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Abstract— Visualisation studies of turbulent flow in the vicinity of a wall have shown that short time intervals
with strong turbulent activity (so-called bursts and sweeps) alternate with intervals of a much longer
duration, during which viscous effects predominate. These phenomena show a quasi-periodicity in space and
time. The evolution of the velocity and temperature profiles is calculated for one time period from two-
dimensional laminar boundary-layer equations for the region 0 < y* < 40. The combined effect of a burst
and sweep is thought to give rise to uniform velocity and temperature profiles at the beginning of a period. In
this respect the present model is similar to the surface renewal model. The various parameters occurring in
the equations and their boundary conditions are derived from experiment. The model predicts the velocity
and temperature profiles in the wall region and the fluxes of heat and momentum at the wall reasonably well.

NOMENCLATURE
thermal diffusivity [m?/s];
coefficients in power series;
specific heat at constant pressure
[}/(kgK)];
stream function for the convected
sub-boundary layer;
dimensionless temperature for the
convected sub-boundary layer;
number (+1, +2,...);
pressure [Pa];
Prandt! number = v/a;
heat flux density [W/m?*];
Reynolds number = U_3,/v;
time [s];
period [s];
velocity component in x-direction [m/s];
dimensionless value of u (= u/v*);
velocity component in y-direction [m/s];
friction velocity [m/s];
velocity component in z-direction {m/s];
coordinate in main flow direction,
parallel to wall [m];
coordinate perpendicular to wall [m];
dimensionless coordinate {= yv*/v);
coordinate parallel to wall, perpendicular
to main flow direction [m].

Greek symbols

By,
3
3y,
’?’
07
0*,
A
;"X,Z"

B,

integration constants;

boundary-layer thickness [m];
momentum loss thickness [m];
similarity coordinate ;

temperature [K];

friction temperature (= gq,,/pc,v*) [K];
thermal conductivity [W/(m K)];
wave length [m];

dynamic viscosity [kg/ims)];

v, kinematic viscosity [m?/s];

2, specific mass [kg/m*];

T, shear stress [ Pa].
Subscripts

b, burst;

¢, convective;

i instability;

0, initial value, inner solution;

w, wall;

o, free stream value, outer solution.

1L INTRODUCTION

MANY experiments on the mechanism of turbulent
exchange of mass and momentum in the wall region of
a turbulent boundary layer have revealed that the
exchange processes are characterized by their in-
termittency and quasi-periodicity. We refer to the
visualization studies of Kline et al. [1,2] and Corino
and Brodkey [3] Their visualization studies have
shown the existence of recognizable flow patterns in
the wall region, which repeat themselves with time
intervals that are randomly spread around an average,
called the burst period. The sequence of events during
one such interval can be divided in two stages:

1. A stage, characterized by its small velocity fluc-
tuations and a gradual deceleration of the fluid near
the wall.

2. A stage with fast and violent velocity fluctuations
so-called burst and sweep event.

The duration of the second stage is much smaller
than that of the first one. Kline er al. and Corino and
Brodkey describe this stage as follows. During a small
time interval, there is an intensive exchange of momen-
tum between the wall region and regions further from
the wall as a consequence of fast and violent velocity
fluctuations. First a burst appears, i.e. a flow module,
consisting of a combination of negative velocity fluc-
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tuations, in the main flow direction, u’, and positive
velocity fluctuations in a direction perpendicular to
the wall, . Low momentum fluid is ejected from the
wall region. The burst is succeeded by a sweep, a
combination of velocity fluctuations#' > Qand ¢' < 0,
which brings high momentum fluid into the wall
region. This fluid is then gradually decelerated, until
the next cycle of events is set in by 4 new burst. The
appearance of bursts and sweeps can be interpreted as
local instabilities in the wall region, which can be
supported by two facts, adopted from the visualization
studies:

I. During a burst a fast and abrupt growth of the
velocity fluctuations is observed, being an essential
feature of instabilities.

2. The velocity profile u(y,t) just before a burst
always contains an inflexional zone at y* = 20-30,
indicating the possibility of an instability,

The discussed sequence of events is shown in Fig. 1.
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Fia. 1. Instantaneous velocity profiles uly ', 7)o

averaging scheme after Blackwelder and Kaplan [7], and the time averaged velocity
7 = r*?¢/v is the dimensionless time with respect to the occurrence of a burst. Re,

The visualization studies of Kline et al. have de-
monstrated another important feature of the flow field
in the wall region, i.e. a “streak™-structure, apparent in
a plane parellel to the wall at heights 0 < y* < 40.
These longitudinal “streaks™ can be viewed as regions
with relatively high and low velocity components in
the main flow direction. The interaction between two
neighbouring “streaks” results in a weak vorticity
componentin the main flow-direction. One finds in the
wall region pairs of counter-rotating vortices, as
shown in Fig. 2.

