Exp Fluids (2010) 49:461-470
DOI 10.1007/s00348-009-0811-6

RESEARCH ARTICLE

Wall roughness effects in laminar flows: an often ignored

though significant issue

D. Gloss * H. Herwig

Received: 20 January 2009 /Revised: 20 December 2009/ Accepted: 28 December 2009 / Published online: 13 January 2010

© Springer-Verlag 2010

Abstract The effect of wall roughness, which is strong in
turbulent flows often, is neglected in laminar flows, though
without justification. With an experimental set-up which
allows for changes in the relative roughness of a channel
without requiring manipulation of the rough channel sur-
face, it can be shown that there is a non-negligible influ-
ence of wall roughness even for laminar flows. Based on
the consideration of entropy production in these flows, an
increased dissipation rate in the vicinity of the roughness
elements is identified as the physical mechanism that leads
to an increased total head loss when the walls are no longer
smooth.

1 Introduction

With the increase in micro fluidic and chip cooling in the
last two decades, laminar flows through pipes and channels
have become more important. Often in these devices,
Reynolds numbers are well below the critical Reynolds
number for transition to turbulence and thus laminar flows
are the normal case.

As far as the influence of wall roughness is concerned
until today, there still is the popular believe that “... for small
Reynolds numbers there is no influence of wall roughness on
the flow resistance” (translated from Nikuradse 1933). Even
in most recent textbooks, like Munson et al. (2005), one can
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find statements like “For laminar flow, f = 64/Re, which is
independent of relative roughness”.

In almost all textbooks, the Moody chart appears, which
displays the pipe friction factor as a function of the Rey-
nolds number and the relative roughness with one line for
the laminar case, i.e. without influence of wall roughness
(see, for example, Schlichting and Gersten 2006; White
2008; Zierep 2008).

There is, however, a special situation for micro flow
devices. Due to the manufacturing processes used in micro
fabrication, walls are never perfectly smooth but often have
some relative roughness. In these cases, people are aware
of the influence wall roughness may have and special
studies take it into account, as in Wu and Little (1983), Hu
et al. (2003), Kleinstreuer and Koo (2004), Hao et al.
(2006), Rawool et al. (2006), Brackbill and Kandlikar
(2007), and Lilly et al. (2007).

The influence of wall roughness in laminar flows,
however, is by no means restricted to microflows. Based on
dimensional arguments (see Herwig 2002) it becomes
evident that this influence likewise appears in macro-sized
devices. It is only the relative roughness (roughness height
compared to a characteristic length of the device) that
counts. This has been taken into account in several previ-
ous studies already, like in Kandlikar (2005), Croce and
D’ Agaro (2005), and Ji et al. (2005).

In the present study a systematic approach to surface
roughness impact on laminar flows is realized in an
experimental set-up that (for reasons described later) has
dimensions which often are classified as micro-sized.
Micro flow investigations, however, are not the focus of
our study. Laminar flows in general are investigated, and
the results are gained that hold in all dimensions as long as
the flow is a continuum flow of a Newtonian fluid subject
to non-slip boundary conditions.
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In our test facility, we systematically show that the
influence of surface roughness cannot be neglected in
laminar flows. We do this in a special geometry and for
different kinds of wall roughness. Afterwards, we gener-
alize our results by introducing a theoretical dissipation
model which is validated by our experimental results and
which from now on can be used as an alternative to the
experimental determination of the roughness impact. Thus,
the influence of wall roughness for a certain geometry can
be determined either experimentally or by applying the
(validated) numerical dissipation model.

2 The experimental set-up

The general requirements with respect to the experimental
facility for roughness impact investigations are the fol-
lowing. The experimental set-up should:

(a) have freely accessible inner surfaces so that a
particular surface roughness can be applied with high
precision,

(b) allow for an increase of the roughness parameter
K = k/H without changing the surface structure, i.e.
without changing the roughness elements on the wall,
for example, with 0 < K < 0.1,

(c) be free of entrance effects in the measurement range
(sometime called minor losses). This can be assured
with a downstream flow field length of at least 100
times the wall distance H.

