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The	empirical	method	of	predicting	turbulent	flow	quantities	on	a	flat	plate	with	
zero	pressure	gradient	is	based	entirely	on	data.	
	
It	is	more	accurate	than	the	power-law	form	but	also	more	complicated.	
	
The	time	average	turbulent	velocity	profile	can	be	divided	 into	 two	regions,	 the	
inner	region	and	the	outer	region.	
	
The	velocity	profile	for	inner	region	is	defined	as	:	
	

𝑢
𝑢!
= 𝑓 P

𝑢!𝑦
𝜈
S	

	

𝑢! = T
𝜏"
𝜌
= 	shear	velocity	
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The	velocity	profile	for	outer	region	is	defined	as	:	
	

𝑈# − 𝑢Y
𝑢!

= 𝑓 P
𝑦
𝛿
S	

	
𝑈# − 𝑢Y = velocity	defect	
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The	equations	above	 involve	 the	shear	velocity,	 	𝑢!	,	which	depends	on	 the	wall	
shear	stress,		𝜏"	.	There	are	several	such	relationships	used;	one	that	gives	excellent	
results	is:	
	

𝐶$ = 𝐶% =
0.455

[ln(0.06𝑅𝑒&)]'
	

	
𝐶$ = local	skin	friction	coefficient	

	
This	local	skin	friction	coefficient	(local	drag	coefficient)	allows	us	to	determine	𝜏"	
and	 thus	 𝑢! 	at	 any	 location	 of	 interest.	 The	 velocity	 profiles	 can	 be	 used	 to	
calculated	quantities	of	interest	but	𝑢!	must	be	known.	
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Assuming	 turbulent	 flow	the	 leading	edge,	 the	shear	stress	can	be	 integrated	 to	
yield	the	drag.	Then	the	skin	friction	coefficient	(drag	coefficient)	becomes:	
	

𝐶! =
0.523

[ln(0.06𝑅𝑒")]#
	

	
This	relation	is	very	good	and	can	be	used	up	to	
	
𝑅𝑒 = 10(	with	an	error	of	2%	or	less.		
	
Even	at		𝑅𝑒 = 10)"	the	error	is	about	4%.	
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Finally,	this	equation	can	be	summarized:	
	

𝑈$
𝑢%

= 2.44 ∙ ln
𝑢% ∙ 𝛿
𝜈 + 7.4	

	
this	equation	allows	an	easy	calculation	of		𝛿		by	knowing		𝑢!.	
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EXAMPLE	1	:	
	
Estimate	the	boundary	layer	thickness	at	the	end	of	a	4.5	m	long	flat	plate	if	wind	
flow	on	it	at	30	m/s.	Also	calculate	the	drag	force	on	one	side	if	the	plate	is	3	m	
wide.	Use	the	empirical	data.	Assume	that	the	temperature	is	20°C.	
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ANSWER	1	:	
	
The	boundary	layer	thickness	can	be	calculated	by	using	this	equation:	
	

𝑈#
𝑢!

= 2.44 ∙ ln
𝑢! ∙ 𝛿
𝜈

+ 7.4	

	
However,	we	need	to	define	the	value	of	shear	velocity,		𝑢!	:	
	

𝑢! = T
𝜏"
𝜌
							and							𝜏" = 𝐶% ∙

1
2
𝜌𝑈'							and									𝐶% =

0.455
(ln(0.06𝑅𝑒&))'

	

	

𝑅𝑒& =
𝜌𝑈𝑥
𝜇

=
𝑈𝑥
𝜈
=

(30)(4.5)
1.51 × 10*+

= 8,940,397	

	
ln(0.06𝑅𝑒&) = ln(0.06 × 8,940,397) = 13.1926	
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𝜏" = {
0.455

(ln(0.06𝑅𝑒&))'
| ∙
1
2
𝜌𝑈' = 1.416		𝑃𝑎	

	

𝑢! = T
𝜏"
𝜌
= T1.416

1.204
= 1.084		𝑚/𝑠	

	
𝑈#
𝑢!

