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Abstract Modifications of fluid flow within microscale

flow passages by internal surface roughness is investigated

in the laminar, transitional, and turbulent regimes using

pressure-drop measurements and instantaneous velocity

fields acquired by microscopic particle-image velocimetry

(micro-PIV). The microchannel under study is rectangular

in cross-section with an aspect ratio of 1:2 (depth: width)

and a hydraulic diameter of Dh ¼ 600 lm: Measurements

are first performed under smooth-wall conditions to

establish the baseline flow characteristics within the

microchannel followed by measurements for two different

rough-wall cases [with RMS roughness heights of 7:51 lm

(0.0125Dh) and 15:1 lm (0.025Dh)]. The roughness pat-

terns under consideration are unique in that they are rem-

iniscent of surface irregularities one might encounter in

practical microchannels due to imperfect fabrication

methods. The pressure-drop results reveal the onset of

transition above Recr ¼ 1;800 for the smooth-wall case,

consistent with the onset of transition at the macroscale,

along with deviation from laminar behavior at progres-

sively lower Re with increasing roughness. Mean velocity

profiles computed from the micro-PIV ensembles at vari-

ous Re for each surface condition confirm these trends,

meaning Recr is a strong function of roughness. The

ensembles of velocity fields at each Re and surface con-

dition in the transitional regime are subdivided into fields

embodying laminar behavior and fields containing disor-

dered motions. This decomposition reveals a clear has-

tening of the flow toward a turbulent state due both to the

roughness dependence of Recr and an enhancement in the

growth rate of the non-laminar fraction of the flow when

the flow is in the early stages of transition. Nevertheless,

the range of Re relative to Recr over which the flow tran-

sitions from a laminar to a turbulent state is found to be

essentially the same for all three surface conditions. From

a structural viewpoint, instantaneous velocity fields

embodying disordered behavior in the transitional regime

are found to contain large-scale motions consistent with

hairpin-vortex packets irrespective of surface condition.

These observations are in accordance with the character-

istics of transitional and turbulent flows at the macroscale

and therefore indicate that the overall structural paradigm

of the flow is relatively insensitive to roughness. From a

quantitative viewpoint, however, the intensity of both the

velocity fluctuations and structural activity appear to

increase substantially with increasing roughness, particu-

larly in the latter stages of transition. These differences are

further supported by the trends of single-point statistics of

the non-laminar ensembles and quadrant analysis in which

an intensification of the velocity fluctuations by surface

roughness is noted in the region close to the wall, partic-

ularly for the wall-normal fluctuations.

1 Introduction

The characteristics of transitional and turbulent flow in

microscale flow passages has received increased attention

over the past several years owing to conflicting observa-

tions of its physics reported in the literature. While many

flow applications at small scales necessarily operate in the

laminar regime due to the extremely small length scales

involved as well as the friction penalty paid to achieve

higher flow rates, there exist many other applications,

including microelectronics cooling, refrigeration, and
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mixing in micro-reactors, for example, that leverage the

characteristics of transitional and even turbulent flow at

these scales. Hence, a complete understanding of these

flow regimes at the microscale is required to further

improve the design and optimization of microfluidic sys-

tems operating under such conditions.

Of particular interest, the results of many past experi-

mental investigations suggest fundamental differences

between transition at the microscale and the well-estab-

lished characteristics of transition at the macroscale. With

regard to macroscale transition, Reynolds (1883) first rec-

ognized the existence of a critical Reynolds number

(Re � UbDh=m; where Ub is the bulk velocity, Dh is the

characteristic diameter, and m is the fluid kinematic vis-

cosity) above which finite amplitude disturbances will

grow and lead to the onset of transition from a laminar to a

turbulent state. These observations of Re ffi 2;000 have

since been corroborated in many other studies of macro-

scale transition along with the recognition that intermittent

regions of disordered motions termed turbulent spots

bounded by nominally laminar behavior exist in transi-

tional flows with the occurrence and prominence of these

spots increasing with Re until a fully turbulent state is

eventually attained (Wygnanski and Champagne 1973;

Wygnanski et al. 1975; Darbyshire and Mullin 1995,

among others). Returning now to observations of transition

in microscale flow passages, the experiments of several

groups have indicated the onset of transition for fluid flow

through microchannels at Re lower than that first estab-

lished by Reynolds (Peng et al. 1994; Peng and Peterson

1996; Mala and Li 1999; Qu et al. 2000), including for

liquid flows in microchannels hundreds of microns in

characteristic size (Wang and Peng 1994; Yang et al. 2003;

Hsieh et al. 2004; Qi et al. 2007; Ergu et al. 2009, for

example) for which the continuum hypothesis is valid and

therefore the Navier–Stokes equations should govern the

flow physics. In contrast, other microscale studies report

the onset of transition near Re ffi 2;000 in accordance with

macroscale observations (Judy et al. 2002; Qu and Muda-

war 2002; Sharp and Adrian 2004; Li and Olsen 2006b). It

should be noted, however, that nearly all of these studies

simply reported bulk characteristics of the flow (primarily

friction factor). As such, the statistical and structural details

of the transition process from a laminar to a turbulent state

were not captured for complete comparison with the well-

established spatial characteristics of this transition at the

macroscale. Further, the influence of other effects, like

surface roughness and/or cross-sectional geometry, have

been largely ignored in many of these microscale studies.

Therefore, more comprehensive studies of this physics are

needed to ascertain whether the notion of unique transi-

tional flow physics at small scales as proposed in some

studies is indeed a possibility.

The recent development of microscopic particle-image

velocimetry (micro-PIV) as a tool for acquiring spatially

resolved velocity fields at the microscale (Santiago et al.

1998; Meinhart et al. 2000) has sparked significant interest

in studying the underlying spatial characteristics of com-

plex flows at the microscale to enhance our understanding

of these flows beyond the limited insight bulk measure-

ments can provide. The traditional form of micro-PIV

involves the use of ensemble averaging of correlation

functions to obtain accurate and well-resolved velocity

vector fields in order to alleviate the effects of volume

illumination. In this form, however, micro-PIV is inher-

ently limited to the measurement of steady flows or the

mean characteristics of unsteady flows (including periodic

flows wherein the measurements can be accurately phase

locked to the periodic flow physics). In contrast, the

accurate measurement of instantaneous unsteady and/or

turbulent flow physics requires the acquisition of highly

resolved, instantaneous velocity fields which demands the

use of a relatively high seeding density. In this regard, the

first measurements of transition and turbulence via micro-

PIV were reported by Li et al. (2005) and Li and Olsen

(2006a) for flow through rectangular microchannels where

the authors found the onset of transition to occur at Re

comparable to that observed at the macroscale. In a com-

plementary study by Li and Olsen (2006b), the authors

examined large-scale turbulent structures in rectangular

microchannels with varying aspect ratios using spatial

correlations of velocity and reported reasonable agreement

with macroscale duct-flow data for square microchannels.

Likewise, single- and multi-point velocity statistics com-

puted from micro-PIV measurements in the streamwise–

wall-normal plane of a 536 lm capillary at Re ¼ 4;500 by

Natrajan et al. (2007) agreed well with the results of a

direct numerical simulation (DNS) of turbulent pipe flow at

a comparable Re (Eggels et al. 1994). In addition, Natrajan

et al. (2007) reported observations of multiple spanwise

vortices (of diameter � 50 lm) aligned in the streamwise

direction that formed large scale, inclined interfaces within

the instantaneous micro-PIV velocity fields. These char-

acteristics are consistent with the signatures of hairpin

vortices and hairpin-vortex packets whose existence in

wall-bounded turbulent flows is well-established at the

macroscale (Adrian et al. 2000b; Christensen and Adrian

2001; Ganapathisubramani et al. 2003, for example).

Therefore, Natrajan et al. (2007) not only established the

statistical and structural consistencies of wall turbulence at

the micro- and macro-scales, but also validated the efficacy

of micro-PIV as a tool for faithfully capturing instanta-

neous flow physics at the microscale.

Recently, Natrajan and Christensen (2007) conducted

both pressure-drop and micro-PIV measurements in

smooth-wall capillary flow from the laminar to the
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turbulent regimes using the same 536 lm capillary uti-

lized by Natrajan et al. (2007). This capillary was chosen

for study because its inner surface was found to be

extremely smooth (optical profilometry measurements

revealed an inner-surface maximum peak-to-valley sur-

face height of 8 nm) which was of critical importance in

order to eliminate surface roughness as a possible culprit

for transition at anomalously low Re as many studies have

previously reported. Natrajan and Christensen (2007)

reported the onset of transition at Re ’ 1;900; with fully

turbulent flow observed at Re ’ 3;400; consistent with the

aforementioned characteristics of macroscale transition.

Further, examination of the instantaneous velocity fields

acquired by micro-PIV revealed that transitional flows at

the microscale are composed of a subset of velocity fields

that reflect laminar flow and a fraction that capture sig-

nificant deviation from laminar behavior (i.e., disordered

motions) with the latter fraction increasing with Re.

Again, these observations are entirely consistent with a

growing number of turbulent spots bounded by regions of

laminar flow as is established in the literature on mac-

roscale transition (Wygnanski and Champagne 1973;

Wygnanski et al. 1975; Darbyshire and Mullin 1995). Of

particular interest, the instantaneous velocity fields

embodying disordered motion often contained multiple

spanwise vortices aligned in the streamwise direction with

these vortices collectively inducing ejections of low-speed

fluid away from the wall which generate elongated

regions of streamwise momentum deficit below the

inclined interfaces formed by the spanwise vortex cores.

Strikingly similar to the observations of Natrajan et al.

(2007) for turbulent flow in the same capillary, these

spatial characteristics are entirely consistent with hairpin-

vortex packets that populate wall-bounded turbulent

flows at the macroscale. The existence of hairpin-vortex

organization within turbulent spots in transitional flows

is further supported by recent multi-plane stereo-PIV

measurements conducted in the interior of spots in a

macroscale flat-plate boundary layer by Schröder and

Kompenhans (2004). Finally, Natrajan and Christensen

(2007) reported that the single-point statistics of the

non-laminar ensembles, including profiles of the mean

streamwise velocity, RMS streamwise and wall-normal

velocities, ru and rv, and the Reynolds shear stress (RSS),

�hu0v0i; support a gradual progression of the flow toward

a fully turbulent state with increasing Re. In a follow-up

effort, Natrajan and Christensen (2009a) used quadrant

analysis to show that the maturation of the flow toward a

turbulent state is accompanied by an increase in the

intensity of the instantaneous RSS-producing events that

shift closer to the wall with increasing Re. In addition,

this study also identified the pivotal role of large-scale

hairpin packet motions in the transport of both kinetic

energy as well as Reynolds shear stress in wall-bounded

transitional flows at the microscale.