(d) have a Reynolds number range of the order of Rex 1
to Re~ 1,000

2.1 Basic geometry of the set-up

Figure 1 shows a sketch of an experimental set-up that
meets the above requirements (a—d). The crucial idea is not
to use rigid channels that are somehow manufactured
within a carrier material. Instead, our channels appear
between two surfaces that are brought close together with a
distance that may be adjusted from case to case. Thus, we
have channels with a fixed surface quality (roughness) but
variable wall spacing (channel height).

In our set-up according to Fig. 1, the channel emerges
between two symmetrical disks. The lower one carries the
flow inlet at its centre and the pressure gauges. The upper
disk holds a silicon wafer. To provide roughness ele-
ments, this wafer’s surface can be manipulated using an
etching technique. Wafers with different surface structures
thus realize channels with different wall roughness. In
order to change the roughness type of the channel only the
wafer is changed. In order to change the relative rough-
ness of the channel, only the channel heigt (wall distance)
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Fig. 1 Conceptual view of the experimental set-up, the silicon-wafer
can either have a smooth or a rough surface

is adjusted. Details of the structuring technique are dis-
cussed in Sect. 2.2.

With the structuring of the wafer surfaces, a fixed
roughness height k is produced. The roughness number
K = k/H, as explained before, can be changed continuously
by adjusting the gap between the disks and hence by
changing H without manipulating the (rough) surface.

Various aspects of the experimental set-up are:

e channel length: 40 mm

e channel height: 20 pm < H < 400 pm (continuously
adjustable)

e measurable pressure drop: S0Pa < Ap < 10*Pa

e medium: air or helium

e silicon wafer: processed (rough) or polished (smooth)

The gauge pressure can be measured at 12 different
radial locations along the channel. The channel height is
measured with three different distance sensors opposite to
the three height adjustment devices.

Determination of the wall distance H is crucial to the
results, however. As a definition for the wall location when
walls are rough we prefer that H for an equivalent smooth
channel, for which the real and the equivalent channel have
the same fluid-filled volume, see Herwig et al. (2008a) for
a discussion of various alternatives.

For a wafer with a regular and rectangular roughness
geometry, for example, this means that the equivalent
smooth wall is located exactly at k/2. Figure 2 shows a
sketch of such a rough channel with size H and a roughness
height k. A detailed description of the surface structuring
technique to produce this geometry will be presented in the
next section.

Although the size of the experimental set-up turns out to
be very small and indeed would be appropriate for micro
flow investigations, this is not in the focus of our study.
The motivation for a set-up according to Fig. 1 is to have
an experimental device for general laminar flows. The
particular dimensions are fixed by the size of commercially
available silicon wafers which have a diameter of 100 mm.
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Fig. 2 Roughness parameter k for the rough channel of size H

2.2 Surface structuring technique

f 10um '

The surface roughness structures on the wafers are fabri-
cated in a micro machining process (see Fig. 3). As sub-
strate material a 525 um thick and 100 mm in diameter
silicon wafer is used. The wafer has a polished surface with
a flatness (TTV - total thickness variation) lower than 3 pm
and a surface roughness R, better than 1 pm (step a). The
wafer is spin-coated with a 17.5-pm-thick photo-resist
layer. The surface structure is transferred to the resist using
a chromium mask and an ultra-violet light source. After
developing the resist, hence removing the exposed areas
(step b), the silicon is etched in an inductively coupled
plasma (ICP) advanced silicon dry etching process (step c).
The etch rate is about 1.5 pm/min and increases slightly
from the centre to the edge of the wafer. A targeted depth
of 20 pm in the centre results in approximately 25 pm deep
grooves at the edge. Finally, the photo-resist is removed
leaving the wafer with the targeted roughness (step d), see
also Fig. 4 for some details of the actual roughness shape.
Using this technique, four wafers with different kinds of
regular roughness were produced. Roughness elements on
the wafer surface are circular grooves with different depth
and width, always one width apart from each other. Table 1
provides the geometrical details of all four wafers.

