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Abstract

Measurements of the pressure drop and the velocity distri-
bution at three-dimensional roughnesses in a rectangular
channel of variable channel width were performed with air,
The friction factors of the extreme roughness (p/h=2.5,
g/e=1) were found to be the highest which were measured up
to now. The velocity distribution showed great differences
to that observed at other roughnesses, The 'law of the wall'
is not adeguate to decribe the velocity profile over these

roughnesses, the velocity profiles are much flatter.

Geschwindigkeitsverteilung und Druckverlust an dreidimensionalen

Rauhigkeiten

Zusammenfassung

In einem rechteckfdrmigen Kanal mit variablem Plattenabstand
wurden Messungen des Druckverlustes und der Geschwindigkeits-
verteilunyg an dreidimensionalen Rauhigkeiten mit Luft durch-

gefiihrt.

Die mit der extremen Rauhigkeit (p/h=2.5,g/e=1) gefundenen
Reibungskoeffizienten sind die h&chsten bisher gemessenen.
Die Geschwindigkeitsverteilung unterscheidet sich sehr von
der an anderen Rauhigkeiten beobachteten. So kann das Wand-
gesetz das Geschwindigkeitsprofil an dieser Rauhigkeit nicht
mehr richtig beschreiben, die Profile sind sehr viel flacher.



1. Introduction

Artificial roughness at the surface of fuel element rods is
used in gas cooled reactors to improve the heat transfer
capacity at a limited mass flow rate. The roughness which

is presently used consists of repeated ribs or threads on

the rod surface. With parts of the ribs cut away in an alter-
nating pattern, we get a three-dimensional roughness, which
was found to have an even higher heat transfer capacity /1,2/.
The R-functions, which describe the friction characteristics
of the roughness could, however, not be correlated in the same
manner as it was done for two dimensional roughnesses /2/.

In order to eliminate those inconsistencies measurements of
the flow distribution at artificial three-dimensional roughnesses
were undertaken. This report is the third in a series about
measurements in a rectangular channel. The other two were on
two-~dimensional rectangular roughnesses and on round edged
ribs /3,4/ (see also /5,6,7/).

2. Bxperimental Setup

Since the test rig and measuring methods were described in
great detail in reference /3,5/ and /7/ only the main features

and modifications shall be described here.

The measurements were performed with air near the open outlet
of a vertical rectangular channel (Fig.1). The internal dimen-
sions of the channel are 700 mm jin the wide direction (z) and
60 mm minimum and 210 mm maximum in the y-direction with
tolerances of + 0.5 mm, The roughness elements which were made
of aluminium were fixed to one of the wide walls, respectively
to both wide walls. The axial pressure drop was measured by

13 pressure taps (0.2 mm i.d.) in the smooth wide wall over

a length of 6500 mm.



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 to the flow direction, which has four holes at its
circumference and an ellipsoid shaped head. The lateral
distance between static tube and Pitot tube was set to 8 mm,
The wall shear stress at the smooth wall was determined by
the Preston method, using the same Pitot tube and a static

pressure tap in the smooth wall.

The cross slide, which was used to position the probes with an
accuracy of 0.0%1 mm at any position of the flow cross section,
was installed 150 mm downstream of the channel outlet in

order not to block the flow.The probe support with a diameter
of 4 mm at its end extended approximately 300 mm into the
channel, where the velocity measurements were taken. Velocity
traverses parallel to the wide walls at the position of

maximum velocity at the center, show a small zone in the center
which seems to be unaffected by the short side walls (Fig.2).
Here the velocity measurements were taken. There is, however,

a strong variation of the velocity close to the short side walls,
especially for the narrow channel widths. This overshooting

of the velocity was not observed at two dimensional roughnesses.
Because of difficulties in fixing the last row of elements
closest to the side walls, this row was left out for this
particular roughness {(No.5), thus creating a narrow strip of
smooth wall near the corners. Thig might be one reason for the

peculiar velocity distribution.

3. Test parameters

Five different three-dimensional roughnesses were tested, The
geometry is shown in figure 3 and the parameters are listed

in table 1. The parameters were chosen in such a way, that the
friction factors to be expected were high. In a simple experiment
where the spacing p and gy was systematically varied and the

force upon a roughness rib was measured a relationship between

friction factor and roughness geometry had been found /3,6/.



Figure 4 shows those results in terms of a friction factor
based on the maximum velocity in the flow cross section for
e/h=4., The parameters which were chosen for this investiga-
tion are marked (No.1,2 and 3) in figure 4. Roughness No.1

had, however, a ratio e/h=6, which had been found to yield

higher friction factors than a ratio of e/h=4,

The roughness with the highest friction factor (No.2) was
tested again with a smaller roughness height (No.5) and a
somewhat different e/h-~ratio of e/h=5. This roughness was
also used to test a symmetrical rough channel, by placing
roughnesses on both wide walls. Different from the rectan-
gular roughness geometry is roughness No.4 with a rhombic
geometry {(see figure 3b). This shape was chosen because it

was used in single pin tests in our laboratory /2/.

The relative roughness height was varied by changing the channel
width L. Thus, the aspect ratio of the channel varied between
3.3:1 and 11.7:1.

The mean velocities were in the range between 8 and 30 m/s
which resulted in a Reynolds number range of 0.8-105< Re- <
5-105. The values of h+ ranged between 500 and 3300. Most
roughness-channel width combinations were tested at four

different mass flow rates.

4, Evaluation

The time mean velocity u was calculated with the differential
pressure between Pitot tube and static tube and the density
of the humid air. The position of the Pitot tube close to the
smooth wall was corrected according to Mac Millan /8/. A

correction of the velocities for the effect of turbulence was

not applied.