= 2.44 ∙ ln
𝑢! ∙ 𝛿
𝜈

+ 7.4	

	
30

1.084
= 2.44 ∙ ln

(1.084) ∙ 𝛿
1.51 × 10*+

+ 7.4	
	

𝛿 = 0.05567		𝑚	
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Drag	force	can	be	calculated	by	using	this	equation:	
	

𝐶, =
0.523

(ln(0.06𝑅𝑒-))'
=

0.523
13.1926'

= 0.003	

	

𝐹, = 𝐶,
1
2
𝜌𝐴𝑈' = (0.003)

1
2
(1.204)(4.5 × 3)(30)' = 21.94		𝑁	
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EXAMPLE	2	:	
	
Estimate	the	maximum	boundary	layer	thickness	and	the	drag	due	to	friction	on	
the	side	of	a	ship	that	measures	40	m	long	with	a	submerged	depth	of	8	m	assuming	
the	side	of	the	ship	is	approximated	as	a	flat	plate.	The	ship	travels	at	10	m/s.	Use	
the	empirical	methods	and	compare	with	the	results	using	the	power-law	model.	
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ANSWER	2	:	
We	take	properties	of	water	at	5°C.	
	

𝜏" = {
0.455

(ln(0.06𝑅𝑒&))'
| ∙
1
2
𝜌𝑈' = 82.80		𝑃𝑎	

	

𝑢! = T
𝜏"
𝜌
= T82.80

1000
= 0.288		𝑚/𝑠	

	
𝑈#
𝑢!

= 2.44 ∙ ln
𝑢! ∙ 𝛿
𝜈

+ 7.4	

	
10

0.288
= 2.44 ∙ ln

(0.288) ∙ 𝛿
1.519 × 10*.

+ 7.4	
	

𝛿 = 0.384		𝑚	
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𝐶, =
0.523

(ln(0.06𝑅𝑒-))'
=

0.523
16.5755'

= 0.001904	

	

𝐹, = 𝐶,
1
2
𝜌𝐴𝑈' = (0.001904)

1
2
(1000)(40 × 8)(10)' = 30,464		𝑁	
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To	 solve	 this	 problem	 by	 using	 power	 law,	 we	 need	 to	 determine	 the	 velocity	
profile.	Reynolds	number	is	:	
	
	

𝑅𝑒 =
𝑈𝑥
𝜈
=

(10)(40)
1.519 × 10*.

= 263,331,138 ≈ 2.6 × 10/	
	
From	previous	lesson,	we	could	determine	the	velocity	profile	as:	
	
	

𝑢
𝑈
= P

𝑦
𝛿
S
)
(	

	
𝑛 = 7			𝑓𝑜𝑟			5 × 10+ < 	𝑅𝑒	 < 100	
𝑛 = 8			𝑓𝑜𝑟									100 < 	𝑅𝑒	 < 10/	
𝑛 = 9			𝑓𝑜𝑟									10/ < 	𝑅𝑒	 < 10(	
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From	 textbook,	 for	 	 𝑛 = 9 		 ,	 	 shear	 stress	 from	 Blasius	 calculation	 can	 be	
determined	as:	
	

𝜏 = 0.023𝜌𝑈' P
𝜈
𝑈𝛿
S
)
1 = 0.023𝜌𝑈' {

𝜇
𝜌𝑈𝛿

|
)
1
			

	
Shear	stress	from	Von-Karman	equation	can	be	determined:	
	

𝜏 = 𝜌𝑈'
𝑑𝜃
𝑑𝑥

=
9
110

𝜌𝑈'
𝑑𝛿
𝑑𝑥
	

	
Equating	these	two	shear	stresses.	
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We	could	find	the	boundary	layer	thickness	is:	
	

𝛿 =
0.433𝑥

(𝑅𝑒)
)
+
= 0.358		𝑚	

	
𝛿		from	empirical	method	is	0.384	m	
	
𝛿		from	power-law	method	is	0.358	m	
	
Result	from	power-law	method	is	lower.	
The	difference	is	about	6.77%	
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Drag	force:	
	

𝐹, = 𝐶,
1
2
𝜌𝐴𝑈' =

0.071

(𝑅𝑒)
)
+
×
1
2
(1000)(40 × 8)(10') = 23,511		𝑁	

	
𝐹,		from	empirical	method	is	30,464	N	
	
𝐹,		from	power-law	method	is	23,511	N	
	
Result	from	power-law	method	is	lower.	
The	difference	is	about	22.82%	
	
	
	


