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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 bo~dary-layer equations for the region 0 < yf < 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 ofheat and momentum at the wall reasonably well. 
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NO~E~C~~~RE 

thermal diffusivity [m2/s] ; 
coefficients in power series ; 
specific heat at constant pressure 

[.V(kg K )I ; 
stream function for the convected 
sub-boundary layer; 
dimensionless temperature for the 
convected sub-boundary layer; 
number (k 1, rt:2, . ..). 
pressure [Pa] ; 
Prandtf number = v/a; 
heat flux density [W/m’]; 
Reynoids number = U,cS,/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 wail [m] ; 
dimensionIess coordinate (= yu*/v); 
coordinate parallel to wall, perpendicular 
to main flow direction [m]. 

Greek symbols 

B% Y? integration constants; 
4 boundary-layer thickness [m]; 

h2, momentum loss thickness [m]; 

V? similarity coordinate ; 
8, temperature [K] ; 
o*, friction temperature (= q,,/pc,u*) [K]; 

4 thermal conductivity [W/(m K)]; 
I/ I.~,~, wave length [m] ; 
% dynamic viscosity [kgifm s)] ; 

V, kinematic viscosity [m2/s]; 

P, specific mass [kg/m”] ; 
z, shear stress [Pa]. 

Subscripts 

6 burst ; 
c, convective; 

;, 
instability; 
initial value, inner solution ; 

W, wail; 

a, free stream value, outer solution. 

1. I~TRODU~ON 

MANY experiments on the mechanism of turbulent 
exchange of mass and momentum in the wail 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 [I, 21 and Corino 
and Brodkey [3]. Their visualization studies have 
shown the existence of recognizable flow patterns in 
the wail 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 wail. 

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 et 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 ~mbination of negative veiocity fluc- 
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tuations, in the tnain Row direction, u’, and positive 
velocity fluctuations in a direction perpendicul~~r to 
the wall. C. Low momentum fluid is ejected from the 
wall region. The burst is succeeded by a sweep, a 
combination of velocity fluctuations 14’ > 0 and I:’ < 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 a 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: 

1. During a burst a fast and abrupt growth of the 
velocity ~uctuations is observed, being an essential 
feature of instabilities. 

? The vefocity profile z&t) just before a burst _. 
always contains an inflexional zone at y+ = 90-10. 
indicating the possibility of an instability. 

The discussed sequence of events is shown in Fig. 1. 

perature, making use of the Reynolds‘ de~orn~~~~sj~i(~l~. 
The visualization studies suggest that the common 
averaging procedure is not the most Lidequate one 1’0: 
the wall region, because it covers up the observ& 
coherence in the wall region. The first theory, which ti?~ 
very well in the discussed conceptual picture ol’tt~ WI!I 
region, is the surface rene\hal model, independenti! 
developed by Einstein and LI 141 :tnd I-ianratt! ( 5 1, 
Actually this model preceded the visualization stud& 
It is based upon two basic assumptions: 

I. The How field, observed at :I tixcd position /\ 
periodical in time. 

1. Turbuiel~t exchange occurs durmg very short 
time intervals. Low momentum Buid is ejected ii-om 
the wall region and replaced by high molnentunl fluid 

~ 
orlglnatrng from the upper edge of the buffer regio!i, 
This is the so-called surface renewal, in the visualize 
ation studies identified as the combmatinn of a bur\t 
and sweep. Supposing that the surface renewal leads to 

The visualization studies of Kline et cd. 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 < JJ+ =C 40. 
These longitudinal “streaks” can be viewed as regions 
with relatively high and low velocity components in 
the main tlow direction. The interaction between two 
neighbouring “streaks” results in a weak vorticity 
component in the main flow-direction. One finds in the 
wall region pairs of counter-roasting vortices, as 
shown in Fig. 2. 

In classical theories one derives equations for the 
time-averaged velocity components, pressure and tem- 

Frc;. 2. A conceptual picture of the ““streak“-struc;tur~ tn the 
w;tll region and the corresponding secondary nwtim 

a velocity profile LI():) = I+,, with constant 140. and that 
the gradual distortion of this profile is caused by 
viscous forces only, one arrives at the following 
mathematical formulation of the surface renewal 
model : 

The gradual deceleration after the occurrence of ;t 
burst and sweep is thus described as essential];; 
laminar and one-dimensiotlal. 