The shear stress at the smooth wall was determined by Preston
tubes using the Patel /15/ calibration. The shear stress at
the rough wall was determined by the knowledge of the axial
pressure drop dp/dx and the shear stress at the smooth wall
Ty 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 of steady flow yields

(TS+Tr)dZdX = L dzdp. {1)

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

=1 &R - ¢ (2)

The reference surface of this shear stress is the smooth wall
between the ribs (e=0,see Fig.5). For another reference sur-

face (e#O)Tr changes to

r_ = (L-g) 2R -, (3)

r Ax s

The extension of the zones influenced by the smooth (?S) and
rough (?r) wall respectively is given by the ratio of the wall

shear stresgses

=

= -5 (4)
T

"<>l m'~<.‘)

r

=

With ?S = L—?r—e, the length of the rough velocity profile

is given by

A L-¢
g = T (5)
r 1+TS/Tr



It can be seen that the position of zero shear, however, is
not dependent on e if it is defined by ¢,. From equation (2)

and (5) we get

T
S

Ys = Tp/a% (6)

The average velocities in the two zones were determined by
numerical integration of the measured values 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,

The friction factors are calculated by

—+2
fr,s = 2/“r,s (7)
u
with ar - r,S (8)

r,s (Tr's/p)l/z

The Reynolds numbers are given by

Rer = ()

The experiments with single pins in annuli and with rod
bundles are usually evaluated by the assumption of logarithmic

velocity profiles near the smooth and rough wall with

+ +
u, = Ag 1n Y + B (10)
+
and u,. = Ar In (yr/h) + R, (i1)

If the results of the present experiment are to be used in
this way the profile parameters AS,Aﬁ,B and R must be
determined from integral quantities. As described before

/3-7/, the following conditions must be met:




g
= _ _Ts 5 +
u, = ~§; é (A, In y  + B)dy (12)
5 = xr }Ir(A In £ + R)dy (13)
Y Y, ° r h :

uSmax = urmax (14)

Integration of equation (12) and (13) for the flow in a plane

channel yields

i ¥sUrg
AS 1n (“T")+B"AS} (15)

=)
Il
=

-~
_—

_ Y
U, = u LAr In (-—H)+R—Ar {(16)

and equation (14) reads

?SuTS S}.‘K.‘
[AS 1n ( S )+B]uTS = [Ar 1n (~—5)+R U (17)

with ?r=L—e-?s

Of the five variables AgsB,ALR and e, two must be preset the
other three are determined by eguations (15),{(16) and (17).
A presetting of the parameters e and B has turned out to be

most suitable,



5. Results

Figures 6.1 - 6.27 show all measured velocity profiles reduced
with the respective maximum velocity. The position of the Pitot
tube relative to the roughness ribs was varied and is given by
the x/h-value. Values of x/h>0.5 represent measurements starting
at the smooth wall between the ribs. The other measurements
were taken above a rib., Most measurements were taken at the
exact center of the channel and of a rib {z-position). The
infiuvence of the measuring pesition of the velocity distribu-
tion was especially large for narrow channel widths and the
roughness with the highest friction factors (No.2). Here we
get also different velocity distributions at the same x/h-posi-
tion but different z-positions. This was verified by measuring
the velocity at a fixed distance from the wall in z-direction
(not'shown). The level of turbulence at these measurements
was extremely high, which made the measurements difficult be-
cause of the large fluctuations of the Pitot-readings. In
figures 6.24-6.27 the velocity profiles of the channel with
two rough walls are shown. The velocity distribution turned
out to be exactly symmetrical, therefore only one half of the
velocity profile was measured and is shown here twice. The
velocity distribution at different relative roughness heights
does not show a gsystematic variation, For some roughnesses it
shows a tendency to become flatter with higher h/L-ratios, but
this trend is reversed for other roughnesses. In order to check,
whether there was an effect of the channel outlet, some measure-
ments were performed 840 mm upstream instead of only 300 mm, but

no difference was found.



5.2 Friction factors

WY o, W e A s vt s A T e

The bulk friction factors were determined by

£, = %E-%—é-)z— (18)
with the bulk velocity u from integration of the velocity
profiles and the axial pressure drop Ap/Ax., From the 12
differential pressures measured along the channel an average
value was formed without the first four measurements at the
entrance and the last one at the exit because of deviations

from a linear pressure gradient.

Figure 7 shows the friction factors determined with =0, i.e.
neglecting the volume of the roughness, as function of the
relative roughness height. Plotted are the average values of
all measurements at a certain channel width with the range of
scatter. The large scatter stems mainly from the different

bulk velocities due to different axial measuring positions,.
Since there is a lateral velocity variation due to the limited
length of the roughness ribs, the integrated velocity at a
certain traverse is different at different axial positions.
This was not the case at two-dimensional roughnesses. As for
other roughnesses the friction factor grows with increasing
relative roughness height, But there is one distinctive
difference to former measurements. The function f=f(h/L) is

not linear but has a maximum at a certain value of h/L for
three roughnesses which were tested up to the highest h/L-ratio,
This does not change if the friction factor of the rough zone
fr is plotted over the h/?r—ratio (Fig.8) . Neither does another
definition of the hydraulic diameter change this tendency. For
the other extreme of e,e=h, the friction factors are lower but
the maximum is even more pronounced (Fig.9). The maximum is
reached at different h/y,.-ratios for the different roughnesses;
for the roughness with the highest friction factor it is reached

at the lowest h/?r-ratio. At the highest h/?r—ratio all three



roughnesses have the same friction factor,

Because of this strange characteristics the roughness No.5
was tested with similar parameters as No.2 but with a smaller
height., The agreement in the friction factors for the lower
h/?r—ratios is very good, but this roughness does not show a
maximum friction factor at a high h/?r—ratio. It could, however,

not be tested up to the same h/¥.~ratio.

Errors in measurements of pressures and velocities or in the
integration of the velocity cannot account for this character-
istics. It is also very unlikely that secondary flows can cause
a difference in the friction factor by a factor of two, between
the measured and the expected ones. Besides, secondary flows
tend to increase the friction factors, rather than decrease them.
The possible explanation, that the flow at the mid-plane is
not uneffected by the short side walls, is not convincing since
the aspect ratio at high h/L-ratios is also the highest. So, it
can only be speculated about the reason for these results. It
might be possible that due to the restricted flow cross section
the dead water regions behind the ribs are changed in length,
and a roughness which hdd a high friction factor at low relative
roughness heights is no longer in the optimum range of the
parameter field, but a different pitch would result in higher
friction factors. No measurements at roughnesses,; however, are
known to the author, which yielded friction factors as high as
the present ones. Measurements at single pins with three-dimen-
sional roughness contained in different smooth tubes yielded
friction factors which were increasing less than linear wiﬁh
increasing relative roughness height, but no maximum was found
/9/. These friction factors were similar to those of roughness

No.4.

The Reynolds number range of those measurements was large and
the flow was in the fully rough regime at Reynolds numbers and

h+~values which were reached in the present experiment. The
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highest friction factors obtained by Nikuradse /10/ with
sand grain roughness are well below the present ones and
are even lower than the highest friction factors obtained

with two dimensional roughnesses /3,6,7,11/.

