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Abstract-The assumption of universal velocity profiles over smooth and rough surfaces is widely used in 
calculations on flow in rough channels. Experiments on fully developed turbulent flow in a rectangular 
channel with variable aspect ratio were performed to determine the parameters of the velocity profiles over 
two-dimensional rectangdlar roughnesses. The pressure and velocity profiles in the fully rough flow regime 
were measured in channels with one and with two rough walls. The results show that the slopes of the non- 
dimensional velocity profiles in the smooth and rough zones decrease with the increasing relative roughness, 
height and drag of the rough wall, contrary to the generally accepted assumption of a constant profile slope. 
The profile parameters were correlated as functions of the channel- and roughness geometry and were used in 
a transformation method which was applied to data from experiments on rectangular and annular channels 

carried out by other investigators. 

NOMENCLATURE 

slope of the logarithmic velocity profile; 
constant of the logarithmic velocity profile at 
a smooth wall; 
width of the roughness rib [m]; 
hydraulic diameter [m] ; 
parameter of the velocity profile at a rough 
wall ; 
force upon a roughness rib per unit length 
[Nm-l]; 

friction factor, 2rlpu’ ; 
friction factor of a smooth tube; 
height of roughness rib [m] ; 
dimensionless height of roughness rib, hu,/v; 
width of channel [m] ; 
length of eddy downstream of a rib (re- 
attachment length) [m] ; 
axial pitch of the repeated roughness ribs 

[ml ; 
pressure [N m - ‘I; 
mean velocity [m s- ‘1; 
friction velocity, (z/p)“’ [m s- ‘1 ; 
dimensionless velocity, u/u, ; 
average velocity in a section [m s- ‘1; 
parameter of the logarithmic velocity profile 
at a rough wall; 
Reynolds number, ud,Jv; 
axial distance; 
distance normal to the wall; 
dimensionless distance from the wall, yu,/v ; 
position of the zero shear stress line, length of 
respective zones ; 
distance parallel to the wall normal to the 
flow. 

Greek symbols 

E, displacement of the origin of the velocity 
profile at a rough wall [m] ; 

V, kinematic viscosity [m’ s- ‘1; 

PY density [kg mm31 ; 

7, shear stress [N m-‘I. 

Subscripts 

m, mean value of a periodic quantity; 
max, maximum; 
dyn, dynamic ; 
r, at the rough wall or pertaining to the rough 

zone; 

s, at the smooth wall or pertaining to the 
smooth zone ; 

St, static; 
vol, volumetric definition of the origin of the 

velocity profile; 

01, pertaining to the relative roughness height 
h/j, = 0.01. 

1. INTRODUCTION 

FULLY developed turbulent flow in rough channels has 
been studied in numerous experimental investigations, 
especially since the use of artificial roughnesses to 
promote heat transfer in gas-cooled nuclear reactors 
became important. However, there is no general 
agreement on such basic features as the pressure drop 
coefficients and the velocity profiles. One of the main 
problems is that these features vary with a change of 
channel dimensions at constant roughness geometry. 
The friction factor (pertaining to the rough wall only) 
for asymmetrical flow in rough ducts, such as annuli or 
rod bundles in particular, is difficult to determine due 
to the unknown position of zero shear stress. 

Experiments to determine the thermal performance 
of certain roughnesses are usually carried out with 
single rough rods contained in smooth tubes, and the 
results have to be transformed for rod bundle geo- 
metry. The geometry selected for the present study was 
a rectangular duct of sufficiently large aspect ratio for 
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the flow along the mid-plane to be treated like the flow 
between parallel planes, thus simulating an annulus 
with a radius ratio ciose to one. A functional re- 
lationship between the parameters determining the 
velocity profile and the friction factor on the one hand, 
and the geometrical parameters of the roughness and 
of the channel on the other hand was sought in order to 
verify or improve existing transformation methods. 

In the determination of pressure loss Ap in closed 
channels, or in the evaluation of experiments in tubes 
or annuli, usually only integral quantities, such as mass 
flow rates or bulk velocities, are known. The relation 
between Ap and these quantities is given by 

wherejis the Fanning friction factor. 
In order to determine friction coefficients of rough 

walls from pressure loss experiments in channels 
having both smooth and rough walls, the respective 
flow areas must be theoretically separated, the boun- 
dary between the areas being taken to be the zero shear 
stress plane. Two fundamentally different methods are 
generally used : these may be designated the.~method 
and the R-method. 

2.1. The f-tnrtkotl 
Hall [t] assumed that the zero shear stress line 

which divides the annular space between a rough rod 
and an outer smooth tube is coincident with the line of 
maximum velocity; this position could therefore be 
determined by velocity measurements. With the re- 
spective hydraulic diameters of the inner rough zone 
and of the outer smooth zone known, the two Rey- 
nolds numbers and friction factors could be calculated, 
and correlations found. Subsequently, Wilkie E2] 
proposed a simplified method which does not require 
velocity profile measurements, From measurements in 
different annuli he found that the friction factorf, of the 
outer smooth zone depends on the magnitude of the 
friction factorf; of the inner rough zone. He correlated 
his experimental results in a function K,, 

f&, = ~~~~;~~~), (2) 

wheref, stands for the theoretical value of the friction 
factor of a smooth pipe at the relevant Reynolds 
number. Similarly, he produced a function K, for the 
ratio of the average flow velocities in the two regions of 
the annulus, 

u,/% = ~z(s,!%J (3) 

When it became clear that the zero shear stress line 
does not coincide with the position of maximum 
velocity in asymmetrical flow, Nathan and Pirie [3}, 
and Warburton and Pirie [4] developed Wilkie’s 
method, transforming to the true position of the zero 
shear. The friction factors of the rough zones are 
described as functions of the Reynolds number and the 

ratio of roughness height to hydraulic diameter H! 
means of these correiations different channel geomcr 
ries may be treated. 

