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Abstract. The topic of incompressible fluid flow in rough channels is of practical interest in many diverse applications. It also forms the
basis of our understanding of fluid-wall interactions, turbulent eddy generation, and their effect on the frictional pressure losses. Although
this topic is also of fundamental interest, the work in this area is entirely guided by the experimental work of earlier investigators [1-6]. The
works by Nikuradse [4] and Colebrook [5] constitute a major milestone from which useful empirical models are derived. As we approach
the microscale, Nikuradse’s experimental work again is brought to focus, perhaps this time to gain an insight into the mechanisms affecting
fluid-wall interaction in rough channels. In this paper, Nikuradse’s work is revisited in light of the recent experimental work on roughness
effects in microscale flow geometries.
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1. Introduction a) Is the continuum theory valid at microscale?
) ) ) ) ) ) b) Is there an additional mechanism that plays a role at mi-
Incompressible laminar fluid flow in ducts is the main focus croscale?

of this paper. Theoretical solutions are available in the litera-

ture for laminar internal flow, starting with the Navier-StokesA number of researchers [9-29] focused their efforts at an-
equations which are based on the continuum model. In thes&ering these questions. The following answers have emerged
classical works, the channel walls are considered to be smoofifom their work in response to the above questions:

with no slip condition at the wall. The issue of wall rough-

ness is addressed through relative roughness, which is the ratioi- The continuum theory is valid for liquid flows at the mi-

of one of the surface roughness parameters to the channel hy- ~ croscale channel dimensions investigated. The departure
draulic diameter. It may be of historical interest to note that the ~ from the continuum theory is due to the larger uncertain-

termrelative roughnessvas first proposed by Mises [7]. The ties at microscale; the instrumentation employed is gen-
surface roughness parameter is generally the equivalent sand- ~ erally based on our experience with macroscale systems.
grain roughness or average roughnﬁgsobtained from a lin- ii. The unexplained mechanisms pertain to two additional

ear traverse of a profilometer on the channel wall in the flow  €xperimental observations:
direction. For the case of non-uniform roughness, the equiv-
alent sand grain roughness concept is introduced to yield the
same resulting pressure drop. A recent work by van Rij et al.
[8] provides a more exhaustive treatment of this aspect. — Early transition to turbulent flow observed in rough
Exhaustive experiments conducted by Nikuradse [4] with channels.
flow of water in smooth and rough macroscale pipes for(}g
t

— Increase in friction factor with an increase in sur-
face roughness.

oth these observations are in direct conflict with the estab-
hed view of laminar flow in macrochannels. This raises three
hoeossibilitie:s:

much of our basis for understanding in this field. His resul

showed that the roughness did not affect the friction fact

in the laminar region. Roughness also did not influence t

laminar-to-turbulent transitions in pipes of different diameters. , Nikuradse’s experiments may be in error in the laminar
The recent focus on microscale fluid flow, as seen by ex-  regjon.

tensive survey papers published in the literature [9-21], has . The recent experimental observations on microscale

once again brought the focus to this topic. The experiments  flyid flow in rough channels may contain some unfore-

conducted since the late 80’s and in the 90’s focusing on mi-  geen source of error.

croscale and miniscale channels, ranging fronufrOto about c. There is some mechanism that causes this departure in

1 mm, showed a departure from the conventional laminar the-  the wall transport processes at microscale.

ory for rough pipes. The following questions were then raised

in providing a possible explanation for this departure in lamiThe remainder of the paper is devoted to discuss the above

nar flow characteristics of a liquid. three possibilities.
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2. Reassessment of Nikuradse’s experimental  gated through direct flow visualization. Further, the friction

