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Abstract The character of transitional capillary flow is

investigated using pressure-drop measurements and

instantaneous velocity fields acquired by microscopic PIV

in the streamwise–wall-normal plane of a 536 lm capillary

over the Reynolds-number range 1,800 £ Re £ 3,400 in

increments of 100. The pressure-drop measurements reveal

a deviation from laminar behavior at Re = 1,900 with the

differences between the measured and the predicted lami-

nar-flow pressure drop increasing with increasing Re.

These observations are consistent with the characteristics

of the mean velocity profiles which begin to deviate from

the parabolic laminar profile at Re = 1,900, interpreted as

the onset of transition, by becoming increasingly flatter and

fuller with increasing Re. A fully-turbulent state is attained

at Re @ 3,400 where the mean velocity profile collapses

onto the mean profile of fully-developed turbulent pipe

flow from an existing direct numerical simulation at Re

= 5,300. Examination of the instantaneous velocity fields

acquired by micro-PIV in the range 1,900 £ Re < 3,400

reveal that transitional flows at the microscale are com-

posed of a subset of velocity fields illustrating a purely

laminar behavior and a subset of fields that capture sig-

nificant departure from laminar behavior. The fraction of

velocity fields displaying non-laminar behavior increases

with increasing Re, consistent with past observations of a

growing number of intermittent turbulent spots bounded by

nominally laminar flow in macroscale pipe flow with

increasing Re. Instantaneous velocity fields that are non-

laminar in character consistently contain multiple spanwise

vortices that appear to streamwise-align to form larger-

scale interfaces that incline slightly away from the wall.

The characteristics of these ‘‘trains’’ of vortices are remi-

niscent of the spatial features of hairpin-like vortices and

hairpin vortex packets often observed in fully-turbulent

wall-bounded flow at both the macro- and micro-scales.

Finally, single-point statistics computed from the non-

laminar subsets at each transitional Re, including root-

mean-square velocities and the Reynolds shear stress,

reveal a gradual and smooth maturation of the patches of

disordered motion toward a fully-turbulent state with

increasing Re.

1 Introduction

There are a variety of practical applications, ranging from

drug-delivery and bioanalyses systems to the implementa-

tion of efficient thermal management strategies for

microelectronics cooling, that require an understanding of

fluid flow at the microscale (Gravesen et al. 1993). In

particular, a subset of these applications, like enhanced

heat transfer for microelectronic cooling applications

(Tuckerman and Pease 1981) and passive mixing in

chemical microreactors (Haswell and Skelton 2000), rely

heavily on the characteristics of flow in the transitional and

turbulent regimes. However, several past experimental

investigations suggest fundamental differences between

transition at the microscale and the body of knowledge

regarding transition at the macroscale. As such, well-

established heat-transfer correlations garnered from mac-

roscale investigations of transition, for example, may be

wholly inappropriate for the design and optimization of

microscale devices. For instance, in an experimental study
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of single-phase forced convection through rectangular

microchannels with hydraulic diameters ranging from 311

to 746 lm, Wang and Peng (1994) observed higher heat-

transfer coefficients in the transitional regime than that

predicted by traditional macroscale heat-transfer correla-

tions. Similar results were reported by Adams et al. (1998),

wherein heat-transfer enhancements of approximately 80%

relative to macroscale correlations were obtained for

transitional and turbulent flow through 760 lm capillaries.

Therefore, given these instances of deviation of transitional

microscale heat-transfer characteristics from classical

macroscale correlations, the similarities and differences

between transitional flow at the micro- and macro-scales

must be completely characterized before the performance

of microfluidic devices operating in this regime can be

optimized.

Before considering the current state of knowledge of

transition to turbulence in microscale capillaries, it is

useful to review the consensus regarding transition in

similar geometries at the macroscale. Linear stability

analysis predicts the laminar parabolic profile in Poiseuille

flow to be stable at all Reynolds numbers (Re ” 2RUb/m,

where R is the pipe radius, Ub is the bulk (average) velocity

and m is the kinematic viscosity). However, the seminal

experiments of Reynolds (1883) revealed that transition in

macroscale pipe flow can occur at finite Re due to external

disturbances and is accompanied by the formation of

intermittent patches of turbulent spots bounded upstream

and downstream by regions of laminar flow. Further, these

experiments illustrated the existence of a lower critical Re

(�2,000) that is required for sustainment of these inter-

mittent turbulent spots. The existence of such a critical Re

below which finite amplitude disturbances are found to

decay, irrespective of the amplitude and type of distur-

bance used, has been observed in several other experiments

of transitional pipe flow (Wygnanski and Champagne

1973; Wygnanski et al. 1975; Darbyshire and Mullin 1995;