The results at high h/L-ratios cannot be generalized, more
measurement would be necessary. So} the further discussion
should be restricted mainly to the results for low h/L-
ratios, up to h/L=0,08, especially for roughness No.5, where

agreement with No.2 is good.

This roughness was tested with one wall rough and with both
walls rough, i.e. a symmetrical rough channel. The friction
factors of the rough zone should be the same for both cases
at the same relative roughness height h/?r. However, this
friction factor depends on the definition of the hydraulic
diameter. The shear stregs at the rough wall in the channel
with one rough wall is given by equation (3},

1= (Lme) 2B -1, (3)

r S

and for the channel with two rough wallg it is

Ap (19)

_ (L_
T = (2 £) in

r
Since the friction factor is

2(x,/0) V/?
£, = —= : (20)
u
r

and Gr is changed by the same amount in both cases if e is
changed, there must be one s-value which produces the same

friction factors for the asymmetrical and the symmetrical

case,
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Figure 10 shows the friction factor over the h/?r—ratio for

different definitions of the hydraulic diameter.

Besides e=h and =0, there is a volumetric definition

e=hb (1+g/e) /p and the definition e=-h, which is physically
absurd but which yields the same friction factors for both
cases, the symmetrical and the asymmetrical flow. Experiments
at two-dimensional roughnesses {(p/h=7.7) had shown that the
same friction factors are obtained with a volumetric definition
{e=hb/p).

From other experiments it is known that the friction factor
of the smooth zone, f4, increases due to the opposite roughness.
Therefore the friction factor fg reduced by the theoretical
friction factor fo of a smooth pipe at the same Reynolds number
1/7£1/% = 4 1og(Reg £1/%)-0.4 (21)
was plotted over various parameters in figure 11-14.
In figure 11 the parameter is the ratio of the friction factors
of the rough and the smooth gzone. The relation from Warburton
/12/ gives too low friction factor multipliers, which was al-
ready found for two-dimensional roughnesses /3,6,7/. A better

relation would be

f £

fﬁ— = 1.025 + 0.008 EE (22)
oS s

The relation from Warburton and Pirie /13/, which uses the
parameter fr/for' with £, being the friction factor of a
smooth tube at the Reynolds number of the rough zone, gives

toc high friction factor multipliers, Here the data are better

correlated by

f £
= = 1,036 + 0.004 —— (23)
f f

0S8 or



The correlation

£
S h
oS 1.056 + 0.062 §— (24)

OSs 5

which was found for two-dimensional roughnesses /3,6,7/
correlates the present data as well with a tolerable
amount of scatter. Plotting fs/fOS over log(h/?s) reduces

the amount of scatter somewhat (Fig.14).

Since the correlation (24) using the roughness height and
length of the smooth profile as parameter is the only one
which is independent of the parameter ¢ and fits for both
two-dimensional and three-dimersional roughnesses, it is

regarded superior to the other two.

—— e e e e (. e e TR S Gl . e e s Wi s Tl Y i it e T Y WS T St M b . T M P

The mean velocity profiles near the smooth wall are plotted
in figures 15.1-15.22 in non-dimensional form, together with

a straight line representing the 'law of the smooth wall'

a’ = A, 1ny" + B (10)

with A = 2.5 and B = 5.5

Egspecially for the roughness No.2 the measured velocity profiles
depart from this line already far from the maximum velocity,
which is due to the large turbulent energy transfer from the
rough zone. The line of zero shear stress and the position of
maximum velocity lie extremely far apart. For this roughness

the distance from the smooth surface to the position of maximum

-~

velocity was approximately 2 ¥ for all channel widths.
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The slope Ag of almost all measured profiles is lower than
2.5 while the parameter B is higher, both tendencies getting

stronger for higher relative roughness heights.

The slope Ay calculated from integral quantities by equation
(15) with B=5,5 is plotted in figure 16.

The correlation

A, = 2.55 + 0.4 / 1n (0.1 L}}—) (25)
s
which was found for two-dimensional square roughnesses, fits

guite well,

For a fixed slope of AS=2.5, the resulting B-values would be
in the range of 3.8 < B < 5.8, decreasing with increasing h/i‘rS

but with a relatively large amount of scatter (see BSA in table 2).

5.4 'The breakdown of the 'law of the rough walll

Figures 17.1-17.27 show the non-dimensional profiles at the
rough wall together with a2 line representing the 'law of the
rough wall' with the slope A,.=2.5, The origin of the velocity
profile was put at the root of the ribs (£=0). No effect of
the Reynolds number could be detected, but there is a strong

effect of the measuring position for most roughnesses.

The big discrepancy between the measured velocity profiles

and the 'law of the wall' is evident, Exept for some profiles
for low relative roughness heights, i1t does not seem to be
gsensible to force a straight line through the points in order
to define a slope AL and the parameter R. All slopes would be
less than 2.5 and some would be as low as 0.5. A displacement
of the origin e by several rib heights would be necessary in
order to get a value of 2.5, There is no big difference between
symmetric and asymmetric flow (Fig.17.21-17.27). Since the
position of zero shear stress is far beyond the position of



maximum velocity a large region of the velocity field cannot
lie on any straight line, and a discription of the flow by a
law of the wall would be inadequate. Nevertheless, for the
calculation of the flow in an asymmetrical channel some des-
cription of the velocity field is necessary. For lack

of a better one, the logarithmic discription was used. The
values of A, and R were calculated by equation (16) and (17).
Most values of A, are between 0.5 and 1.5, but there is no
systematic variation (see table 2). For roughness No.5 the
average value is Ayp=0.52.

1/2 versus {ln % - 1) the parameters A, and

From a plot (2/fr)
R can be obtained /14/. Figure 18 shows the result for rough-
ness No.5, For symmetrical flow we get A,=1.8 and for asymmetri-

cal flow Ay=2.9.

6. Transformation of bulk data with different profile

parameters

For the transformation of results from pressure drop measure-
ments at rough rods in annular channels and the application

of these transformed data on a bundle geometry it is important
to know the errors which arise from using different velocity
profile parameters.

Therefore the transformation was applied on the measurements
with roughness No.5 (For a derivation of the transformation
equations for parallel plates see /3/). Input data are the
bulk friction factor and the bulk Reynolds number {table 2),
a constant B=5.5 and the different values of Ag and A,.