data factors for smooth and different roughness tubes in the laminar

region yielded pressure gradients that were within less than 3%

Nikuradse [4] conducted experiments with water in circulapf each other, and agreed with the theoretical laminar predic-
pipes to study the laminar and turbulent regions, covering Rpyns.
from 600 to 16. The inner diameters of the pipes were 25, 50 Njkuradse carefully established the entrance region effects
and 100 mm. To create the roughness on the inside walls ghd took his measurements in the fully developed region. He
the pipes, he first sifted sand grains so that the grains were & accounted for the presence of the pressure drop probes,
uniform size. He then used Japanese lacquer to stick the saggich were placed in the centre of the pipes to avoid any wall
grains to the walls of the pipe. The pipes were first filled withsffects.
Japanese lacquer and then emptied, leaving a thin tacky film The errors associated with the pressure drop measurement
on the wall. The pipe was then filled with sifted sand graing, Nikuradse’s experiments in the laminar flow region are how-
of desired diameters and emptied. The pipes were then drigga; significantly higher. For a Reynolds number of 600, the
for 3—4 weeks. To assure good adherence of sand particles;{@ssure drop corresponds to a water column height of only
the wall, the pipe was once again filled with Japanese lacqugfoyt 0.1 mm/m pipe length. For a measurement section length
and emptied. This resulted in a thin coating of lacquer whicl 1 5 m between two probe stations, this still amounts to be
improved sand adhesion to the wall. The height of the sangnsiderably smaller than the estimated uncertainty-6f5
particles was measured by repeating the same procedure o @& of water head.
flat glass plate and using a height gauge. The resulting rela- Thg gyerall uncertainty associated with Nikuradse’s exper-

tive roughness values ranged between 0 and 3.3%. The ex@gbnts to measure pressure drop is estimated to be between 3
profile of the surface, covered with sand grains and a film Qf, 594 in the turbulent region, but it is expected to be signifi-
Japanese lacquer, was however not obtained. cantly higher in the laminar region.

In the friction factor evaluation, pipe diameter has a very Nikuradse’s results in the laminar region agreed with the
large influence since the pressure drop along a given piR@yier results of Schiller [3], who conducted experiments di-
length varies ad/D° for a given fluid flow rate. In Niku- rected at finding the critical Reynolds numbers at the laminar-
radse’s experiments, the diameter of the pipe was calculatgghylent transition. Schiller's pipe diameters ranged from 8
from the volume of water required to fill the pipe and the lengtly 21 mm. He reported that the transition Reynolds number
of the pipe. This measurement method provided a mean Qims independent of the surface roughness. However, the uncer-
ameter along the pipe length without conducting a destructiyginty in Schiller's data needs to be carefully evaluated further.
testing. The measurement uncertainty however could not be | jiterature, there are no reports contradicting the effect
determined as the amount of water that was left as a film wgs roughness on friction factor in the laminar range for con-
difficult to estimate. Assuming the water film thickness to bgentional diameter tubes. It may be tempting to conclude that
on the order of um, the maximum uncertainty is estimatedigminar flow at macroscale (above 3 mm), and perhaps well
to be 10/25000, or 9.04% in the smallgst tpbe tested. It shoulgto miniscale (below 3 mm), exhibit no effect of wall rough-
be noted that the pipe diameter used in his work was the basgss on the friction factors. However, in light of the questions
diameter of the pipe before the lacquer or the sand grains W&tgsed here regarding the uncertainty in pressure drop measure-
applied. ments in Nikuradse's data, there is a need to re-evaluate the

The pressure drop was measured at several intermedigé@ghness effects through carefully controlled experiments in

locations using pressure probes of 2 mm outside diameter thge |aminar region for large diameter tubes as well.
extended to the centre of the pipe. The micromanometers were