amongest others). The experiments of Wygnanski and

Champagne (1973) also revealed the existence of two

states of intermittently-occurring turbulent spots: turbulent

puffs and turbulent slugs. Turbulent puffs were observed in

the range 2; 000\Re. 2; 700 and extended 40–60R in the

streamwise direction. Turbulent slugs often occurred for

Re& 3; 200 and were characterized by well-defined fronts

both upstream and downstream between which occurred a

region of flow that was indistinguishable from fully-

developed turbulence. Similar structures were observed in

the constant-mass–flux experiments of Darbyshire and

Mullin (1995), although they found that both types of

transitional structures could exist over a range of Re

depending on the type of disturbance used to perturb the

flow. Further, the experiments of Rubin et al. (1979) re-

vealed that the structure of transitional flow is insensitive to

the type of initiating disturbance provided that the ampli-

tude of disturbance is the same. Subsequent studies indicate

that turbulent spots can be composed of multiple hairpin-

like vortices (Singer and Joslin 1994; Bake et al. 2002, for

example)—structures that are commonly observed in fully-

turbulent wall-bounded flows (Adrian et al. 2000b). More

recently, a detailed analysis of velocity fields acquired by

particle image velocimetry (PIV) in the spanwise–wall-

normal plane of turbulent puffs developing in transitional

pipe flow by Hof et al. (2004) revealed flow patterns

consistent with traveling-wave solutions observed numer-

ically in transitional pipe flow [for a detailed review of the

numerical efforts in transitional pipe flow, the reader is

referred to Kerswell (2005)].

With regard to transition to turbulence at the microscale,

the results of many groups have indicated that this transi-

tion occurs at anomalously low Re in comparison to mac-

roscale transition. Wu and Little (1983) obtained friction

factors for gas flow through channels etched in glass and

silicon substrates and their results revealed the onset of

transition at Re in the range 350–900. Similar behavior was

noted in the experiments of Peng et al. (1994) and Peng

and Peterson (1996) where pressure-drop and heat-transfer

measurements were conducted in rectangular microchan-

nels machined in stainless steel substrates having varying

aspect ratios and hydraulic diameters in the range

133–367 lm. These experiments indicated the onset of

transition at Re in the range 300–700 with fully-developed

turbulence achieved at Re @ 1,000—a value much lower

than that observed at the macroscale. Similar observations

of early transition were made by several other groups

(Mala and Li 1999; Qu et al. 2000, for example) and in

some instances the onset of early transition was attributed

to relatively high surface roughness that can have a pro-

nounced effect on the flow behavior at these scales. In

contrast, experiments by other groups have revealed tran-

sitional Re that are quite comparable to that observed at the

macroscale (Qu and Mudawar 2002; Judy et al. 2002,

amongst others). More recently, Sharp and Adrian (2004)

conducted pressure-drop measurements and centerline

velocity measurements using microscopic PIV in fused

silica capillaries. Their results indicated the onset of tran-

sition occurring in the Re range 1,800–2,000. Similar

observations were made by Li and Olsen (2006a) for flow

in rectangular microchannels of varying aspect ratios

where single-point statistics, calculated from velocity fields

acquired by micro-PIV, revealed the onset of transition at

Re ~ 1,800–2,300.

In general, experimental studies of transitional flows at

the microscale are often limited to the measurement of bulk

flow parameters, like flow rate and frictional pressure-drop

along the length of the channel. With the development of

microscopic PIV as a tool for obtaining spatially-resolved
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velocity fields at the microscale (Santiago et al. 1998;

Meinhart et al. 2000), there is growing interest in studying

the underlying characteristics of complex flow features at

the microscale. In a typical micro-PIV experiment, the flow

is volume illuminated and the spatial resolution in the

depth direction is defined by the imaging optics. Conse-

quently, particles that are just beyond the depth of focus

appear as noise in the acquired images (Olsen and Adrian

2000). Therefore, it has become customary to drastically

reduce the particle-seeding density in micro-PIV experi-

ments and instead utilize ensemble-averaging of correla-

tion functions to obtain accurate and well-resolved velocity

vector fields (Meinhart et al. 2000). In this form, however,

micro-PIV is inherently limited to the measurement and

visualization of steady flows or the mean characteristics of

unsteady flows (including periodic flows wherein the

measurements can be accurately phase-locked to the peri-

odic 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.