With regard to surface roughness, its impact on flow

within microscale flow passages is not well-understood yet

it represents a significant challenge because most methods

of flow-passage fabrication at these small scales leave

behind surface irregularities that could significantly alter

fluid flow compared to smooth-wall conditions. In general,

surface conditions that would behave hydraulically smooth

at the macroscale because of the broad separation between

the scale of the roughness (�; often taken to be the root-

mean-square (RMS) roughness height, krms) and the

hydraulic diameter of the flow passage (Dh) may signifi-

cantly affect the flow if employed in a microscale flow

where the relative roughness, �=Dh; increases significantly

due to a decrease in Dh. In the aforementioned studies

reporting deviation from macroscale behavior, surface

roughness was either cited as a possible culprit for or may

have played an unwitting, yet defining, role in triggering an

early transition to turbulence at low Re. Unfortunately,

many of these studies reported little regarding the surface

quality of the passages under study, though Morini (2004)

argued that surface roughness, in conjunction with the

secondary-flow behavior associated with flow passages of

non-circular cross-section, may indeed account for some of

these conflicting observations. Further, beyond the impact

of roughness on the initiation of transition at lower Re,

understanding its influence on momentum-transport char-

acteristics in the transitional and turbulent regimes at the

microscale is critical because any deviations from smooth-

wall behavior would subsequently impact how one models

such flows, including their heat-transfer characteristics, for

example. In this regard, pressure-drop measurements per-

formed for flow through rough-wall microchannels by

several groups indicate onset of transitional behavior at Re

far lower than that expected for smooth-wall flow (for

instance, Wu and Little 1984; Mala and Li 1999; Pfund

et al. 2000; Liu et al. 2007, among several others).

Recently, Kandlikar et al. (2005) conducted a more sys-

tematic study of the effects of surface topography on flow

behavior at the microscale by performing a series of

pressure-drop measurements across microchannels with

sawtooth roughness elements that were arranged in both

aligned and offset configurations. Based on their mea-

surements for relative roughness values in the range

0:06� �=Dh;cf � 0:14; the authors proposed the use of a

constricted-flow diameter, Dh;cf ð¼Dh � 2�; where � was

taken to be the average height of the roughness element),

and showed that the friction factor for flow through rough-

wall microchannels can be adequately predicted by clas-

sical laminar flow theory when the hydraulic diameter, Dh,

is replaced with the constricted-flow diameter, Dh,cf.

Nevertheless, these experiments revealed initiation of
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transition at Re ¼ 800 and 350 for air and water, respec-

tively. Hao et al. (2006) studied the flow of water through

smooth- and rough-wall (discrete rectangular elements)

microchannels using micro-PIV. Based on profiles of the

mean and RMS streamwise velocities, the authors con-

cluded that transition to turbulence is initiated at Re � 900

in microchannels with relative roughness heights of

�=Dh ¼ 0:26 and 0.32. However, it should be noted that

these values of relative roughness are well beyond those

due to surface defects associated with manufacturing and

are more representative of ‘‘flow blockage.’’

Given the lack of consensus regarding how surface

roughness alters momentum transport at the microscale, the

goal of the current effort is to document the underlying

characteristics of microscale wall-bounded flow in the

presence of surface roughness. To this end, both micro-PIV

and pressure-drop measurements are performed for flow

through a rectangular 1:2 aspect ratio (depth: width)

microchannel of Dh ¼ 600 lm over a broad range of Re

spanning the laminar, transitional and turbulent regimes.

These measurements are first performed for flow through a

smooth-wall rectangular microchannel in order to deter-

mine how a flow passage of non-circular cross-section

might alter the transitional flow characteristics described

earlier for flow through a smooth circular capillary

(Natrajan and Christensen 2007). Following this, pressure-

drop and micro-PIV measurements are performed for flow

through rough microchannels with two different roughness

conditions (one of twice the magnitude of the other) on two

of the four microchannel walls to facilitate optical access

for micro-PIV. The roughness under consideration is

unique in that it contains a broad range of topographical

scales and is therefore more representative of the random

surface defects that one would likely encounter in indus-

trial microchannels due to imperfect fabrication methods.

This data is used to contrast the statistical and structural

characteristics of flow through the smooth- and rough-wall

microchannels as well as assess the impact of increased

surface irregularities as the flow transitions from a laminar

to a turbulent state.

2 Experiments

Figure 1a, b shows schematics of the common test section

employed for all of the experiments outlined herein. This

microchannel testbed consists of three parts, a base and two

side-wall inserts, with the base formed from a 306 9 11 9

7.9 mm block of oxygen-free copper that acts as the

foundation of the device. This block is machined using a

Pressure
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Fig. 1 a Schematic of the microchannel test rig. b Cross-sectional

view of the base and the two side-wall inserts that contain the bottom

and the vertical faces of the rectangular microchannel, respectively.

c Schematic of the experimental setup for the micro-PIV measure-

ments. Note: Dimensions in parts (a) and (b) are not to scale
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jeweler’s saw on a CNC machine so that its top surface has

a rectangular cross-section in the x–y plane ðwidth ¼
900 lm; length = 306 mm) and this surface is polished to

achieve smooth surface conditions (optical profilometry

measurements indicate an RMS surface roughness of

90 nm). This surface forms the bottom wall of the rect-

angular microchannel and is common to all of the surface

conditions studied herein. On either side of the top face of

the base is an inclined surface (inclined at an angle of 45�
to the x–z plane), along which a side-wall insert is placed

and attached to the base by means of 0–80 (1/8 in.) flathead

screws spaced at 50-mm intervals along the length of the

test section (Fig. 1b). The inclined surfaces are first coated

with a thin layer of thermal grease in order to minimize the

thermal resistance at the interface between the base and

side-wall inserts for complementary heat-transfer studies

reported in Natrajan and Christensen (2009b, c). Following

this, the side-wall inserts (shaded in gray in Fig. 1a) are

mounted on the inclined faces on either side of the bottom

wall of the microchannel so that their vertical faces

ðheight ¼ 450 lm and length = 306 mm in the x–z plane)

form the side walls of the rectangular microchannel.

Finally, in order to provide optical access to the interior of

the microchannel, the top of the assembled test section is

sealed with glass slides along its entire length. The glass

slides are first spin-coated with a 12�lm thick layer of

PDMS and are then placed on the top surface of the

assembled test section with the PDMS-coated sides facing

down. Upon curing the PDMS at a temperature of 80� C,

it forms a strong bond with copper and thereby seals the

test section. The resulting microchannel formed by this

assembly method has a rectangular cross-section of

length = 306 mm, width ¼ 900 lm; and height ¼ 450 lm

which yields Dh ¼ 600 lm to within 2 lm (0.33%). Of

particular significance, this microchannel allows for varied

side-wall surface conditions to be tested by simply

replacing the side-wall inserts while the top and bottom

surfaces of the microchannel remain unchanged. A similar

test section, wherein the boundary conditions were varied

using side-wall inserts, was employed by Kandlikar et al.

(2005) in order to examine the effects of surface roughness

on pressure drop in single-phase minichannel flows.

Ensembles of instantaneous velocity fields are acquired

in the streamwise–wall-normal (x–y) plane at center depth

in the z direction by micro-PIV at multiple Re for laminar,

transitional, and turbulent flow through the microchannel

testbed fitted with the smooth and the rough side-wall

inserts. For the current effort, deionized water is chosen as

the working fluid and its flow through the test section is

driven by a gear pump (115 VAC console digital dis-

pensing drive and 0.084 ml/rev suction shoe gear pump

head, Cole Parmer). All instantaneous velocity fields are

acquired at the streamwise location x = 500Dh, where the

flow is assured to be fully developed at all Re studied

herein. All PIV measurements are conducted at times

beyond the transient start-up of t \ 7 s, where the flow rate

is found to be steady to within ± 1.7% of the desired flow

rate that is set using the gear pump. Finally, the pressure

drop, DP; across the test section is monitored with a dif-

ferential pressure transducer (Validyne DP-15-40) and a

demodulator (Validyne CD-15) to within ± 2%.

The instantaneous two-dimensional velocity (u, v) fields

are acquired by micro-PIV across the width of the rectan-

gular microchannel with a field of view of 2.9W 9 2W in

the streamwise–wall-normal plane passing through center-

depth of the rectangular microchannel (W ¼ 450 lm is the

half-width of the microchannel). This region of the flow is

of interest because it allows the impact of roughness on the

flow in the direction of mean flow (x) as well as the

direction normal to the two rough side walls (y) to be

discerned. The field of view is volume-illuminated with a

double-pulsed Nd:YAG laser (k = 532 nm, Continuum)

whereby each beam is directed through an epi-fluorescent

filter cube via an entry port in the rear of the microscope

(Olympus BX60) followed by passage through a 10	
ðN.A. ¼ 0:30Þ objective lens that guides the light to the test

section. The flow is seeded with 1 lm fluorescent (Nile red)

particles (Molecular Probes) that are efficiently excited by

the second-harmonic (green) emission of the Nd:YAG laser

and have a peak emission at k ¼ 575 lm: The emission

from the particles passes through the filter cube while the

incident wavelength is blocked, ensuring only the fluo-

resced light from the particles is imaged by the 2k 	 2k

pixel, 12-bit frame-straddle CCD camera (TSI 4MP). The

seeding density of the tracer particles is optimized to a

volume fraction of 0.039% in deionized water by taking

into account the depth of correlation due to volume illu-

mination ½Dz ¼ 15:2 lm using the methodology of Olsen

and Adrian (2000)]. The time delay between two succes-

sive images in a pair is adjusted at each Re to yield bulk

particle displacements of roughly eight pixels so that the

relative instantaneous velocity measurement uncertainty

due to random errors in estimation of the sub-pixel dis-

placement is approximately 1.5% (Prasad et al. 1992;

Christensen and Adrian 2002). The micro-PIV images are

interrogated using two-frame cross-correlation methods

with 562-pixel first windows and larger 642-pixel second

windows that are offset by eight pixels in the streamwise

direction. The first interrogation windows are overlapped

by 50% to satisfy Nyquist’s sampling criterion which

results in vector grid spacings of Dx ¼ Dy ¼ 11:9 lm in

both spatial directions. The instantaneous vector fields are

then validated using standard deviation and local magni-

tude difference comparisons to remove erroneous velocity

vectors. The few holes (\ 3%) generated by this pro-

cess are filled either with alternative velocity choices
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determined during the interrogation or interpolated in

regions where at least 50% of neighbors were present. Each

instantaneous vector field is then low-pass filtered with a

narrow Gaussian filter to remove any noise associated with

frequencies larger than the sampling frequency of the

interrogation.