Black [6] has given a simplified three-dirnei~sior~~li 
picture of the flow field in the wall region, incorporat- 
ing the findings of the visualization studies (cf. Fig. 3 I. 
In this mode1 local instabilities, giving rise to bursts 
and sweeps, are convected at a velocity UC in the main 
How direction. For fixed values of: they are separated 
by a distance A,. The region of impact extends in 
the r-direction over a distance A.. Hence :L plarrc 

J’ + = constant, with 0 K 1%’ ~40. is divided in “streaks’* 
with :I width i,. In the neighbouring Wreaks“, one 
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FIG. 3. A three-dimensional picture of the flow field in the wail region, as given by Black 161. 

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 
I, and U, to be constant, the velocity profile u(y, t) is 
periodical with period & = 1,/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 fluctuations are 
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) = i(x, t) + u”(X, t) 

P(X, t) = a, t) + P”(X, t) (2.1) 
qx, t) = 0(x, t) + W(x, t). 

Here the tilde denotes the ordered movement, being 
time dependent and varying periodically with a time 

scale T equal to the burst period, Th. The fluctuations 
u”, p” and 0” 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: TJP : 0.05. We shall calculate the 
quantities i, 6 and Bon the basis of the equations for an 
incompressible fluid in the form 

v.u =o 

au 1 
dt+u'vu= --vp+vv2u (2.2) 

P 
de 
Z+u’V8 = aV20. 

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, ti, 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 ii = 

[GG Y), fi(x, ~11 and 6 = 0. Next we average the 
equations over a time interval T, with r c & and 
2 >> T, an operation again denoted by a tilde. Averag- 
ing quantities like ti will not alter them and averaging 
fluctuations, like u”, is supposed to give zero. Applying 
this averaging scheme results in 

v.ti=o 

ai ;+i.oi=_lV~+vv'd_~.(u~") (2.3) 
P 

g+ti-VL= aV2B--V~(uGf). 

The above equations have to be viewed as time 
dependent Reynolds’ equations, with u%’ and u% 
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 -t-n,& with n = 
0, 1. 2, . . Next we assume velocity and temperature 
profiles to be known immediately after a burst and 

sweep. So for II& c Y - U,t < (n + I)& the terms 
V. (u”u”) and V (~“0”) in equations (2.3) are neglected 
and the following boundary conditions are imposed : 

ij(.x. 0. f) = 0, 1q.x = I’$ + (If + 1 )i,. y] = u*(y) 

B(r,o,t)=e,,., O~-c=Ci,r+fl?iI)i,,~]=o*(~,. 

(7.4) 

Further we assume that, moving with the convective 
velocity U, in the main flow direction, a stationary 

pattern is observed. Hence 

ic(S,I;t)=Zi(.~--U,t,p) (7.5) 

with similar equations for 0 and 8. 

Substituting (2.4) in equations (2.3), applying a 
boundary-layer approximation to these equations and 
introducing the following transformation of variables 

x, = U,t-x- ft7 + 1 )i,, u, = -(u‘-- U,,) 

c, = 6, if,. = ii,v - d 

(2.6) 

we obtain the follo~~ing equations, which hold for 

0 < x, < /.,: 

CU. - 
_~..i + (‘2 = () 
?.Y ;,. , 

au, aoc a% 
u,-- +l>,T- = a+ 

au, ‘,) JY 

with the boundary conditions: 

u,(O, 1’) = LJ, -Uo(J’), u,(s,O) = 0 

fl,(O, Y) = 8,-R&)$ t3,(x,O)=O. 
(2.X) 

As a consequence of the boundary layer approxi- 
mation a boundary condition for the t&component for 

.Y = U,t + (n + I )I.,, or s,. = 0, can no longer be im- 
posed. The pressure gradient djjdx, is determined by 
the velocity field outside the wail region or sub- 
boundary layer. 