For Ag, only A,=2.5 and the correlation (25) was used. For
Ay, the values 0,52,1.8,2.9 and 2.5 were used.

The calculated friction factors of the smooth and rough zone
and the position of zero shear stress were compared to the

experimentally determined results (1.line) and the difference
in per cent is given in table 3. Also the calculated R-value

is given. While the differences in the smooth friction factor

are rather large, the error in the friction factor of the rough



zone is relatively small,

Even for the simple assumption of a constant Ay and Ay=2.5
the maximum error is only 4.75%. It is of interest, that a
modification of A, alone does not change the friction factor
considerably. Exept for the extreme value of A,=2.9 , where

the errors in fg and f,. are greatest, no constant R value is

obtained,

7. Eddy viscosity

Calculations of turbulent flow are often based on semi-empirical
turbulence models /16/, using the distribution of the eddy

viscosity as an input parameter.

In analogy with the fluid viscosity v an eddy viscosity ¢ in

turbulent flow can be defined by

- pu'v' = pe = (26)

with u'v' as the time-mean correlation of the velocity fluctua-
tions in the main direction of the flow (u') and in the direction
normal to the wall (v'), u is the time-mean fluid velocity and

y is coordinate normal to the wall.

In contrast to the viscosity v the eddy viscosity € is nol a
constant in the flow field., One of the models for the distri-
bution of the eddy viscosity in smooth tubes which can be

expressed explicitly was given by Reichardt /17/:

2 2
S L

with ¢ = 0.4, R being the radius of the tube and u, the friction

velocity.



If the turbulent shear stress is defined by equation (26) than

the total shear stress is given by

T=p (e + v) §§ (28)

The assumption of a linear variation of the shear stress in a

plane channel
—=1-% (29)

together with (28) leads to the relation

+ LEr = +1‘Y/Y - x> (30)
Y su’ /3 (y/9) ¥Ur

o
Il

where e’ is the nondimensional eddy viscosity. In asymmetrical
flow the friction velccities U and Uy and the lengths of the
smooth (?S) and rough (?r) velocity profiles in the respective
zones are used to evaluate e; and e;. The eddy viscosity was
determined at discrete positions where velocity measurements

were taken,

For roughness No,5 the non-dimensional eddy viscosity e+ is
shown in figure 19 for the smooth zones and in figure 20 for

the respective rough zones versus the non-dimensional distance
(y/¥) from the wall. For comparison with the smcoth tube data

s5,r
the line according to equation (27) is added in the figures.

The eddy viscosity distributions of the smooth zones look
similar, Compared to the smooth tube values they are higher

in the center of the smooth zone by approximately 50% and de-
crease towards zero close to the zero shear stress line. In this
region the scatter is large due to the low velocity gradient

which approaches zero,



There are however differences close to the wall depending

on the channel width., At large channel widths the data measured
close to the smooth wall are coincident with the smooth tube
results, At narrow channel widths which corresponds to a large
relative roughness height the data very close to the wall are
below the smooth tube results and show a steep increase.

Looking for possible errors in measurement or evaluation there
are two facts which might cause errors. The outer diameter of
the Pitot tube which was used was 0.6 mm, This is 1/6 of the
length of the smooth zone in figure 20.4., The measuring position

was defined by y = Yo t 0.15 d according to Mac Millan,

with Ye being the position of iézogitot tube center. The measure-
ments close to the wall were taken in steps of 0.1 mm and were
evaluated at the position half-way between two points taking
their difference of u+ and vy for equation {(30). Taking a close
lock at the data, it does not seem possible that these facts can
account for the deviation of the eddy viscosity from the smooth
tube results. The measurements in a rectangular water channel
with one rough wall /11/ showed similar results. Higher values
far from the wall were also reported by Rehme /18/, which were

obtained in a subchannel of a rod bundle,

The distribution of the eddy viscosity in the rough zone shows
a large deviation of that in the smooth gzone. Although the
scatter of the points is large, it is obvious that the eddy
diffusivity is much higher for these three-dimensiocnal rough-
nesses than for two-dimensional roughnesses as reported in /11/
and /19/. There are no points near y/$=1.0 because the maximum

velocity is reached already at lower y/¥ values.
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Conclusion

The investigation on three-dimensional roughnesses gave the

following results:

1.

Three-dimensional roughnesses produce very high friction
factors, higher ones than ever measured before.

The friction factor does not raise linearly with increasing

relative roughness height, but shows a maximum value,

There is no agreement between the friction factors in
symmetrical and asymmetrical flow at the same relative
roughness height, unless the hydraulic diameter is defined

with a negative .

The non-coincidence of the position of zero shear stress
and that of maximum velocity is more pronounced than for

two-dimensicnal roughness,

The slope of the non-dimensional velocity profile at the
smooth wall is lowered by the roughness opposite, which
means higher friction factors. The correlation, which was
found for two-dimensional roughnesses describes also the

present results,

The 'law of the rough wall' does not hold for the

description of the rough velocity profiles.

The transformation of bulk data with profile parameters
as they were used up to now, result in friction factors
up to 20% too low for the smooth zone and up to 5% too
high for the rough zone for roughness heights smaller
than 10% of the channel width.
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Nomenclature
A slope of the logarithmic velocity profile
B constant of the logarithmic velocity profile at”

smooth walls;

b width of the roughness rib (m)

dh hydraulic diameter (m)

e length (z-direction) of a rib (m)

£ friction factor = 21/pu2

f0 friction factor of a smooth tube

g gap (z-direction) between two ribs (m)

h height of roudghness rib (m)

h+ dimensionless height o©f roughness rib = h uT/v
L width of channel {m)

P axial pitch of the repeated roughness rib (m)
P pressure (Nmnz)

u mean velocity (ms ')

u friction velocity = ('r/p)dl/2 (m5“1)

ut dimensionless velocity = u/uT

u average velocity in a section (ms_1)

R parameter of the logarithmic velocity profile at

rough walls



Re

Reynolds number = ﬁdh/v

axial distance
distance normal to the wall
dimensionless distance from the wall = yuT/v

position of the zero shear stress line, length

of respective zones

distance parallel to the wall normal to the flow

Greek symbols

Subscripts

max

vol

displacement of the origin of the wvelocity profile

at rough walls {(m)

kinematic viscosity (m?s”]

)