This method is based on the existence of velocity 
profiles obeying the ‘law of the wall’. i.e. at smooth 
surfaces 

n; = A, in ,r + +- 8 

and correspondingly at rough walls 

!4t 

~4: = A, In y/h + R. ii: 

In the above equations, ui stands for the local 
streamwise velocity u, normalized by the friction 
velocity (~,,,/p)“~, and the subscripts s and r denote 
whether the rough or smooth wall shear stress, T, or r.,, 
respectively, is used in the friction velocity. The slope 
A, of the logarithmic velocity profile at rough surfaces 
is generally taken to be the same as that at smooth 
surfaces with A,, = 2.5. Nikuradse [5] has verified this 
for sand-grain roughnesses but recently there have 
been some doubts about the value of A, at artificial 
roughnesses. This will be discussed later. The rough.. 
ness height is h, and R is the non-dimensionalized 
velocity at J = k. The parameter R should be character- 
istic for a certain roughness because it is indepei]deI~i 
of the Reynolds number at high values of tl” = /tit,. I 

In order to separate the two zones in asymmetrical 
flow it is assumed that the zero shear stress plane i.: 
given by the intersection of the two velocity profile:: 
originating at the respective walls. Although ma- 
thematically the velocity has a maximum ai this 
interse~tjon, ~aubauch [6] showed that agreement 
with the experimentally determined line r = 0 is good. 
Integration ofequations (4) and (5) over the respective 
flow areas yields the friction factors and Reynolds 
numbers. The results are correlated in terms of the 
roughness parameter R. The assumption that R is a 
function of only the roughness geometry at high 
values of h+ was not, however, confirmed. Experi- 
ments evaluated by this method [7--O] have shown 
that R is also a function of the relative roughness 
height, The friction factor ratio Jo&, of the smooth 
zone is a weak function of Re, if this method is applied 
In contrast to the results in [2-41 this ratio is almost 
independent of the friction factor of the rough zon:’ 
Dalle Donne [S, 93 developed the R-method in such :i 
way that the data of Warburton and Pirie are taken 
into account. The slope A, of the logarithmic velocit! 
profile in the smooth region is altered in an iterative 
process until Warburton’s [lo] relation 

.f,;‘.& = ~;(f;;ir;l 46) 

is satisfied. The friction factor of the rough zone differs 
from the results of the calculation with constant A, b\; 
between -.. 37; and + l?;,. The dependence of the 
roughness parameter R on k’ and on the relative 
roughness height is changed very little by this modifi- 
cation of the R-method. 
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Comprehensive comparisons of both methods, in- 
cluding heat transfer, are to be found in references 

t8,9]. 

3. PREVIOUS MEASUREMENTS 

3.1. Velocity distribution 
Reports of velocity profile measurements at rough 

surfaces are quite numerous but few concern the fully 
rough regime at an artificial roughness in fully de- 
veloped turbulent flow in a closed channel. Measure- 
ments for free surface flow over a bed composed of 
hemispheres were performed by Bayazit [I 11. He 
found a strong decrease in A, when the flow depth was 
reduced. Because of the different boundary conditions 
compared to a closed duct, his results cannot be 
generalized. Investigations of certain two-dimensional 
roughnesses reported in [12-181 yielded slopes A,, 
which deviated from the generally accepted values of 
A, = 2.5 or A, = 2.39 unless the origin of the velocity 
profile was taken to be behind the actual wall. 

Velocity measurements in pipes internally rough- 
ened with square transverse ribs with four different 
pitch to height ratios at a constant rib height to pipe 
diameter ratio were performed by Whitehead [19,20-J. 
In the fully rough flow region, which was reached at h+ 
values considerably higher than h+ = 70, the slope A, 
was found to be a function of the p/h-ratio. 

Baumann [21] has investigated the dependence of 
A, on the rib height to channel width ratio h/L for 
square two-dimensional roughnesses with three 
different p/h-ratios in a rectangular closed water 
channel. He found A, = 2.55 for low h/L values, while 
with increasing rib heights the slope A, increases or 
decreases depending on the p/h-ratio of the roughness. 
Constant values of A, and R, i.e. inde~ndent of the 
Reynolds number, were obtained at higher values of 
h* with increasing roughness height. In the range 0.01 
5 h/L I 0.02 this occurs approximately when h+ r 
3.2 x lo4 (h/L)1.33. 

3.2. Static pressure 
Due to the turbulent motion, the static pressure 

away from the wall must be lower than that close to the 
wall, as can easily be seen from the Reynolds equa- 
tions. For practical purposes, such as velocity 
measurements in smooth channels by means of Pitot 
tubes, this pressure difference may be negligible. 

For boundary layer flow in a wind tunnel, Furuya et 
al. [22] have measured the static pressure over wire 
roughnesses 2 mm in diameter with p/h = 32. Almost 
no variation has been detected axially between the 
roughnesses, but close to each roughness element 
the static pressure is low by 1% of the dynamic 
pressure of the main flow. This local under-pressure 
diminishes with increasing distance from the rough 
wall and is zero at y = 10h. For square roughnesses 
with p/h = 7.2, Lawn [14] found differences of more 
than 10% between velocity measurements made by a 
hot wire anemometer and those made by a Pitot tube 
together with a static pressure tapping at the opposite 

smooth wall. He attributed these differences to the 
static pressure variation in the flow. Only at distances 
greater than IS rib heights from the rough wall was no 
difference in velocity detected. Consequently, all ve- 
locity measurements at rough walls made by a Pitot 
tube with a static pressure measurement at a different 
position are subject to error. 

4. THE EXPERIMENT 

4.1. Apparam and procedure 
To approximate the flow between infinite parallel 

plates, a rectangular vertical channel with variable 
aspect ratio (between 3.3 : 1 and 11.7 : I) was used (see 
Fig. 1). The internal dimensions of the channel 
were: 700 mm in the width direction (z), 60 mm 
minimum and 210mm maximum in the )I-direction, 
and 7800 mm in the axial direction (x), with tolerances 
of +O.S mm. Three of the channel walls were made of 
Plexiglass, and one wide wall, which was adjustable, 
was made of aluminum, all were 10mm thick. Air 
drawn in through a silencer and filter by a radial 
blower entered the test section through a honeycomb 
grid. Measurements were made near the open outlet. 
Preliminary measurements showed that the flow was 
fully developed for all aspect ratios. Profiles in the z- 
direction showed a zone of approximately 100 mm in 
the middle of the channel in which the influence of the 
short side walls was negligible. The roughness ele- 
ments, aluminum ribs with h = 10 mm, were fixed to 
one of the wide walls by double-sided adhesive tape. At 

probe WW&___ .- u= 
7 

s 
‘4 ” 

& Pitot tube 

f tow red if& 

FIG. 1. The test section. 
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FILL 2. The force-measuring system. 

340 mm upstream of the outlet, a roughness element 
was connected to a balance which served to measure 
the force acting upon the rib. The axial pressure drop 
was measured by five pressure taps in the smooth wall 
over a length of 2500 mm. 

Figure 2 shows a schematic representation of the 
force-measuring system. The exchangeable rib was 
attached to a beam whose axis of rotation was normal 
to the direction of the flow and to the wall (y- 
dir~tion). It was thus ensured that the point of attack 
of a force, irrespective of whether this was at the 
bottom or the top of the rib, did not influence the 
reading. Since the flow in the region of the measuring 
rib was a uniform two-dimensional flow, the effect 
produced by the two different lengths of the lever arm 
on both sides of the center were automatically offset. 
The weight of the rib was balanced out by a counter- 
weight. An important requirement was easy mobility 
of the measuring rib with a minimum leak rate at the 
bottom of the rib and along the sides. At the bottom, a 
labyrinth seal with adjustable gap widths of approx- 
imately 0.03 mm was created; the gap on the sides 
was set to approximately 0.03 mm. Preliminary experi- 
ments at single ribs with measuring ribs of different 
lengths gave identical results; hence, influence of the 
lateral gap could be excluded. 

