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Abstract—A theoretical description of the friction and heat transfer coefficients in a turbulent boundary
layer on a rough permeable wall with arbitrary rough elements (K/é = 0.06, h/K = 1-4) is presented.

A THEORETICAL description of the processes of
momentum, mass and energy transfer to the wall in
flow past rough surfaces encounters certain difficulties
attributable to the boundary layer separation at each
roughness element and to the diversity of rough sur-
faces. A characteristic feature of the separation of
flow is the formation of closed regions behind each
obstruction and accumulation of the retarded liquid
in them, which is periodically or continually ejected
from the separation zone in the direction normal to
the main stream [1--3].

The boundary layer separation zones have not, as
yet, been open to theoretical analysis even for the
simplest cases of turbulent flow over two-dimensional
roughness. Therefore, theoretical consideration of a
turbulent boundary layer on a rough surface suggests
a particular schematic representation of the flow and
of the rough surface itself which would allow one
to employ momentum, mass and energy differential
equations and to impose boundary conditions on the
rough wall.

The majority of researchers have no doubts that the
variation in the behaviour of flow past rough surfaces
is associated with just the specific mass transfer orig-
inating behind each roughness element. However, it
was not clear in which way this effect on friction
and heat transfer could be quantitatively taken into
account.

The information available in literature on the visu-
alization of flow past various rough surfaces [3, 4]
makes it possible to schematize the flow and to pro-
pose a model which is susceptible to theoretical
description.

The patterns of flow past rough surfaces considered
in refs. [3, 4] and variation in the dimensionless fre-
quency of the ejections of liquid from stalling zones
are presented in Figs. 1 and 2, respectively. Analysis
of the test data shows that as soon as the roughness
begins to influence the drag, Re.,,, the visible inflow
and subsequent outflow (ejection) of fluid from the
stalling zones behind each roughness element appear.
The time-averaged quantity of the fluid participating
in such mass transfer increases with the Reynolds
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number (Rey) and reaches a certain constant value
(at Re.,) which remains invariable with a further
increase in Rey (Fig. 2). There exists a steady vortex
in the cavity. The fluid flows into this cavity ahead of
the roughness element and simultaneously flows out
from behind the element at an angle close to 90°.
These test data allow one, on the one hand, to associ-
ate the increase in drag and heat transfer on the rough
surfaces only with the arising mass transfer rate
behind the roughness elements and, on the other hand,
to identify the originating mass transfer with the sim-
ultaneous alternating blowing and suction of gas at
the wall.

Correspondingly, the rough surface can be mod-
elled by a smooth surface on which the blowing and
subsequent suction of gas of the same intensity is made
in the region of each roughness element. According to
this model, the effect of the roughness elements on
friction and heat transfer manifests itself solely
through the magnitude of the mass transfer rate. The
beginning of the effect on the friction coefficient is
determined by the onset of this mass transfer and
the end is determined by the constancy of the mass
transfer rate parameter.