In classical theories one derives equations for the
time-averaged velocity components, pressure and tem-
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F1G. 2. A conceptual picture of the “streak-structure in the
wall region and the corresponding secondary motion.

#* in the wall region (-~

F. G van DoneeN, AL C M. BeLiaars and DAL DE VRIS

perature, making use of the Reynolds” decomposition.
The visualization studies suggest that the common
averaging procedure is not the most adequate one for
the wall region, because it covers up the observed
coherence in the wall region. The first theory, which fits
very wellin the discussed conceptual picture of the wall
region, is the surface renewal model, independentiy
developed by Einstein and Li [4] and Hanratty [S],
Actually this model preceded the visualization studies.
It is based upon two basic assumptions:

1. The flow field, observed at a fixed position is
periodical in time.

2. Turbulent exchange occurs during very short
time intervals. Low momentum Huid is ejected from
the wall region and replaced by high momentum Auid
originating from the upper edge of the buffer region.
This is the so-called surface renewal, in the visualiz-
ation studies identified as the combination of a burst
and sweep. Supposing that the surface renewal leads to
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), obtained via a conditional
profiles (-----1
= 2350,

a velocity profile u{y) = ug, with constant #,, and that
the gradual distortion of this profile is caused by
viscous forces only, one arrives at the [ollowing
mathematical formulation of the surface renewal
model:

¥ fmli with u(0,r} = 0: (L1}

iy, U) = ug.
ar 14 )

The gradual deceleration after the occurrence of a
burst and sweep is thus described as essentially
laminar and one-dimensional.

Black [6] has given a simplified three-dimensional
picture of the flow field in the wall region, incorporat-
ing the findings of the visualization studies (cf. Fig. 3).
In this model local instabilities, giving rise to bursts
and sweeps, are convected at a velocity U in the main
flow direction. For fixed values of = they are separated
by a distance A,. The region of impact extends in
the z-direction aver a distance 4,. Hence a plane
v =constant, with 0 < y* <40, is divided in “streaks”
with & width .. In the neighbouring “streaks”, one
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FIG. 3. A three-dimensional picture of the flow field in the wall region, as given by Black [6].

finds the same evolution of the flow field, but with a
certain phase-shift in the x-direction. At a fixed
position a gradual deceleration will be observed, until
the next local instability passes by. As a consequence of
a local instability the velocity profile u(y, t) shows an
“overshoot”, followed by a slow relaxation. Assuming
A, and U to be constant, the velocity profile u(y, t) is
periodical with period T, = 2,/U.. Intersection (i) in
Fig. 3 corresponds to Fig. 1. The interaction of
neighbouring “streaks”, supposed to be weak and
negligible, results in the weak vorticity component;
hence intersection (ii) in Fig. 3 corresponds to Fig. 2.

In the following sections we derive and solve the
equations for the flow field in the time interval between
local instabilities. Our model for the wall region is
inspired by the surface renewal model and based upon
the picture given by Black. This implies that we modify
the surface renewal model by accounting for the
periodicity in the flow direction and the convective
transport of momentum. The temperature field in the
wall region, in the case of a uniform wall temperature,
is also calculated on the basis of this model.

2. MATHEMATICAL MODEL

In view of what is said in the previous section the
velocity-field in the wall region is thought to be
composed of two components:

1. A time dependent and periodical movement,
which reflects itself in the observed coherence.

2. A time dependent and disordered movement, i.e.
the fluctuations superimposed on the ordered move-
ment.

During the quiet stage the ordered movement is
gradually decelerated. This gradual deceleration con-
tinues until an unstable velocity profile arises. By this
instability the already present velocity fluctuationsare
magnified, resulting in an intensive exchange of mass,
momentum and heat and a rapid acceleration of the
ordered movement. We therefore introduce the follow-
ing decomposition:

u(x, t) =u(x, t)+u"(x, )
p(x, 1) =p(x, )+ p"(x,t)
f(x,t) = O(x,t)+ 6"(x, t).