The original variables, which are periodical in the 
.x-direction with a wave length 1,,, are related to the 
new variables according to: 

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 us(y), 

B,(y), U, and djfdx,.. 
The choice of u,(y) and B,(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 

renewal model we take for ito a uniform profile ir,) 
and similarly for O,(J) a uniform value 0,. Since the 
values of u0 and 0, cannot ho derived from t’ntr 
visualisation studies we estimate a0 from the empirical 
profile ff = 5.5+2.5111(~~~) for / ’ 30. 10, 50 and 
60, while the U,, values arc adopted from the experrm- 

ental data of Blom [X] for the same i values. 
For I;,. we choose the conveclivc iciozity ;I\ me;+- 

sured in the wall region. This v&city is higher than tire 

local mean tluid velocity (cf. tiinze [‘I] 1. Empiricalty ii 
is found that the convective velocity zquafr the mean 

velocity for j’ si =: 0.21. Recari\i: for Ihis pOsnitin 
zi = O.Xt. , we take i.‘,. -2. 0%; 

Little is known about the pressure held in the wall 
region. Willmarth and Wootdridpe [IO] have pcrfor- 

med measurements on the pressure tluctuatrons at the 

wall. They found for the RMS value ‘IJ” \’ ’ = _j@*. 
Taking this RMS value as characteristrc for the 

pressure fluctuations, and the distance between two 
local instabilities, /.., = L’,.Y;,. as the proper length scale 

we estimate that the pressure gradient in the wall 
region d@:d\-,. will be of the ilrder jf)~,*~!l:~ T,_ which 

turns out to be smatl compared to the viscous force 

Therefore we neglect this mternai pressure gradient. 
For choosing T, we use the following empirical 

relation found by Rae et u/. [ 1 1 1 

F*? 7;. I’ - 0.65Rr~~“, 

ror I 000 i. k, -: 3500. I 3. i 1 

In reality the burst period at a fixed position shows II 
random variation around a stable average. denoted by 

Th. It is noteworthy that ‘&,. scaled on the friction 
velocity r* and the kinematic viscosity, depends on 
Re,, = Li,ci, I’, and is not a constant for the wali 

region. This indicates a coupling between the wall 

region and the outer region of the boulld~~ry layer. 

1. SOLI!TlOri of; ‘I‘iIE IiQI, ~\‘IIOUb 

With uO(y) = ~4~. U,(y) = fi,, d dj, d\-, :z: 0 II is 
possible to find similarity solutrons for II, and Oi, 

similar to the laminar boundary-layer problem. Sub- 
stitution Or 

2g”+ Prf$ = 0, with y(C)) = 0: iim (~(111 = 1. 
. . 

i-t.‘b) 

For solving the ordinary differential equation (-l.?a) we 
use a method similar to the one Blasius has used for the 
laminar boundary-layer problem (Schlichting [ 121). 
Instead of introducing a power series for smah vahies 
of 9, we linearize (4.2a), because the condition i”(t), 
= LIP # 0 makes the evaluation of the coefficients oi 
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such a power series rather troublesome. From the 
boundary conditions for q = 0 it can be seen that for 
q + 0 f(q) = a,+++fa,q* with f”(0) = u2, which is 
unknown. Hence for small values of q, the approximate 
solution f0 satisfies 

Llf$“+ (a,? f$,$)&’ = 0, with fO(0) = 0; 

f;(o) = a,; f;‘(o) = la*. (4.3) 

For large values of of’ tends to 1, which implies, 
that f(q) N v] + p, where /? is an integration constant. 
So we have for the asymptotic solution f,(q) the 
equation 

2f:‘+(u+jS)&! = 0 lim f;(s) = 1 (4.4) 
r,-rm 

These equations can directly be integrated: 

+[2/(~)1'2Jexp[-(rl+8)z/41}+(~+B). Wb) 
The integral in (4.5a) does not have a simple primitive 
function. For numerical calculations we have used a 
Taylor series. The solution off,(q) still contains the 
unknown boundary conditionf”(0) = a,. In the same 
way the solution of f,(q) contains two unknown 
integration constants p and y, because we only have 
one boundary condition at our disposal. The 3 un- 
known parameters: u2, /I and y are determined by 
requiring continuity of f, f’ and f” for a suitable q- 
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 li reads as 

u‘ = (uO - U,)a,q, for 0 < q < ‘I, 

u‘ = (UC-~,)(a, -l), for q > q,. 

Hence, in the zeroth approximation u‘is continuous for 
~~ = (1 --~,)/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 q1 

= (l-%)/a,, as well. Thus we find for ti(x, y, t) 
between two local instabilities: 

G(x,y,t)= ~,-(~,-uo).G(~), for 0 GV G<YI~ 
(4.6) 

FIG. 4. Zeroth order approximation of u‘. 

