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"STUDY OF TURBULENT BOUNDARY LAYHR BEHAVIQUR™

BY
Dr. SAMIR PRANCIS HdANMA

ABSTRACT

The main obiective of thig vnaner is tn atulv the hera-ion~

of tvrbulent hnundary layer recarding the surface rourhness,
The existing theoretical and emnirical methods as well ng var-
ious exnerimental results have been revieved and studied. & new
simnlified methodology 1s suggested to take into account tac
different behaviour narameters of houndary laver, The effect
oT puch varameter end velocity nrofiles are well defined and
given in the form of deslgn charts.

soreover, using thcae design charte o Jroroeed numerical
procedure ie introduced to solve the momentun eyiztion of tur-
hulent flow over roush surface with the help of isoclinc nethod.

GOL i CLATURE

Coo free gtreamn velocity, ~/s

c velocity at the outer edge of the boundzry layer, nss

C, friction velocity,

Cpn local egkin friction coefficient,

c, velgcity.of the fluid inside the bhoundary lz=ver In

x-direction, m/a

CY veloci?y componen? of the fluid innide the bhoundary
‘ layer in y-direction, /e

H12 boundary laver form parameter

I boundary lover shane parametcr

hg roughness height, )

B velocity ~rofile narameter

P free streaw ctatic orescure, g/ﬂg

Red,xx deynolds number based on the momentum Lhicknens
w(y/8) weke function,

§ boundsry layer thickness, m

* . .

g disnlacement thickness of the boundary laver, m
* . , . .

6JE momentunm thickness of the boundary le:-er, ;‘/m2

~y
T snear stress in the boundary laver, R
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Iw wall shear estress, N/m2
v kinematic viecosity of fluid, me /e
A Luler number

it pressure gradient narameter

o density of fluid, kg/m>

1- INTRCDUCTIQON

This 1is a study of the beanaviour of the turbhul-
ent boundary layer of incompressible fluids, regarding the
surface roughness, Such study has been done in [1]for smooth
surface In general the calculation of turbulent boundary
layer is based on approximate methods. However, an exact solu-
tion of the Prandtl boundary layer equations is available
only for aspecial relations for ¥ (x). The basis of such calcu-
lations depends upon the momentum equation of boundary layser.
This equation has, in general case, two variable coefficients,
namely, the ggrm parameter H and the dinensionless wall shear
gtress T /pc . These coefflgients are dependent functions
of Reynolﬂs number Red-ﬁu ag well =g Euler number A.

Many methods for calculating turbulent bourdary layer
regarding pressure gradient were introduced, checked and modi-
fied by several authors among them [2], [3], and [4]. In re-
cent years, it is still required, for technical applications,
to know more information about these variable coefficients
for rough surface.

In thie paper the behaviour of turbulent boundary layer
for rough surface is theoritically studied and the parameters
affecting this behaviour have been investigated.

2« 0AL1C ANALYTICAL ReLaATIONS

For fully turbulent boundary layer, the surface roughness
has the major effect on the velogity orofile. It should be not-
iced that, in thie atudy Coles ﬁSﬁneglected the effect of sur-
face roughness on the velocity profile. In this case, it is
suggeeted to expand Cole's definitions to take into account the
gurface roughnesgs in the same manner as it nas bsen considered
vy Rotta [673. Accordingly, tae proposed expression for the vel-
ocitv profile will be:

c C, VvV Cyp k
2a (B 0+ BE wiye) 4 o () ()
1 4
It is clear from equation (1) that this representation of the
velocity profile consists of the law of the wall, the law of
the wake and the roughness effect. These are given by the first,
the second and the third terms in the right hand-side of 1q.(1),
regpectively.

The thickness of Lhe boundary luver 1is defined hy:

c, = c for y = &8 4

go that eausation (1) can bhe rewritten in the form of the defect
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law as
C - C
2 - X oanyie) + 22 - wiy/8)]
Cr x’ x e
o (Eemy L, (2)
1 »
“earranging equation (2), dividing by ¢ and solving for

¢, /¢, one obtains,

c, 0 “ d
= ;__\6*2 L1n(/8) - 2]+ L w6
Cr k
t.n g
+ 01( - ) veass (3)

squation (3) is a modified form of the velocity distribution
for turbulent flow regarding the effect of surface roughness.
Also, it ip one of the basic concepts for solving and esti-
mating the different paruneters affecting the vehaviour of
the turbulent flow.