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 PDMS mi-

crochannels. They concluded that fully-developed turbu-

lent flow was achieved at Reynolds numbers between

2,600 and 2,900 based on analysis of the streamwise and

wall-normal root-mean-square (RMS) velocities and the

Reynolds shear stresses. A complementary study by Li

and Olsen (2006b) examined large-scale turbulent struc-

tures in rectangular PDMS microchannels with varying

aspect ratios using spatial correlations of the velocity

fluctuations and reported reasonable agreement with

macroscale duct flow data for microchannels with square

cross-sections. Most recently, micro-PIV measurements in

the streamwise–wall-normal plane of a 536 lm capillary

at Re = 4,500 by Natrajan et al. (2007) showed the single-

point statistics, including profiles of the mean velocity,

the RMS streamwise and wall-normal velocities and the

Reynolds shear stress, to be in good agreement with that

observed in a direct numerical simulation (DNS) of tur-

bulent pipe flow at a comparable Re (Eggels et al. 1994).

In addition, the instantaneous velocity fields revealed the

presence of multiple spanwise vortices aligned in the

streamwise direction that formed large-scale, inclined

interfaces consistent with the signatures of hairpin vorti-

ces and hairpin vortex packets that are commonly ob-

served in wall turbulence at the macroscale (Adrian et al.

2000b). Therefore, Natrajan et al. (2007) not only estab-

lished the statistical and structural consistencies of wall-

bounded turbulent flow at the micro- and macro-scales but

also validated the efficacy of micro-PIV as an experi-

mental tool for resolving the instantaneous velocity fluc-

tuations that occur in wall-bounded turbulent flows.

Given the conflicting evidence that exists regarding

pathways of transition to turbulence at the microscale, the

underlying physics of these flows must be understood be-

fore microfluidic devices that operate in this regime can be

optimized for increased performance and efficiency, par-

ticularly from a heat-transfer standpoint. Therefore, the

present effort documents the underlying characteristics of

transitional wall-bounded flows at the microscale via

pressure-drop and micro-PIV measurements of flow

through a 536 lm diameter capillary over a broad range of

Re. Measurements are conducted from Re = 1,800 to 3,400

to study the bulk and spatial characteristics of the flow as it

undergoes transition from a laminar to a turbulent state. Of

particular interest are the statistical and structural features

of transitional flow in microscale capillaries and how these

characteristics relate to our detailed understanding of

transition at the macroscale.

2 Experiments

Large ensembles of instantaneous velocity realizations are

acquired in the streamwise–wall-normal (x–r) plane of

capillary flow using micro-PIV (Fig. 1a) for 1,800 £
Re £ 3,400 in Re-increments of 100. The capillaries

employed herein are fused silica microtubes coated with

polyimide (Polymicro Technologies) with an inner diam-

eter of D = 536 lm, outer diameter of 665 lm and a

maximum peak-to-valley inner surface roughness height of

a few nanometers as reported by the manufacturer (M.

Alden, Polymicro technologies (2006), Personal commu-

nication). The latter measure is consistent with a recent

atomic force microscopy (AFM) evaluation by Cui and

Silber-Li (2004) of the internal surface roughness for fused

silica capillaries of similar diameter and from the same

manufacturer as those employed herein. The flow of de-

ionized water through the capillary is driven by a syringe

pump (Harvard Apparatus, PHD2000) that is used to set

and maintain the desired flow rate. The capillary test sec-

tion is 224D long (120 mm) and all velocity measurements

are made 200D downstream of the entrance. This down-

stream measurement location exceeds the entrance length,

Le, for laminar flow given as Le/D � 0.06Re (White 1994).