used fc_>r pressure drop measurement. Tht_a uncertainty assofi- pacent experimental observations
ated with the pressure drop measurement in the lower range of .
turbulent flow experiments is estimated to be on the order of on roughness effect at microscale
+0.5 mm manometer height of water column in a 10 mm col3.1. Effect of roughness on friction factor. The channel
umn, or 5%. This resulted from the human error in reading theassification scheme proposed by Kandlikar and Grande [18]
manometer. is used in this paper. According to this classification, channels
The laminar region of the experiments conducted by Nikun the range 10 to 20Qm are classified as microchannels, and
radse was toward the lower Re range of his experiments, whibletween 20um to 3 mm are classified as minichannels.
were conducted with Re as high as’ 1\lthough this is to- Some of early experimental works in this area did not ac-
ward the low end of the range, the flow rate measurement doesunt for the inlet and exit losses and the entrance region
not seem to be influenced by his measurement techniques. éféects. For example, Pfahler et al. [10] conducted experi-
used an overflow tank to measure the volume of water catrents with very small diameter microchannels, with the chan-
lected over a given time. The volume measurement methal heights varying from 0.5 to 4.66m, channel width varying
involves only the human error in setting the clock, along witlirom 95 to 115um, and relative roughness of around 1%. The
the accuracy of the weighing scale. It is estimated that the uresults show a large degree of scatter, and in general a lower
certainty related to the flow measurement is quite low, approfriction factor as compared to the theoretical predictions. The
imately below 1%. The turbulent transition was also investitincertainty in the channel size and shape may be responsible
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for the large variation, and additional confirmation is needefiftom 500-2600 for 1.032 mm tube and 900-3000 for 0.62 mm
before any conclusions can be drawn from this study. Simiube. Figure 1 shows the roughness effect in the smaller diam-
larly, the experimental data of Peng et al. [29] showed vergter tube, with a higher pressure drop for tubes with higher
early transition to turbulent flow for smooth rectangular charrelative roughness values. The transition Reynolds number
nels with hydraulic diameters in the range from 133 to 36Was also affected. The larger diameter tube did not exhibit any
um. The relative roughness of their channels was between @dlughness dependency over the experimental data range. They
and 1%. The uncertainties in diameter measurement were ra$o recommended systematic studies on roughness effect for
stated and are suspected to affect the results that might be nrigerochannels, where the roughness effects were expected to
interpreted as early transition to turbulence based on the pré higher.

sure drop measurements. Nevertheless, this work marks the
beginning of our attempts to unravel the roughness effects at o,
microscale. Later investigators worked on refining the exper- ® o/d = 000355
imental uncertainties, accounted for entrance and exit losses
and considered the pressure drop in the developing region. = 151 m e/d=00029 ¢

A number of researchers [28-40] explored the effect of% & e/d= 000161 .
roughness on fluid flow at microscale. One of the convinc=< 10 | d n
ing studies showing the roughness effect on laminar flow wasq:j .
conducted by Mala and Li [31] using circular microchannels_% 5L * !‘l
with diameters ranging from 50 to 254n and surface relative ~ . *!
roughness of up to 3.5%. They eliminated the entrance and g * '
gxn losses and the entrance region pressure drop by conS|d_er— 00 5(30 10'00 15'00 20'00 25'00 30'00 35'00 2000
ing two samples of the same tube of different lengths. Their Re
results clearly indicate that as the tube diameter decreases, (the ) ]
relative roughness increases for the same roughness surfafi§, 1- Plot of pressure drop versus Re for different relative rough-
the friction factor increases for the same Reynolds numbdlesses with water flow in a 0.62 mm diameter tube, Kandlikar et al.

. . (after Ref. 34)
The same value of surface roughness results in a higher rela-
tive roughness in smaller diameter tubes, and a higher friction
factor. The authors proposed a roughness-viscosity model to Tu and Hrnjak [28] conducted experiments with R-134a in
account for the surface roughness effects. five rectangular microchannels with hydraulic diameters vary-

Pfund et al. [32] conducted experiments with tap wateing from 69.5 to 304.71um and aspect ratios between 0.09 and
flowing in high aspect ratio microchannels with depths vary0.24. The Reynolds numbers were varied from 112 to 9180.
ing from 128 to 521um, and Re varying from 60 to 3450. The Their results for smooth channels showed that the conventional
effect of roughness was investigated by introducing a rougheory for friction factor was applicable to all channels over
bottom plate. The pressure drop was measured in the chantie entire laminar region, and the critical Reynolds number
itself. Their results indicate a strong possibility that the roughwas also unaffected. For one channel with the highest relative
ness causes an increase in laminar flow friction factors. Thieughness (0.35%), the friction factors were 9% higher than
authors pointed out the large uncertainties in their experimerttse theoretical predictions, and the critical Reynolds number
and suggested further studies to confirm their findings. was 1570.