3

density (kgm ~)

shear stress (Nm_z)

max imum
at the rough wall or pertaining to the rough zone

at the smooth wall or pertaining to the smooth zone

volumetric definition of origin of velocity profile
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No P h e p/h g/e h/L
1 35 [10.4 60 3.37 0.5 ©.050/0.077/0.122
2 25 110.4 40 2.40 1.0 0.050/0.065/0.077/0.095/0.,122/0.173
3 35 110.4 40 3.37 1.25 0.04%/0.,065/0,095/0.122/0.172
4 32 110.2 |60 3.14 0.783 [ 0.049/0.076/0.120/0.170
5 15 6.1 {30 2,46 1.0 0.029/0.045/0.072/0.100
5 same parameters, but both walls rough
Table 1: Geometrical parameters of the roughnesses and channel




Wo. [ p/h hW/b ogfe WL F_/L ¥_/L hW/F w/y 3 " s 5
3 v g 7 i 1 = max + Re _ o " ¢ c K r
s T r B u I = h 1073 3 i RLES £ R;ra £/ Lr!for £AE,, B=5.5 oq, (15-17) A=2.5
1A [3,37 1.0 0,50 4050 .14 LRRG .05k 0,44 - L ok el .
. . . L4400 ] 17039 37,27 1.039
25 [3037 100 0200 2020 S116 Smes ook - 1.23 | 1630 | 48R ,02146 .00464 10O 0409 ROT K,74 13.55 06
: : : oontl BN 7-2r - . . . 1.061 2,45 1,29 4,57 | 5.19
32 [1037 1un 0.0 2050 111 (ARG 0%e o o 2].5; gﬂ.oﬂ i gg; 1,22 | 2103 | 623 02103 .0044R 144 04011102 R.95 lé.nl 1,074 2,43 1.24 4,73 | 5.02
42 (2037 1.0 0.50 050 L1771 LRTS .057 0.413| 12.88 12.73 1.078 §'§2 1::2 2:: '32?3? '2223? 125 haa2 Jer R.02 13.37 1.008 Pee5 1.4 5.01 | 5.21
5 12, . o2 > 15 . . 6 .N4P? 584 A,43 13.18 1,0RN 7,42 1,43 4,21 | 5.01
SA (3,37 1.0 0.50 077 L0R% ,911 ’ L -
0 0. . <086 0,874 | ?2.31 27.13 1.092 4 | 2634 ' :
?? 3_27 110 0020 L07r 109) Le08 -ome oiRT| 2231 22.131.097 ;.go gﬁhq :;a .33331 00542 ;? L065R 6TA 12,14 Z1.10 1.12% 2.34 1.2¢ 3.7 | 4.5
«37 1.0 0450 L0777 L0681 .909 L0R& 0. AR | 27.36 27.76 1.03A8 1-?1 5077 5 03032 .00%534 & 0579 T34 10,A5 18.A% 1,122 .35 N.99 4,46 | .61
AZ 13,37 1.0 0,50 4077 ,003 007 .086 0.A39 | 19.98 19.94 1.026 1.1a | 2194 e f3 T0oe aog N 3t NellS | 2.36 0.7 456 Lle2
87 337 100 0.50 2077 ~088 i012 -nae boamel 3iiva 1ioe 1.026 i.ie 2194 :2: .gzgég .222;; :3 .ggg; 201 10,23 17.R% 1,137 2.35 0.91 4,611 4,63
. . 343 . . . 46 11,01 19,45 1.142 2,32 0,927 4,58 | 4,38
102 [3.37 1.0 0.50 L1227 ,0A5 035 o ) .
2 «935 134 1.970 | 24.44 24.59 0,905 f
11Z [53437 1.0 0.50 127 ,0A9 .83]1 ,13% [.RJ1A | 20.35 20,37 0.985 i-;g §§q$ ?%2 04259 LNOGAS 30 L0A04 485 11,76 24.31 1,177 2.2T 0413 4,86 | 6.32
128 [3.37 100 0.30 2122 2045 .635 .13 1,027 | 19.88 19,97 0928 10 |h7em | oe thudEd LoaT1s on SnAsL 391 lainy aeear 1rEL SEHINSISIAON Db
1348 |3.37 1.0 9,50 120 ,NAR ,832 .134 1.Re2 | 21.03 21.70 0.887 {'}3 A o 'g:;fé '33235 ;; '338% 321 EACHS A S NSO N
. . . 2 224 .07 . 27T L0747 421 106,77 21,99 1.153 2,30 0,03 5,14 | 4,50
142 [2.40 1.0 1400 2050 ,032 L9018 .0%4 .6 ) '
. . «A17 | 16488 16,93 01,962 .13 11873 1 Q N
167 [2.40 1.0 1.00 .050 .0R? LOIR 055 (.607 | 9418 9.22 0.947 ; ;2 1072 :a; '32133 03232 g: '3229 Tee 19230 1873 -1 Zed0 0eel Se03| L0t
167 [7040 120 1000 2050 0RO 050 o994 eresy | 1Ai83 1ntea almae 'ns ore |2 L0311 - R . S 456 10,00 17.78 1.07% P.41 0,62 4,89 5,15
178 [2.40 1.0 1.00 050 075 .021 .05& .40 | la.p6 14.39 0.ABA %.ng §5i3 :;: 'g;::i '3323? 2: ':2;? 222 3'?5 1;'12 110 Ze30onale 038 0.2
2 o +RBA . ; .07 . W0 7 9,14 17411 1.127 .34 0.00 6,13 4,62
188 [2.40 1,0 1.00 065 079 .821 .07
<065 . «071 0.A38 ] 9.98 9,93 1,058
198 2140 1o 100 06 So7a Saay ohT1 0.A380 2.8 2.3 1.050 1.$g }ggg ;g? .gagg: .22632 3: LBA3B 372 13,13 28,12 1.116 7.36 0.97 3,79 [ 4,70
204 Pebl lon .00 L0685 ORP 018 «NTZ 0.807 18.53 18,48 1,027 : T ? [} e 03 . 22 H Toees 9s 11i83 el e A0S b St Dt
21 (2440 1.0 1.00 06S 081 .919 .072 0.817 | 18.A3 18,82 1.006 i'}s éggg :;: '333:2 '3222; 2? '22§# 223 }}'87 ay i AEEEEC AR R I
. . . 29 | : V03 . . 7 11,55 20,83 1,120 2.35 D.73 4.36 | 4,66
PPZ (2440 1.0 1,00 .077 L0688 .037 ,0R4
- . - . 1.143 G,75% Q.67 1.120 1,75 |1824 (17 onTen 2 S