Here the tilde denotes the ordered movement, being
time dependent and varying periodically with a time
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scale T equal to the burst period, 7,. The fluctuations
u’, p” and §” vary at a time scale T}, equal to the average
duration of the burst and sweep event. Blackwelder
and Kaplan [ 7] found in their experiments for the ratio
of these time scales: 7,/ T x 0.05. We shall calculate the
quantities &, p and & on the basis of the equations for an
incompressible fluid in the form

Vu=0

on 1 5
—+4u-Vu= ——Vp+vV%u
0

o (2.2)

00
—+u-V0 = aV?.
at

An (x, z)-plane is thought to be divided in “streaks”, in
which, apart from a phase shift, the same processes
take place. We shall neglect their mutual interaction as
caused by the secondary vorticity component. This
means, that the evolution of the velocity field, 4, in a
“streak” between two local instabilities is an essentially
two-dimensional event. For this reason variations
in the z-direction will not be considered, hence i =
[H(x, y), #(x, y)] and w =0. Next we average the
equations over a time interval 7, with 7 « T, and
t >» T, an operation again denoted by a tilde. Averag-
ing quantities like 4 will not alter them and averaging
fluctuations, like ", is supposed to give zero. Applying

this averaging scheme results in
V-u=0
oi 1 ~
—+@-Vi= ——Vp+wWai—V-(uwu’) (23)
ot 0

a0 N ~
" +i-Vi=aVig—-V-@e").

The above equations have to be viewed as time
dependent Reynolds’ equations, with w'u” and w8’
respectively as representing the “turbulent” transfer of
momentum and heat. As in classical turbulence theo-
ries we meet a closure-problem. This problem is solved
by taking into account the picture emerging from the
visualization studies. First of all turbulent exchange
mainly takes place during a burst and sweep. During
the quiet period we shall neglect it. Secondly we
simplify the local activity of burst and sweeps, by
supposing that they are only active for discrete and
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equally spaced values of x = U t+nd, with n=
0, 1, 2, ... Next we assume velocity and temperature
profiles to be known immediately after a burst and
sweep. So for nd, < x—U.t < (n+1)4, the terms
V-(u"u")and V- (u"8") in equations (2.3) are neglected
and the following boundary conditions are imposed :

(. 0.1) =0, afx = Ut +(n+ )i, y] = ()
B(x,0,t)=0,, O[x=Ug+{n+ 1)1, v] =00

(2.4)
Further we assume that, moving with the convective

velocity U, in the main flow direction, a stationary

pattern is observed. Hence
u(x,wt)=dlx—U.ty) (2.5}

with similar equations for p and .
Substituting (2.4) in equations (2.3), applying a
boundary-layer approximation to these equations and
introducing the following transformation of variables
Xp=Ut—-x—m+Di, u.= ~@~U) (2.6)
v,=10 0. =6,-8

we obtain the following equations, which hold for
O<x, </

du,
U=+t
“ox,

a0,

20,

Ho— v, —
8x. cy

with the boundary conditions:
u (0, 1) =U_ —ugly), u (x,0)=0
6.00,y)=0,—0,(), 6.(x,0)=0.

As a consequence of the boundary layer approxi-
mation a boundary condition for the s-component for
x= U t+(n+1)i, or x,=0, can no longer be im-
posed. The pressure gradient dp/dx, is determined by
the velocity field outside the wall region or sub-
boundary layer.

The original variables, which are periodical in the
x-direction with a wave length i, are related to the
new variables according to:

(2.8)

wlx, 1) = U, —u U t—xy)
{:('\') ¥ 1= E(‘(Uct X }‘)
A(x, v, t) =8, -8 (U 1—x,y)

(2.9)

3. EVALUATION OF PARAMETERS

Before we can calculate the velocity- and tempera-
ture fields between two local instabilities from equa-
tions (2.7) we have to make suitable choices for uy(y),
0,(y), U.and dp/dx..

The choice of uy(y) and 8,(y)is based on the surface
renewal concept, i.e. the idea that during a burst and
sweep the fluid in the wall region is replaced by fluid
from the turbulent core, which is characterized by a
logarithmic velocity profile. Just as in the surface
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renewal model we take for uy,{y} a uniform profile u,
and similarly for fo(y) a uniform value #,. Since the
values of u, and 0, cannot be derived from the
visualisation studies we estimate u, from the empirical
profile u* = 554+ 2.5In(y") for v' = 30, 40, 50 and
60, while the 0, values are adopted from the experini-
ental data of Blom [8] for the same y 7 values.

For U/, we choose the convective velocity as mea-
sured in the wall region. This velocity is higher than the
local mean fuid velocity {cf. Hinze [V]). Empirically it
is found that the convective velocily equals the mean
velocity for yid = 024, Because for ihis position
=08l wetake U = 081 .