The force measurement, proper, was performed by 
means of an inductive force transducer with 0.2 mm 
deflection at full range, The housing of the balance was 
sealed to make it pressure-tight relative to the external 
pressure. However, readings with the unsealed balance 
were no different. which seemed to prove a very loo 
leak rate at the rib. Fluctuations were eliminated by 
hydraulic damping of the balance beam and by 
electronic damping. The balance was mounted on an 
aluminum plate which fitted into the channel wall as an 
inset. The velocities were measured by means of a 
circular Pitot tube with an outer diameter of 0.6 mm. 

The corresponding static pressures were measured 
with a second tube, axially aligned with the Row 
direction, and having four holes at its circumference. 
90” apart. Since the measurement of static pressure in 
turbulent flow is problematic, extensive tests of the 
measuring device were made. Tubes with different 
diameters (0.6 I d, I 1.5 mm) and wall thicknesses 
(0.15 5 1, 5 0.525 mm) were tested. The holes had a 
diameter of d, = 0.15 mm, hence, the length to 
diameter ratios of the pressure taps were in the range of 
1 < !,jd, < 3.5. The position of the holes with respect 
to the rough wall was varied also. All variations in the 
pressure readings were small compared to the 
difference between the readings of the static pressure 
tube and a static pressure tap at the smooth wall at the 
same axial position. So, the tube with the smallest 
diameter (0.6 mm) was used in order to disturb the flow 
as little as possible. 

In accord with r~ommendations for the design of 
static tubes [23], the head was ellipsoid-shaped and 
the holes were more than 10 tube diameters away from 
the tip. The lateral distance between the static tube and 
the Pitot tube could be varied and was set to 10 mm : 
tests had shown that the tubes influenced each other 
when they wereless than? mm apart. In measurements 
close to the smooth wall, there was no difference 
between the readings of the static tube and the static 
pressure tap in the wall, up to about 2 mm from the 
wall. For measurements closer than that, especially for 
the determination of the smooth wail shear stress by 
the Preston method, the static tube was positioned 
about 2 mm away from the wall. The cross slide, which 
could be used to position the probe with an accuracy of 
0.01 mm at any position of the flow cross-section, was 
installed 15 cm downstream of the channel outlet in 
order not to block the flow. 

To minimize disturbances to the flow, the probe 
support had to be thin but for suppression of vib- 
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Table 1. Geometrical parameters 

0 elh L/h 

1 4 6, 8.5, 13.5, 21 
1 8 6, 8.5, 13.5, 21 
1 16 6, 8.5, 13.5, 21 
1 32 8.5, 21 
2 8 6, 8.5, 13.5, 21 
1 8 11, 21 both walls rough 

rations, a certain rigidity was necessary. The probe 
support had a diameter of 4mm at its end and 
extended up to 600 mm into the channel, i.e. measure- 
ments were possible up to 260 mm upstream of the 
force-measuring rib. 

4.2. Test parameters 
Five different roughnesses were investigated. The 

height of all roughnesses was h = 10.4mm (10mm 
aluminum + 0.4mm adhesive tape). The channel 
width L was changed up to four times for each 
roughness. Table 1 shows the geometrical parameters 
obtained with h = 10mm. 

At least four different mass flow rates were used for 
each roughness and channel width. Minimum air 
velocity was 12 m s-l, maximum was 45 m s- ‘, which 
resulted in a Reynolds number range of lo5 < Re < 6 
x 105. The values of h+ ranged between 800 and 3000. 

5. EVALUATION 

5.1. Velocity 
The time mean velocity u was calculated from the 

differential pressure between the Pitot tube and the 
static tube, and the density of the humid air. The 
position of the Pitot tube near the smooth wall was 
corrected for according to MacMillan [24]. However, 
the velocities were not corrected for the effect of 
turbulence: turbulence intensities at rough walls are 
not known, and the effect of turbulence, especially on 
the static pressure reading, is not known. The opinions 
of different authors about this are highly controver- 
sial: Goldstein [25] states that the readings of both 

tubes are higher by an additive factor cpq12, with q’ 
being the resultant turbulent velocity and the value of c 
for the total head being c = l/2 while for the static 
pressure c = l/6, if the turbulence is isotropic. Hinze 
[26] states that, because of velocities normal to the 
static tube, the pressure reading is too low with c = 
-l/2. Becker and Brown [27] give correction for- 
mulae for total head probes, which depend on the 
probe geometry and turbulence intensity. The cor- 
rection for small tube diameter is negligible. 

5.2. Wall shear stresses 
The shear stress at the smooth wall was determined 

by Preston tubes using the Pate1 [28] calibration. The 
shear stress at the rough wall could be determined in 
two ways. The first method is based on knowledge of 

FIG. 3. Scheme of the flow cross-section. 

the axial pressure drop dp/dx and the shear stress at 
the smooth wall 7,. Since there is a region in the center 
of the channel, in which the influence of the short side 
walls on the flow is negligible, a force balance for 
steady flow yields 

(z, + z,)dz dx = L dz dp. (7) 

Because of the discrete roughnesses, the average over 
at least one pitch must be taken, thus the mean shear 
stress is 

AP 
7, = L- - 7,. 

Ax 

The reference surface for this shear stress is the smooth 
wall between the ribs (E = 0, see Fig. 3). With another 
reference surface (E # 0), 7r changes to 

AP 
7, = (L - &‘z - 7,. 

The second method of determining the shear stress 
at the rough wall is based on the measurement of the 
force acting upon that wall. Lavallee and Popovich 
[29] showed that the negative and positive portions of 
the shear stress due to viscosity at the smooth wall 
between the ribs cancel each other out for square 
roughnesses with p/h = 12.5. From other measure- 
ments [30,31] it is known that for roughnesses with 
p/h = 16 the error is less than 3%, if only the force 
acting upon the rib is considered in the determination 
of the total stress. For pitch to height ratios of p/h = 
32, the error can rise up to 10%. 