With regard to uncertainty in the present micro-PIV

velocity measurements, bias errors due to peak locking are

minimal since the present particle-image diameters exceed

two pixels (Westerweel 1997; Christensen 2004) as are bias

errors due to loss of particle-image pairs since a larger

second interrogation window is employed with a discrete

window offset in the flow direction. Thus, the uncertainty

in the present instantaneous velocity measurements is

approximately 1.5% due to the aforementioned uncertainty

in sub-pixel estimation. Since this error is random, its

impact on the statistics presented herein is muted consid-

erably by first averaging over each ensemble of at least 800

instantaneous and statistically independent velocity real-

izations per case (each Re and surface condition) followed

by averaging over 100 data points per field in the homo-

geneous streamwise direction to yield statistical profiles

that are a function of the inhomogeneous wall-normal

direction (y). As such, each statistical data point presented

is derived from the averaging of over 80,000 statistically

independent samples. Therefore, the impact of the 1.5%

uncertainty in instantaneous velocity is reduced by at

least two orders of magnitude and symbol size is there-

fore representative of the maximum uncertainty in each

statistic.

3 Characterization of surface roughness

As described above, the impact of various surface irregu-

larities on fluid flow at the microscale can be studied by

varying the surface texture of the 450 lm	 306 mm ver-

tical faces of the two side-wall inserts of the microchannel

testbed. It should be noted, therefore, that the upper and

lower walls of the microchannel remain smooth in all

experiments while the surface conditions of the vertical

walls are varied. Three different surface conditions are the

subject of the present contribution: smooth side walls and

two different rough side-wall cases (referred to herein as

the R1 and R2 cases). For the rough-wall cases, new side-

wall inserts are manufactured and their vertical faces are

textured by sandblasting using 60 lm silica particles exit-

ing from an air gun. The exposed surface, upon impact with

the silica particles, develops a highly irregular, grainy

surface texture that serves as the roughness pattern for the

current effort. It should be noted that we have specifically

chosen not to consider the impact of carefully patterned

roughness (well-defined surface elements arranged along

the surfaces at a fixed wavelength, for example) since such

idealized surface elements do not faithfully mimic the

surface characteristics one would likely encounter due to

fabrication imperfections. Rather, the intent herein is to

provide data on fluid flow that is relevant to the accurate

representation of such processes in industrially manufac-

tured microchannels for which surface roughness is likely

present and simply due to manufacturing imperfections as

opposed to carefully designed surface texturing.

In order to ensure homogeneity in the average charac-

teristics of the roughness generated along the axial length

of the side-wall inserts, the inserts are placed on a fixture,

that is, then attached to a translation stage with the surfaces

to be roughened facing vertically upwards. During the

sandblasting process, the air gun is fixed 8 cm above the

surfaces while the translation stage traverses the surfaces

past the particle-laden jet emitted by the air gun at a con-

stant pace of 1.2 cm/s. Such an procedure is meant to

ensure consistency in the roughness patterns generated all

along the length of the test section. Finally, detailed pre-

liminary tests of this protocol indicate that the average

spatial characteristics of the roughness generated by the

sandblaster in this manner is a strong function of the

number of passes a given surface makes past the fixed air

gun [i.e., � ¼ fcnð# of passesÞ
: For the two roughness

conditions presented herein, R1 and R2, 7 and 50 passes,

respectively, are utilized to generate these two surface

conditions.

Figure 2a shows representative line traces of the surface

profiles measured by a surface profilometer (Sloan Dektak

ST) with a resolution of 0.1 nm for all three surface con-

ditions. For reference, 10 different one-dimensional (1D)

traces in the axial direction were made at different axial

locations along the 306-mm length of the side-wall inserts

for each surface condition. The traces in Fig. 2 provide a

measure of free of defects in the smooth-wall inserts (recall

the smooth-wall case was not roughened by the sandblaster

but rather polished after machining), while also illustrating

the enhanced surface roughness of the R2 case compared to

the R1 case due to the increased number of passes by the

particle-laden jet of the air gun. A more quantitative

measure of these surface conditions is shown in Fig. 2b,

which represents probability density functions (pdfs) of the

roughness amplitudes about the mean surface elevation

computed from all 10 independent samples per surface

condition. As documented in Table 1, the smooth case has

a maximum peak-to-valley roughness height of 197 nm

(0.033% of Dh) and a RMS roughness height, krms, of

92 nm (0.015% of Dh). These weak variations in the sur-

face character are clearly evident in the smooth-wall pdf in

Fig. 2b as its peak, which is centered at zero, is quite

narrow. In contrast, the surfaces R1 and R2 have RMS

roughness heights of 7.52 and 15:1 lm (1.25 and 2.51% of
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Dh), respectively, and maximum peak-to-valley roughness

heights of 40.4 and 71:8 lm (6.73 and 11.97% of Dh),

respectively. These surface irregularities are at least two

orders of magnitude more substantial than the smooth case

and the pdfs for the R1 and R2 cases also reveal significant

differences from the smooth case, with each displaying a

nearly symmetric, bimodal distribution about zero with

peaks centered at roughly ±krms for each case. As such, the

roughness-generation method utilized herein results in

rough surfaces containing broad ranges of topographical

scales with similar numbers of surface valleys and peaks

about the mean elevation in both the R1 and R2 cases.

These pdfs therefore support the notion that the mean

hydraulic diameter of the R1 and R2 cases is the same as

the smooth-wall case since the roughness studied herein

does not alter the location of the mean elevation of the

side-wall inserts in either of the roughness cases.

4 Results

4.1 Pressure-drop measurements

In order to document the flow behavior within the smooth-

and the rough-wall microchannels, particularly the Re

ranges for which laminar, transitional, and turbulent flow

should be expected, measurements of the pressure drop,

DP; across the length of the microchannel, L, are conducted

for 100\Re\5;200 in increments of 100. Figure 3 shows

the Reynolds-number variation of the apparent Darcy

friction factor, f, given by

f ¼ �2Dh

DP=L

qU2
b

; ð1Þ

where Ub is the bulk velocity of the flow in the interior of

the microchannel and q is the fluid density. This Reynolds-

number range is spanned by varying the volumetric flow

rate provided by the gear pump and the bulk velocity for

each Re is therefore evaluated from the known flow rate.
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Fig. 2 a Representative line traces of surface roughness measured profilometry. b Pdfs of the roughness heights for the smooth and the rough

surfaces

Table 1 Average characteristics of the smooth and the rough-wall

surfaces

Surface krms ðlmÞ Max. P–V roughness

height ðlmÞ
krms/Dh

Smooth 0.09 0.2 0.00015

R1 7.51 40.4 0.0125

R2 15.1 71.8 0.0251

Re

f
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Re

f
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Laminar Theory (Shah and London, 1978)

Fig. 3 Friction factor as a function of Re for flow through the

smooth- and rough-wall microchannels

Microfluid Nanofluid (2010) 9:95–121 101

123



Based on the aforementioned uncertainties in measured

quantities, the uncertainty in f is estimated to be 4%.

Since the pressure drop across the microchannel is cal-

culated from measurements of the inlet and outlet pressures,

it embodies both the frictional pressure drop across the

channel and the incremental pressure defect in the hydro-

dynamic entrance region of the flow. Therefore, the apparent

friction factor, f, calculated using Eq. 1 includes contribu-

tions from the hydrodynamically-developing and -devel-

oped portions of the flow at a given Re. For laminar flow,

Shah and London (1978) found that this apparent friction

factor in a smooth rectangular channel can be expressed as

f ¼ Kð1Þ
L=Dh

þ ffd; ð2Þ

where

Kð1Þ ¼ 1:20þ 38

Re
ð3Þ

embodies the incremental pressure defect for the entrance

of the flow while ffd represents the fully developed friction

factor for laminar flow through a rectangular channel of

aspect ratio, a ¼ depth=width; given by

ffd ¼
96

Re
ð1� 1:3553aþ 1:9467a2 � 1:7012a3 þ 0:9564a4

� 0:2537a5Þ: ð4Þ

This empirical relationship garnered from the numerical

studies of Shah and London (1978) therefore provides a

basis for comparison of the present apparent friction-factor

measurements for both smooth- and rough-wall flows in the

laminar regime.

Figure 3 shows f versus Re for all three surface condi-

tions along with f predicted from Eqs. 2 to 4 for the laminar

regime using a = 0.5 (the aspect ratio of the current

microchannel). The present smooth-wall results agree

extremely well with the laminar relationship for apparent

friction factor in the range 100 � Re � 1;800: For refer-

ence, we define the highest Re for which laminar flow is

apparent (i.e., agreement with laminar flow theory) as the

critical Re ðRecrÞ: As such, Recr ¼ 1;800 for the present

smooth-wall case. A slight deviation from the laminar flow

prediction is first noted at Re = 1,900, which is indicative

of the onset of transition to turbulence for the smooth-wall

case. This observation is quite consistent with that often

observed for the onset of transition for flow through mac-

roscale channels (Jones 1976; Obot 1988) as well as recent

measurements in circular capillaries (Sharp and Adrian

2004; Natrajan and Christensen 2007, 2009a). Excellent

agreement is also noted for flow through both rough-wall

microchannels in the lower-Re laminar regime. However,

departure from the laminar prediction and the smooth-wall

results is observed at lower Re for the two rough-wall

cases. In particular, the inset to Fig. 3 indicates Recr ¼
1;500 for the R1 case ðkrms ¼ 7:51 lmÞ and Recr ¼ 1;300

for the R2 case ðkrms ¼ 15:1 lmÞ: Therefore, the present

roughness is found to initiate an early departure of the flow

from a laminar state, compared to the smooth-wall case,

with increasing surface roughness hastening this departure

from smooth-wall behavior. While at first glance this

roughness-induced deviation from laminar behavior at

lower Re might appear unexpected since the seminal

roughness experiments of Nikuradse (1933) along with

Colebrook and White (1937) and Colebrook (1939) in

circular pipes [the latter of which form the basis for the

well-known Moody diagram (Moody 1944)] reveal no such

dependence of Recr on �=Dh; evidence of such behavior for

flow through passages of non-circular cross-section exists

at both the macroscale (Idelchick 1986) and the microscale

(Kandlikar et al. 2005; Hao et al. 2006; Liu et al. 2007).