T0pm

2.3 Details and data acquisition

Figure 5 gives more details of the experimental facility and
the data acquisition in it. Note especially the measurement

of the channel height (6) flow rate (7) temperature Fig. 4 Scanning electron microscope (SEM) pictures of the cross-
’ ’ section of a groove in the center (a) and at the edge (b) and multiple

grooves (c) in the wafer. Note: in ¢ the black part is scarp surface

a Silicon wafer

bD L1010 10101 [1[] Thick photo-resist

lithography (9,10), and pressure (11,12). Details with respect to the

S e o (CP advanced measurement of these four crucial quantities are
c

silicon etching

I W Photo-resist e channel height: Mahr®, Extramess 2000,
removal 0-500, £0.3 pm
Fig. 3 Micro-machining fabrication steps a—d for the groove e mass flow rate : Bronkh0r5t®’ EL-FLOW F-111C,
structures 0-0.3 and 0-6 I/min, +0.1%
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Table 1 Geometrical details of the surface roughness; grooves are at
a radial distance between 10 and 50 mm

Wafer Width (um) Depth (um) Number of grooves
1-2020 20 20 1,000
11-2030 20 30 1,000
111-3030 30 30 660
1V-3004 30 4 660

e temperature: LED.®, Thermocouple THERM2-KS,
0-160°C, £0.5 K

e pressure: Halstrup Walcher®, PU-2266
0-100 Pa, +£0.25% Fig. 6 Position of the pressure holes spiraling around the center; 6
GE Druck Messtechnik GmbH, LPM 9481-82L, small (0.7 mm) and 6 large (1.8 mm) holes
0-10° Pa, £0.1%

Alltogether 12 pressure holes are bored into the lower
plate in order to measure the pressure distribution along the
channel. Figure 6 shows their positions, spiraling around
the center. By this arrangement, we avoid disturbances
from upstream pressure holes and simultaneously can
check the radial symmetry of the flow.

Figure 6 also shows the diameter of the pressure holes,
to be 0.7 and 1.8 mm wide. This is quite large compared to
the hydraulic diameters of the channels. However, detailed
CFD simulations indicate that there is no influence of the
size of the pressure holes on the measured pressure in the
channel.

Figure 7 shows the central part of the experimental
facility with an actual channel height set to 110 pm, indi-
cated by the displays of all three distance meters.

Fig. 7 Photography of the experimental facility

3 Data evaluation total head of a flow through a confined space like in pipes
or channels.
A rough wall, compared to a smooth one, leads to a higher Note that the commonly used term “pressure loss” is

dissipation rate in the fluid and thus causes a higher loss in ~ correct only when the flow is fully developed and

Fig. 5 Details of the

experimental facility and data & % ’
aquisition
[ ) ]
. a3
® ® @/T
@
@ upper disk @ height adjustment @ temperature sensor inlet
@ lower disk @ channel height sensor temperature sensor outlet
@ silicon wafer @ mass flow sensor @ pressure sensor in the channel
@ channel @ entrance area @ pressure sensor inlet

@ Springer



Exp Fluids (2010) 49:461-470

465

horizontal, otherwise, part of the pressure change is not a
“loss”. From a thermodynamic point of view what is lost is
exergy, i.e. that part of the energy that can be freely con-
verted into any other form of energy. This is correctly
accounted for by the term “loss of total head”, i.e. loss of
mechanical energy (which as a whole is exergy).

3.1 Pressure measurements

In our experimental set-up, we measure the radial pressure
distribution, i.e. the pressure distribution in streamwise
direction. Figure 8§ shows a typical measurement in a
smooth channel of width 400 pm.