A force balance over the control volume with the 
length p and the height E yields 

F = 7,P + (PI - PZb (10) 

Pressure patterns along the boundary of two suc- 
cessive grooves are assumed to be similar. From 
equation (10) the shear stress can be found thus 

F AP 
7r = F - GE. (11) 

The dependence of 7, on the choice of the reference 
surface E is the same in equations (9) and (11). 



tubes in rough channels should be performed at least 
1.5 channel widths upstream and not at the outlet. 
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5.3. The position of zero shear (z = 0) 
The lengths $, and jV of the zones influenced by the 

smooth and rough walls, respectively, are given by the 
ratio of the wall shear stresses 

;, 7, 

A 7, 

(12) 

With J:, = L - j, - E, the length of the ‘rough’ velocity 
profile is given by 

(13) 

Figure 4 shows the influence of the ribs on pressure 
and velocity at different distances from the wall. The 
periodic variations of both quantities over one pitch 
decrease with increasing distance from the rough wall. 
The velocity reaches its maximum above a rib, while 
the pressure has its minimum there. The error due to 
curvature of the streamlines can be estimated to be 
very low and is not the cause of the pressure and 
velocity distributions found. The distributions for 
different p/h- and L/h-ratios look similar, but the 
magnitude of the periodic variations increases with 
higher p/h-ratios. The velocity one rib height above the 
rib tip varies up to zt: 100,; for p/h = 16 and even more 
for pih = 32, irrespective ofthechannel width &‘h. The 
variation of the maximum velocity increases wtth 
lower Lit-ratios: it varies by + 2’.,, for wide charm& 
and up to &40/: for narrow ones. 

It can be seen that the position of zero shear, 
however, is not dependent on c if it is defined by 3,. 
From equations (8) and (14) we get 

j, = _...L 
ApjAx 

(14) 

6. EXPERIMENTAL RESULTS 

6.1. Outlet effect 
The axial pressure gradient near the outlet of the 

channel was measured at different y-positions (dis- 
tance from the rough or smooth wall, appropriately) 
for different channel widths. At the axial position 1.5 L 
upstream of the outlet, a deviation from the otherwise 
linear pressure drop became evident. The pressure 
drop close to the smooth wall was higher than the 
linear value, while in the rest of the channel it was 
lower. This fact was confirmed by measurements of the 
static pressure across the channel at different axial 
positions. Consequently, measurements with Pitot 

/ 

L/h= 8.5 %./h i 

1.118 
0 0.3 
0 3.5 i 
A k.5 
+ 5.5 r”- 

-%,, x 6.5 j 

For large p/cl and narrow channels, the shear stress 
at the smooth wall, which is determined by Preston 
tube, also varies. Figure 5 shows the variation of z; 
normalized by the average shear stress for different 
channel widths. For L/h = 8.2 the variation is about 
IO:,;, for p/h = 16, and about 309,, for p/h = 32. There 
are two positions, where the mean shear stress can be 
measured : at sip = 0.31 and x/p = 0.88, irrespective of 
the pitch. The mean velocities can be measured a~ 
approximately the same axial positions. although the 
exact positions vary slightly with distance from the 
rough wall. 

Ftc;. 4. Axial variation of (a) velocity and (b) static pressure at square roughnesses, p/h = 7.7, L/k = 8.2 
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FIG. 5. Axial variation of the shear stress at the smooth wall for different channel widths with a roughness of 
p/h = 16 at the opposite wall. 

6.3. Static pressure distribution normal to the wall 
The static pressure distribution normal to the rough 

wall is shown in Fig. 6 for a square roughness with p/k 
= 3.85 and L/h = 8.2. The static pressure in the flow is 
generally lower than that at the smooth wall, inde- 
pendent of the axial position, but close to the rough 
wall (up to a distance y, = 2.5 h) the pressure is 
strongly dependent on the position. 

The low static pressure in the flow is due to the 
turbulent motion. From the ReynoIds equations, we 
find that the difference between the pressure at the 
smooth wall and that within the flow is given by, 

h/L=0122 

p/h:385 

b/h=10 

Umax=30m/s 

Re .3.10' 

h' ~2300 

.9. =l&OPa/m 
ax 

FIG. 6. Static pressure distribution normal to the rough wall. 

while the turbulent stress is given by 
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t = - pu’v’, 

-0.3 

0.2 

H/L=O. 173 

H/L=& 077 

0.1 

B 
E 
c -0.0 

ox 

-e 
x-o.1 
a 

-0.2 

I 
0.0 0.2 0.4 n.6 0.8 I.0 

Y/L 

FIG. 7. Static pressure distribution normal to the rough wall. 
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the viscous stress being neglected. If we compare the 
friction velocity a,?, evaluated from the shear stress at 
the rough wall T,, with the respective turbulent velocity 
L.‘, evaluated from the difference in the static pressure 
(approximately 27: of the maximum dynamic pressure 
for p/h = 3.85 in Fig. 6) we find good agreement for all 
roughnesses. 

Another example is shown in Fig. I for a square 
roughness with p/h = 7.7 for different axial positions 
and channel widths. These results agree well with the 
findings of Furuja et ul. [22] and Lawn [14]. 

1.c 

0.8 

The respective velocity distributions in a channel 
with one rough wall and with two rough wails are 
compared in Fig. g. The effect of the different travers- 
ing positions can be elearfy seen, although this effect is 
more pronounced for roughnesses with larger pitch. 

In Fig. 9 the mean velocity profiles near the smooth 
surface are plotted in universal co-ordinates. The shear- 
stress used in determining us’ is an average taken over 
one pitch. These profiles show the typical characteris- 
tics of universal profiles in smooth channels. There is 

:. i---- ------- -P--- 
91 

B _.l.~“_“_-.l”l_-__-_l ..( 
?i 

FIG 8. Velocity profile in a channel having ial one and (bt two rough walls 

FIG. 9. eon-dimensional smooth-wail velocity profiles for different channel widths with a roughness 
.xX 3.8 at the opposite wall. 
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6.0- 

B 

5.0 - 

4.0 - 

3.0- 

As - 

2.0- 

FIG. 10. Variation of parameters of the smooth-wall profile 
with different roughnesses at the opposite wall. 

no Reynolds number effect but a distinct effect due to 
the rough surface opposite. The slope A,, together with 
the constant B, varies with the relative roughness 
height h/L: with increasing roughness height the slope 
A, decreases and B increases. This effect is slightly 
stronger for roughnesses with higher friction factors 
dp/h = 7.7). The parameters A, and B also vary with 
the axial measuring position in relation to the rib 
position ; for larger p/h-ratios this variation is greater, 
especially for narrow channels, irrespective of whether 
the local shear stress or an average over one pitch is 
taken. As mentioned before, the wall shear stress was 
determined by the Preston method with the constant 
A, = 2.39 and B = 5.45. If the measured velocity 
profiles show different values for these constants, the 
determination of the wall shear stress must be in- 

correct. However, the error involved is estimated to be 
small, since most Preston measurements lie at y + < 30 
where the influence of the rough wall upon the velocity 
profile is probably very small. 

The parameters A, and B of all measured profiles 
were determined by a best fit method, with points for 
y+ < 70 and those close to the maximum which do not 
fall upon a straight line being neglected. The mean 
values of A, and B for each roughness and channel 
width combination are shown in Fig. 10 as functions of 
the relative roughness height, together with the vari- 
ation due to different axial measuring positions. With 
one exception the curves follow the trend described 
above. 