The elimination of the stalling zones from con-
sideration should not, presumably, cast great doubts
on the calculation of drag in as much as it is well
known that, in a hydraulically smooth regime of flow
past rough surfaces, the boundary of the stalling zones
can be substituted by a smooth surface. However, this
is not evident for heat transfer, and the answer should
be given by experiment.
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Fi16. 1. Pattern of flow past roughness elements.
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NOMENCLATURE
b permeability parameter, 2/C,, zZ quantity of rough elements on the area
by permeability parameter for injection and Fon.
suction, 27, /C,
b.. critical parameter of blow1n% Greek symbols
br heat penetration parameter, j/.S?, .
L . o boundary layer thickness [m]
C;, friction coefficient under standard flow ! o .
.. Ao longitudinal gradient pressure
conditions o
2 parameter, 6**dU,/U, dx
F., smooth surface area [m~] N o
- . o . 1 viscosity [kgm™' 57 ']
J relative mass velocity in gas blowing p density [kg m~]
Jx relagve mass velocity in gas blowing and ¥Y,.,¥, ¥y, ¥, relative friction coefficients
suction Sk
. for equal Reynolds numbers Re**,
h spacing between rough elements [m]
. Cl”r /Cfna CF+ /Cfo’ CFM/Cfoﬁ C[’/’»/Cfo
K height of rough clements [m] W, W, y* relative enthalpies, i, /i, iy/i., i%/i
M Mach number A PIES, tuflny tuflics twllo:
n frequency of the shedding of vortices
[s " Subscripts
R,  pipe radius [m] b blowing
Rey, Re** Reynolds numbers, p, U, K/u,, cr critical
Po Us0** 1tg r rough
Re_,,, Re,, Reynolds numbers M compressible condition
corresponding to the beginning and end sm  smooth
of roughness effect on drag s, T  heat transfer condition
S Strouhal number, nK/U, sz stalling zone
Sz, Stanton number for standard conditions w wall
U, flow velocity [ms™'] 0,0 standard condition or condition beyond
V.,  volume of stalling zones [m] boundary layer
x longitudinal coordinate [m] + blowing and suction
y transverse coordinate [m] A longitudinal gradient pressure condition.

The laws governing the flow past surfaces with sim-
ultaneous blowing and suction of the gas were
obtained in refs. [5, 6]. Therefore, it is possible to
compare them with test data on the velocity profiles
and turbulent friction on rough surfaces which are
given in Figs. 3 and 4, respectively.

It is seen from Fig. 3 that there is a satisfactory
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Fi1G. 2. Variation in the dimensionless frequency of fluid
ejections with an increase in the Reynolds number : 14, test
data [3].

quantitative agreement between the velocity profiles
for the surface with gas blowing and suction and those
for the rough surface at identical relative friction
coefficients. Figure 4 shows that the distribution of
the turbulent friction on the surface with gas blowing
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FiG. 3. Comparison of the velocity profiles for flow past

surfaces with gas blowing and suction and past rough sur-

faces: 1, 2, surfaces with blowing and suction at ¥, = 1.7

and 2, respectively ; 3, 4, rough surfaces at ¥, = 1.64 and 2,
respectively.



Heat and mass transfer on a rough surface with gas blowing at the wall

1 o3

«l& ost

0 0.5
Y/Ro

FiG. 4. Comparison of the turbulent friction over the tube

cross-section with gas blowing and suction and in a rough

tube: 1, calculation from the relation t/7, = (1—y/R,); 2,

calculation from the relation t/z, = (1—0.81y/R,) of ref.
[5]; 3, test data of ref. [7].

and suction [5] correctly describes the behaviour of
turbulent friction on rough surfaces [7]. Moreover,
this explains the deviation from the linear law which
governs the radial variation of turbulent friction for
fully developed flow in rough pipes.

This agreement of the velocity and turbulent fric-
tion profiles implies that there exists the similarity
between the flows past rough surfaces and those with
gas blowing and suction.

Therefore, the relative laws of friction and heat
transfer in the case of simultaneous gas blowing and
suction [5, 6] are also applicable to permeable rough
surfaces

Wy, = ¥, W, = (140.07255 ) (1 =bjbo¥)> (1)
Wy = ¥, Wyr = (14+0.0725Pr~%6 b, )2
% (1 =br(beo¥: Pr>)2. (2

The relationship between the parameter &, and
the geometric characteristics of rough surfaces can
be found using the following procedure. It will be
assumed that the entire retarded fluid of the stalling
zones of volume V,, is periodically ejected into the
boundary layer with frequency n. Then the mass trans-
fer rate between the stalling zones and the boundary
layer, averaged over the area F,,, can be represented
in the form

ji = Z pV;zn‘Fsm' (3)

z

Taking equation (3) into account, the parameter b,
can be written as

b, =25Z,/Cy, C))
where
S =nKlu,, Z,= Z ValFan K.
The parameter S is a modification of the Strouhal

number, and Z,, is the relative volume of the stalling
Zones.
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With allowance for equation (4), expressions (1)
and (2) will take in the form

s, = [140.0725Q2SZ,/Cio)]*(1 - b/b 0¥ (5)
W, = [1+0.0725Pr*$(25Z,,/C:,))?
X (1=br/(beo Proc W) (6)