Little is known about the pressure field in the wall
region. Willmarth and Wooldridge [ 10] have perfor-
med measurements on the pressure fluctuations at the
wall. They found for the RMS value <p2 "2
Taking this RMS value as characteristic {or the
pressure fluctuations, and the distance between two
localinstabilities, 7, = {77, as the proper length scale
we estimate that the pressure gradient in the wall
region dp/dx, will be of the order 3pe**/U _T,. which
turns out to be small compared to the viscous force.
Therefore we neglect this internal pressure gradient.

For choosing T, we use the following empirical
relation {found by Rao et ol [11]

eR2T v = L65ReYT,

for 1000 = Re,

= 3prtd,

< 3500, (31
Inreality the burst period at a fixed position shows
random variation around a stable average, denoted by
T,- 1t is noteworthy that 7], scaled on the friction
velocity ¢* and the kinematic viscosity, depends on
Re, = U_éd,/v, and is not a constant for the wall
region. This indicates a coupling between the wall
region and the outer region of the boundary layer.

4. SOLUTION OF THE EQUATIONS
With ug(y) = g, Ho(y) = 0, and dp:dx =0 it is
possible to find similarity solutions for «,. and @,
similar to the laminar boundary-layer problem. Sub-
stitution of
Ty = dx U - ug)
gn) = 8., p)0, 1)

4.1}

withy = y[(U,—up)vx ' inequations (2.7 renders

207 ff" =0, with (=0

F0) = UL ~ugh = as 422)
m =1
29"+ Prfg =0, with g(0)=0: lim g() = L
o (4.2b)

For solving the ordinary differential equation (4.2a) we
use a method similar to the one Blasius has used for the
laminar boundary-layer problem (Schlichting [127]).
Instead of introducing a power series for small values
of #, we linearize (4.2a), because the condition (0}
= g, # 0 makes the evaluation of the coefficients of
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such a power series rather troublesome. From the
boundary conditions for # = 0 it can be seen that for
n-0 f(n) =an+ian* with £(0) = a,, which is
unknown. Hence for small values of n, the approximate
solution f, satisfies

e +(am +3an*)fg' =0, with f5(0)=0
o) =ay; f5'(0) = a,. (4.3)

For large values of %, f’(7) tends to i, which implies,
that f (1) ~ n+ B, where f is an integration constant.
So we have for the asymptotic solution f(n) the
equation

Y ++Pfs =0 (44)

lim f5(n) =1

y— o

These equations can directly be integrated:

it q \
fo(n)=a2£ qu exp( <12p TP ﬂdpwm
(4.5a)

fo)=y(@)"*{(n+ B)erfGn+3p)—1]
+[2/(m)"* exp[ — (n+B)*/4]} + (n+B).  (4.5b)

The integral in (4.5a) does not have a simple primitive
function. For numerical calculations we have used a
Taylor series. The solution of f,(%) still contains the
unknown boundary condition f”(0) = a,. In the same
way the solution of f,(n) contains two unknown
integration constants §§ and y, because we only have
one boundary condition at our disposal. The 3 un-
known parameters: a,, f and y are determined by
requiring continuity of f, f* and f" for a suitable »-
value, where the inner and outer solutions meet. This
supplies us with three non-linear equations, which are
solved numerically.

The applied linearization of the differential equation
(4.2a) implies that the zeroth order approximation for
the large scale velocity 4 reads as

u=(up—UJapn, for 0<y<n
u=(U,~up)a;~1), for n>n,.

Hence, in the zeroth approximation 4 is continuous for
#y = (1 —ay)/a,, as shown in Fig. 4. The coupling of
the inner and outer solutions of the first order
approximation, given by equations (4.5), is done at ,
= (1 ~a,)/a,, as well. Thus we find for u(x,y,¢)
between two local instabilities:

d(x,yat): Uc—(Uc—uO)f(;('])’ fOl' 0 <’7 Sr’l

(4.6)
I’I(X’YSt)z Uc—(Ur——uO)fu,)(r’)’ fOI‘ ’71 <”< 0.
|0
27
gt
Ta_1 )
1 I
I
|
|
( 1-a
= —=1
TH az '_"1]

F1G. 4. Zeroth order approximation of i.
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The equation for the temperature field (4.2b) is treated
in the same way. We approximate fin (4.2b) as above.
In this way an inner solution g,(n) and an outer
solution g, (1) are found, which are matched at n =7,
by requiring continuity of g and ¢'. The following
approximate solution for g(y) is found

go(n) = 4 L eXp[ (up t ~p )]dp

\1/2

) {erf [ +3A)Pr 2] =1} +1

/

)= (f’—
9u(n) = q5 Py

1 <p<oo. (A7)

The parameters g, and g, are determined by the two
matching conditions. The applied solution method
was checked with a fully numerical integration for one
value of a,. From this check it was concluded that the
applied method is satisfactory. The deviations kept
within a range of +0.5%,.