The value of the shear stress at the rough wall, 
determined from the pressure drop and shear stress at 
the smooth wall by equation (9), and the value 
obtained from the force measurement at the rib by 
equation (1 l), differed by less than f 5%. For the 
evaluation of the friction velocity uT, the average of 
both was used. Figures 11-13 show the non- 
dimensional velocity profiles at the rough wall for 
three roughnesses at the lowest and highest h/l-ratios 
for each. The origin of the profiles is defined volumetri- 
cally, i.e. E = hb/p. There is no Reynolds number effect, 
which means that the flow was in the fully rough 
regime. The slope A, and the roughness parameter R 
vary with the roughness geometry and relative rough- 
ness height: with increasing pitch and relative rough- 
ness height, A, and R depend more and more on the 
axial position. A compilation of the profile parameters 
is shown in Fig. 14, where the mean values of A, and R, 

determined by a best fit of the points lying on a straight 
line, and their variation due to the measuring position 
are plotted against the ratio of the rib height h to the 
length of the rough profile 9,. The dependence of the 
rough profile parameters on the relative roughness 
height is similar to that of the smooth zone parameters. 
The roughness parameter R increases with growing 
relative roughness height. The slope A, of the logarith- 
mic profile is generally less than 2.5 and decreases with 

11 

10 

9 

6 

"+ 7 

6 

5 

4 

3 

4 

3 

y/h 

FIG. 11. Non-dimensional rough-wall velocity profiles at different axial positions, p/h = 3.8. 
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FJG. 12. No~“dimensional rough-wall velocity profiles at different axial positions, p,il 7.7 

increasing relative roughness height, except for the 
roughness with p/h = 3.8; here A, is greater than 2.5 
and increases with higher h/G,. Baumann’s [21] results 
for similar roughnesses show the same trends, al- 
though there are some doubts about the validity of his 
results for high &&-ratios because of the ~nde~ned 
axial traversing position. 

One important finding from the present measure- 
ments is that A, and R do not differ for asymmetric and 
symmetric flow at the same k/j,-ratio. The values of A, 
and R, however, depend very much on the choice of 
origin for the velocity profile: a common definition is 
E = 0 i.e. at the root of the ribs. Although for high p/h- 
ratios, A,and R arenot much affected by the definition, 
for&k = 3.8 A, rises by approximately 0.25 and R falls 
by 0.5 compared with the values obtained when the 
origin is volumetrically defined. The dependence on 
k/jr is similar. 

Rough velocity profiles can be described by choos- 
ing the origin in such a way that A, 1: 2.5 or .4, = 2.39 : 
this approach is frequently found in the literature. The 
parameter c influences A, in two ways. Firstly, with 
decreasing i: the slope A, in the logarithmic diagram 
increases and vice versa. Secondly, the shear stress at 
the rough wall depends on the choice of the reference 
surface as was shown above, so if 8: is reduced, the 
apparent shear stress increases and the slope 4, 
decreases. This second in~uence is counter to the first 
but much weaker. 

In the evaluation of the present measurements, the 
surface E = 0 was taken as the reference for the wall 
shear stress, while for the origin of the velocity profile, 1: 
was changed iteratively until the best fit gave A, = 2.5. 
Figure 15 shows the variation in the resulting E, 
normalized by the rib height h, and in the correspond- 
ing roughness parameter R with h/j,. The dashed lines 

A 

0 

FIG. 13. Nan-dirn~~si~na~ rough-wall velocity profiles at different axial positions, j):iz 7 30.X 
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FIG. 14. Parameters A, and R of the rough-wall profile with a 
volumetric definition of the origin of the velocity profile. 

in Fig. 15 show the results when the origin of the 
velocity profile is taken as the reference surface for the 
wall shear stress. Except for the roughness with p/;h = 
3.8 the origin lies below the root of the rib. For p/h = 
3.8 it is E/h = 0.8, while for the other square rough- 
nesses the mean value is s/h = -0.75. Table 2 shows 
results from the literature. 

The discrepancy between the first three authors in 
the Table is easily understood since the velocity profile 
depends on the axial position. The measurements of 
Perry and Joubert [15] were performed in a wind 
tunnel, and the wall shear stress was determined by 
putting a straight line through measured points and 
assuming a slope of A, = 2.44, which is not a reliable 
method. 

Now, there are two ways to describe the velocity 
profile at a rough wall in terms of the law of the wall. 

(0) 
1.0 /--------- -1 

Either the slope A, is assumed to be constant and a new 
variable E is defined, or the origin of the velocity profile 
is defined in a certain way and A, becomes a function of 
the roughness and channel geometry, Besides con- 
siderations about the turbulence structures, which 
might favor one of the two ways, only practical reasons 
should decide which description is to be used. Since 
integral quantities are necessary to calculate the flow 
in a channel, this problem will be discussed later. 

7. ANALYSIS OF INTEGRAL QUANTUM 

7.1. ~r~ct~un factors 

Friction factors of the rough and smooth zones were 
determined by numerical integration of the velocities 
between the respective walls and the zero shear stress 
line. At the rough wall the integration started at the rib 
tip or at the root, depending on the measuring 
position. From the appropriate bulk velocity and the 
corr~~nding wail shear stress, the h-i&ion factor can 
be calculated thus 

f,., = 2/ii,t,z. 
The Reynolds numbers are given by 

(16) 

The theoretical friction factor of a smooth pipe at the 
same Reynolds number as that of the smooth or rough 
zone was calculated by the Prandtl-Nikuradse 
equation 

l/f!& = 4 log(Re~,~~~~~~~ - 0,4. (18) 

Figure 16 shows the friction factor of the smooth 
zonef,, normalized by the smooth pipe friction factor 
fos, as a function of the ratio A/f,. The origin E of the 
velocity profile was defined volumetrically however 
there would be no fundamental change in the picture 
with a different definition of E. The correlation is not 
very satisfactory and it does not change if the ratio&/for 

FIG. 15. Displacement of (a) the origin E of the velocity profile and (b) the roughness parameter R, if A, = 2.5 
is pre-set (symbols from Fig. 14). 
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Author 

Hanjalic and Launder [ 121 
Lawn [14] 
Aytekin and Berger [18] 
Perry and Joubert [15] 

is taken as abscissa. There is, however, an increase in 

the smooth friction factor ratio with the increasing 
friction factor of the rough wall. A better correlation 

exists betweenf,&,and the geometry parameter h/L or 
h/j,. Although this functional relationship seemed to 

fit quite well, it was seen in later experiments that it 
does not hold for roughnesses, such as three- 
dimensional ones, with higher friction factors. It is 

easily understood that a mere geometrical parameter 
cannot describe the full range of potential roughnesses. 
The frictional characteristics of a roughness are taken 
into account by the parameter h/G, since y, decreases 

with higher friction at the rough wall. Figure 17 shows 
f,/&, as a function of this parameter. This relationship 
can be described by 

1; 
-~~ = 1.056 + 0.0062 ;, 

f 
(19) 

OS )I, 

which accommodates three-dimensional roughnesses. 
This correlation is the only one which is independent 

of the parameter c. 