The pressure drop in the radial (streamwise) direction is
not only due to losses (of total head, i.e. exergy), but also
due to the radial change of kinetic energy (which is no
loss). This additional part could be subtracted from the
measured p-distribution since it is known from theoretical
considerations of the flow.

Since, however, we do not want to mix measured and
calculated data at this stage, we still use the measured data,
carefully keeping in mind their physical interpretation.

In Fig. 8, the solid line is an interpolation curve to the
data in a smooth channel. Its general form is

27 m? 1 1 6um /1.
—Pe=———"75—7 C 1 (—) 1
p=p 14072 oH? (rg r2> + noH? v (1)
which can be derived as a series expansion in 1/r with a

truncation error (1/r)4, (cf. Savage 1964).
Here, m is the mass flux, ¢ the density, u the viscosity,
and p, the pressure at the exit radius r.. Equation 1 is based

on the assumption of a locally fully developed channel flow
leaving C # 1 as an interpolation parameter. The first term

80 T

O measurements
700 N\ interpolation A
— — — numerical simulation (see chap. 5)

0 L L L L L L L
10 15 20 25 30 35 40 45 50

7 in mm

Fig. 8 Pressure distribution in a channel; r radial (streamwise)
direction, p. pressure at the exit

in (1) is the pressure change due to the redistribution of
kinetic energy. The second term corresponds to the total
head loss (cf. Gloss 2009).

Also shown in Fig. 8, as a dashed line, is the result of a
numerical simulation of the flow which will be discussed
later.

In order to quantify the influence of wall roughness, a
ratio called “roughness influence number A” is introduced,

(Apmeas ) rough
(Apmeas ) smooth

Ameas = (2)
Here, Ap is a typical pressure difference in our set-up, from
now on set to Ap = p; — p. with p, as the pressure at the
exit and p; as the pressure at the first pressure hole at radius
r =22 mm.

For rough walls, we expect A to be above A = 1 with A
further increasing for increasing values for the relative wall
roughness K = k/H.

3.2 Error analysis

With four quantities to measure and the radial extent R of
the flow field, the error in the final result, i.e. in A, can be
determined as

oA OoH _O0Ap 0T _OR om
=3 2+ 2+ 2
AL CIH] - lApl T AR ]

With the specific parameter values of our experiments
(according to Table 2), typical deviations 0A/|A| are of the
order of 1-5%. These numbers are shown as error bars in
some of the diagrams below.

(3)

4 Measurements

The effect of wall roughness in terms of the ratio Apeas
according to (2) was measured for all four wafers described
in Table 1. Figure 9 shows that there is a clear trend for A
to exceed A = 1 with increasing relative roughness K. The
measurements were very time consuming so that Fig. 9

Table 2 Root mean square deviations of the sensors (%-data: percent
of measurement range)

Sensor Quantity Meas. range Accuracy

Distance meter H 0—500 pm 0.3 pm

Mass flux sensor m 0—0.3 /min 0.1%
0—6 1/min

Thermo couple T 0—160°C 05K

Pressure sensor Ap 0—100 Pa 0.25%
0—10° Pa 0.1%
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Fig. 9 Experimentally 2 T T T T T T T T T
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shows results that were gained in a period of about eight
weeks.

For the sake of clarity, error bars are not included in
Fig. 9. They are exemplified in Fig. 10 for the wafer
1-2020.

For very small Reynolds numbers (i.e. for Re — 0), the
local flow around the roughness elements has the character
of a creeping flow for which there are only pressure and
friction forces. With only two forces in balance, there is no
parameter in the problem.

@ Springer

For large Reynolds numbers, however, inertia forces
come in and the balance of forces close to the roughness
element is that of pressure, friction, and inertia forces. The
balance of three forces is always characterized by a
parameter which here is the Reynolds number. That is why
there is a Reynolds number dependence in the results
shown in Figs. 9 and 10, respectively.