However, it should be noted that the observed early

departure from laminar behavior in rough-wall micro-

channels by both Kandlikar et al. (2005) and Hao et al.

(2006) occurred at much lower Re (\1,000) than that

reported herein and in the presence of relatively large and

isolated roughness elements [relative roughness of 6–14%

for Kandlikar et al. (2005) and 26–32% for Hao et al.

(2006)]. On the other hand, the early transition observa-

tions of Liu et al. (2007) at Re� 1;100�1;500 for flow in

industrial steel microtubes (2.7–3.5% relative roughness

and surface topographies that are more akin to the irregular

roughness studied herein) are more consistent with the

present observations of roughness-induced transition.

Therefore, early departure from laminar, smooth-wall

friction-factor trends cannot be fully attributed to unique

flow behavior at the microscale but, as argued in Morini

(2004), is more likely due to the combined impact of

roughness and a non-circular cross-section of the flow

passage under consideration.

Upon departing from the laminar prediction, the friction

factor increases rapidly with increasing Re until it attains a

local maximum in f, following which a turbulent state is

eventually attained. Flow for the R2 case approaches a

local maximum in f first near Re ¼ 2;300; followed by

the R1 case ðRe ¼ 2;500Þ and then the smooth case

ðRe ¼ 2;800Þ: Interestingly, if one subtracts Recr for each

case from these Re values, one finds the Re-range of the

segment of the transitional regime where f increases with

Re to be approximately 1,000 for all cases, indicating the

bulk transitional pathway for flow in the presence of all

three surface cases to be quite similar. Despite this quali-

tative consistency with respect to Recr; f is significantly

enhanced by roughness, as the maximum values for the R1

and R2 cases are 1.2 and 1.5 times larger, respectively, than

that of the smooth-wall case. With further increase in

Re, the smooth-wall f again decreases, consistent with
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macroscale behavior, while the friction factors for both

rough-wall cases asymptote toward constant (but different)

values. This tendency toward constant values of f, and

therefore independence with increasing Re, in the rough-

wall cases represents an approach toward a fully rough state

which implies a dominance of form drag over viscous drag

with increasing Re (Schlichting 1979). Finally, it is worth

noting that these transitional and turbulent friction-factor

trends for both the smooth and rough cases are quite con-

sistent with the seminal observations of Nikuradse (1933)

and Colebrook (Colebrook and White 1937; Colebrook

1939) for flow through circular pipes as well as the limited

data presented in Idelchick (1986) for flow through smooth

and rough macroscale ducts of rectangular cross-section.

4.2 Micro-PIV measurements of transitional

and turbulent flow

As described in Sect. 2, ensembles of instantaneous

velocity fields are acquired by micro-PIV for flow through

the rectangular microchannel with three different surface

conditions (smooth, R1, and R2) at five different Re: Recr,

Recr ? 400, Recr ? 600, Recr ? 1,000, and Recr ? 1,600.

Based on the analysis of Natrajan and Christensen (2007)

for flow through a circular capillary, the flow should be in

its (approximately) early, middle, and latter stages of

transition at Recr ? 400, Recr ? 600, and Recr ? 1,000,

respectively, and should reach a turbulent state near

Recr ? 1,600. As described below, these approximate

classifications also hold for both the present smooth-wall

rectangular microchannel case as well as the R1 and R2

cases. Therefore, these micro-PIV measurements span the

entire Re-range over which the flow transitions from a

laminar to a fully turbulent state for all three surface

conditions. Table 2 summarizes the relevant parameters of

these experiments.

4.2.1 Mean velocity profiles

Figure 4a–c shows the mean velocity profiles, U(y)/UCL

(where UCL is the centerline velocity), as a function of the

wall-normal position, y/W, in the range Recr � Re �
Recr þ 1;600; for the smooth, R1 and R2 cases, respec-

tively. These profiles are computed by ensemble averaging

all of the instantaneous realizations acquired by micro-PIV

at each Re for the smooth- and rough-wall cases followed

by line averaging in the streamwise direction. For com-

parison, the mean velocity profile for fully developed

laminar flow, Ulam, obtained via a numerical simulation of

the flow through the full geometry of the present micro-

channel using the Fluent software package is included in

Fig. 4a–c. In order to replicate the current flow conditions,

these simulations are performed over a computational

domain of 900 lm	 450 lm	 306 mm that is discretized

using a 48 9 24 9 306 (y-z-x) grid with a symmetry

boundary condition specified at the midplane of the flow

domain in order to reduce the grid size. A uniform velocity

profile is specified at the inlet of the test section while an

atmospheric pressure outflow boundary condition is spec-

ified at the exit to replicate the experimental conditions.

Finally, a grid-independence test was performed to ensure

that the computational grid employed herein was sufficient

to capture the relevant physics. For the smooth-wall case

(Fig. 4a), at Re ¼ 1;800; the mean velocity profile reveals a

parabolic trend that is in excellent agreement with the

mean profile for fully developed laminar flow obtained

from the numerical simulations. This inference of laminar

flow at Re = 1,800 is consistent with both the friction-

factor behavior in Fig. 3, where the smooth-wall f agrees

with the laminar prediction of Shah and London (1978) at

this Re as well as smooth-wall circular capillary flow

measurements, where the mean velocity profiles for

Re� 1;800 collapsed with the analytical profile for fully

developed laminar flow (Natrajan and Christensen 2007).

With increasing Re, the smooth-wall mean velocity profiles

deviate from this laminar behavior and become progres-

sively flatter and fuller in character. Again, these trends are

consistent both with the friction-factor trends at these Re

for smooth-wall flow which reveal departure from laminar

behavior as it transitions toward a turbulent state and with

the mean velocity profiles of Natrajan and Christensen

(2007) in circular capillaries that suggest the flow to be in

Table 2 Summary of micro-PIV experimental parameters

Surface

condition

Re Ub (m/s) No. of

realizations

Smooth 1,800 2.99 834

2,200 3.66 822

2,400 3.99 852

2,800 4.66 826

3,400 5.66 817

R1 1,500 2.49 828

1,900 3.16 815

2,100 3.49 809

2,500 4.16 845

3,100 5.16 833

R2 1,300 2.16 839

1,700 2.83 827

1,900 3.16 832

2,300 3.83 815

2,900 4.83 828

The vector grid spacings in the streamwise and wall-normal directions

for all the data sets are Dx ¼ Dy ¼ 11:9 lm
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its early, midway, and latter stages of transition at

Re ¼ 2;200; 2,400, and 2,800, respectively, with a fully

turbulent state attained near Re ¼ 3;400:

Similar Reynolds-number trends in the mean velocity

profiles are noted for flow in the presence of roughness

(Fig. 4b, c for the R1 and R2 surfaces, respectively). In

particular, while excellent agreement is observed between

the mean velocity profiles at Re ¼ 1;500 and Re ¼ 1;300

(Recr for the R1 and R2 cases, respectively) and the

numerical prediction for fully developed laminar flow,

deviation from laminar behavior is noted for Re [ Recr for

both rough surfaces. Consistent with the smooth-wall

trends, the rough-wall mean velocity profiles become

progressively flatter and fuller as the flow transitions from

a laminar to a turbulent state. These observations are again

in accordance with the friction-factor trends for these sur-

faces where collapse with the laminar prediction of Shah

and London (1978) is observed at Recr; while deviation

from the laminar prediction is noted for Re [ Recr where

the friction factor increases as the flow approaches a tur-

bulent state. Therefore, these rough-wall mean velocity

profiles support a relatively gradual progression in the

transition of the flow from a laminar to a turbulent state

much like that for smooth-wall flow with the onset of

transition occurring at Re [ Recr; where Recr decreases

with increasing degree of surface roughness. Finally, the

profiles shown in Fig. 4 indicate that deviation of the mean

velocity profile from the laminar profile increases with

increasing surface roughness at fixed Re in the transitional

regime. For instance, while a slight deviation from the

laminar profile is noted for the R1 case at Re ¼ 1;900

(Fig. 4b), the mean velocity profile at this Re is compara-

tively flatter and fuller for the R2 case (Fig. 4c). These

differences imply that the flow at this Re for the R2 case is

further along in the transition process than flow at this Re

for the R1 case which is consistent with the fact that
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ReR2
cr \ReR1

cr : As such, these trends further support the

inference from the friction-factor trends that the hastening

of the flow toward a turbulent state increases with

increasing degree of surface roughness.

The mean velocity profiles for different surface condi-

tions can be further contrasted by directly comparing them

relative to the onset of transition rather than at absolute Re

since it is clear that Recr is a function of roughness.

Figure 5a–d shows the profiles of mean velocity at Recr þ
400; Recr þ 600; Recr þ 1;000; and Recr þ 1;600; respec-

tively, for the smooth, R1 and R2 cases. At Recr þ 400

(Fig. 5a), while the mean velocity profiles for all three

surface conditions collapse well in the region close to the

centerline of the microchannel ð0:5. y=W � 1Þ; slight

differences are apparent in the region closer to the wall

ðy=W . 0:5Þ: In particular, the velocity profiles are flatter

and fuller with increasing surface roughness, resulting in

larger velocity gradients in the region close to the wall

which account for increased values of wall shear stress and

hence friction factor with increasing roughness. Similar

trends are also apparent for transitional flow at Recr þ 600

and Recr þ 1;000 (Fig. 4b, c, respectively), for which the

differences in the mean velocity profiles in the region

y=W . 0:5 with increasing roughness become more pro-

nounced as the flow tends toward a turbulent state. Finally,

at Recr þ 1;600 (Fig. 5d), where the flow for the smooth-

wall case is close to a fully turbulent state based on the

previous observations of Natrajan and Christensen (2007),

the roughness profiles appear significantly flatter and fuller

than their smooth-wall counterpart with this deviation more

stark with increasing roughness. These trends, particularly

the observations of larger velocity gradients in the near-

wall region which results in an enhancement of drag at the

surface with increasing roughness, are entirely consistent

with the friction-factor trends in Fig. 3, where f is found to

increase significantly with increasing surface roughness.