In addition, it should be noted that once the flow begins its

departure from laminar behavior, Le decreases substantially

and reaches values of 70–100D for turbulent flow at

moderate Re (Abell 1974; Zagarola and Smits 1998, for

example). Optical distortions due to the curvature of the

capillary’s outer surface are reduced by immersing it in

glycerine within a rectangular enclosure (see Fig. 1b). The

desired flow rate is fixed using the syringe pump and the
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accuracy of this flow rate is verified independently by

measuring the time over which a fixed volume of water in

the syringe is dispensed. The transient start-up time of the

syringe pump is of the order of 7 s as described in Natrajan

et al. (2007) and hence all measurements are conducted at

times beyond these transients. The pressure drop, DP,

across the capillary length, L, is monitored with a differ-

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

demodulator (Validyne CD-15).

The instantaneous 2D velocity (u,v) fields are acquired

by micro-PIV across the diameter of the capillary with a

field of view of 4.9R · 2R in the streamwise–wall-normal

plane passing through the center of the capillary. The field

of view is volume-illuminated with a double-pulsed

Nd:YAG laser (k = 532 nm, Continuum) that provides

approximately 5 mJ/pulse of energy with a pulse width of

5 ns at a rate of 15 Hz. Each beam is directed through an

epi-fluorescent filter cube via an entry port located at the

rear of the microscope (Olympus BX60) followed by

passage through a 10· (NA = 0.30) microscope objective

lens that guides the light to the test section. The flow is

seeded with 1 lm fluorescent (Nile red) particles (Molec-

ular Probes) that have a peak emission at k = 575 lm. The

emission from the particles passes through the filter cube

while the incident wavelength is blocked, ensuring only the

fluoresced light from the particles is imaged by the 2k · 2k

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

fluoresced light from the particles associated with each

laser pulse is recorded onto separate image frames, facili-

tating two-frame cross-correlation analysis of the images.

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 [Dz = 15.2 lm using the methodology of Olsen

and Adrian (2000)]. For each Re, the time delay between

two successive images in a pair is adjusted to yield bulk

particle displacements of eight pixels and a relative

instantaneous velocity measurement error of approximately

1% based on the analysis of Prasad et al. (1992). Finally,

the duration of an experiment is limited by the volume of

fluid dispensed by the syringe. Therefore, each experiment

is repeated multiple times under identical experimental

conditions to generate a large ensemble of instantaneous

velocity realizations at each Re that are unaffected by start-

up transients (see Table 1).

Pressure 
Transducer

Pump
Reservoir

CCD 
Camera

Test Section

Objective Lens

Nd: YAG
   laser
λ = 532 nm

Filter Cube

Glycerine

Fused silica
  capillary(b)

(a)Fig. 1 a Schematic of the

experimental setup. b Sketch of

the test section showing the

fused silica capillary immersed

in glycerine

Table 1 Summary of experimental parameters for the micro-PIV

measurements in the range 1,800 £ Re £ 3,400

Re Ub (m/s) No. of realizations

1,800 3.36 830

1,900 3.54 832

2,000 3.73 820

2,100 3.92 830

2,200 4.10 827

2,300 4.29 825

2,400 4.48 830

2,500 4.66 831

2,600 4.85 819

2,700 5.04 826

2,800 5.22 830

2,900 5.41 826

3,000 5.60 828

3,100 5.78 830

3,200 5.97 827

3,300 6.16 824

3,400 6.34 825

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

for all data sets is Dx = Dr = 11.91 lm
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The pairs of PIV images are analyzed using recursive,

two-frame cross-correlation methods with 50% overlap to

satisfy Nyquist’s criterion. The first-pass interrogation is

performed with a coarse first interrogation-window size of

562 pixels and a bulk window offset of eight pixels. A

larger second window size of 642 pixels is also utilized in

the first pass to minimize bias errors associated with loss of

particle pairs. The first-pass results are then validated with

a standard-deviation filter and used to locally-offset the

interrogation windows in the final interrogation. The final

interrogation-window size is chosen to be 322 pixels which

yields vector grid spacings of Dx = Dr = 11.91 lm in the

streamwise and wall-normal directions, respectively.

Measurements in the range r < 0.087R are not achievable

due to unacceptable optical distortions at the edge of the

capillary where its curvature is largest. The instantaneous

vector fields are then validated using standard deviation

and local magnitude difference comparisons to remove

erroneous velocity vectors. The few holes (<3%) generated

by this validation process are filled either with alternative

velocity choices determined during the interrogation or

interpolated in regions where at least 50% of neighbors are

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 fre-

quency of the interrogation.