Since we want to compare the measurements with the-
oretical results gained from numerical calculations, we
have to account for that Reynolds number dependence. At
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Fig. 10 Results for wafer 1-2020, see Fig. 9, now with error bars
included

least for the wafers I, II, and III, however, the Reynolds
number dependence is rather weak. This is why we only
group the measurements into three categories, i.e. with
small (0-15), medium (15-80) and large (80-300) Rey-
nolds numbers.

Only for wafer IV, there is a stronger Reynolds
number dependence which can be explained as follow-
ing. In general, there is a Reynolds number dependence
of A (measured or simulated) whenever the Reynolds
number dependence of the rough wall case is different
from that of the smooth wall case, since A according to
(2) and (8) below refers these two cases to each other.
The kind of Reynolds number dependence basically
depends on the strength of inertia forces. Without inertia
forces Ap ~u,, whereas a dominance of inertia forces
results in Ap ~u?,.

Wafers I, II, and III have grooves with ratios k/h=x1,
where £ is the width of the grooves. In these almost square
shaped cavities, one big vortex forms with an outer flow
above it that does not exhibit strong local accelerations.
Therefore, the overall inertia forces are similar to those of
the smooth wall case.

Wafer IV, however, has a ratio k/h = 0.133. For the
“outer” flow above these grooves, the wall shape now is
one with backward and forward facing steps which locally
lead to high accelerations and decelerations, i.e. apprecia-
bly higher local inertial forces than in the corresponding
smooth wall case. As a consequence, the overall Reynolds
number dependence of the rough wall case for wafer IV
differs from that of the corresponding smooth wall case
much stronger than this is the case for wafers I, II, and III,
resulting in a stronger Reynolds number dependence of the
wafer IV results for A.

In the turbulent case, wafers I, II, and III would be called
to be of d-type, whereas wafer IV has a k-type roughness,
see Perry et al. (1968). The physics of turbulent and lam-
inar flows are so different, however, that the only common
feature is a difference in impact of the two types of
roughness in both cases, laminar and turbulent.

5 Numerical simulations

With the experimental results of our study, we want to
validate a numerical model with which the influence of
wall roughness can be determined by means of a numerical
simulation.

Once such a model is validated, it can serve as a reliable
alternative to the experimental determination of the
roughness impact on laminar flows through conducts with
various cross sections and roughness shapes.

To have such a model is desirable since neither the
hydraulic diameter concept nor the sand roughness
approach (cf. Nikuradse 1933) holds in the case of laminar
flows. As a consequence, there has to be a case by case
determination of the roughness impact.

5.1 The dissipation model

A loss of total head, i.e. mechanical energy and thus ex-
ergy, respectively, correspond to the production of entropy
in a dissipation process. If this entropy production can be
determined in detail, i.e. locally in a flow field, an inte-
gration of this field quantity will immediately provide the
loss in terms of a loss coefficient. Calculating the local
entropy production due to dissipation in a laminar flow
field is straightforward. Basically, only the local specific

entropy production rate
L ?
Oy Ox

2 2 2
o (] (20, () (o
552+ +(E)

ou ow\® (v 0w\’ A

Hara) (G s) @
has to be determined, see Herwig et al. (2008b) for details.
From this field quantity, a friction factorf = (do/dx)4H /u?,
can be determined by integrating S’g’ over a cross section of
the flow field including all spaces between the roughness
elements. Here, dp/dx is the specific dissipation rate per
length. Its relation to the entropy production is by
dp TS},
dx  m

(5)

with S{) as entropy production rate in a cross section, T the
temperature in Kelvin, and m the mass flux. However, at a
specific location x, the cross section including the spaces
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between the roughness elements (slightly) varies depending
on the exact location with respect to the roughness element
(peak or trough). Therefore, instead of dg/dx finite values,
A@/Ax should be determined with Ax > k and Ax<H.
Then
_ TSpAx _ Tplae
m

Ag (6)

with S’D| Ay as entropy production rate in the volume of
extend Ax.

m

In channels with constant cross sections, Ax can be
extended to a finite length L, between two cross sections 1
and 2 with the specific energy dissipation rate ¢, between
them and
_ TSoly
=

P12 (7)

Equation (7) is appropriate to determine a friction factor
fi2 = (@1»/L12)4H Ju?, for fully developed flows in various
geometries.