7.2. Profile parameters 

For the development of a transformation method 
(R-method) based on the present measurements, the 
following points are crucial : 

(i) The position of the line t = 0 averaged over 

one pitch is independent of the parameter c. 
(ii) If the profile parameters A,, B, A, and R are 

determined by a best fit in a semi-logarithmic plot, 

the intersection of the two resulting functions does 
not give the zero shear stress line. This was verified 

L. MEYER 

Table 2. Position of the origin of the velocity profile at rough surfaces 
_~ 

p/h 4, i:/h 

10 2.38 -0.4 
1.2 2.39 - 1.0 
7.2 2.40 -0.2/-0.46 
4.0 2.44 0.25 

by calculation. It is, however, possible to choose I. in 
such a way that the velocity profiles intersect at the 
line T = 0. 

(iii) Integration of equations (4) and (5) with the 

profile parameters determined by the best-fit me- 
thod does not yield the true bulk velocity because 
the velocity departs too much from a semi- 
logarithmic straight line. 

Hence, for a consistent determination of profile 
parameters the following conditions must be met: 

U smax = u,mx. 122) 

If we use the law of the wall [equations (4) and (5 ,I to 
describe the flow in a plane channel, the above 

conditions may be written 

U.=U,.rA.,n(~~+R-A.1. 

[Asln(F) + B]u;, = [A,lnii, + R 

with 

I 41, 

I f’/H 

t 
,I 7. 8 

fs/fos i 1.056 + 0 0051f,/f,) 2 0 03 

(24) 

(25) 

FIG. 16. Variation of the friction factor of the smooth zonef, with the friction factor of the rough zonef,. 
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FIG. 17. Variation of the friction factor of the smooth zonef, with the relative length of the smooth zone. 

Of the five variables, A, B, A,, R, and E, two must be 
preset, while the other three are determined by equa- 
tions (23), (24), and (25). The criteria for a choice of the 
two variables to be preset are: easy resulting cor- 
relations for all five variables, and similarity to the 
variables which were determined by the best fit of the 
semi-logarithmic straight line in the velocity profile. 
Presetting the parameters E and B has turned out to be 
most suitable. Another interesting choice would be to 
set A, = 2.5, E = E,,, or B = 5.5, as this would 
correspond to the method currently used : setting A,, E, 

and B at the same time is not possible because of the 
redundancy in determination, while setting A, = 2.5 
and E = eVO, results in unrealistic values for A, and B, so 
methods using these parameters would yield incorrect 
results. 

If one of the parameters in the ‘smooth’ profile is 
chosen, the other one is determined independently of 
the parameters in the ‘rough’ profile. For B = 5.5 the 
resulting values of A, are shown in Fig. 18. Except 
for the large pitch roughness (p/h = 30.8) the variation 
in A, due to different measuring positions is negligible. 
The data can be correlated by the expression 

As in the friction factor results, the data for three- 
dimensional roughnesses do not fit into the cor- 
relation: the decrease in A, with increasing h/j, was 
greater than that found for two-dimensional rough- 
nesses. By considerations analogous to those which 
led to equation (19), a correlation was found for A,, 

which holds for roughnesses with higher friction, [Fig. 
18(b)] : 

A, = A,, + 
0.4 

In (0.1 h/js) ’ (27) 

For small ratios of h/j,, the slope A, takes the value A, 
= 2.55. This constant might be a weak function of the 
Reynolds number, but this could not be verified by the 
present investigation, 

If the slope of the rough profile is taken to be A, = 

2.5, the resulting values for the parameter E are 
dependent on the roughness geometry and channel 
width in a way similar to that shown in Fig. 15 (for a 
table of results see [30]). Since negative values of E 
complicate the calculation of the flow in rough chan- 
nels, a variable slope A, is preferred. 

An illustration of the effect of .s on the parameters A, 

and R is given in Fig. 19(a) for E = 0, and in Fig. 19(b) 
for E = h. There is a large disparity in R between the 
two cases and the variation of A, with h/j, is also quite 
different. With a volumetric definition of E, the trends 
in A, and R look similar to those for E = 0. 
Extrapolation to small relative roughness heights gives 
a slope of A, = 2.5 for all roughnesses with E = 0. A 
possible function A, = f(h/j,, p/h) has the drawback 
that the transition from roughnesses with small p/h- 
ratios to a smooth wall (p/h -+ 0) is inconsistent. This is 
not so if E = h. However, in this case, extrapolation to 
small h/j,-ratios yields slopes of A, > 2.5, which are 
also inconsistent. Hence, there is no sensible cor- 
relation for A, with a constant E for all roughnesses. A 
volumetric definition of the common type does not 

AS 

FIG. 18. The profile parameter A,, calculated by equation (23) 
with B = 5.5, (a) as a function of h/jr and (b) as a function of 

h/jr (Symbols from Fig. 10.) 
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Ftc;. 19. Parameters of the rough-wall profile calculated by equations (24) and (25) using diKerent definitions 
of the origin of the profile: (a) I: = 0; (b) c = h. 

afford any improvement. Therefore, a different voiu- 
metric definition is proposed. 

With reference to the flow behaviour at the ribs, an 
eddy of length 1, is assumed (see Fig. 20). If this eddy 
zone is regarded as solid, a volumetric definition yields 

E 26 + i, 
- = ..-~ 

h 2P 
for 1, I p - b. 

and 

c 
- = 1 - = 
h 

for I, > p - b. 
* 

The length &determines the variation of E as a function 
of the P/h-ratio. Compared with the common volumet- 
ric definition, E approaches the value F. = h faster with 
decreasing p/h-ratios. For 1,/h = 3, the resuiting A, 
functions are plotted in Fig. 21. This value of 1, gives 
rise to the best functions for A, and lies between the 
measured value of 1,/h = 4 for b/h - 1, and 1,/h = 2.4 

__? IJ r--.-_ p - ---....-7 

for b/h = 2 [30,31]. All values of A, are below 2.5 and 
approach the value A, = 2.5 with decreasing h/G,. The 

measurements are best approximated by the relation 

with 

and 

(29) 

i 

(30) 

The parameter E is a measure of the deviation of the 
slope of a rough profile from that of a smooth profile; 

RG. 21. The profile parameter A, calculated by equations 
FIG. 20. Approximate flow model for the definition of the (24) and (25) using a quasi-volumetric definition (28) of the 

origin of the velocity profile. origin of the velocity profile. 
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6 

FIG. 22. The parameter E. 
L 

the function is shown in Fig. 22. It is evident that there 
is a proportionality between E and the friction 
coefficient of a roughness : the parameter E is high for 
roughnesses with high friction and a low roughness 
parameter R, but it decreases to zero, i.e. A, = 2.5, if the 
roughness is weak. The expressions (30) for E can 
certainly be improved, especially for roughnesses that 
are not square, if more data are available. 