Guo and Li [17] present a good survey of earlier investiga- Wu and Cheng [35] conducted a systematic study on 13
tors’ and their own experimental work showing the roughnesdifferent trapezoidal silicon microchannels with two different
effects. Their experimental data for rough microchannels withominal channel heights of 56.22 and 1161. The relative
diameters varying from 128 to 178n showed that the friction roughness of the surface varied from 0.00326 to 1.09%. They
factors increased with an increase in the relative roughness fitotted the apparent friction factor based on the pressure mea-
the range between 2 and 4.3%). They also presented an intsirements in the inlet and the outlet manifolds. The entrance
esting discussion on the effects of the wall frictional forces oand exit losses and the developing region loss were included
the bulk flow, indicating that these effects are expected to he the apparent friction factor. Nevertheless, their data clearly
responsible for early transition to turbulent flow and increaseshows the influence of the wall roughness on friction factor.
friction factor and Nusselt number. Figure 2 shows the pressure drop for two channels with dif-

Qu et al. [33] conducted experiments in silicon microchanferent relative roughness values as indicated in the figure. The
nels and identified roughness as an important factor in the dewer pair of plots is for triangular sections with the width of
velopment of microfluidic devices in biological applications. the base around 110m and channel height of around 1jith.

Kandlikar et al. [34] systematically varied the roughnes3he friction factors for the rough channel are seen to be around
of stainless steel tubes using acid etching and studied the eff@@6 higher than those for the lower roughness channels. Sim-
of roughness on pressure drop and heat transfer. The study ifar observations can be made for the upper pair, which rep-
cused on minichannels with two tubes of 1.032 and 0.62 mnesents two channels with the channel height arounduti0
inner diameters. The relative roughness varied from 0.16 tnd the two parallel sides of the trapezoid around 270 and 430
0.36% and the tests were conducted with water over a Re rangm respectively.
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The results of experiments conducted to specifically bring
out the effect of structured surface roughness on friction factor
were presented by Kandlikar et al. [38] and Schmitt and Kand-
likar [39]. Specific experiments were conducted using parallel
saw-tooth ridge elements, placed normal to the flow direction,
in aligned and offset configurations in a 10.03 mm wide rectan-
gular channel with variable gap. The resulting hydraulic diam-
eters were 325m to 1819um with Reynolds numbers ranging
from 200 to 5700 for water. The results for the smooth chan-
nels agreed well with the classical laminar flow friction factor
as well as the transition Re. For the saw-tooth roughness ele-
ments, two configurations were studied. In the first case, the
saw-teeth were aligned on the opposite 10.03-mm wide walls
of the rectangular channel, while these were offset in the other
configuration. In both cases, the pitch of the roughness ele-
ments was 50@um. The highest relative roughness value stud-
ied was around 15%.

Figure 4 shows the results of their experiments. The results
for the laminar friction factors for the saw-toothed surface are

Fig. 2. Comparison of.,, Re product versus Re plots for two setsSignificantly above the smooth-channel predictions.

of microchannels with different relative roughness surfaces, Wu and

Cheng (after Ref. 35)

Celata et al. [36] verified that the conventional theory holds
good for microchannels down to 30m diameter. The exper-
iments with roughened channels, with the diameter varying—0.10
from 70 to 326um, indicated that the roughness effect was
most prominent with the smallest diameter tubes. The relative
roughness varied from 0.07 to 0.62%. The presence of viscous ( ;

—— Lam., Theory

1.00 1 A Aligned sawtooth

= = = Turb., Theory-extended
¢ Offset sawtooth

heating was also demonstrated, but the heating is expected to 100 1000 10000

lower the viscosity and reduce the friction factor, whereas the

Re

experimental data yielded a friction factor that was higher thalfig. 4. Fully developed friction factor vs. Reynolds number, both
predicted by the continuum theory. Figure 3 shows their rébased on hydraulic diameter; water floi, = 953um, height = 500
sults comparing friction factors for roughened glass tubes &M, width=10.03mmg/D;,=0.0735, Kandlikaretal. (afterRef. 38)
126 and 299um inner diameters. Assuming the surface rough- .
ness values to be nearly identical, the relative roughness for the 1N effect of surface roughness on flow results from: i)

126 um diameter tube will be higher than the 2@6 diameter
tube. The resulting friction factor for the smaller diameter tub

is seen to be higher over the entire laminar range.