Fig. 11 Experimental (Apeas) 2 T T T T T T - - - —
versus numerical (Agm) results wafer T - 2020 e
for the four wafers in Table 1 . L8| : s - =4
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simulation: - — Re=2 —_— Re =20 - = Re =175
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5.2 Validation of the dissipation model

Using the CFD package FLUENT® 6.3, the dissipation
model was applied to a computational geometry matching
that of our experimental set-up exactly (including the four
different wafers I-1V).

The computations were performed in a two-dimensional
axi-symetric domain. A second order upwind scheme with
a specified mass flow boundary condition at the inlet was
used. Up to 5 million nodes were used in a hybrid struc-
tured—unstructured grid ensuring grid independence for the
solution, with a finer resolution close to the rough wall.
Convergence was met when the maximum normalized
residual fell below 10~'°. Typical computational times on
the Xeon 2.0 GHz DualCore processors exceeded 12 h, see
Gloss (2009).

The grid independent results of these numerical simu-
lations are compared to the experimental results (see
Fig. 9) in Fig. 11.

Three different Reynolds numbers were chosen
(Re = 2, 20 and 175) in order to show the behaviour of

( Apsim ) rough

Agim =
o (Ap sim ) smooth

(8)
with increasing Reynolds numbers. Here, Ay, is intro-
duced as a ratio A for simulation results analogous to Apeas
in (2). It can be evaluated once Ap has been determined
from the numerical solutions for the dissipation process.

We judge the agreement of the experimental and
numerical results in Fig. 11 as a validation of the numerical
dissipation model, especially on the background of the
moderate accuracy of the experiments shown by the error
bars in Fig. 10. With this moderate accuracy, we refrain
from making a detailed analysis of the Reynolds number
dependence. Instead, we state that the trend of A increasing
for increasing Reynolds numbers is the same for the
experiments (with the categories of small, medium, and
large Re) and the simulations (with distinct Reynolds
numbers 2, 20, and 175).

6 Conclusions

With the experiments shown, we could demonstrate that
there is a non-negligible influence of wall roughness for
laminar flows. We also use our experimental data for the
validation of a numerical model based on entropy pro-
duction considerations.

With this model, we now can determine the influence of
wall roughness in any geometry and for arbitrary kinds of
wall roughness.

As an example, Fig. 12 shows the famous Moody chart
here specified for a pipe geometry with groove wall

10 : K

-10.05
0.04

0.03
0.02

0.01

0.006
=0.004
0.002
-0.001

10° 10 Re 10°

Fig. 12 Moody chart for a pipe with groove wall roughness; K =
0.05: dashedline & K = 0.01: dotdashedline (see Table 1, wafer I for
the roughness geometry)

roughness like that of wafer I in Table 1, see also Fig. 2.
The lines for K = 0.05 and K = 0.1 show that the influ-
ence of wall roughness is stronger in turbulent flows but
not negligible in laminar flows.

For laminar flows, the hydraulic diameter concept can-
not be applied nor does the sand roughness equivalence
hold.

Thus, different from the turbulent case, for laminar
flows, the geometry as well as the kind of wall roughness
has to be specified when also the laminar part in a friction
chart f = f(K, Re) should be correct.

Acknowledgments The authors want to thank Dr. Sid Becker/North
Carolina State University and Humboldt Fellow at TU Hamburg-
Harburg for his assistance in preparing the final version of this paper.