doreover, equation (1) represents the basis for the_de-
termination of the dimensionless wall shear stress (L /p€<).
At the outer edge of the boundary layer (i.e., y = W, = c,
w = 2 and C,{ceg.k_/») — (. The constant C in E _(1)x wag
found experi$en al?y [5] to have the value of 5.1, Therefors,

tq.(1) becomes:

S _ 1 cg § - P
o = % ln(——;rJ + 5.0+ F ceees (4)

The term (cg.8/v) which is a type of Reynolds number, will be
expanded to have the following form:

& —2
cf' = 1{86353'5. Z-W & :p
» SEF/J

The lzst oLtained form of levnolds number ie substituted in
equation (4) to give:

1 r -2 ]
5 = ;JE 1n Heéxx‘—ﬂéﬂc— + 5.1 + 235‘— (5)
z.W/pc §*¥/ &
I'hig derived equation (5) ig used in the computer programme

of the nresent work to g;ve the value of the dimensionless
wal® anear stress Z@/pc'

3= EFFLCT OF ROUGHI oS

The distribution of surface roughness and roughness
height have a major effect in the development of the turb-
ulent boundary layer, This effect ig defined by the function

01(Gr.ks/ﬂ) in Bq.(3), Therefore, tne loca! skin friction

coefficient c¢ can conveniently be exoressed as -




M. 40 S, F. HANNA

Cp = cf(Red-Hx, His, ks/d'xﬁ) ..... (6)
For small rougnness objects the value of C, is constant and is
independent of the ratio kg/0”" ¥%, The surf&ce can be regarded

ag smooth, W¥ith increasing heights of roughnesa, the ratio
kg/0" *% gains nore and more influence relative to the Reynolds
number Jdeq4 ¥k, untill finally the skin friction coefficient beco-
mes & funcglon of kg/d ** and H,, only. In other words the dim-
ensionless wall cshear stress caﬂ be expregsed as:

-CW **

Algo, the dimensionless wall ghear stress 'Cw/piz can be ex-
pressed as a function of k /d ¥¥, and Buler number A , in
the form ,

—5 = Ik /6, N) ceees (8)

For the numerical solution of the velocity profile, it is nece-
ssary to know more information about the function C,(cek /¥ ).
This is clearly demonstrated by the exprimental Nikuradseasf_7j
sand grain roughnegs as follows:

A) For values of szs/vh< 5 .

c_k c_k
€8y _ £ 3
c,( = ) = 5.5 4+ 2.5 1n( > ) s i (9)
like completely smooth pive. l'his is consistent with the

idea that as long as the roughness iS5 well immersed in the
laminar gublayer it does not shed eddies and therefore can have
no effect on the flow.

2) For values of c{kq/v';r T,

1

In this case the flow and surface friction are independent
of Reynolds number., The flow iz referred to fully develon-
ed rourhness flow,

v) The intermediate region is one in which %the viscous friction
and roughness form drag contributions to the surface drag
are both gignificant and change in dominance from one to
the other takes place as c¢,kg/p increases from 5 to 70.

So the renresentation of tﬁe transient regime between
hydraulically smooth and conpletely rough surfac 1s more
comnlex,

¢k
¢ (-;;fi) = conctant a2 2.5 ceens (10)

4- CHARACTERISTIC PARAKMETERS OF [Hij BOUNDARY LAYER
4.1~ FORM PARAMITER H12

. The digplacement thickness, as it is .ol kriown, isdefined
indimensionlegs form by:
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t ¥ 1 &
S /( (1 - =) dy/& L (11)
g 0 c

From equation (3), substituting in equation (11) and integra-
ting by narts, a convenient relation betweern the dimensionless

displacement thickness and velocity profile parameter [, rough-
ness 8ffeact and dimensionless wall shear streas waPc , 18

obtained ag:

ar 11/ZW__ [1 - P -xc1as] el (12)
g A Pg?

Also, the momentum thickness can be 1llustrated in the follow-
ing shape: .

%
JEE 1 Lw_ (1 +P - C.w ) -
d’ R: P62 1\
£ z"jg[j £ 1,62 + 0.761P7 4R C R _(2 + CR - P)]
AN e )
P ..... (13),
Ce k '
whereg: d_ = Ls
8 ¥

To have the conventional form parameter as a function of
the velocity profile parameter P, dividing &q.(12) by {13) gives

® .
Hy, o 5/0
U'HX/d
= 1 2
"7 1+41.6P+0,761P +XC.R (2 +XC.R_ - D)
1 - 3\ = L2 1.8 )

eeoas (14)

"hig form of equation (14) is used in FPORTHAN 1V sgmputer

nrogramme,

A.o- EULER NUZHER
The Euler number !\ is one of the most important boundary

layver parameters. This importance can be seen from the different

repregentation of the results obtained and given in ths form

of design charts, The definition of this vparameter is given by:

N 1<)
/\ ¢ dx

4,3- Tl SLOPE OF TH MOMaANTUM THICENLOS
VO¥ narmans momentum integral equation iS verformed to

§ ** cee.. (15)

(¢
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have the following form:

3% T

%g;—— = {Hy, + 2) Ay _ﬁ covss (16)
pc

Equation (17) is the slope of the momentum thisknees as a

funetion of the form parameter H Euler number A , and

the dimensionless wall shear strégs.