The equation for the temperature field (4.2b) is treated 
in the same way. We approximatefin (4.2b) as above. 
In this way an inner solution go(q) and an outer 
solution gm(q) are found, which are matched at q = q1 
by requiring continuity of g and g’. The following 
approximate solution for g(r) is found 

gm(q) = q2 
C 
~;)‘i2~erf[(~~+iB)(Pr)‘/‘] - 1) + 1 

/ 

‘11 d ?j d a. (4.7) 

The parameters q, and q2 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. 

z,dt = -2 ~(n,“T,)-‘i’. (5.1) 

Nondimensionalizing this calculated value oft-,, with 
u*, the experimental friction velocity, we have 

Equation (5.2) contains three parameters, viz: the 
convective velocity U,, the boundary condition u0 and 
the period Thr parameters we already have chosen. 
With the aid of the empirical formula (u*/U,)* 
= 0.012Re,;,0,25 (Hinze [9]) the ratio between the 
theoretical and experimental values of 2, appears to be 
dependent of Re,,,. This ratio as a function of Re,,? is 
plotted in Fig. 5 for different values of uo/v*, cor- 
responding to the different choices of u. (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 Ri,,? and equal to l-the calculated 
ratio is only weakly dependent of Red2 and has the 
right order of magnitude. 

Further we have calculated the evolution of the 
velocity profile C(y, t)for a fixed x-position during one 
period. Nondimensionalizing u‘(y, t) with u* and q we 
have 

li u 
-=2- (U,-uo) 

7 f ‘(rl) 

‘;, = ;:I,. “‘y g-y tT3) 

Equation (5.3) still contains the undetermined para- 
meter Re,, ,. We have chosen that Re, ,-value for which 
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f,,ip& zzz 1. This implies, that we have made a certain 
choice for the period Th, because U,.jz:* is only weakly 
dependent on Ra,,. In Fig. 6 one finds C/c* as a 
function of x+ for several values of tj%. 

Finally we shall compare our model with the law 01 
the wall U/z‘* = ui(r* ). In OUT model the time aver- 
aged velocity profile is found by averaging li over one 

FIG. 6. The evolution of the large scale velocily componen? ri 
between two tocal instabilities, The moment just after the 

occurrence of a burst and sweep corresponds to t.‘r, = 0. 

period. Again we have chosen that period. i.c. that 
Rc~*, ,-value, for which the calculated value S,,, equals the 
e~perimentai wall stress PC*~. ~ondimension~t~~ze~~ 
with r* and v the result is: 

! I’)! I 
f’(q) 
-J -do/ (5.4j 
‘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 [X] 

Blom [S] 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. 

With the solution (4.7) for y(t)) 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 profiies. 
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stress. We nondimensionahze (5.5) with u* and the 
experimental friction temperature defined as 0* 
= q,/(pc,v*), which results in 

&J(Pc,v*Q*) 

range of expenmental data 

FIG. 7. The calculated mean velocity profiles u’(y’) for 
different values of u0 (curves l-4), as compared with 
Spalding’s profile. Range of experimental data according to 

Blom [S]. 

The mean heat flux at the wall is found from: 

4, = & [r’q,,,dt = 2i~-“~(0,,,-0,) 
lb Jo 

x (U, - uop2( u, T/J 1’2g’(o). (5.5) 

The theoretical mean heat flux is compared to experi- 
ment in the same way as was done for the mean wall 

2 (0,,-00) _ ,,2 11*% 
= -. 

___ a1 
Pr B* (-1 

-1’29,(o), (5 6) 

1’ 

Theratio between the theoretical and the experimental 
values of y,/(pc,v*8*) 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- 
dimensionahzed with O*. 

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 
0 over one period. In nondimensional form this 
renders 

p\ v/ 

X -mdq. (5.8) 
.m r13 

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

6. COMPARISON WITH THE SURFACE 
RENEWAL MODEL 

The mathematical formulation of the surface re- 
newal model, given by equation (1. I ) has the solution: 

C(J), t) = u. erf[y/2(vt)‘12]. (6.1) 

Pr=0,72 

l”ooll 
I I I I 

1500 2000 2500 3000 
----+ Re 

62 

FIG. 8. The ratio of theoretical and experimental mean heat fluxes at the wall. The values of 8,/P have been 
estimated from the experimental temperature profile of Blom [8] at yf. = 30,40, 50 and 60. 