— 64/Re

& d=126pum
o d =299 uym

0.01

400 600 800 1000
Re

3000

flow obstruction, and ii) flow constriction. The effect of struc-
tured roughness elements on the flow has been studied in the
literature. For example, Webb [40] studied the flow separa-
tion during fluid flow over repeating roughness elements. Flow
separated from the wall following the roughness elements and
then reattached at a distance 6—8 times the height of the ele-
ment. For surface roughness resulting from a manufacturing
process, such as machining or surface treatment, the rough-
ness elements are similar in nature and are closely spaced. The
flow encounters the leading element and skims over a pocket
of circulating fluid before passing over the next element. Kan-
dlikar et al. [38] proposed a constricted flow model, in which
the flow cross-sectional area was considered to be equal to the
constricted flow area (or free-flow area in compact heat ex-
changer terminology). For the case of the saw-tooth roughness
discussed earlier, the results of Fig. 4 are replotted using the
constricted flow diameter in Reynolds number and friction cal-
culations. Figure 5 shows the results based on the constricted
flow diameter. It can be seen that the results for the rough

Fig. 3. Friction factor versus Re for roughened glass tubes, Celatatgbes match with the laminar flow predictions based on the

al. (after Ref. 36)

346

same constricted flow parameter.
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1.00 o T Peng et al. [30], Celata et al. [36], Mala and Li [31], Kand-
4 Constricted aligned sawtooth likar et al. [38], Schmitt and Kandlikar [39] have experimen-
» Turb., Theory-extended tally confirmed the effect of roughness on transition to turbu-

¢ Constricted offset sawtooth

lence. The following equation is proposed by Kandlikar et al.

+70.10 [43] based on their experimental data on saw-tooth roughness
structures in rectangular minichannels (Kandlikar et al. [38]
and Schmitt and Kandlikar [39]).
0.01 . . Laminar-to-turbulent transition equations:
100 1000 10000

Re, 0<é&/Dhey <0.08  Repep = 2300 — 18,750 (¢/Dp )

(1)
Fig. 5. Fully developed friction factor vs. Reynolds number, bot < _ _ _
based on constricted flow hydraulic diameter; water flow. Hydrauli?:)'08 < E/Dh’cf <015 Reycp = 800-3270 (¢/Dp.cr—0.08)

diameter based on constricted flal, .y = 684 um, channel height (2)
at saw-tooth base = 500m, constricted height = 35dm, channel ) .
width = 10.03 mme /D, .; = 0.1108, Kandlikar et al. (after Ref. 38) 4. Numerical modelling of roughness structures

in laminar flow

3.2 Modelling of rouahn tructures. Modelling roudh- A number of investigators have studied microscale roughness
<. Modetiing of rougnness structures. Viodeting roug effects in microchannel flows using numerical simulation. Hu
ness effects on microscale friction factor is important in de- . ; : .
o . . . et al. [44] numerically investigated the rectangular prism
signing _rmcroscale fIU|d|c_ devices. Several researchers, e‘r%'ughness elements. The Reynolds number range investigated
Bahrami et al. [37], Kandlikar et al. [38] and Taylor et al. [41]V\1as from 0.001 to 10, and the channel height varied from 5

present some modelling concepts in this area. Bahrami et . ) .
. . 10.50 um. The three-dimensional analysis showed the effect
[37] assumed the wall roughness to possess a Gaussian distti- . . .
of surface roughness in terms of the element height, and size

but|0_n._ For Isotropic roughness, they developed eXPressiofiative to the channel height. The effect of the roughness ele-
for frictional resistance based on the standard deviation in thé

) . . ents was presented in terms of channel height reduction. This
roughness profile and derived a correction factor to accoum P 9

. expression was obtained from their numerical data. The height
for the wall roughness. Their work was shown to correlate thé . .

: . and spacing of the roughness are shown to affect the flow in a
available data from literature well.