8. APPLICATION OF THE TRANSFORMATION 
METHOD 

Equations (27)-(30) give the slopes of the velocity 
profiles in the smooth and rough zones of an asym- 
metrical rough channel as functions of the ratios p/h 

and L/h. With a knowledge of the slopes A, and A,, and 
the constant B in the smooth profile, measurements 
can be evaluated when only the friction factor and the 
Reynolds number of the whole channel are known. 
Friction factors for the rough and smooth zones and 
the roughness parameter R can be determined (for a 
derivation of the requisite equations, which are based 
on equations (23)-(25), see [30] for parallel plates, and 
[6] for annuli). 

8.1. Parallel-plate channels 

The present experiments and those experiments 
performed in a rectangular water channel by Baumann 
[21] were evaluated by taking the total friction factor 
and Reynolds number and the geometrical parameters 
as input data. The resulting values of R are shown in 
Fig. 23. Only four runs, each performed at the highest 
Reynolds number, were taken from [21] except for the 
case with pJh = 8 and h/j, = 0.01, where only one run 
was available at a sufficiently high Reynolds number 
for the fully rough flow regime to prevail. 

Although the p/h- and b/h-ratios in the present 
experiments and those in Baumann’s work differed 
only slightly, the total friction factors for p/h = 8 and 
p/h = 16 at the same h/j,-ratios differed by up to lo%, 
hence the different values of R for similar roughnesses. 
The differences between values of the friction factor of 
the rough zone calculated by the present transfor- 
mation method and the experimentally determined 
values were less than 0.1% for the mean error, and less 
than 0.5% for the standard deviation in both sets of 

H.M.T.-23/5--8 

A’ 
.’ P/h 

FIG. 23. The roughness parameter R in plane channels. 

experiments. This is proof of the accurate determi- 
nation of the zero shear stress line by the use of 
equations (27)-(30). By combining the results of both 
sets of experiments, the following relation for the 
parameter R can be obtained from Fig. 23 : 

R=R 

with 

Rol = R [h/jr = 0.011. 

Deviation from this straight line in a semi-logarithmic 
plot at high h/jr-ratios occurs at different values for 
different roughnesses. 

8.2. Annulus 
Experiments with ten different rough rods in four 

different smooth tubes, which are described and 
documented in [8] and [9], were re-evaluated. Except 
for the new equations for A, and A,, the transformation 
method used was that developed by Maubach [6] 
(setting K, = 1.0). The resulting R (h+)-functions are 
similar to those in [8,9] ; the values of R for h+ = 150 
are shown in Fig. 24. The h/$,-effect on R is somewhat 
stronger than for the parallel-plate channel but weaker 
than that evaluated with a constant A,. 

For most roughnesses, the relation 

R(150) = R,,(150) + 0.35 In g 
(. > 

(32) 

can be applied up to h/j, = 0.1 with an acceptable 
amount of scatter. The deviation from the straight line 
in the semi-logarithmic plot with increasing h/j,-ratios 
appears at smaller h/j,(h/j, > 0.05) for roughnesses 
with narrow ribs (Nos 8, 9, 10) than for those with 
broad ribs (No. 4, and in the plane channel, b/h = 2). 
The difference in the variation of R with h/j, is small 
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FIG. 24. The roughness parameter R in an annulus (for 
roughness geometry see Table 3). 

between annuius and parallel plates, but because of the 
scatter of the data, it is not possible to decide 
conclusively whether this is a consequence of the 
curvature of the channel wahs. 

The accuracy of the determination of the zero shear 
stress line cannot be checked for the annulus experi- 

Table 3. Roughness geometry for experiments m annuh 
[8,9]; recalculated roughness parameter R,, ; minimum and 
maximum differences in the rough zone friction factors 
obtained by the two transformation methods, i.e. with 
constant A,, and with A, given by equations (24) and (25) 

NO. {“‘h hql RO, 
- ~..~~~~_ 
1 6.25 0.96 3.x 
2 61.5 1 .os 8.0 
3 4.06 1.64 3.2 
4 4.X6 0.82 4.8 
5 5.77 1.73 3.0 
6 4.08 2.61 2.6 
7 4.07 0.98 4.9 
8 6.11 2.62 2.x 
9 16.2 2.64 4.1 

10 29.7 2.70 5.2 
_._ -_-i ._ .-.. ~~_.. ^ ̂ . -..- 

ment. The differences Af in the rough zone friction 
factors obtained by the transforn~atjon method with 
constant A, from [S, 91 and those obtained by the 
present method are shown in Table 3. The first value 
belongs to the Iowest ~/~~-ratio and the second to the 
highest h/i,-ratio being investigated. Negative values 
stand for smaller friction factors evaluated by the 
method with constant A,. With the exception of No. 2 
where p/h = 61.5, the difference Aj’for low h/jr-ratios is 
fess than i 1%. For high h/jr-ratios, the new method 
yields up to 5.7% higher friction factors. These 
differences cannot be attributed to the new function for 
A,, but are a consequence of the A, value deviating 
from A, = 2.5; this was checked by calculation. 
Differences due to the use of equation (27) for A, rather 
than application of relation (6) of Warburton [lOI are 
in the range + 1%. 

. . 
A compiIatlon of R,, values is shown in Fig. 25. 

together with the function of Dalle Donne and Meyer. 
which was determined using a volumetric definition of 
the hydraulic diameter and the assumption that A, = 
2.5. For an exact determination of R as a function of 
the p/h- and b/h-ratios, more data must be evaluated. 

Symbols from figure 23 and 26 

L_.._--.. .._.I_ .._..-.-i_. _A_. 

20 30 40 50 60 

FIG. 25. The roughness parameter R,, 
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9. CONCLUSION 

The roughness parameter R cannot any longer be 
regarded as the only characteristic parameter for an 
artificial roughness, The slope A, of the velocity profile 
is not constant but varies with the roughness and 
channel geometry. 