3 Results

3.1 Pressure-drop measurements

At each flow rate (or equivalently Re), a pressure drop DP1

is first measured across a capillary of length L1. The cap-

illary is then cut at its downstream end to a length L2,

following which an additional pressure drop, DP2, is

measured across L2. The selection of the initial and the

final lengths of the capillary, L1 and L2, is arbitrary with the

exception that both lengths must exceed the entrance-

length requirements detailed earlier. An estimate of the

pressure-drop per unit length is then obtained as

dP

dx
¼ DP1 � DP2

L1 � L2

: ð1Þ

As noted by Mala and Li (1999), determining the differ-

ential pressure per unit length of the capillary in this

fashion eliminates any inlet effects where the flow is not

fully developed and therefore ensures that the final pres-

sure-drop measurements are only representative of the

fully-developed portion of the flow. This measurement is

repeated for ten different capillaries with various combi-

nations of L1 and L2, yielding ten measured values of dP/dx

at each Re. These values are then averaged to obtain a

mean pressure-drop per unit length at each Re.

Figure 2a presents the variation of the pressure-drop per

unit length of the capillary normalized as

Dp� ¼ dP=dx

64m3=qR
; ð2Þ

following Sharp and Adrian (2004). This normalization

implies that Dp* = Re for laminar Poiseuille flow (denoted

by the dashed line in Fig. 2a). Figure 2b presents the

variation of pressure drop per unit length with Re using the

more conventional representation of fRe, where f is the

Darcy friction factor given by

f ¼ �4R

�
dP=dx

qU2
b

�
: ð3Þ

Therefore, fRe = 64, i.e. independent of Re, for laminar

flow in a circular geometry (the dashed line in Fig. 2b).

The data of Sharp and Adrian (2004) are presented as solid

circles in Fig. 2a, b for comparison. At Re = 1,800, the

measured pressure-drop per unit length of the capillary is

found to be in good agreement with that expected for

laminar flow in both scalings. A slight deviation from the

analytical laminar flow predictions is first noted at

Re = 1,900. This departure from laminar behavior in-

creases gradually until a significant departure is observed at

Re = 2,200. Beyond this point, a steady increase in the

measured values of Dp* and fRe is observed with increasing

Re. In general, the trends of the measured pressure drops

with Re, as given by Dp* and fRe, are consistent with the

deviation from laminar flow behavior observed by Sharp

and Adrian (2004) in the range Re ~ 1,800–2,600, partic-

ularly the onset of transition at Re � 1,900. Finally, a

decrease in the growth rate of the pressure drop with Re, as

noted in both Dp* and fRe, is observed beyond Re = 3,200.

This behavior is interpreted as the attainment of a fully-

turbulent state.

3.2 Mean velocity profiles

The mean velocity profile at each Re is computed by

ensemble averaging all of the instantaneous realizations

acquired by micro-PIV followed by line averaging in the

streamwise direction. Figure 3 presents the mean velocity

profiles in the range 1,800 £ Re £ 3,400, U(r)/Ucl

(where Ucl is the centerline velocity), as a function of wall-

normal (radial) position, r/R. For comparison, the mean

velocity profile for fully-developed turbulent pipe flow

from the DNS of Eggels et al. (1994) at Re = 5,300 is

included in Fig. 3 along with the analytical parabolic

profile for laminar flow, Ulam(r), given by

Exp Fluids (2007) 43:1–16 5
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UlamðrÞ
Ucl

¼
�

2
r

R
� r2

R2

�
: ð4Þ

At Re = 1,800, the mean velocity profile is in excellent

agreement with the expected laminar profile; however,

deviation from the laminar profile is observed at Re

= 1,900. This slight deviation is interpreted as the onset of

transition to turbulence. Thereafter, the deviation of the

mean velocity profiles from the laminar profile increases

gradually with increasing Re as the profiles become pro-

gressively flatter and fuller in character. Fully-developed

turbulent flow appears to be attained at Re = 3,400 where

the mean velocity profile collapses with the DNS result.