Following Fig. 2, a linear relationship will be
assumed between 25/Cy, and Rey within the range of
Reynolds numbers corresponding to the beginning
(Re. ) and end (Re,,) of the effect of roughness on
drag

S/ Cfo . ReK - Rectl
(S/Cfo)ch Recr2 - Recrl '
Substituting equation (7) into equation (5) vields the

relative friction coefficient for an impermeable rough
surface in the form

U

Reg—Re,, |
¥, = [1 +0.0725Z,,(25/Cio)er2 m] . 8

The value of (25/Cq).., will be obtained from the
available test data. Figure 5 presents the outgrowth
of a series of ¥, reported in various studies for flow
over rough surfaces at Rey = Re,,; and Z,, = 0.6-0.7.
It is evident from this figure that ¥, = 2 for these
conditions. For Z_, = 0.65, equation (8) gives

(ZS/Cfo)ch = 88 (9)

Assuming that Re_.,/Re.., = 14 on the basis of the
test data of ref. [2], taking into account equation (9),
equations (5) and (6) for the relative coefficients of
friction and heat transfer on rough permeable surfaces
can be rewritten as

¥y =¥ W, = [1+0.049Z,,(Rey/Re,., — D}?
x (1=bb ¥ (10)
Yy = ¥, ¥y
= [140.049Z,, Pr~%°(Rey/Re,, —1)}?
X (1= br/(beo Proo¥))~ (11

To determine the Reynolds number for the beginning
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Fi6. 5. The relative friction coefficient on rough surfaces at

Rey = Re,,: 1, data of ref. [2]; 2, data of ref. [8]; 3, data of

ref. [9]; 4, data of ref. [10]; 5, data of ref. {11]; 6, data of
ref. {12]; 7, data of ref. {13]; 8, data of ref. [4].
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of the roughness effect on friction, use can be made
of the relation from ref. [2]

Ree = 5//(2/Cr,) = 44Re**0 127 (12)

whereas the critical parameter of blowing (b.,) can
be predicted using the expression from ref. [14]

by = 4(145.3Re** 1), (13)

The chief merit of equations (10) and (11) is the
possibility of calculating the friction and heat transfer
coefficients only from the real geometric charac-
teristics of the surface roughness which enter into the
parameter Z,,. In particular, the maximum increase
of the friction and heat transfer coefficients should be
expected on rough surfaces with Rey = Re,,,.

At Rey = Re,.,, it will be obtained for the imper-
meable rough surface (at Pr = 0.6) that

Womax = (14+0.78Z,,)°. (14)

Equations (10), (11) and (14) are compared with
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F1G. 6. Comparison of theory and experiment for the relative
coefficients of friction (a) and heat transfer (b) on imper-
meable (b =0) rough surfaces: 1, 2, 3, calculation from
equation (10) for Z_, = 1, 0.65 and 0.33, respectively; 3, 4,
5, calculation from equation (11) for Pr=0.6 and Z, = 1,
0.65 and 0.33, respectively. Test data for Z,, = 0.6-0.7: 6,
from ref. [2]; 7, from ref. [3]; 8, from ref. [8]; 9, from ref.
[9]; 11, from ref. [8]; 12, from ref. [15}; 10, test data for
Z,, = 0.33 from ref. [10].
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FiG. 7. Comparison of theory and experiment for the relative
coefficients of friction (a) and heat transfer (b) on permeable
rough surfaces with gas blowing: 1, 2, 3, calculation for
Reg/Re., =1, 3 and 14, respectively; 4, 5, calculation from
equation (1) for Pr = 0.6 and Reg/Re,, = 3 and 14, respec-
tively. Test data : 6, from ref. [8] for Reg/Re., = 14;7, from
ref. [16] for Rex/Re., =3; 8, from ref. [17] for Rey/
Re,, =13.

experimental results in Figs. 6-8. In all the cases, a
satisfactory agreement can be noted between these
equations and the test data. The point to notice is
the fact that the critical parameter of blowing b, is
independent of the surface roughness for gas blowing
on a rough surface (Fig. 7). This implies that, in the
case of critical blowings, there exists such a regime of
flow in which no stagnant zones are formed between
the roughness element (sharp blowing) and, hence,
the velocity profiles for rough and smooth permeable
surfaces should coincide. This is confirmed by exper-
imental data [21].