5. COMPARISON WITH EXPERIMENT
From (4.6) the instantaneous and time averaged
wall shear stress is obtained. To find time averages, we
can restrict ourselves to one period.
Ty
fw=lAf 7, dt = ~2M~(a
1, Jo a4y

Nondimensionalizing this calculated value of 7,,, with
v¥, the experimental friction velocity, we have

vI) T2 (5.1)

U *ZT 1/2
£, /o = —2a2( )(U ) a2,
v )

L

(5.2)

Equation (5.2) contains three parameters, viz: the
convective velocity U, the boundary condition u, and
the period T,, parameters we already have chosen.
With the aid of the empirical formula (v*/U_)?
= 0.012Re; 2% (Hinze [9]) the ratio between the
theoretical and experimental values of 7,, appears to be
dependent of Re,,. This ratio as a function of Re,, i
plotted in Fig. 5 for different values of u,/v*, cor-
responding to the different choices of uy (at y*
= 30,40, 50,60) mentioned in Section 3.

Although one cannot speak of an exact
accordance—in that case the calculated ratio should
be independent of Re,, and equal to 1—the calculated
ratio is only weakly dependent of Re, and has the
right order of magnitude. )

Further we have calculated the evolution of the
velocity profile 4(y, ¢) for a fixed x-position during one
period. Nondimensionalizing #(y, t) with v* and T, we
have

Uc Uc-
=“*—‘(—'—*—%)“f'(71)

v

. U*Z’I; t ]*1/2
= a — .
n=y L T,

Equation (5.3) still contains the undetermined para-
meter Re,,. We have chosen that Re, -value for which

(5.3)
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F16. 5. The ratio of theoretical and experimental mean wall stréss.

£,./pr*? = 1. This implies, that we have made a certain
choice for the period T,, because U /v* is only weakly
dependent on Re,. In Fig 6 one finds #/v* as a
function of y* for several values of 1/T;.

Finally we shall compare our model with the law of
the wall t/e* = u” (y*). In our model the time aver-
aged velocity profile is found by averaging i over one

SRR R,

O+ Ly
e Sy lyh Ty’
Fi. 6. The evolution of the large scale velocity componentd
between two local instabilities. The moment just after the

occurrence of a burst and sweep corresponds to t/T, = U.

period. Again we have chosen that period, ie. that
Re, -value, for which the calculated value 7, equals the
experimental wall stress pr*®. Nondimensionalized
with v* and v the result is:

U, 2y )2
A e R rr
- p* (1%1‘,*27“/’\’
¥ ‘“x )
A v /') -
« I
-

The law of the wall is widely known and accepted, but
it is hard to find a generally accepted form. We used the
empirical formula of Spalding [ §]

A s (0du"
b= 10.0108] expaut - ¥ UM

’ .
ag |

Blom [8] has shown that the Spalding formula should
not be taken too rigidly. Comparing the experimental
data of a number of authors a considerable scatter is
found (cf. Fig. 7). Table 1 gives the numerical values of
various parameters.

Table 1. Values of ugp/e® and the corresponding
values of Re, , a, and c** T /v

TN Re,, ity p*2T A
14.00 1845 1.5940 183
14.72 2071 3.9680 200
15.82 2256 4.3139 213
15,74 2414 224

4.6441

The temperature field

With the solution (4.7) for g{n) we can calculate the
mean heat flux at the wall, the development of the
temperature profile after a burst and sweep and time
averaged temperature profiles.
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Y+ 1 T T
-— - u* (y" Spalding formula
s Ug/v¥ =1400
s Up/v¥ =14,72
s Up/v¥ =15,28
: ug/v¥ =1574
range of experimental data _

50}

| I

40

0 5 10 15

——DU*

F1G. 7. The calculated mean velocity profiles u™(y*) for

different values of wug (curves 1-4), as compared with

Spalding’s profile. Range of experimental data according to
Blom [8].

