- NN : | :52£ -
i NN NN K
A o2 \\\QEEES dL i
- ! RS \ "
_ 5 S N _
[} . \
1 ] ] ~\~
: : ™
0.0001-= . . . 1 - i
1.00E+ 1.00E+5 1.00E+6 1.00E+7 1.00E+8 1.001
REYNOLDS NUMBER
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Collected Simple Skin Friction Model (/)

 So For Our Purposes ... we’ll use the “1/n™ power”
Boundary layer law ... and the Exact Laminar Solution +

Transitional Splice

R, < 500,000

=1.328

>—>—> C

D fric

R.)

1
2

* See appendix on Section 8 web
link for exact solution

Exact Blasius Solution

500,000 < R, < 10,000,000

laminar

—

= —
C, = 1 _3'1156+().O4O96
TR LR

“Splice” of Laminar
Solution and 1/7th power law
Model

transitional

MAE 5420 - Compressible Fluid Flow
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Collected Simple Skin Friction Model (2)
107<R, < 108 >n7

0.32-7
) { ( - 1) (7 N 2)} . “transitions” ~ continuous
—»>—>—>C, = 1 = 1
i [Re ]; 225[Re ]5 ... for most turbulent flows
wrbulent | [7th power law is sufficiently
accurate

108<R, < 109 >n=log, JR -1 |

e
el

R. ]
© turbulent

—>—>—>C, =
fric

51
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UtahState INtechanicalledhenospace,
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Skin Friction Laws, The Full Monty
o.1000-iE 108< R < 109 > n=L0g [Re] -1 \ ’ﬁ 11 :f:mx Laminar .:: F;
- [ [] [ [ [T T ITTTI [ | ) n=8 Pt N
B [ ] \\ n=9 ™ ™
B _ Schoenherr P i
- CDt y = 1 " 3.1 156 +0.04096 n-= 1/\7 \\ Transitional e
ransttion (R ); (R )ﬁ \ " n transition
g SN T T - \ \\Q -
S SRS Fﬁ TURBULENT bed :
£ S X = | 455 X
é - \\§ -'4.' o - | o
.:; S i,
3 5 ooto LAMINAR | S \ ]
g / NN 0.32n -
- 7 \\\ -
i 1 328—1 1 \:g \§5 (n+1)(n—|—2) :
I (Re)a CDfn'c - 1 ] :
R,
~ Oocln()C:E+4 1.00|E+5 1.00|E+6 — lll.()l()TE+7 +Llll_l ll.(;OllE+ 8"5_l - l.OOII

REYNOLDS NUMBER
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UtahState . e G~
UNIVERSITY  How About Three Dimensional

Configurations?
REPORT 1161

oo NACA

AVERAGE SKIN-FRICTION DRAG COEFFICIENTS FROM TANK TESTS OF A
008 PARABOLIC BODY OF REVOLUTION (NACA RM-10)!
By E1xto J. MorrarD and J. DaN Loroser
& 005 1 . -
——— =1.79363In[C, R,
3 o0s = ing; 224 \/ Cy ] ]
A
;E, 003 §\\\<-\§\N}[\~'\:\
~—— ° _)/ o ?\%\W\
P R ——l
002
(43
Karman-Schoenherr
hd 29
Correlation
/-J—\
001 AN
4 5 6 8 107 2 4 5 6 8 108

Reynolds number, #
F16corE 6.-—Variation of average skin-friction fcoefficient, at the three me:

_MAE 5420 - Compressible Fluid

ment stations, with Reynolds number.
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Skin Friction Laws Revisited
M = IO T T T 1 T 117 T T T TTT117F
e Approx Laminar | ™ L
N Karman-Schoenherr Curve n=7 7 =
L L —170363m[C, R, ] o iy I
B = 1. F e " n=9 P i
~ C". GOOdﬁ t . Schoenherr ™ B
?.bild To 2-D dal'a Transitional ~ |,*"
. 0.0100-= \\Q\ Ja-—Cp = g 0% -
g - N [T e -
S NS | TURBULENT A =
5 SERESNIIU S |||__0.45¢ X
N I NS s ||| e zus | |1
E’ E \§EE N I : h%h'ﬁ“’!"&g@zgir—ﬁk-“
£ - Sy 7 "
: I [ [ |
% ooot0k LAMINAR : f L L !
- : : | 328 -
- | Effects of cross flow can Ra -
" | cause 3-D Bodies to X - -
| transition sooner than 2-D \\ )
~ | Bodies ¢ : n o
1 ] ] \‘
: : "N
0.0001 "= , . , ) ! ,
1.00E+4 1.00E+5 1.00E+6 1.00E+7 1.00E+8 1.001

REYNOLDS NUMBER
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Questions?
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