These differences are particularly notable in the latter

stages of the transition process.
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4.2.2 Laminar and non-laminar subsets

The progression of the mean velocity profiles in Fig. 4

toward a flatter and fuller state with increasing Re can be

interpreted in terms of the aforementioned observations of

more frequent occurrences of turbulent spots at transitional

Re amidst less frequent observations of nominally laminar

flow as is well-established at the macroscale and now at the

microscale (Natrajan and Christensen 2007). In this context,

the fuller character of the rough-wall profiles in Fig. 5

compared to smooth-wall flow at fixed Re relative to Recr

may be attributable to the increasingly frequent occurrence

of and/or the existence of more-intense turbulent spots at a

given Re relative to Recr with increasing roughness. In order

to investigate these possibilities, the instantaneous velocity

fields at each Re that embody disordered (non-laminar)

behavior for all three surface conditions must first be iden-

tified from those fields capturing laminar behavior. This

distinction in transitional smooth-wall capillary flow is

achieved by comparing the instantaneous streamwise

velocity profile at each streamwise location, x, in an

instantaneous velocity field to the expected laminar velocity

profile for fully developed flow as a means of identifying

fields embodying laminar and non-laminar behavior (recall

that all measurements occur sufficiently downstream of the

entrance region so that fully developed flow is ensured)

(Natrajan and Christensen 2007). For the present ensembles

of instantaneous velocity fields, the instantaneous stream-

wise velocity profile at a given x in a realization is first

normalized by its instantaneous centerline velocity to yield

an instantaneous streamwise velocity profile that varies from

zero at the walls to a value of one at the centerline. Following

this, the deviation, 1; of an instantaneous streamwise

velocity profile at a given streamwise location from the fully

developed laminar velocity profile is quantified as

1ðx; Re; �=DhÞ ¼
1

2W

Z2W

0

uðy; x; Re; �=DhÞ � UlamðyÞ
uðy; x; Re; �=DhÞ

����
����dy;

ð5Þ

where Ulam(y) is the fully developed laminar velocity

profile obtained from the aforementioned numerical

simulations. Therefore, 1 provides a measure of the

deviation of an instantaneous streamwise velocity profile

at a given streamwise location from the fully developed

laminar velocity profile and will only be non-zero for

velocity profiles that exhibit a departure from laminar

behavior. As such, computation of 1 for the instantaneous

velocity profiles at all streamwise locations within every

statistically independent velocity realization at a given Re

and surface condition provides a means of separating

laminar and non-laminar profiles in the velocity ensembles.

However, to account for finite errors associated with the

measurement of instantaneous velocities using micro-PIV,

a threshold of 1� 0:05 (5% deviation) is employed (see

Natrajan and Christensen 2007). Using this methodology,

one can determine the fraction of the instantaneous

streamwise velocity profiles at a given Re and surface

condition that exhibit laminar behavior as

vðRe; �=DhÞ ¼
1

NM

XNM

j¼1

I1ðxj; Re; �=DhÞ; ð6Þ

where N and M are the number of realizations and

streamwise measurement positions per realization, respec-

tively, and the indicator function, I1; is given by

I1ðxj; Re; �=DhÞ ¼
1 when 1ðxj; Re; �=DhÞ� 0:05

0 otherwise:

�
ð7Þ

Note that 1 - v equivalently gives the fraction of non-

laminar profiles at a given Re and surface condition.

Figure 6a shows the variation of the laminar (v) and the

non-laminar (1 - v) fractions as a function of Re for all

three surface conditions. For comparison, the Reynolds-

number variations of v and 1 - v for smooth-wall capillary

flow (Natrajan and Christensen 2007) are also presented in

Fig. 6a. For the present smooth-wall case, the values of the

laminar fraction v = 1 and 0 at Re ¼ 1;800 and 3,400,

respectively, are entirely consistent with observations of

laminar and turbulent flow at these Re as interpreted from

the mean velocity profiles in Fig. 4a as well as the friction-

factor trends in Fig. 3. Further, these upper and lower

limits on laminar and turbulent flow, respectively, agree

well with those observed for smooth-wall capillary flow

(Natrajan and Christensen 2007). In addition, the values of

v & 0.78, 0.49, and 0.19, at Re ¼ 2;200; 2,400, and 2,800,

respectively, for the present rectangular cross-section

smooth-wall flow are consistent the values of v for smooth-

wall capillary flow and suggest the flow at these Re to be in

the early, middle, and latter stages of transition, respec-

tively. This consistency between the laminar and non-

laminar fractions for flow in rectangular and circular cross-

section passages also suggests that the cross-sectional

geometry has little impact on the occurrence of turbulent

spots at fixed Re in smooth-wall flow. Turning to the

rough-wall trends, the R1 and R2 cases achieve values of

v = 1 at Re ¼ 1;500 and 1,300, respectively, indicating

that all streamwise velocity profiles exhibit fully developed

laminar behavior at these Re. This behavior is in accor-

dance with the collapse of the mean velocity profiles with

the numerical prediction for laminar flow at these Re in

Fig. 4 and the observations of laminar flow for Recr B

1,500 and 1,300 for the R1 and R2 cases, respectively,

based on friction-factor measurements. Consistent with

the smooth-wall trends, the laminar fraction progressively
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decreases with increasing Re for both the R1 and R2 cases

until a value of v = 0 is attained at Re ¼ 3;100 and 2,900,

respectively. Further, consistent with the mean velocity

profiles (Fig. 4), the trends of v and 1 - v in Fig. 6a

support the inference of a hastening of the flow toward a

turbulent state with increasing surface roughness due to the

initiation of transition at lower critical Re. For instance, at

Re ¼ 2;100 the flow for the smooth, R1 and R2 cases is

found to be in the early, middle, and latter stages of tran-

sition, respectively, based on laminar fractions of 0.2, 0.68,

and 0.86.

Interestingly, the v and 1 - v curves for the R1 and R2

cases in Fig. 6a appear quite similar to their smooth-wall

counterparts save for a shift in Recr toward lower values

with increasing roughness. This consistency is directly

assessed in Fig. 6b where the v and 1 - v curves are

plotted as a function of Re� Recr for the smooth, R1 and

R2 cases. Such a comparison allows one to investigate the

similarities and differences in the transitional pathway of

the flow as it transitions from a laminar to turbulent state

for the smooth- and the rough-wall cases relative to Recr at

which transition is first initiated. As expected from the

friction-factor and mean-velocity-profile trends, v = 1 at

Re� Recr ¼ 0 for all three surfaces. However, a clear

enhancement in the growth rate of the fraction of the flow

that exhibits non-laminar behavior with increasing sur-

face roughness is observed for Re [ Recr as ð1� vÞSM\
ð1� vÞR1\ð1� vÞR2: Interestingly, this enhancement in

the growth rate of the non-laminar fraction with increasing

surface roughness is most pronounced when the flow is in

the early stages of transition. With further increase in

Re relative to Recr; the differences in 1 - v for the three

surface conditions steadily decrease until 1 - v reaches

unity for all surfaces at Re ¼ Recr þ 1;600: For instance, at

Re ¼ Recr þ 400 (when the flow is in the early stages of

transition) the smooth, R1 and R2 cases have 1 - v values

of roughly 0.2, 0.29, and 0.39, respectively, while at Re ¼
Recr þ 600 (when the flow is roughly midway between the

laminar and turbulent states) 1 - v & 0.51, 0.55, and

0.59, respectively. In contrast, at Re ¼ Recr þ 1;000 (when

the flow in its latter stages of transition) the values of 1 - v
are roughly 0.81, 0.82, and 0.83 for the smooth, R1 and R2

cases, respectively. Therefore, an accelerated pathway

toward a turbulent state exists with an increasing number

of velocity fields embodying disordered motion with

increasing roughness in the early stages of transition.

However, this effect of roughness diminishes as a turbulent

state is approached in such a way that the Reynolds-num-

ber span of the transitional regime is essentially the same

for all three surface conditions. One possible explanation

for the enhanced growth of disordered motion in the early

stages of transition lies in the likely generation of more

energetic disturbances with increasing degree of surface

roughness that can more easily overcome the damping

effect of viscosity at fixed Re compared to smooth-wall

conditions. Under such a scenario, the probability of dis-

turbances growing into turbulent spots at fixed Re is likely

higher with increasing surface roughness due to this

enhanced disturbance energy.

4.2.3 Instantaneous structure

Figure 7a–c shows Galilean-decomposed representative

non-laminar instantaneous velocity fields in the stream-

wise–wall-normal plane of the rectangular microchannel at

Recr þ 600 at which the flow is roughly midway between a

laminar and turbulent state with non-laminar fractions

(1 - v) of 0.51, 0.55, and 0.59 for the smooth, R1 and R2
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cases, respectively. These fields were identified using the

methodology described in the previous section. Galilean

decomposition is chosen for visualization of these fields

since removal of a fixed advection velocity from an

instantaneous velocity field reveals vortices traveling at

this velocity as closed streamline patterns, consistent with

the definition of a vortex offered by Kline and Robinson

(1989). This method is therefore well-suited for visualizing

the local flow kinematics induced by these vortices. In

addition, a local, Galilean-invariant vortex identifier,

swirling strength (kci), is employed since one would have

to remove a broad range of advection velocities to reveal

all embedded structure using Galilean decomposition

alone. Swirling strength (kci) is the imaginary part of the

complex-conjugate eigenvalues of ru and is an unam-

biguous identifier of rotation (Zhou et al. 1999; Adrian

et al. 2000a). Each of the instantaneous velocity fields in

Fig. 7 contains several closed-streamline patterns that

represent sections of spanwise vortex cores advecting in

the streamwise direction. For comparison, contours of

instantaneous kci are also shown in the background of each

velocity field and all of the closed streamline patterns

visualized in the Galilean decompositions are spatially

coincident to clusters of non-zero kci. In addition, the sense

of rotation of these swirling motions, predominantly

clockwise and counter-clockwise in the lower and upper

halves of the flow, respectively, is consistent with the sense

of the mean shear in these regions. Further, several clusters

of non-zero kci are noted at locations that are devoid of

swirling patterns and these additional clusters represent

slices through vortices that are not advecting at Uc. Clearly

the flow behavior captured in all three representative fields

is far from laminar given the extremely active structure

noted throughout the smooth- and rough-wall examples.

Turning to the bottom half of the smooth-wall field

presented in Fig. 7a, each of the visualized spanwise vortex

cores induces a strong ejection of low-speed fluid away

from the wall (also referred to as a Q2 event in the

nomenclature of Lu and Willmarth (1973) with u0\ 0 and

v0[ 0, where u0 and v0 are the fluctuating streamwise

and wall-normal velocities, respectively) just upstream and

below of its core (similar characteristics are also apparent

for the vortices visualized in the upper half of the flow).

These ejection events contribute significantly to the Rey-

nolds shear stress (RSS) contained in the flow field and

play a significant role in transport processes within the non-

laminar portions of the flow (Natrajan and Christensen

2007, 2009a) including the generation of additional friction

at the wall. Further, these spanwise vortices appear to align

in the streamwise direction, forming an interface that is

slightly inclined away from the wall. A large-scale region

of streamwise momentum deficit is noted in the vicinity of

the wall beneath this interface which is likely due to the

collective induction of the streamwise-aligned vortices.