“MT 21:8--c 
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2oc 

- --) (j/r:* 

FIG. 9. The dewlopment in time of the temperature protile 
during one period 

f ; 

Lot 

Pr -0,72 

data 

15 

FIG;. IO. The calculated mean temperature profiles O’(y ‘ 1. 

The ratio of the calculated and experimental values oi 
the mean wail stress ~,,,ipt;*~ and the time averaged 
velocity profile tt _ (r + ), for a recurrence period of the 
surface renew4 cyual to 7;,, take the forms: 

ih.3) 

In this case z,,,,,K*’ 15 Rc,, -dependent vta the period 4 
as well. We have compared this ratio with our results 
for one value of uO:r* (other values leading to similar 

results). This is shown in Fig. I I, 
From this figure it can be seex that the ratio 

calculated with our model decreases less steeply than 
for the surface renewal model, but tlte most obvious 
difference is that we find smaller values. which means 
that the effect of the convective transport of motnen- 
turn is not negligible in the wall region. Nevertheless. 
also in the surfxe renewal model a RP,, v&te can be 

found for which i,, 2 /I?“. The corrc~ponding value 01 

q, ts chosen to evaluate the tintc a\erapcd \cloctt\, 
profile II -( 1.’ ) in (6.3). We ha~c plotted the mean 
velocity profiles calculated with our model and the 

surface renewal model in Fig. 12. 
At first sigh1 no large impazt of the convecdce 

transport of mome!ltum on the mca~ velocity prolilc 

seems to occur. This. however. is hidden by the choice 
of the averaging time ‘C;,. To arrive at the exact \~nlue oi’ 
the meatt wall stress wc have to ttx smaller values o( 

Rc,, 1 or the averaging time in our model. than in the 
surface renewal model. as can be XCII from Table 2. 

With the discussed intermittent atnd periodtc model 
for the wall region of a turbulent botmdary layer we 
have been able to calculate the mean wall stress r,Vr the 
time averaged velocity profile II ‘. the mean heat Hu\ at 
the wall qW, and the time averagcd tetnpcrature profile 
0 +. From ;I comparison between the theoretical \-alues 
and expertmental data we conclude that one c:ttt speah 
of a reasonable accordance. as cho\vn by Fiss. i. 7. X 

and IO. 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 Icast t’ot th;tl 
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FIG. 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 ultima~ly 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 i,(y) and 
&b(y), and the period Y&,. For u,(y) and &o(y) we have 

FIG. 12. The mean velocity profile according to the present 
model and the surface renewal model. 

chosen uniform profiles, but it is clear that very close to 
the wait this is rather unrealistic. Concerning the 
period q we should have accounted for the fact that 
the burst-period q 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 t&,(y), e,(y) and the 
distribution of T, these refinements would not change 
our model essentially. 

The qualitative agreement between the development 
of the profile ir(y, t) between two local instabilities (cf. 
Fig. 6) and experimental results is less encouraging. 
Our mode1 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 dpjddx, 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,) N 3pv*‘/U,7;,. 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. It was found that the estimated 
pressure gradient is far too weak to give an inflexional 

zone at V’ = 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 
sw-eeps. 

(ii) the strength of these pairs of counter-rotaliilp 
vortices should be derived from empirical result<., 
which can hardly be found. 

REFEREhCES 

2. The “streak” structure becomes predominant for 

3’ r c; 40 to 50, thus at the upper edge of the buffer 
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MODELE PERLODIQUE INTERMITTENT POUR LA ZONE 
PARIETALE DUNE COUCHE LIMITE TURBLJLENTE 

RCsum&-Des etudes de visualisation de l’ecoulement turbulent au voisinage dune paroi montrent que des 
intervalles de temps courts avec une forte activite turbulente (appeles eclatements et balayages) alternent 
avec des intervalles de plus longue duree od les effets visqueux predominent. Ces phenomines montrent unc 
quasi ptriodicite dans I’espace et dans le temps. L’evolution des profils de vitesse et de tempiraturc es1 
calculee pour une p&ode de trmps $ partn des equations de la couche limite bidimensionnelle pour 1:~ 
region 0 < x + < 40. L’effet combine d’un eclatement et d’un balayage est suppose crier des profils uniformes 
de vitesse et de temperature au debut de la p&iode. Dans cette idle, le modele presente est semblable au 
modtle du renouvellement de surface. Les parametres intervenant darts les equations et les conditions aux 
limites sent derives de Iexperience. Le modlle donne convenablement les pro% de vitesse et de ternp~r~~tur~ 

dans la region pa&tale ainsi que les flux de chaleur et de quantite de mouvement. 