237 [2.60 100 1000 2077 1087 1033 t0ac 10169 | 15.%8 15.47 1.105 1.ra | 5450 |31 t0n3es L0044l 30 L1091 03 17004 33.18 10164 | seam 1104 3071 | 4134
2ah [2040 100 1000 2077 20e0 Lea1 one 1i1se | ‘aiak tanee 1lres 102 7451271 - . . 502 17.064 33,18 1,164 2.2R 1.06 2,71 4.33
PSA [2.40 1.0 1,00 o077 .06B .G32 084 1,147 | 14a6] lén4s 1.173 1.72 ?il} ;:Z '323?5 '28222 Eg '§§2§ igg 3;.;: 3:.A2 Vo309 ge2s Lt T ey
- . 2 . < 00¢ $12 . .75 1,203 2.27 1.30 2.10 | «.01
P67 |2.40 1.0 1.00 095 ,062 .938 ,103 1.544 | R.A
. . 2103 1.° A0 RL,TI 1,124  1,p7 J164T |1P% .07339 .0
272 2440 1.0 1.00 .005 .0%9 .94] .102 1.643 | 14,35 1¢.73 1.136 1.28 | 2677 ;:o 07302 ng;gf %: '}2:; N 2aros aaims 1iier A le Eltline
282|200 100 1.00 2005 L0a0 a40 t1oe 1oess | 12.08 1iios 1i1e 1e28 |2en -07 . L1500 374 20,72 43.23 1,197 2.73 1405 2,30} 4,15
58 |2ea0 120 1.00 1095 044 2036 1103 1512 | 8.2 .00 1,735  1oa6 |161R | 115 e +00736 22 L1494 312 20.30 4162 1170 | 2.27 1.07 2.301 4.40
304 [2e40 140 1.00 2095 RS9 ,04) 102 1,674 | 12.89 12,60 1,270  1.40 |»596 ];ﬁ 'gnsie L he Tleie don botas ucas 1tiin S At
A1A [2060 100 1500 1095 0R0 L0460 2101 1.405 | 10060 10043 1,276 1oei | 1m0 | 146 00110 007Re a9 RPCSEC SR e SR LI bR I
. .2 . . . > L1993 2 . W 1.239 2.16 1.42 1,35 | 3.R7
322 |2.40 1N 1400 4127 086 ,09446 L1733 2,233 LD.7R 10,7
. . N 2N . .76 1,025 1.721 2041 F119 07487 .00A 450
332 | 2440 1.0 1.00 4122 L0585 ,045 .133 2,276 | 13,92 13.91 1.018 1,20 |2545 aél .gv?aa .ngn?? i: '1441 222 {;'21 ;g‘:: :';:: ;';g g'2: g'?} :';T
FaZ [Pe40 LoD 1200 4173 L0AT ,937 L1972 P.6Th 15.82 14,93 L] - . -
152 [2.440 1.0 1,00 o173 .0A6 936 ,192 2.71A | 20.46 ;n'qé g'qu }'}g ;::? }:: '32333 Toarre 1a ‘23?1 233 Noae g:'““ ISP A GEChvai el I
2 2. . . . . . . . 11.86 07 1.16A 7,28 0,21 4,53 4,45
TAZ 3237 1.0 1.25 4049 178 LARL 0S8 0,366 | 11.64 1
. . . . . 1.68 0.97R 1,17 957 | 31R L0155%4 . A a 5
::; ;.;; i.g ;.;: .gaz .11: LABT LDST N.3T3 14,94 14,97 0.9RZ 1,17 1271 |40 :0}2% .g::'r? 102 -gizl ??} 2-22 :.:‘1, :.322 g.:: ?ill} 2.;; 2.;:‘:
. - - «049 L1136 LRAB4G L05A 0,384k 12,07 1R.0A . . Y A > : : )
398 {3037 1.0 1.75 .049 L1738 LR62 L05A 0,361 | 14 ge }c ga ;'ggg i'ig i;:g :ﬁ; '3}233 '33232 133 'ﬁiﬁ% 23: 2'?9 g'ﬁq oen .43 008 6,471 .00
. . . . . > . . . .14 W26 1.061 2.85 0,89 6,69 | 5,19
407 [3.37 1.0 1.25 065 130 LRTO .07S 0,504 | 17,75 17.71 1.017
. . . . . . . 1,19 |1566 [166 .01RST .004%4 94 0382
412 1337 1.0 1.25 068 L130 La64 L076 0,483 | 1386 107A 10033 1,0 1213 e tAes apens 7a haes uma 6iAd ooas 1leer | ateeim armibante
. a0 1.75 L0RG L1725 LATE 075 0.525 | 2. A . . 03 . . X : RYary .
438 [3.37 1.0 1.25 .068 127 LAT3 .grs 0 5?% 17 ?2 f; 72 {-g?g }'}3 {213 iél ‘31:33 'gg:;g ‘e '2222 Z;; ;'?; ii'ﬂg IS SR S e
: . . . . . . . . . SR 1.084 2,81 1.05 5,83 4,98
442 |3.97 1.0 1.25 .095 ,10]1 LA99 106 0.945 | 13.42 13,77 1,037
. . B . . 1.18 [1583 | 194 .0310% .D0AL14 4D ,0586 347 9,54
452 13437 1.0 1-?'-'» «095 L0%A QN2 L1046 0,974 | 1T.A3 17,57 1.03% 1.18 19R4 ;u. g3InTe L00592 49 _NRB2 &34 g Sﬂ? }.:':g :'}S: 2.35 1-20 ven| wtas
42 [3.37 1.0 1.25 095 .00k .Q06 106 L.000 | 21.05 21.87 1.037 1.18 |7462 105 .03008 .00562 A0 L0571 R . . 13 01%0 4z6a | 4r%e
AaTA 13437 1eD Lla25 «09% 100 L9000 105 J.959 17.n6; x-s-na 1-035 ;-;3 Doné é'&o .02?35 .ugqaz 51 'nezri 2;: ig-é;’ };.66 s SISO IDR
. . L0A* .2 . . . . L0 14125 235 1426 611 44h%
4AZ 13437 1.0 1475 4122 .083 917 o135 1.497 | 1146 1
? . . . . . 1.35 1.145  1.29 1606 | 122 .05230 00717 P2 L1037 14,57 7
:gi 2.;; }.2 }.;: .igz .g:g .212 L1358 1,408 | 14,84 14,37 1,143 1,78 [P007 {157 .04992 .00AR3I 28 ,099] S?l 1u.23 27:23 ::igi ;';; ;:;g ;'?: :.2:
-0 1475 .12 . L91R L1175 1.514 | 13.65 13,45 1,182 1,33 [2170 [149 .05140 .00692 28 10RR 270 15.72 29.47 1.162 .28 1.em 2.87| 4.42
Ta ) . . e e s . .
ble 2: Results evaluated with volumetric definition of the hydraulic diameter.