The mean heat flux at the wall is found from:

L™

qw=—J gudt = 25730, 0))
T
x (U, ~uo) (U T, 240). (55)

The theoretical mean heat flux is compared to experi-
ment in the same way as was done for the mean wall
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stress. We nondimensionalize (5.5) with v* and the
experimental friction temperature defined as 8*
= q,,/(pc,v*), which results in
G/ (pc,p*0%)
2 (6,-0 Ay
( w O) as 1‘/2( b )

=" 1

= ).
T g'(0)

(5.6)
v

The ratio between the theoretical and the experimental
values of 4,/(pc,v*6%*) turns out to be also dependent
on Re, , as can be seen in Fig. 8. The development of
the large scale temperature profile between the passage
of two local instabilities is calculated and non-
dimensionalized with 6*.

Hw - 00

0(:*. 4T
R -g(n)-

(5.7)

It is clear, that the parameter Re,,, which occurs in
equation (5.7) has already been determined by the
velocity field. Results are shown in Fig. 9. The time
averaged temperature profile is found in the same way
as the time averaged velocity profile, viz. bij averaging
d over one period. In nondimensional form this
renders

) 0,—0,) 2(y*)?
—“=6+(y+):( w 0) (y )
o* @*  a, T v
, ,;xzfl; -12
AT
X I 4 (58)
Jao n

In Fig. 10 the calculated mean temperature profile is
compared with the measurements of Blom for several
values of 8,/6*.

6. COMPARISON WITH THE SURFACE
RENEWAL MODEL

The mathematical formulation of the surface re-
newal model, given by equation (1.1) has the solution:

iy, t) = ug erf[ y/2(vt)"/?]. (6.1)

1-5{- T ml

e i/ pCp V¥

05

Pr=0,72

0 1
1000 1500

|
2000

1
3000

_—— REGZ

|
2500

FiG. 8. The ratio of theoretical and experimental mean heat fluxes at the wall. The values of §,/0* have been
estimated from the experimental temperature profile of Blom [8] at y*. = 30, 40, 50 and 60.

HMT 21:8—G
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Fi1G. 10. The calculated mean temperature profiles 07 (y ' ).
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The ratio of the calculated and experimental values of
the mean wall stress 7,,/pt*? and the time averaged
velocity profile u ™ (y™), for a recurrence period of the
surface renewal equal to T,, take the forms:

s R M
Toipr¥s = o 9 ( .
EIUEINER R
z : 2
iyt = oL QH? + 1yerf(H) 4+ - e
o {mi'?
—2H? ‘ (6.2)
. y!
with H =

R (L"*l T,‘,," \’,)1 2

In this case 7,,/pr*? is Re, -dependent via the period T,
as well. We have compared this ratio with our results
for one value of u,/v* (other values leading to similar
results). This is shown in Fig. 11,

From this figure it can be scen. that the ratio
calculated with our mode! decreases less steeply than
for the surface renewal model, but the most obvious
difference is that we find smaller values, which means
that the effect of the convective transport of momen-
tum is not negligible in the wall region. Nevertheless,
also in the surface renewal model 4 Re, value can be
found for which 7, = pr*? The corresponding value of
T, 1s chosen to evaluate the time averaged velocity
profile u™{y") in (6.2). We have plotted the mean
velocity profiles calculated with our model and the
surface renewal model in Fig. 12.

At first sight no large impact of the convective
transport of momentum on the mean velocity profile
seems to occur. This, however. 1s hidden by the choice
of the averaging time 7,. To arrive at the exact value of
the mean wall stress we have to use smaller values of
Re, , or the averaging time in our model. than in the
surface renewal model, as can be scen from Table 2.

Table 2. The Re, values and corresponding averay-
ing times in both models

Surface renewal model Present modeld

e UF Re, . PRIy Re, TR M
14.00 2790 250 INdS 1823
14.72 3190 276 2079 200
1528 3324 297 REN
33 214 224

15.74 RE K

7. DISCUSSION AND CONCLUSIONS

With the discussed intermittent and periodic model
for the wall region of a turbulent boundary layer we
have been able to calculate the mean wall stress 1, the
time averaged velocity profile # . the mean heat flux at
the wall ¢, and the time averaged teraperature profile
0. From a comparison between the theoretical values
and experimental data we conclude that one can speak
of a reasonable accordance, as shown by Figs. 5, 7, %
and 10. Therefore it seems justified to state that in our
model of the exchange processes in the wall region the
most essential features are reflected, at least for tha
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F1G. 11. The ratio of the theoretical and experimental mean wall stresses for the surface renewal model and
the present model as a function of Re;..

range of Re, values, that corresponds to the visualiz-
ation studies, whereupon our model ultimately is
based: 1000 < Re,, < 3500. This does not mean, that
certain refinements should not be possible, parti-
cularly regarding the choice for the velocity- and
temperature profiles after a burst and sweep #,{y) and
,(y). and the period T,. For u,(y) and fy(y) we have