Similar qualitative structural attributes are readily apparent

in the non-laminar fields for the R1 and R2 cases (Fig. 7b,

c, respectively) and, as noted for smooth-wall transitional

capillary flow (Natrajan and Christensen 2007), these

spatial signatures are quite consistent with observations of
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hairpin vortices and their organization into larger scale

hairpin-vortex packets in macroscale studies of both tur-

bulent (Adrian et al. 2000b; Christensen and Adrian 2001;

Ganapathisubramani et al. 2003) and transitional wall-

bounded flows (Schröder and Kompenhans 2004). As such,

the present roughness does not appear to alter the general

structural paradigm of the turbulent spots compared to

smooth-wall flow. However, quantitative differences are

indeed apparent between the smooth- and rough-wall

flows. In particular, the intensity of the velocity fluctua-

tions as well as the structural activity at this fixed value of

Re� Recr ¼ 600 is clearly enhanced with increasing sur-

face roughness. For example, many more clusters of non-

zero kci (indicative of spanwise vortex cores) are visualized

in the R2 case (Fig. 7c) compared to both the smooth

(Fig. 7a) and R1 (Fig. 7b) cases. As a result of this

increased structural activity, it is likely that more numerous

and/or intense RSS-producing ejections events will be

generated with increasing roughness which, in concert with

increasing magnitudes of the mean velocity gradients,

enhance the production of disordered (turbulent) activity

within the non-laminar portions of transitional micro-

channel flow. For reference, instantaneous non-laminar

fields for the smooth, R1 and R2 cases in the transitional

regime at other Re (not presented herein for brevity) dis-

play similar trends, with the roughness-induced intensifi-

cation of both the velocity fluctuations and the structural

activity becoming progressively pronounced as the flow

tends toward a turbulent state.

The enhancement in the structural activity of the non-

laminar portions of the flow with increasing roughness, as

suggested by the instantaneous fields in Fig. 7, can be

quantified by considering RMS profiles of kci, rk, as a

function of wall-normal position, y/W for the smooth, R1

and R2 cases at various Re relative to Recr in the transi-

tional regime (Fig. 8). The smooth-wall profiles of rk

exhibit clear peaks that both increase in magnitude and

shift closer to the wall with increasing Re. These trends are

quite consistent with the behavior of smooth-wall capillary

flow, further supporting strong structural similarities

between transitional flow in circular and non-circular

cross-sections at the microscale. Interestingly, the profiles

of rk for the R1 and R2 cases exhibit a noted increase in

magnitude in the near-wall region ðy=W . 0:5Þ as well as a

slight shift in the peak location toward the wall with

increasing surface roughness for fixed Re� Recr: Further,

the width of the peak in rk broadens with increasing

roughness and these differences between the smooth- and

rough-wall cases become more pronounced with increasing

Re� Recr: In contrast, rk shows little impact of roughness

in the core of the flow as all three surface cases collapse

and tend toward a constant value as the centerline of the

microchannel is approached for fixed Re� Recr: Together

with the differences noted in the instantaneous velocity

fields (Fig. 7), this enhancement of rk with increasing

surface roughness can be attributed to an increased popu-

lation of spanwise vortical structures as well as a possible

enhancement in the strength of these vortices due to

increased roughness effects. This departure from smooth-

wall trends becomes more pronounced as a turbulent state

is approached.

4.2.4 Single-point statistics of the non-laminar ensembles

The maturation of the underlying disorder through the

transitional regime both with increasing Re and surface

roughness can be further quantified through single-point

statistics of the non-laminar ensembles. These single-point

statistics are computed by ensemble- and line-averaging

over the subset of instantaneous velocity profiles embody-

ing non-laminar (disordered) behavior at each Re for each

surface condition. Figure 9a shows mean streamwise

velocity profiles of the non-laminar ensembles for each

surface condition, Unl(y), normalized by the corresponding

mean centerline velocity. Only the profiles at Recr þ 400

and Recr þ 1;000; where the flow is in the early and latter

stages of transition, respectively, are presented for clarity.

For comparison, the aforementioned fully developed lam-

inar profile from numerical simulation is included as well.

Consistent with that noted for smooth-wall capillary flow

(Natrajan and Christensen 2007), the Reynolds-number

trends of the mean profiles computed from the non-laminar

ensembles for fixed surface condition suggest a continual

maturation of the non-laminar portions of the flow until a

fully turbulent state is attained. Of particular interest, the
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mean non-laminar streamwise velocity profiles for the

smooth, R1 and R2 cases do not collapse at fixed Re�
Recr; but rather become considerably flatter and fuller with

increasing surface roughness. These differences become

more pronounced as the flow approaches a turbulent state.

This flattening, which yields a more intense velocity gra-

dient at the wall with increasing surface roughness, is

consistent with the enhancement of friction factor noted

throughout the transitional and turbulent regimes with

increasing roughness.

The single-point statistics of the velocity fluctuations of

the non-laminar ensembles are also assessed by decom-

posing each of the instantaneous velocity profiles in a given

non-laminar ensemble as

uiðx; y; z; tÞ ¼ UiðyÞ þ u0iðx; y; z; tÞ; ð8Þ

where ui = (u, v) is the instantaneous non-laminar velocity,

Ui = (Unl, 0) is the mean non-laminar velocity profile for a

given Re (presented in Fig. 9a), and ui
0 = (u0, v0) represents

the instantaneous non-laminar streamwise and wall-normal

velocity fluctuations. Using the resulting ensembles of

instantaneous, non-laminar fluctuating velocity fields, the

RMS of the non-laminar streamwise and wall-normal

velocities, ru and rv, respectively, and the Reynolds shear

stress, -hu0v0i, are computed using the same streamwise-

averaging procedure described above. Figure 9b, c shows ru

and rv computed from the non-laminar ensembles normal-

ized by the bulk velocity, Ub, respectively, for the smooth,

R1 and R2 cases at Recr þ 400 and Recr þ 1;000: At fixed

Re� Recr; the smooth- and rough-wall profiles of ru and

rv collapse near the centerline of the microchannel

ðy=W J 0:75Þ; consistent with the profiles of RMS swirling

strength. As the wall is approached, however, differences

between the smooth- and rough-wall profiles of ru and rv

become increasingly apparent. In particular, a progressive

increase in ru and rv is noted with increasing surface
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roughness and decreasing distance from the wall as well as a

clear shift in the peak location of these quantities toward the

wall with increasing roughness. These differences become

more pronounced with increasing Re as the flow approaches

a turbulent state, consistent with that observed in profiles of

the mean streamwise velocity for the non-laminar ensembles

(Fig. 9a).

Finally, Fig.9d presents profiles of the Reynolds shear

stress, -hu0v0i, for the smooth and the rough-wall cases at

Recr þ 400 and Recr þ 1;000: Interestingly, at fixed Re�
Recr; excellent collapse of the RSS profiles for the smooth,

R1 and R2 cases is noted in the core of the flow

ðy=W J 0:5Þ where the profiles exhibit a linear region from

the centerline to the peak location. This linear behavior is

characteristic of transitional and turbulent wall-bounded

flows and represents a dominance of turbulent (inertial)

effects over viscous stresses. As the wall is approached for

fixed Re� Recr; deviation from the smooth-wall mean RSS

profile is noted for the rough-wall cases as the magnitude

of the peak in the RSS increases with increasing surface

roughness coupled with a shift in the peak location closer

to the wall. As with ru and rv; the increase in the peak

magnitudes of �hu0v0i with increasing surface roughness is

more pronounced in the latter stages of transition as the

flow approaches a turbulent state. Taken together with the

qualitative observations of more vigourous disordered

motions at fixed Re� Recr with increasing roughness in the

instantaneous fields of Fig. 7, the growth of ru, rv and

-hu0v0i at fixed Re� Recr with increasing surface rough-

ness supports an amplification of the velocity fluctuations

by surface roughness that becomes increasingly apparent at

higher Re in the transitional regime.

4.2.5 Probability density functions of u0v0

The coupled growth of the mean streamwise velocity gra-

dient, qU/qy, and the mean RSS, hu0v0i, with increasing

roughness is of particular interest because the product of

these quantities occurs in the kinetic energy equation for

the disturbances (equivalently the turbulent kinetic energy

equation for fully turbulent flow) and represents either a

source or sink of disturbance (turbulent) kinetic energy

depending upon their signs. For the present case,

qU/qy [ 0 and hu0v0i\ 0 throughout the flow, meaning

their product acts as a source of disturbance kinetic energy

in the transitional regime and eventually turbulent kinetic

energy upon attainment of a turbulent state by drawing

energy from the mean (base) flow. Therefore, it is of

interest to explore how the mean RSS is enhanced in the

presence of surface roughness. In particular, the mean RSS

is constructed from the instantaneous u0v0 events that occur

within the flow and these contributions can be subdivided

into four different types of events depending upon the sign

of the velocity fluctuations. In the nomenclature of Lu and

Willmarth (1973), instantaneous u0v0 events can be classi-

fied based upon the quadrant (Qi) in the u0-v0 plane in

which it resides: outward interactions (Q1; u0[ 0 and

v0[ 0), ejections (Q2; u0\ 0 and v0[ 0), inward interac-

tions (Q3; u0\ 0 and v0\ 0) and sweeps (Q4; u0[ 0 and

v0\ 0). Since the mean RSS is negative, one can ascertain

that ejections and/or sweeps dominate over inward and

outward interactions in a mean sense. However, it is of

interest to uncover how the balances between these dif-

ferent contributions in smooth-wall flow might be altered

and/or enhanced by surface roughness through the transi-

tional and turbulent regimes.

Figure 10a–c shows probability density functions (pdfs)

of instantaneous u0v0 events at y = 0.25W for the smooth,

R1 and R2 cases, respectively, normalized by the absolute

value of the peak RSS at each Re and surface condition.

This wall-normal location is selected for analysis because it

resides near the peak mean RSS for all surface conditions

and Re. The pdfs computed at all Re for the three surface

conditions are notably skewed toward negative values,

which is consistent with the sign of the mean RSS profiles in

Fig. 9d and the observations of Natrajan and Christensen

(2009a) for smooth-wall capillary flow. In the context of

quadrant events, this skew toward negative u0v0 values

confirms the dominance of ejection/sweep events over

inward/outward interactions. Interestingly, while the vast

majority of the RSS-producing events are quite small in

magnitude irrespective of surface condition, there exist a

small number of extremely intense instantaneous u0v0 (6–12

times larger than the peak mean RSS) that contribute to the

mean RSS in both the transitional and turbulent flow cases.