No. p/h nfb gle h/L F /L §./L u/3 s - - Ug 4 Re Re folEg E_/E £ /£ B=5,5 5 -
§. hf s max + Re s z 8 trityg <5 eq. (15-17) PA_=2.5
s I T ¥g u u. v = h 10-3 £ fs 10-3 fr }06 r 8’ Tos A AL 2 SB
S17 {3.37 1.0 1425 +172 LORS .915 ,192 2.075 | 10,57 157,50 1,085 1.29 | 1603 | A1 05012 <0791 14 L1006 18R 12.70 24,21 1.136 2.33 1.09 3,76 |4,75
527 |3-37 140 1425 4172 (0RS L9018 ,192 2.076 | 16,38 16.20 1.131 1.32 | 2473 | 124 .04923 00727 23 L1003 225 13.80 26,74 1,16A8 PaRB 1,28 3,64 [4,4n
537 13.37 1.0 1.25 172 L0R4 .916 ,192 2.001 | 21.94 21.83 1,060 1,26 | 3016 | 166 04403 «00599 29 L0854 303 12.21 23.57 1.187 2425 0,97 4,21 [4,?1
S4A 13.37 1.0 1.25 o172 0BS5S .915 ,192 2.065 | 16.03 15.82 1,155 1.34 | 2435 | 123 .04733 +COT21 23 ,1032 222 14,31 26,94 1,164 P?.2R 1,3R 2,51 14,44
S5Z |3-14 0.6 0,78 4049 130 .R70 ,057 0,378 | 19.62 19.41 3.00% 1,18 | 1526 | 497 01714 «004%9 130 ,0710 B65 6,75 10.38 1,078 2.42 0.99 6,19 |4, 08
567 |3.14 046 0478 049 134 866 057 0.359 | 13.33 13.73 0.098 1,17 | 1069 | 350 01694 200475 93 L0306 607 6,45 9,66 1,040 Zeh9 0,96 6,28 (5,473
S57Z 13.14 046 0478 4049 .112 .A68 .057 0,375} 16.54 16.55 0,996 1.17 1311 [ 430 ,01693 .00465 112 0305 T4 6,54 9,95 1,061 2,45 N.92 6,39 (5,19
SBA 13.14 0.A 0478 4049 172 LABB 057 0,374 | 16.75 16.74 1.005 1,18 | 1346 | 438 .0)1704 #00467 116 L0310 761 6.65 10,17 1.070 2.43 N.97 6,19 5 98
592 (3414 0.6 0.78 L076 117 ,A083 088 0.464 | 15.34 15.27 1.062 1,18 | 1472 | 256 .02397 200538 62 ,0443 451 4,24 13.22 1,080 2,42 1.14 5,05 (5,05
402 13,14 0.5 0,78 076 ,114 ARG .0RT 0,677 | 18,96 1R.AB 1.037 1.17 | 1824 | 318 .02405 00530 75 L0443 561 0.3% 13,73 1,109 2,37 1.10 5.14 [4,74
617 |3.14 0.6 0,78 074 110 LA%0 L087 0.704 [ 22,90 22,83 1,031 1,17 | 2181 | 383 .02363 .00807 ar L0636 680 A.60 13.99 1,092 2.40 1.05 5,26 | 4,89
A28 13414 0.6 0.78 o076 112 LRAB 0BT 0.693 | 19,74 19.26 1.036 1,18 1835 | 320 .023s4 00519 73 ,0443 566 8,55 13,77 1.080 ?.42 1,10 5,13 |5,03
63Z 13.14 0,6 0,78 ,120 083 .917 4136 1,498 | 16,47 16,50 0.975 1,13 ] 1991 | 168 .03895 00682 27 0715 309 10,48 19,8¢ 1,137 2433 0.57 4,72 4,84
647 {3.14 0.6 0,72 .120 086 014 136 1.447] 21.0a 21,09 0,973 1,12 | 2470 | 216 03677 .00k6a 36 LN6T1 395 10.04 19.52 1.1RR 2426 .54 4,93 14,15
65A 13.14 0.6 0.78 <120 .0A2 .918 ,L136 1.512 ] 18.28 1R.30 0.981 1.15 | 2254 | 190 .03766 .00872 30 LAT2L 349 10,73 20,52 1,152 2.30 0.5 4,68 | 4,49
5627 3.14 0ok 0478 4170 L077 923 ,194 2,320 | 11.R] 11.83 0,985 1,24 | 1619 A4 L04122 90747 12 0412 156 11.584 22.19 1.0RR Pa47 0.63 4,28 15,17
477, 13.14 0.6 0,78 (170 074 926 ,194 2,428 | 23.04 23.07 0,978  1.24 | 3012 [ 162 .03891 .00714 23 .0B57 300 12,00 23,68 1,145 2231 0.55 4,48 | 4,59
68A 13,14 0.6 0.7B 170 LO7A .922 ,195 2.209 | 20,14 20,32 0,ABT 1,11 | 2393 | 141 .0%656 «BNTS1 10 L0699 263 9,30 18.R4 1,157 2.29 DL0A 5.3) |4,.53
597 12.46 1.0 1.00 100 .052 948 108 1.95R | 14,12 14.20 0,887 1.20 | 1395 | 107 .06048 .g0n03 I0 L1272 204 14.25 32.67 1.156 2230 0.09 3,85 | 4,67
JOZ [2.66 1.0 1400 .100 DAY ,03% 109 1.686 | 17,41 17.45 0.985 1.20] 1650 | 123 ,05546 .ooa10 15 L1166 250 14.40 31,15 1,1TA RaP6 0.43 3,62 [4,42
71Z (2.46 1.0 1.00 100 L0646 936 109 1.603| 21,25 21.30 0.962 1.18] 1474 | 169 .05073 .00775 1o L1051 268 13,57 26,04 1,191 PeP4 Du%? 3,85 |4, 26
T2A [2.46 1,0 1.00 L100 .040 ,940 L109 1.702 [ 1R.26 1A.35 0.918 1,14 | leas 13R L0437 00810 1% 1067 262 13,18 28,75 1,172 Pa27 N.22 4,06 |44k
732 1246 1.0 1,00 2072 068 .932 078 1.065] 17,70 17.30 0,513 1,13 | 1357 {185 .04037 00706 23 L0802 346 11,35 22,78 1,131 2,34 0.20 4,69 [4,72
74Z 12,46 1.0 1,00 ,072 065 ,935 078 1.127 [ 21.03 21.15 0.913 1,13 | 1671 | 228 .04n07 .0086s 27 L0R0) 429 12,05 23,66 1.104 2.39 0,19 4,70 | 4,94
T52 |2486 1.0 1.00 4072 070 ,930 L07R 1.043 | 24,75 24,86 0,937 1.13 [ 1884 | 262 .0391% L0065 34 L0771 490 11.70 23.35 1.159 2.29 0.31 4,62 (4,41
T6A 12446 1.0 1.00 072 L0566 ,934 L0748 1,110 | 21.72 21.A7 0.893 1,11 [ 1662 | 234 .03895 ,onese 27 L0747 44)1 11,35 22,20 1.100 .39 0.0R 5,05 {4,a7
T7Z (2466 140 1,00 0045 ,101 LR99 051 0,453 | 12.14 12.18 0,971 1,13 | 764 | 213 .02608 ,00581 41 L0489 385 B,42 14,17 1,06A 2.45 0,63 5,14 (5,21
T8Z |2.46 1.0 1,00 o045 0189 ,001 051 0,461 { 17.69 17.73 0,978 1.13]1134 || 318 .02596 00558 A1 .04AT ST4 A,73 15.1A 1.11R 2.36 0.64 5,13 |4 68
TIZ (24486 1.0 1.00 <045 L0358 ,905 .050 0.482 | 23,75 23,28 0,984 1.14 [ 1645 | 405 ,02570 ,00626 T5 ,04BT 735 Q_27 15,87 1.102 2438 0,67 5,08 [4,R0
BOA 12,46 1.0 1,00 <085 150 900 .051 9,458 | 17.92 17,97 0.970 1.12 [ 1120 | 117 .02%84 .00561 61 LN4TA ST2 A2 14.88 1.123 2.35 0.59 5.30 {a,63
A1Z |2.46 1.0 1.00 o029 ,114 .AB6 033 0.256 | 14,12 14.20 0.988 1,17 | 723 | 374 01882 .00496 8] 0347 667 6,99 11.10 1.056 2,46 0,49 6,81 (5 27
A2Z 2446 1.0 1,00 029 ,115 JARAS .033 0,253 | 19.57 19,68 0,954 1.16| 998 |s2n .018s7 ~BIash 115 0342 926 5,98 11,59 1,123 P35 0.50 6,45 | 4,53
A3Z [Pad/ 1.0 1400 029 (117 LRB3 ,033 0.249 FeA4 9,90 0.948 1,17 | S15 [ 268 ,01875 60508 on 0344 476 6,77 10,36 1.012 2,55 0.53 6.34 |5.78
A4h 12,46 1.0 1400 <029 117 LAB3 .033 0,269 14,37 14.47 0.942 1,15 724 | 987 .01853 .po5nn a4 0338 679 6,69 10,74 1,073 2.63 0,84 6,6R 5,09
12 {2.46 1.0 1.00 .10 11.11 1.36} 122% 1522 8&
21 |2.46 1.0 L.00 101 13.93 1.35] 1511 .1518 106
3 et b gl
- . . . .50 L.21 .
roughness No.5 15 1495 1237 117
57 12.46 1.9 1.00 0T 11.79 Le281 1144 L1189 129
&1 |2.46 1.0 L.00 .OTY 13. 53 1.29{ 1310 L1189 148
T j2.%6 1.0 1.00 071 16.89 1.28 | 1813 L1178 183
84 2.6 1.0 1.00 .07L on both wide walls 14,32 t.22 ] 1310 L1063 157
9T |2.406 1.0 1.00 .045 12.37 115 963 0762 216
102 |2.46 1.0 1.00 .045 18,67 .14 | 1402 LTS 325
L1Z |2.46 1.0 1.00 .045 23.18 .14 | 1745 L0732 %00
12A |2.46 1.0 1.00 .C45 18.92 l.12 | 1402 L0697 329
132 12.46 1.0 1.00 .029% $.03 1.17 624 L0589 249
142 2,46 1.0 1.00 .029 12-84 1.17 | 850 0595 353
152 |2.46 1.0 1.00 .C29 15.40 1.16 | 1069 0600 &22
164 12.46 1.0 1.00 .025 12.02 L.16| ass .0579 357