50 T T
+
¥ y
T ?0? =14.00
wh i
30+ B
|
20 W[
‘surface renewal present model
model Res <2750 ;
Einstein, Li] b !
0 Reg, -1845 =
1 L i !
0 5 10 15
—ut

F1G. 12. The mean velocity profile according to the present

model and the surface renewal model.

chosen uniform profiles, butitis clear that very close to
the wall this is rather unrealistic. Concerning the
period T, we should have accounted for the fact that
the burst-period 7, is statistically distributed. Should
anything be known about the corresponding distri-
bution function, then we could incorporate this in the
procedure for obtaining averaged quantities. Never-
theless we believe, that, discarding the difficulties to
find more reliable data for uy(y), 6,(y) and the
distribution of T, these refinements would not change
our model essentially.

The qualitative agreement between the development
of the profile #(y, t) between two local instabilities (cf.
Fig. 6) and experimental results is less encouraging.
QOur model does describe the gradual deceleration of
the fluid in the wall region, but not the creation of an
inflexional zone in the velocity profile, which is
characteristic for the onset of the next burst and sweep.
Our model cannot explain the occurrence of the burst
mechanism. We have assumed the periodicity in the
wall region a priori and adopted the burst period from
empirical data. The fact that the present. model does
not describe the generation of an inflexional zone, can
only mean that we have not incorporated the re-
sponsible mechanism in the model. We mention two
possibilities, which could account for this mechanism.

1. The pressure gradient dp/dx_ in the wall region
between two bursts and sweeps has been neglected. We
emphasize that we only consider pressure fluctuations
generated by the outer part of the total turbulent
boundary layer. It is a well known fact that a positive
pressure gradient can cause flow separation. So the
pressure field generated in the whole turbulent boun-
dary layer could, via the mechanism of flow separation
in the sub-boundary layer, be able to maintain the
bursts and sweeps. We have estimated the pressure
gradient (Section 3) to be (dp/dx ) =~ 3pv*?/U T,. The
effect of this pressure gradient has been evaluated by
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applying a Pohlhausen approximation [12] on the
equations for the sub-boundary layer (2.7} including
the pressure gradient. 1t was found that the estimated
pressure gradient is far too weak to give an inflesional
zone at y* = 20 to 30 after a time interval 7,. That is
why we reject the pressure gradient as the possible
mechanism for the maintenance of the bursts and
sweeps.

2. The “streak” structure becomes predominant for
¥ < 40 to 50, thus at the upper edge of the buffer
region. This “streak™ structure is accompanied by a
weak vorticity component in the main flow direction
{cf. the Introduction). In our model the phenomena in
the wall region take place in “streaks™ in a (x, z)}-plane
without mutual interference between such “streaks™
As revealed by the visualization studies of Kline et al.
there is an interaction between two neighbouring
“streaks”, leading to pairs of counter-rotating vortices
in a (y, z)-plane. These have been neglected in deriving
the equations for the large scale velocity field. This
secondary motion might be responsible {or the crea-
tion of the inflexional zone in the large scale velocity
profile #(y, 1), just before the occurrence of a burst.
Stuart [13] has shown quantitatively, that in the
transition from laminar to turbulent flow, where the
cited structure of “streaks™ accompanied by pairs of
counter-rotating vortices is also observed, this me-
chanism is able to create an inflexional zone in the low
speed region. In his calculations he started with an
assumption about the counter-rotating vortices, while
viscosity was neglected. However, should this concept
be applied to the wall region, in order to find the time
necessary to create an inflexional zone at y* = 20-30,
two serious difficulties will be encountered:

{i) because we are considering the wall region,
viscosity can not be neglected ;

F. G van DonGen, A, C. M. Beusaars and D, AL pe VRIES

(ii) the strength of these pairs of counter-rotating
vortices should be derived from empirical results,
which can hardly be found.
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MODELE PERIODIQUE INTERMITTENT POUR LA ZONE
PARIETALE D’'UNE COUCHE LIMITE TURBULENTE

Résumé—Des études de visualisation de I'écoulement turbulent au voisinage d’une paroi montrent que des
intervalles de temps courts avec une forte activité turbulente (appelés éclatements et balayages) alternent
avec des intervalles de plus longue durée ou les effets visqueux prédominent. Ces phénomenes montrent une
quasi périodicité dans l'espace et dans le temps. L’évolution des profils de vitesse et de températurc est
calculée pour une période de temps & partir des équations de la couche limite bidimensionnelle pour la
région( < y* < 40. L'effet combiné d'un éclatement et d’un balayage est supposé créer des profils uniformes
de vitesse et de température au début de la période. Dans cette idée, le modéle présenté est semblable au
modéle du renouvellement de surface. Les paramétres intervenant dans les équations et les conditions aux
limites sont dérivés de Texpérience. Le modéle donne convenablement les profils de vitesse et de température
dans la région pariétale ainsi que les flux de chaleur et de quantité de mouvement.