In the use of logarithmic velocity profiles in a 
transformation method in order to locate the line of 
zero shear in an asymmetrical flow, the slopes de- 
termined by a best fit of the points lying on a straight 
line in a semi-logarithmic diagram cannot be em- 
ployed ; the deviation from a straight line, especially in 
the core Row, is too large. The ex~riments must be 
evaluated by an integra1 method in order to find 
velocity profile parameters which can be used in a 
transformation method. An important parameter in 
the analysis is the origin of the velocity profile at the 
rough wall. In order to get sensible functions for A, and 
R, this origin should be defined quasi-volumetrically, 
i.e. eddy zones around the roughnesses should be 
treated as solid wall. If the profile parameters are 
determined in this way, it is found that the slope A, of 
the velocity profile at the smooth wall decreases with 
increasing relative roughness height, normalized by 
the length of the smooth zone (h/3S). The slope A, of the 
profile at the rough wall also decreases with increasing 
roughness height (h/G,). The extent of this deviation 
from the constant value of A, = 2.5 depends on the 
friction factor of the roughness, being greater for 
roughnesses with high drag. The parameter R for a 
certain roughness is not constant either. It increases as 
the roughness height increases until some value of the 
h/$-ratio, which depends on the drag of the relevant 
roughness-rib, is reached. 

The description of flow in asymmetrical rough 
channels has become quite complex, but evaluations 
by a transformation method incorporating the new 
functions developed in the present work have resulted 
in friction factors of rough zones which differ by no 
more than 5.7% from previous results. For other than 
square two-dimensional roughnesses, the relations for 
the profile parameters have yet to be determined. 
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ECOULEMENT TURBULENT DANS UN CANAL RECTANGULAIRE A 
UNE OU DEUX PAROIS RUGEUSES 

Rbum&L’hypothtse de profils de vitesse universels sur des surfaces lisses et rugueuses est largement 
utilisCe pour le calcul de I’&oulement dans des canaux rugueux. On a r&alisC des expkriences dans un 
Pcoulement pleinement developpd dans un canal rectangulaire d’un rapport variable de la hauteur A la 

largeur. afin de dCterminer les paramktres des profils de vitesse sur des rugositQs rectangulaires A deux 
dimensions. Dans des canaux rugueux a une et B deux parois rugeuses, on a mesurC les profils de pression et 

de vitesse en rigime d’kcoulement entikrement rugeux. II en risulte que I’tltvation du profil logarithmique 

sans dimension diminue dans les zones lisse et rugeuse avec I’augmentation de la hauteur relative de la 
rugositC et avec l’augmentation de la rtsistance de la rugositC, ce qui est en contradiction avec I’hypoth&e 

gkkralement accept&e d’une tllvation constante. 

Les paramttres de profil d&erminCs sont ddcrits en fonction de la gtomktrie du canal et de la rugositk et 

introduits dans une mBthode de transformation qui est appliqule B des donntes expkrimentales obtenues par 

d’autres auteurs dans des canaux rectangulaires et annulaires. 

TURBULENTE STRijMUNG IN EINEM PLATTENKANAL MIT EIN- UND 
BEIDSEITIG RAUHEN W#NDEN 

Zusammenfassung-Fiir die Berechung der Striimung in rauhen Kanllen hat sich die Methode, die auf der 
Annahme universeller Geschwindigkeitsprofile iiber glatten und rauhen OberflHchen beruht, durchgesetzt. 
Es wurden Experimente in voll ausgebildeter StrGmung in einem rechteckfarmigen Kanal mit variablem 
Seitenverhiltnis durchgefiihrt, urn die Parameter der Geschwindigkeitprofile iiber zwei-dimensionalen 
rechteckigen Rauhigkeiten zu bestimmen. In ein- und beidseitig rauhem Kanal wurden Druck- und 
Geschwindigkeitprofile im vollrauhen Striimungszustand gemessen. Es zeigt sich, dalj die Steigung des 
dimensionslosen logarithmischen Profils in der glatten und in der rauhen Zone mit wachsender relativer 
RauhigkeitshGhe und wachsendem Widerstand der Rauhigkeit abnimmt, im Widerspruch mit der allgemein 
akzeptierten Annahme einer konstanten Steigung. 

Die ermittelten Protilparameter werden als Funktion der Kanal- und Rauhigkeitsgeometrie beschrieben 
und in einer Transformationsmethode auf Experimente in Plattenkanllen und Ringspalten anderer Autoren 

angewandt. 

TYP6YJIEHTHOE TE’-IEHME B IIJIOCKOM KAHAJIE C OAHOCTOPOHHEti 
I4 ABYCTOPOHHEI? IIIEPOXOBATOCTbIO CTEHOK 

AHHOTaLlHs ~ Hpx pacqe’re Teqemia a mepoxoeaTbrx xauanax tmipo~o ucnonb?ye%n Genoa. OCHO- 
BaHHbIti Ha npeflnOJOX@?HW 06 yHRBepCanbHbIX npO+HnaX CKOpOCTB Han r,,a,!IKIIMH M WZpOXOBa- 

TbIMll nOBepXHOCTSMH. npOBOL&SnBCb OnbITbl B yCJOBHSX rW,pOJ,HHaMHWKOi? cTa6ane?auae a “paMO- 

yrOJlbHOM KaHa,‘Ie C nepeMeHHbIM OTHOCHTeJIbHblM pa3MaXOM CTeHOK KaHaJIa C LIeJIbE O”peLWIeHIia 

UapaMeTpOB npO&,JI& CKOpOCTM Ha,!, L,ayMepHbIMH “pSIMOyrOJIbHb,MB UEpOXOBaTOCTIMH. B KaHaJIaX 

C 0,IHOCTOpOHHeti M DByCTOpOHHeti LUepOXOBaTOCTbM CTeHOK li3MepaJHCb UpO@nH HanOpa A CKOpOCTH 

Tevewia a ycnoemx pa3anTOti mepoxosaTocTM. OKasbmaeTcs. wo KmnoH GespasMepHoro norape@ 

MMqeCKOrO npO@HJUI a rJIafiKOi? U LUepOXOBaTOfi 30HaX yMeHbmaeTCa C pOCTOM O-rHOCHTe.7bHOL? BblCOTbl 

UEpOXOBaTOCTefi ‘4 nOBbIWeHIieM COnpOTBBJEHHfi “IepOXOBaTOi? CTeHKW, ‘IT0 npOWBOpWAT 06U,e- 

np~~aT0My nonylueHero 0 nOCTOIIHHOM HaK1OHe. 

flonyqeHHbre napaMeTpb1 npo@ine8 0nwbmamTcfi B 3amicMMocTki 0~ reoMeTpulr KanaJla ki mepoxo- 

BaTOCTeii A B paMKax MeTOfla npeo6pa30BaHwfl npHMeHSUOTC8 ;IJTR o6pa6oTKa ,IaHHbIX. llO.lyWHHblX 

flpyrHMS, aBTOpaMH B OnblTaX C I,.“OCKBMll KaHajlaMH H KOflbUeBblMU 3a30paMH. 