Table 2 cont.



h/L A A R AE_ (%) AE_(3) Ah/Y_ (%)

2.43 0.55 6.26 - - -

2.43 0.52 6.33 0.18 -0.01 -0.09
2.43 1.8 2.80| ~-7.29 1.61 3.20
0.029 2.43 2.9 0.501}~11.05 3.77 5.43
2.43 2.5 1.55] -9.41 2,66 4.39
2.5 2.5 1.53|-12.21 3.02 3.81

2.38 0.74 4,83 - - -

2.38 0.52 5.27 1.63 -0.13 ~-0.44
2.38 1.8 2.35] =7.49 1.67 2.59

0.045 2.38 2.9 0.441-11.90 4.14 4.67
2.38 2.5 1.31{=-10.01 2,87 3.71
2.5 2.5

1.28(~14.69 3.25 2.93

2.31 0.33 4,40 - - -

2.31 0.52 4.11] =1.92 0.09 0.36
2.31 1.8 1.83]-13.39 2.39 3.36
0.072 2.31 2.9 0.35)1-18.63 5.60 5.45
2,31 2.5 1.021-16.40 3.95 4,48
2.5 2.5 0.991-22.83 4.22 3.51

2.26 0.52 3.36 - - -

2.26 0.52 3.36 0.0 0.0 0.0
2.26 1.8 1.551-14.41 2.82 2,96
0.100 2.26 2.9 0.38-20.61 6.83 5.07
2.26 2.5 0.921-17.99 4.75 4,09
2.5 2.5 0.89(-25.71 4.82 3.04

Table 3: Comparison of friction factors evaluated with different
parameters for roughness No.5
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(No.5, both walls rough)
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