Kandlikar et al. [38] and Taylor et al. [41] proposed thecomplex way in different regions. KIelns_treuer and Koo [45]
: used a porous layer model in representing the roughness ele-
average roughness as the sunt'gfandR,, whereF,, is the

) . ; . ments in the relative roughness range varying from 0.5 to 2%.
distance between the floor profile mean line and the main pr g g ying 0

file mean line andi.. is the distance between the main ro_&'awool et al. [46] present the results of the numerical simu-
p Pr91tion obtained by systematically varying the height and pitch

file mean line to the average height of the peaks. Using th|§ ; . .
L . : the roughness ridges in a rectangular microchannel. These
concept, the definitions of various roughness parameters is (? -

) A X résults are very illustrative in icting the eff f surf -
picted in Fig. 6. These parameters were used in representi esults are very illustrative in depicting the effect of surface e

the saw-tooth profile roughness structures. As shown in Fi Qﬁent size and shape on the fluid flow. Further experimental
P 9 : 9-lidation of these results is needed before the results can be

in the ea_lrller section, the model was successful over the ran renployed in practical design of microscale devices.
of experiments conducted by Kandlikar et al. [38] up to a max-
imum relative roughness of around 15%. .
5. Conclusions
Sm;  Smy  Smy It is very interesting to see the progression of research in de-
o ) veloping our understanding of fluid flow phenomena at mi-
N {sz Rp, ﬁ::;ﬁi’eﬁl‘ croscale. The researchers in the late 80s and 90s struggled
ANy N N with obtaining accurate experimental data and recognizing the
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, importance of the experimental uncertainties associated with
Floor profile ~ measurements of channel dimensions and flow parameters. As
Mean line a result of these consorted efforts, the continuum theory has

Fig. 6. Representation of roughness structures in terms of the n&€n shown to be valid for liquid flows in smooth microchan-

roughness parameters: Maximum Profile Peak Height (Rp), Medigls.

spacing of profile irregularities (RSm), and Floor Distance to Mean From the literature survey, we can conclude that surface

Line (Fp), Kandlikar et al. (after Ref. 38) roughness plays an important role in fluid flow in microchan-

nels and minichannels. For macrochannels, the experiments of
Schiller [3] and Nikuradse [4] indicate that roughness has no

3.3. Transition to turbulent flow due to roughness at mi- effect on the laminar flow friction factor in rough tubes with

croscale. Turbulent flow transition is another topic that is be-relative roughness df < /D < 0.05. The transition to tur-

ing pursued in evaluating the roughness effects on microscdialence is also seen to be unaffected by the presence of rough-

fluid flows. A number of researchers, including ldelchik [42]ness structures in the large diameter tubes investigated by these
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researchers. The shape of the roughness structure, ribs or uni- heat/mass transfer in microchannels — a literature revisfi#’,
form surface roughness, did not make any difference either. croscale Thermophysical Engineerifig155-173 (2002).
However, since these experiments were conducted at the lowlé¥] Z. Guo and Z. Li, “Size effect of microscale single-phase flow
end of their pressure drop measurement instrument range, large and heat transfer’jnternational Journal of Heat and Mass
uncertainties are suspected to be present in the pressure drog) Transfer46, 149-159 (2003). ) _ _
measurements in the laminar region. Further verification dfc! S-C- Kandlikar and W.J. Grande, "Evolution of microchannel

their laminar flow results with more accurate instrumentation flow passages — thermohydraulic performance and fabrication
technology” Heat Transfer Engineering4 (1), 3—17 (2003).

in macrochannels is therefore warranted. [19] P. Shen, S.K. Aliabadi, and J. Abedi, “A review of single-
For microchannels, as well as for minichannels in its lower  phase liquid flow and heat transfer in microchanne8cond

dimensional range, it can be concluded that roughness plays International Conference on Microchannels and Minichannels

a role in the friction factor as well as in the transition to tur- Rochester, 213-220 (2004).

bulence. The experimental confirmation from recent literaturg20] M. Gad-el-Hak, “Differences between liquid and gad flows at

is quite convincing to this effect. The role of roughness and  the microscale”Heat Transfer Enginering7(4), (2006).

the mechanisms affecting this laminar flow behaviour are ndg1] M.ESteinkeandS.G Kandlikar,"Single-phaseliquidirictiorfactors

yet clear. Further study on this topic is expected to be pursu?gz] in microchannels”,Heat Transfer Enginering27(4), (2006).

. X. Jiang, Y. Huang, and C.Y Liu, “Laminar flow through mi-
aggressively by researchers throughout the world. crochannels used for microscale cooling systett<2E CPMT

Electronic Packaging Technology Conferent&9-122 (1997).
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