EIN PE,RIODISCH INTERMITTIERENDES MODELL FUR DIE 
WANDREGION FINER TURBULENTEN GRENZSCHICHT 

Zusammenfassung--Studien bei der Sichtbarmachung turbulenter Stromungen in der Nlhe von Wandcn 
haben gezeigt, da13 sich kurzzeitige Intervalle mit starker Turbulenz (sogenanntes Wirbelplatzen und 
MitreiBen) mit Intervallen von vie1 lingerer Dauer abwechseln, bei welchen die Viskositdt &en 
iiberwiegenden EinRuD ausiibt. Diese PhBnomene zeigen eine Quasi-Periodizitiit in Raum und Zeit. Die 
Ausbildung der Geschwindigkeits- und Temperaturprofile wird fur eine Zeitperiode mit Hilfe einer 
zweidimensionalen laminaren Gre~~schichtglei~llung fur das Gehict 0 < y+ < 40 berechnct. Es wird 
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angenommen, daR dieser kombinierte Wirbelplatz- und MitreiReffekt die Ausbildung eines mittleren 
Geschwindigkeits- und Temperaturprofils am Anfangder Periode ermoglicht. In dieser Beziehungentspricht 
dieses Model1 dem Oberflachenerneuerungs-Model]. Die verschiedenen Parameter, die in den Gleichungen 
und Randbedingungen auftreten, stammen aus Experimenten. Nach diesem Model1 lassen sich 
Geschwindigkeits- und Temperaturprofile in Wandnahe sowie Warmestrome und BewegungsgriiOen an der 

Wand ziemlich gut vorausberechnen. 

MOAEJIb JIBJIEHHR IIEPEMEXAEMOCTM B IIPHCTEHHOH OBJIACTM 
TYP6YJIEHTHOIO l-IOl-PAHMYHOI-0 CJIOX 

~IiOTanlUi- h3yanbHbIe IlCCJIeAOBaHH9 Typ6yneHTHOrO Te'iCHIiR B6JIH3ki CTCHKB flOKa3aflU, YTO 

KpaTKIiC IEpEiOAbI CPiJlbHOti Typ6yJICHTHOfi aKTI1BHOCTII (TaK HaJblBaeMbIe BCIlJECKEi B BbIHOCbl) 

'IepeAyEOTCS C rOpa3AO 6onee AnRTUIbHbIMB IlepHOAaM%i, B KOTOpbIX I'IjJeO6flaAaWT 3@@eKTbI 

BR3KOCTki. 3TO RBneHBe YepCAOBaHWI HOCllT KBa3EinepHOAHYWKHii XapaKTep BIIpOCTpaHCTBeH Bpe- 

MeHA. Bpaliore IlpeACTaBneHbIpe3yAbTaTbI IlpO&ineitCKOpOCTkiHTeMIIepaTypbIAfl5IOAHO~OBpeMeH- 

HOI-OHHT~~B~JI~I~O~~~BH~H~~~IMA~~~AB~XM~~HOI'O J'IaMkiHaJJHOrO IlO~paHkiYHO~O CnOIl B AUaIla3OHe 

O<y+ <40. Pasnmnibre nxorunruie B ypaBHeHm napah4eTpbI H rpaHwiHbIe ycnoeas nonyneHbI ~3 

3KCIlepIIMeHTOB. nOKa3bIBaeTCR, 'IT0 HaJIOXEHWe BCIIneCKOB B BbIHOCOB IlpllBOAHT K OAHOPOAHOCTH 

IIpO@ineii CKOpOCTH li TeMIIejJaTypbI B Ha'iane BpCMCHHOrO UHTepBaAa. B 3TOM OTHOIUCHHH ITpeA- 

JEWaeMaR MOAenb aHaJIOl-HYHa MOAWIH 06HOBneHHS4 I'IOBepXH0CTl.i. MOAenb II03BOnflCT AOBOnbHO 

TO'iHO PaCCWTaTb npO&lJI~ CKOpOCTIl B TCMIIepaTypbI B IlpkiCTeHHOir o6nac_nl, a TaKX.2 IlOTOKU 

TeIlna II KOJSiPeCTBa ABEUKeHHR HaCTeHKe. 
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