5« RLFPRESENTATION AND DISCUSSION OF RiESULTS

Based on _the results given in fieures from

(1) to (4) the controlling parameters, which affect the be-
haviour of the turbulent boundary 1ayer over a rough surface,
could be found. In order to find the parameters, information
to determlne Reynolds number Reg k% , Euler number A and the
ratio k./¢ ®® have to be given. Therefore, the momentum thick-
ness U*%' The velocity gradient d¢/dx and the height of sur-
face rouwhness kg should be known,

Bv the aild of the above figures, the form parameter H12
and the dimensionless wall shear gtress /pc2 may then
be exnressed as follows:

T _ L KR
—-—(;;—2— = fB(/\ ' Re(( L3 kg/(j_ ) ..... (17)
H12 = fr,L( A , 1{90’ *k i kq/O’ }E}E) o (18)

By increasing the helgnts of rou!hness, the ratio kg/&™F

has more influence on [ and than Hegqux; and by
increasing these heights of roughnesé further more, the local
gkin friction coefficient /pc2 and the fornm Darameter HiE

become only functions of Luler number A and the ratio kg/6*
as given by enuation (8).

Fig,(1) shows the relation between the local skin fric-
tion coefficient and Luler number A for Revnolds number R96£+
- 3.102, 5.107, 104, 5.10%, 10°, 5.10° and 10°.

For boundery lavers at the same suler number, the local
gkin friction coefficient increases as the Hewvnolds number de-
creages, Also, a3 can he seen from the fi.ure, for the low
values cf Luler number, there ig em::]1 variation of the local
skin friction coefficient versus large variation in Zuler No.

Pig.(2) reoresents the variation of the local skin fri-
ction coefficiﬁﬂt with Euler number for different valuea of
tne ratio kg/d . For the same value of the ratio kg/d™ the
alone of the curve dcg/dA is too small. Tnis means that,
there is a variation in the local skin friction cecefficient,
corregvonding to a large variation of .uler number, By increa-
aing the ratio kg/6™®, the slope dcp/dA increases, i.e., s
large variition in the locanl ekin friction coeflicient, corr-
egponding to small variatione of suler numher occurs,
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The form saramebtcer is plotted in ~ig.: 3): it reprecents
the foris narameter M2 versans Fuler numher with ks/6“* nnA
parareter. The diaxram consists of a fawil. of parallel
curves and shows that for the same value of the ratio kg /™7,
tne form narameter H increases as the suler number 1ncreases.
This means that, by 1Ecreasinr LZuler numvner, the dimensicnless

cispl-cement thickness 6¥/6 1incremses while the dimensionless
<omentum thickners &¥X/6 decreases,

In Fig,{4) the relation between the slope of the momentum
thickness d&d¥¥/dx and Suler numbaer A for different values of
Regwx is represented. For conatant value of A , the slope
do*¥/dx increases.as Re, % decreases, For low values of Zuler
number (A <‘3.10‘3) tne slope of each curv is positive and is
approximately constant This means thz=t, the increase of the
slope of the momentum thickness do¥%/dx causes an increase of
Luler number A ,

6= COHCLUSICNS

he conclusions obtained from the nresent investigation
will now be gummarized. In the present work the proposed semi-
emnirical method for two-dimensionz2l turbulent boundary layer
tnices into account the wall roughness, The results of comouta-
tions are classified and organized according *to Euler numberj\

and the roughness saramneter ks/d

The result o’ computations have showed that the wall
roughness k /6']'“'E has a grpat&effect tnan the boundary leaver
paraveters H12 and T /Pc'. Ag a result the total resistance
increassa, This is due to tne fact that the boundary layer
profile i3 strongly affecied by the development of roughness.

The slope of the momentum thickness d& ~~*/dx increases
with the increase o7 Buler number/\ and decrease with the in-
sreage of Heynoldg numober e - ¥

1t should be noted that, as a resnlt of the present

worlk, the momentumn integral equation can he simply solved with
the aid of the deduced diagrammes using tne icgcline method,
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