References

Brackbill TP, Kandlikar SG (2007) Effects of low uniform relative
roughness on single-phase friction factors in microchannels and
minichannels. In: Proceedings of the fifth international confer-
ence on nanochannels, microchannels and minichannels

Croce G, D’Agaro P (2005) Numerical simulation of roughness
effects on microchannel heat transfers and pressure drop in
laminar flow. J Phys D Appl Phys (38):1518-1530

Gloss D (2009) Der Einfluss von Wandrauheiten auf laminare
Stromungen: Untersuchungen in Mikrokanilen. Cuvillier Verlag,
Gottingen. ISBN 978-3-86727-962-8. PhD thesis

Hao P-F, Yao Z-H, He F, Zhu K-Q (2006) Experimental investigation
of water flow on smooth and rough silicon microchannels.
J Micromech Microeng 16:1397-1402

Herwig H (2002) Flow and heat transfer in micro systems: is
everything different or just smaller? ZAMM-Z Angew Math
Mech 82(9):579-586

Herwig H, Gloss D, Wenterodt T (2008a) Flow in channels with
rough walls—old and new concepts. In: Proceedings of the sixth
international conference on nanochannels, microchannels and
minichannels, ICNMM2008-26064

@ Springer



470

Exp Fluids (2010) 49:461-470

Herwig H, Gloss D, Wenterodt T (2008b) A new approach to
understand and model the influence of wall roughness on friction
factors for pipe and channel flows. J Fluid Mech (613):35-53

Hu Y, Werner C, Li D (2003) Influence of three-dimensional
roughness on pressure-driven flow through microchannels.
J Fluid Eng (125):871-879

Ji Y, Yuan K, Chung JN (2005) Numerical simulation of wall
roughness on gaseous flow and heat transfer in a microchannel.
Int J Heat Mass Transf 49:1329-1339

Kandlikar SG (2005) Roughness effects at microscale—reassessing
nikuradse’s experiments on liquid flow in rough tubes. Bull Acad
Sci 53

Kleinstreuer C, Koo J (2004) Computational analysis of wall
roughness effects for liquid flow in micro-conduits. J Fluids
Eng 126:1-9

Lilly TC, Duncan JA, Nothnagel SL, Gimelshein SF, Gimelshein NE,
Ketsdever AD, Wysong 1J (2007) Numerical and experimental
investigation of microchannel flows with rough surfaces. Phys
Fluids 19:106101 1-9

Munson BR, Young DF, Okiishi TH (2005) Fundamentals of fluid
mechanics, 5th edn. John Wiley & Sons Inc., New York

@ Springer

Nikuradse J (1933) Stromungsgesetze in rauhen rohren. In: Forschung
auf dem Gebiet des Ingenieurwesens, number 361 in VDI-
Forschungsheft, pages 1-22. VDI-Verlag, Diisseldorf

Perry AE, Schofield WH, Joubert PN (1968) Rough wall turbulent
boundary layers. J Fluid Mech 37:383-413

Rawool AS, Mitra SK, Kandlikar SG (2006) Numerical simulation of
flow through microchannels with designed roughness. Microfluid
Nanofluid 2:215-221

Savage SB (1964) Laminar radial flow between parallel plates. J Appl
Mech 31:594-596

Schlichting H, Gersten K (2006) Grenzschicht-Theorie, 10th edn.
Springer, Berlin

White FM (2008) Fluid mechanics, 6th edn. McGraw-Hill, New York

Wu PY, Little WA (1983) Measurement of friction factors for the
flow of gases in very fine channels used for microminiature
joule-thomson refrigerators. Cryogenics 23(5):273-277

Zierep J (2008) Grundziige der Stromungslehre, 7th edn. Vieweg
Verlag, Wiesbaden



	Wall roughness effects in laminar flows: an often ignored  though significant issue
	Abstract
	Introduction
	The experimental set-up
	Basic geometry of the set-up
	Surface structuring technique
	Details and data acquisition

	Data evaluation
	Pressure measurements
	Error analysis

	Measurements
	Numerical simulations
	The dissipation model
	Validation of the dissipation model

	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