With regard to smooth-wall flow, Fig. 10a reveals a pro-

gressive increase in the number of negative u0v0 events with

increasing Re particularly for the most intense negative u0v0

events. On the other hand, the number of positive u0v0 events

increases only slightly with increase in Re. Interestingly, the

relative enhancement in the magnitudes of the negative u0v0

events with increasing Re for the R1 case (Fig. 10b) is more

pronounced than that noted for the smooth-wall case though

little difference between the smooth and R1 cases is

apparent in the positive u0v0 tails. Similarly, the negative

tails of the pdfs for the R2 case (Fig. 10c) grow even more

substantially with increasing Re compared to both the R1

and smooth cases suggesting a progressive enhancement of

ejection/sweep events with increasing surface roughness.

While much weaker, a slight enhancement in positive u0v0

events is also noted for the R2 case with increasing Re.

In order to further explore the impact of surface

roughness on the instantaneous u0v0 events contributing to

the mean RSS, Fig. 11a–d shows direct comparisons of u0v0

pdfs for all three surface conditions at Recr ? 400, Recr þ
600; Recr þ 1;000, and Recr þ 1;600; respectively. At
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Recr þ 400 (Fig. 11a), while the positive u0v0 events remain

relatively unaffected by surface roughness, the negative

tails of the u0v0 pdfs increase slightly with increasing sur-

face roughness. With increasing Re, a greater skew toward

negative values is noted and at Recr þ 600 (Fig. 11b) this

enhancement is clearly evident in the negative tails of

the pdfs despite little change in their positive tails. This

intensification of negative u0v0 events becomes progres-

sively more apparent with increasing Re as the flow tends

toward a turbulent state with the largest enhancement in

ejection/sweep events noted for turbulent flow at Recr þ
1;600 (Fig. 11d). Finally, while not obvious in the early

stages of transition, a slight enhancement in positive u0v0

events is noted in the latter stages of transition (Fig. 11c)

that continues to grow slowly as a turbulent state is reached

(Fig. 11d). These pdfs therefore provide evidence of a

progressive enhancement of ejection and/or sweep events

with both Re and increasing surface roughness that in turn

lead to the enhancement in the mean RSS noted in Fig. 9d.

In order to examine the relative contributions of u0 and v0

to the pdfs of RSS-producing u0v0 events, Fig. 12 shows

joint pdfs of (u0, v0) computed at y = 0.25W for Recr þ 600:

The joint pdf for the smooth-wall case (Fig. 12a) is ellip-

tical in shape with its major axis rotated at a very slight

angle away from the horizontal–consistent with the domi-

nance of u0 fluctuations in the generation of intense RSS-

producing events (the magnitudes of the largest u0 fluctu-

ations are slightly less than two times the magnitudes of the

largest v0 fluctuations). With increasing surface roughness,

while the joint pdf of (u0, v0) remains elliptical, a pro-

gressive skew is noted toward the second and fourth

quadrants of the u0-v0 plane [(u0\ 0, v0[ 0) and (u0[ 0,

v0\ 0), respectively] that induces rotation of the major

axis further away from the horizontal. This skew with

increasing roughness is predominantly due to a significant

increase in the characteristic magnitude of v0 as the

characteristic magnitude of u0 with increasing surface

roughness remains relatively unaltered. As such, for fixed
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Re - Recr the growth in the magnitude of the mean RSS

and in the number and/or intensity of negative RSS-pro-

ducing events noted in the u0v0 pdfs with increasing

roughness is predominantly attributable to an enhancement

in the wall-normal velocity fluctuations by roughness.

4.2.6 Quadrant analysis

The pdfs presented in Figs. 10, 11, 12 suggest that surface

roughness enhances the mean RSS via a progressive

increase in the occurrence and/or strength of negative u0v0

events, particularly in the region closer to the wall

ðy. 0:5WÞ; due predominantly to a significant enhance-

ment in the v0 fluctuations. However, it is not clear whether

this enhancement in the mean RSS via negative u0v0 events

is associated with an increased occurrence and/or strength

of ejections, sweeps, or both, as these events both con-

tribute heavily to the mean RSS. Therefore, quadrant

analysis, as introduced by Lu and Willmarth (1973), is

employed to identify the dominant contributors to the

roughness-induced enhancement of the mean RSS and

document the Reynolds-number evolution of the wall-

normal dependence of the hu0v0i profiles for the smooth-

and rough-wall cases. In quadrant analysis, the mean RSS

at each wall-normal position can be decomposed into

contributions from four quadrants (Q = 1-4), excluding a

hyperbolic hole of size H, as

hu0v0iQðy; HÞ ¼ 1

M

XM
j¼1

u0ðxj; yÞv0ðxj; yÞIQðxj; y; HÞ; ð9Þ

where the indicator function, IQ, is defined as

IQðxj;y; HÞ ¼ 1 when ju0ðxj;yÞv0ðxj;yÞjQ�Hjhu0v0ijmax

0 otherwise;

�
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and M is the total number of grid points at each wall-

normal position. In Eq. 10, H represents a non-zero hole

size that acts as a threshold to exclude u0v0 events of small

magnitude in order to determine the relative contributions

of the more intense u0v0 events. In addition, the summation

in Eq. 9 represents an ensemble average followed by a line

average in the streamwise direction for a fixed wall-normal

position.

Quadrant analysis yields two quantities that are of par-

ticular interest in assessing the contributions of ejections

and sweeps to hu0v0i at different Re and surface conditions:

the contributions of the aforementioned events to the mean

RSS for a given H: hu0v0iQ(y) (Eq. 9) and the fraction of

space, NQ(y), occupied by each of the above events for a

given H, defined as

NQðy; HÞ ¼
PM

j¼1 IQðxj; y; HÞ
M

: ð11Þ

The latter quantity provides a means of assessing whether

more numerous intense u0v0 events are produced by surface

roughness or whether the noted enhancement is simply due to

stronger RSS-producing events. In order to achieve these

goals, these quantities are computed for ejections and sweeps

for hole sizes of H = 0 and 4—inclusion of all and only the

most intense RSS-producing events, respectively, for the

smooth, R1 and R2 cases. Inward and outward interactions

are not included in the analysis since the pdfs in Figs. 10, 11,

12 suggest little impact of surface roughness on these events.

Figure 13a, b shows profiles of the RSS contribu-

tions from ejections and sweeps, hu0v0i2 and hu0v0i4,
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corresponding to H = 0 at Recr þ 400;Recr þ 600; and

Recr þ 1;600 for the smooth and R2 cases. The contribu-

tions for the R1 case at all wall-normal locations lie mid-

way between that noted for the smooth and R2 cases and

are therefore not presented for clarity. The case H = 0

implies that the contributions from all instantaneous u0v0

events are included, meaning hu0v0i2 and hu0v0i4 represent

the total contributions of ejections and sweeps to the mean

RSS profiles in Fig. 9d. For the smooth-wall case, Fig. 13a,

b illustrates a progressive growth in the contributions from

ejections and sweeps as the flow transitions toward a tur-

bulent state with increasing Re. Consistent with the

observations of Natrajan and Christensen (2009a) for

smooth-wall capillary flow, while sweeps dominate over

ejections in the immediate vicinity of the wall, ejections

dominate beyond this region with the peak in ejection

contributions shifting closer to the wall with increasing Re

as was noted in the mean RSS profiles (Fig. 9d). Turning to

the R2 case, while the wall-normal trends of hu0v0i2 and

hu0v0i4 are qualitatively similar to those of smooth-wall

flow, differences in the magnitudes of hu0v0i2 and hu0v0i4
are apparent in the region y. 0:5W for fixed Re� Recr: In

the case of ejection contributions (Fig. 13a), collapse in the

smooth and R2 profiles is noted in the core of the flow

ðy J 0:5WÞ while enhancement in the ejection contribu-

tions is noted with increasing roughness as one moves

closer to the wall. This enhancement attains a maximum at

the wall-normal location where the peak in hu0v0i2 is

observed. Similar trends are noted in the sweep contribu-

tions (Fig. 13b), where the roughness-induced enhance-

ment is largest in the near-wall region and decreases as one

moves away from the wall until collapse is noted near the

centerline of the capillary for fixed Re� Recr: In both

cases, this roughness-induced enhancement grows sub-

stantially with increasing Re� Recr; which is consistent

with the trends noted in the mean RSS profiles and the pdfs

in Figs. 10, 11.

The space fractions of ejections and sweeps, N2 and N4,

corresponding to H = 0 for the smooth and R2 cases are

shown in Fig. 14a, b, respectively. For the smooth-wall

case, consistent with the trends noted by Natrajan and

Christensen (2009a) for smooth-wall capillary flow, N2

increases from the capillary wall to the centerline at

Recr þ 400; while it shifts to being nearly constant and one

of steady increase with increasing y at Recr þ 600 and

Recr þ 1;600; respectively. In contrast, the wall-normal

trends of the sweep space fraction, N4, for the smooth-wall

case (Fig. 14b) remain the same at all Re presented in that

it increases in magnitude with increasing y, attains a peak,

and subsequently decreases as the centerline is approached.

Interestingly, for fixed Re� Recr; the R2 space fractions

behave in a very similar manner with y compared to the

smooth-wall results with collapse irrespective of surface

condition noted everywhere except in the very near-wall

region ðy=W . 0:1Þ where a weak roughness-induced

enhancement is noted in both N2 and N4 that grows only

slightly with increasing Re. Therefore, coupling these

observations with the trends of hu0v0i2 and hu0v0i4, while

roughness enhances the RSS contributions of both ejections

and sweeps at fixed Re� Recr; the space occupied by these

events remains relatively unaffected by roughness except

in the immediate vicinity of the wall.