The equations obtained are appropriate for rough
surfaces with two- and three-dimensional roughnesses
deeply immersed in the boundary layer (K/5 < 0.06)
with the relative pitch #/K = 14.

Under complex gasdynamic conditions of non-iso-
thermal supersonic gas flow past rough permeable
surfaces in the presence of a positive pressure gradient,
the following formulae can be suggested for the rela-
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Fic. 8. Maximum increase in the relative heat transfer

coeflicients on rough impermeable surfaces: 1, calculation

from equation (14). Test data: 2, from ref. [12]; 3, from ref.
[15]; 4, from ref. [18]; 5, from ref. [19]; 6, from ref. [20].

tive friction and heat transfer coefficients, taking into
account the results of ref. [14] and the present author’s
generalizations for the positive pressure gradient

¥y, = YW, Wy ¥, = [1+0.049Z,,(Re,/Re,,, — 1)}

arcsin/(W*— DY
Y*—1

X (1—=blbew)’ (

X(l_}‘o//locr)l-ss (15)
\P):rs = ‘Prs\PbT‘{lM = [1 +00492§z Pr_0‘6
x (Rex/Reey — 1))*(1=br[(by Pr*®¥,))?
y (arc sin\{//(i:/:*l— 1)/*//*)>2. (16)

In equations (15) and (16), according to
bcr — 4'//1106‘11}344(1 +5'3!/l]—043510—M/ll Re**—O.IS

X (1 _j'o/j'ocr) (17)

Regy = 44Re**° '/ /(¥, ¥\ Y)) (18)
1.43fy*07

j'ocr - 53(1 _b/bcr()) W (19)

bcrO — 4!/“—0.6Ml.4(1 +5.3l//r0.35]0—M/ll Re**—O.lS).

(20)

The formulae suggested for the relative friction and
heat transfer coefficients, along with the integral
momentum—energy relations [22], allow one to predict
friction and heat transfer for complex gasdynamic
conditions of flow over rough permeable surfaces.
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TRANSFERT DE CHALEUR ET DE MASSE SUR UNE SURFACE RUGUREUSE AVEC
SOUFFLAGE DE GAZ A LA PAROI

Résumé—On présente une description théorique des coefficients de frottement et de transfert thermique
dans une couche limite turbulente sur une paroi rugueuse et perméable avec des éléments de rugosité
arbitraire (K/0 = 0,06, h/K = 1-4).

WARME- UND STOFFUBERGANG AN EINER RAUHEN OBERFLACHE MIT
GASEINBLASUNG AN DER WAND

Zusammenfassung—Es wird eine theoretische Beschreibung der Koeffizienten fiir Impuls- und Wirme-
iibertragung in einer turbulenten Grenzschicht an einer rauhen, durchldssigen Wand mit beliebigen
Rauhigkeitselementen (K/é = 0,06; h/K = 1-4) vorgestelit.

TEITJIOMACCOOBMEH HA HIEPOXOBATOM ITOBEPXHOCTH CO BAYBOM T'A3A HA
CTEHKE

Amoramus—IIpcACTaBICHO TEOPETHYECKOE ONHCAHNE KOMPPHIHEHTOB TPEHHS B TEILIONEPEHOCA B TYp-
6yJNeHTHOM NOTPaHHYHOM CJIO€ HA MIEPOXOBATOH NMPOHAUAEMO# MOBEPXHOCTH ¢ MPOM3BOJILHLIME Jie-
MeHTaMn mepoxopatoctd (K/é = 0,06; h/K = 1-4).