EIN PERIODISCH INTERMITTIERENDES MODELL FUR DIE
WANDREGION EINER TURBULENTEN GRENZSCHICHT

Zusammenfassung—Studien bei der Sichtbarmachung turbulenter Stromungen in der Nihe von Winden
haben gezeigt, daB sich kurzzeitige Intervalle mit starker Turbulenz (sogenanntes Wirbelplatzen und
Mitreilen) mit Intervallen von viel lingerer Dauer abwechseln, bei welchen die Viskositdt einen
iiberwiegenden Einfluf ausiibt. Diese Phinomene zeigen eine Quasi-Periodizitdt in Raum und Zeit. Die
Ausbildung der Geschwindigkeits- und Temperaturprofile wird fiir eine Zeitperiode mit Hilfe einer
zweidimensionalen laminaren Grenzschichigleichung fiir das Gebiet 0 < y* < 40 berechnet. Es wird
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angenommen, daBl dieser kombinierte Wirbelplatz- und Mitreifleffekt die Ausbildung eines mittleren

Geschwindigkeits- und Temperaturprofils am Anfang der Periode ermoglicht. In dieser Bezichungentspricht

dieses Modell dem Oberflichenerneuerungs-Modell. Die verschiedenen Parameter, die in den Gleichungen

und Randbedingungen auftreten, stammen aus Experimenten. Nach diesem Modell lassen sich

Geschwindigkeits- und Temperaturprofile in Wandnihe sowie Wérmestréme und BewegungsgroBen an der
Wand ziemlich gut vorausberechnen.

MOJEJIb SABJIEHUS TIEPEMEXAEMOCTH B MNPUCTEHHOW OBJIACTU
TYPBYJIEHTHOIO NMNOI'PAHNYHOI'O CJIOA

AnnoTauns — BusyanbHble uccieaoBaHus TypOYNEHTHOTO TeyeHHA BOMH3H CTEHKH MOKAa3ajM, MTO
KpaTKHE NEpHOJibl CHILHONW TYpOy/IeHTHOM aKTHBHOCTH (TaK Ha3blBaeMble BCIUIECKH M BBIHOCHI)
YepeAyrOTcs ¢ ropasfio 6ofiee NIMTENbHBIMM HEPHOJAMH, B KOTOPBIX IpeobsianaroT 3¢GhekTs
BA3KOCTH. DTO fABJICHUE YEPENOBAHUA HOCHT KBAa3MIIEPHOIMYECKHH XApaKTEp B HPOCTPAHCTBE H Bpe-
MeHH. B paboTe npeacTaBneHbl pe3yabTaThl Ipoduieil CKOPOCTH ¥ TEMIEPATYPbI AJii OZHOIO BPEMEH-
HOTO MHTEpBasa no ypaBHEHHAM 1Sl 1ByXMEDPHOIQ JIJAMHHAPHOTO NOTrPaHKYHOrO CJI0A B JHANa3oHe
0 < y* < 40. Pa3znuuHbie BXOOALLUME B YPABHEHHA IMApaMeETPbl H I'PAHUYHBIE YCJIOBHA MOJYHEHbI M3
3KCEpUMEHTOB. T10Ka3bIBaeTCs, YTO HAJIOKEHUE BCIIECKOB M BHIHOCOB NPMBOAMT K OAHOPOLHOCTH
npoduneit CKOpOCTH M TEMIIEPATYPBI B Havajle BPEMEHHOTO UHTEpBana. B 3TOM OTHOlUIEHHM npen-
naraeMasi MOJIeJib aHaJIOTHYHA MOJeNM OOHOB/IEHMS NMOBEPXHOCTH. Mojens No3BONSET AOBOJABLHO
TOYHO PACCYMTATh MNPOGHJN CKOPOCTH H TeMiepaTypel B NPHCTEHHOH 0OnacTd, a Takxe NOTOKH
Teru1a ¥ KOJIM4eCTBa ABH)KEHMS Ha CTEHKE.
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