Figure 15 shows the contributions of ejections and

sweeps to the mean RSS at a threshold of H = 4 for the

smooth- and rough-wall cases which ensures that only

the most intense instantaneous u0v0 events are included in

0 0.25 0.5 0.75 1
0

0 0.25 0.5 0.75 1
0

0.5

1

1.5

2(a) (b)

- <u
'v

' >2
 / 

U
b2

- <u
'v

' > 4
 / 

U
b2

y / W y / W

Re - Recr

400
600

1600

Smooth R2

x10-3

0.5

1

1.5

2
x10-3

Fig. 13 Contributions of a ejections and b sweeps to the mean Reynolds shear stress versus wall-normal position for H = 0 at Recr þ 400;
Recr þ 600 and Recr þ 1;600

Microfluid Nanofluid (2010) 9:95–121 115

123



the decomposition. The wall-normal trends of hu0v0i2 at

H = 4 (Fig. 15a) are quite similar to the H = 0 profiles

though the magnitude of hu0v0i2 decreases by about 50% for

the H = 4 case due to the more stringent threshold. In

addition, the roughness-induced enhancement in hu0v0i2 at

fixed Re� Recr for the H = 4 case is greater than that

noted for the H = 0 case. Similar trends are noted in the

wall-normal trends of hu0v0i4 for H = 4 (Fig. 15b), where

an enhancement in hu0v0i4 is noted with increase in surface

roughness for y \ 0.5W (where significant Re-dependence

is noted). Finally, Fig. 16 shows the space fractions of the

most intense ejection and sweep events for the smooth and

R2 cases corresponding to H = 4. In contrast to the space-

fraction results for H = 0 case where collapse of the

smooth- and rough-wall results was noted except for a very

weak enhancement close to the wall, the intense ejection

and sweep events corresponding to H = 4 are much more

numerous for the R2 case compared to that noted for the

smooth-wall case in the region y \ 0.35W. As such, it

appears that the roughness-induced enhancement of the

mean RSS noted in Fig. 9d and the roughness-induced

enhancement in the negative tails of the u0v0 pdfs is asso-

ciated both with an enhancement in the intensity of ejection

and sweep events, particularly intense events, as well as an

increase in the number of extremely intense ejection and

sweep event close to the wall. The occurrence of more

numerous ejection events can be directly related back to

the structural observations made earlier where roughness

was found to generate larger populations of spanwise

vortical structures, likely hairpin-like vortices, which

directly induce such ejection events. In this way, the

additional vortical structures generated with increasing
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roughness serve to enhance the energy content of the

underlying disturbances (turbulent spots) which likely

leads to the accelerated pathway toward a turbulent state

observed in the laminar-fraction trends of Fig. 6.

4.2.7 Two-point velocity correlations

Finally, since the single-point statistics reveal significant

enhancement in the magnitudes of the velocity fluctuations

with increasing surface roughness for transitional and tur-

bulent flow, it is of interest to document the similarities and

differences in the average spatial signatures of the under-

lying structures for the smooth- and rough-wall cases.

From a structural viewpoint, it is well-established that

spatial correlations of velocity embody imprints of the

underlying structure of wall-bounded turbulent flows

(Christensen and Adrian 2001; Liu et al. 2001; Christensen

et al. 2004; Ganapathisubramani et al. 2005). In particular,

these studies indicate that the long streamwise extent and

slight inclination away from the wall of hairpin-vortex

packets in wall-bounded turbulence are responsible for

similar characteristics in the two-point correlation coeffi-

cient of streamwise velocity, quu, within the streamwise–

wall-normal plane where

qijðDx; y; yrefÞ ¼
hu0iðx; yrefÞu0jðxþ Dx; yÞi

riðyrefÞrjðyÞ
; ð12Þ

is the two-point velocity correlation coefficient tensor in

the streamwise–wall-normal (x-y) plane assuming

homogeneity in the streamwise direction, Dx is the spatial

separation in the streamwise direction, and ri is the RMS

of the ith velocity component. Since the wall-normal

direction is statistically inhomogeneous, qij is computed

for all wall-normal locations, y, for a fixed reference

location, yref.

Figure 17a–c shows the two-point velocity correlation

coefficients, quu, qvv, and quv, respectively, for yref ¼ 0:25W ;

computed at Recr þ 600 for the smooth, R1 and R2 cases,

respectively. As should be expected based upon previous

macroscale studies and correlations reported by Natrajan

and Christensen (2009a) for transitional smooth-wall

capillary flow, the two-point correlation coefficient of

streamwise velocity, quu, is elongated in the streamwise

direction and inclined slightly away from the wall for all

three surface conditions. These spatial characteristics are

consistent with the elongated, yet slightly inclined, regions

of streamwise momentum deficit noted in the instantaneous

velocity fields of Fig. 7 and can therefore be interpreted as

the statistical imprint of instantaneous hairpin-vortex

packets (Christensen et al. 2004; Ganapathisubramani

et al. 2005). Since these qualitative patterns exist irre-

spective of surface condition, it appears that the present

surface roughness under consideration does not appreciably

alter the overall structural paradigm of transitional and

turbulent flow in microchannels. Despite these qualitative

consistencies, subtle differences between the smooth- and

rough-wall quu are apparent, including a slight shortening

in the streamwise extent of quu with increasing surface

roughness. For instance, the streamwise extent associated

with quu = 0.3 at y ¼ yref is 1.87W, 1.80W and 1.72W for

the smooth, R1 and R2 cases, respectively. Further, the

inclination angle of quu increases slightly with increasing

surface roughness, from nearly zero for the smooth-wall

case to approximately 4� for the rough-wall case. As such,

these trends in quu may reflect the possibility that the

organization of vortex packets becomes slightly more

compact with more noted inclination away from the wall

with increasing surface roughness. Another explanation for

the observed shortening in quu with increasing surface

roughness may be offered in terms of recent observations
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that hairpin-vortex packets in macroscale wall turbulence

can meander significantly in the spanwise direction of the

flow (Hutchins and Marusic 2007). Such meandering can

greatly reduce the streamwise extent of quu in macroscale

wall turbulence since for a measurement plane fixed at a

given spanwise location (as is the case herein), this
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meandering would cause these motions to appear and dis-

appear within this plane with some streamwise frequency,

effectively reducing their apparent streamwise extent. As

such, the possibility of this effect increasing with surface

roughness and thereby resulting in the shortening of quu

noted herein cannot be discounted. Nevertheless, this

shortening of quu in the present roughness cases for the

non-laminar subsets is entirely consistent with previous

observations in macroscale studies of rough-wall turbu-

lence (Nakagawa and Hanratty 2001; Volino et al. 2007;

Wu and Christensen 2007).

The two-point correlation coefficient of the wall-normal

velocity, qvv, on the other hand, is much more compact in

the streamwise direction reflecting the imprint of individual

spanwise vortices (Christensen et al. 2004). In general,

while a slight increase is noted in the streamwise extent

associated with qvv = 0.1 with increasing surface rough-

ness, the wall-normal extent of qvv appears relatively

insensitive to the presence of roughness. Finally, Fig. 12c

shows quv for the three surface conditions and it is found to

embody spatial scales intermediate to that of the quu and

qvv. It should be noted that quv is negative everywhere,

meaning that positive u0 are generally spatially correlated

with negative v0 and vice-versa which is consistent with the

u0 and v0 combinations that form ejection and sweep con-

tributions to the mean RSS. Of interest, quv becomes

slightly more compact with increasing roughness and its

value increases near the reference location (Dx&0 and

y&yref). This behavior is consistent with the aforemen-

tioned observations of increased magnitudes of ejection

and sweep events. Therefore, these correlations indicate

that while roughness can induce subtle differences in the

average spatial characteristics of the underlying structure,

it does not alter the overall structural paradigm of smooth-

wall transitional and turbulent flow in the microchannel.

5 Summary

The present effort details the impact of surface roughness

on the flow characteristics within a rectangular micro-

channel of hydraulic diameter Dh ¼ 600 lm (wherein two

of the four microchannel walls are roughened) in the

laminar, transitional, and turbulent regimes using both

pressure-drop measurements and instantaneous velocity

fields acquired by micro-PIV. The roughness considered is

unique in that it embodies a broad range of topographical

scales meant to mimic surface irregularities one might

encounter in microscale flow passages due to fabrication

imperfections. The pressure-drop measurements conducted

across the length of the copper microchannel reveal the

onset of transition above Recr ffi 1;800 for the smooth-wall

case, which is consistent with similar processes at the

macroscale. In contrast, deviation from laminar behavior is

noted above Recr ffi 1;500 and 1,300 for two rough-wall

cases, R1 and R2, respectively, with R2 rougher than R1.

These observations are consistent with mean velocity

profiles calculated from data sets acquired in the transi-

tional regime for the smooth- and rough-wall cases that

illustrate deviation from fully developed laminar behavior

for Re [ Recr: As such, previous studies of supposedly

smooth-wall microscale flow passages indicating an early

onset of transition, but for which details regarding the

internal surface quality of the passages were not reported,

may have in fact suffered from roughness effects. With

increasing Re, the mean velocity profiles for the smooth-

and rough-wall cases become progressively flatter and

fuller in character which is indicative of a gradual pro-

gression of the flow toward a turbulent state. In addition,

comparison of the mean velocity profiles at Re� Recr

reveals larger velocity gradients in the region close to the

wall with increasing surface roughness that are consistent

with larger values of the wall shear stress in the presence of

increasing roughness as was noted in the pressure-drop

measurements.

Of particular interest, there exists a hastening of a flow

toward a turbulent state even when referencing these pro-

cesses relative to the onset of transition at Recr which

decreases with increasing roughness. This hastening is

most notable in the early stages of transition where the

growth in the fraction of velocity fields exhibiting disor-

dered motion grows dramatically with increasing surface

roughness. This disparity reduces as a turbulent state is

approached until all three surface conditions reach a tur-

bulent state at roughly Re� Recr ¼ 1;600; meaning that,

while there exists an acceleration in the early transition

processes with increasing roughness, the range of Re over

which the flow transitions from a laminar to a turbulent

state is essentially the same irrespective of surface condi-

tion. Despite these differences, instantaneous velocity

realizations exhibiting disordered motion for the different

surface conditions indicate little impact of roughness on the

overall structural paradigm of transitional and turbulent

smooth-wall flow. In particular, these fields support the

existence of multiple hairpin-like vortices that appear

streamwise-aligned to form large-scale vortex packets, akin

to that noted in both transitional and turbulent flow at the

micro- and macro-scales. However, closer examination of

these fields also reveals a noted increase in the intensity of

the underlying velocity fluctuations accompanied by more

numerous vortical structures with increasing surface

roughness. These trends are supported by profiles of the

single-point statistics of the velocity fluctuations of the

non-laminar ensembles, including profiles of the RMS

streamwise and wall-normal velocities and the Reynolds

shear stress, and pdfs of the RSS-producing u0v0 events
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which show an increase in the number of negative u0v0 with

increasing roughness in the region close to the wall. These

trends, along with quadrant analysis, indicate that this

enhancement in RSS is due primarily to a substantial

growth in the characteristic magnitude of the wall-normal

velocity fluctuations with increasing Re and roughness.
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