Therefore, the mean velocity profiles reveal a transition

from laminar to turbulent flow that is initiated at Re @
1,900 and smoothly progresses until the flow becomes fully

turbulent at Re @ 3,400. The onset of transition at

Re @ 1,900 is entirely consistent with the deviation from

laminar behavior observed at a similar Re in the pressure-

drop measurements presented herein. In addition, this

departure from laminar behavior is also in good agreement

with the micro-PIV experiments of Li and Olsen (2006a),

where transition is reported to occur at Re ~ 1,800–2,000 in

rectangular microchannels. However, the attainment of

fully-developed turbulent flow at Re @ 3,400 in the present

experiments is slightly higher than that reported by Li and

Olsen (2006a), where fully-developed turbulence was ob-

served at Re ~ 2,600–3,000.

3.3 Instantaneous velocity fields

The mean velocity profiles in Fig. 3 reveal fully-developed

laminar behavior at Re = 1,800 with a progressive flat-

tening of the velocity profiles initiating at Re @ 1,900 until

the flow reaches a fully-turbulent state at Re @ 3,400. This

progression from laminar to turbulent flow is consistent

with the existence of intermittent turbulent spots bounded

upstream and downstream by laminar flow, with the

occurrence of these spots increasing with Re. As such, the

ensembles of instantaneous velocity fields at each Re in this

progression likely contain realizations that represent nom-

inally laminar behavior and realizations that capture the

intermittent turbulent spots. To illustrate the occurrence of

both laminar and non-laminar behavior at a given Re,

Fig. 4a presents a representative instantaneous velocity

field acquired in the streamwise–wall-normal plane of

capillary flow at Re = 2,400. For clarity, not all vectors in

the streamwise direction are shown (only one in every

seven vectors in the streamwise direction is displayed in

Fig. 4a). Presenting the instantaneous velocity realization

in this manner enables one to visualize the instantaneous

velocity profiles as a function of wall-normal position at

various streamwise locations, x/R. Interestingly, these

instantaneous velocity profiles exhibit parabolic (laminar)

behavior with minimal instantaneous streamwise and wall-

normal velocity fluctuations. Upon streamwise averaging
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Fig. 2 Non-dimensionalized

pressure drop measurements,
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Fig. 3 Mean velocity profiles, U(r)/Ucl, as a function of wall-normal

position, r/R, for 1,800 £ Re £ 3,400. The laminar parabolic

profile and the mean profile from a DNS of turbulent pipe flow at

Re = 5,300 from Eggels et al. (1994) are included for comparison
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this single velocity realization, the average streamwise

velocity component as a function of r (Fig. 4b) is found to

be in excellent agreement with the analytical laminar

velocity profile (shown as a dotted line in Fig. 4b). Addi-

tionally, Fig. 4c presents the histogram of the streamwise

velocity component computed from the instantaneous

velocity realization of Fig. 4a. As one would expect for a

parabolic velocity profile, this histogram illustrates an in-

verse square-root variation in the distribution of stream-

wise velocities weighted toward the centerline velocity.

While the instantaneous velocity realization at

Re = 2,400 in Fig. 4 reveals a flow pattern that is entirely

laminar in character, the departure of the mean velocity

profile at Re = 2,400 in Fig. 3 from the expected laminar

profile indicates that some portion of the velocity ensemble

at this Re contains significant non-laminar behavior. Fig-

ure 5 presents another example of an instantaneous

velocity realization at Re = 2,400 acquired as a part of the

same ensemble as Fig. 4. As before, only every seventh

vector in the streamwise direction is presented in Fig. 5a to

reveal profiles that deviate significantly from the parabolic

laminar profile. In particular, these velocity profiles are

marked by large variations in x and display distinct

streamwise and wall-normal fluctuations. Upon averaging

this realization in the streamwise direction, the mean

profile of the streamwise velocity component (Fig. 5b)

appears considerably flatter and fuller compared to the

laminar parabolic profile (shown as a dotted line). Finally,

Fig. 5c presents the histogram of the streamwise velocity

component computed from the instantaneous field in

Fig. 5a. Interestingly, this distribution reveals three notable

peaks, each of which can be interpreted as one or more

zones of relatively uniform streamwise momentum in the

instantaneous velocity field. Comparing both the mean

velocity profile and the histogram of the streamwise

velocity component in Fig. 5 to that in Fig. 4 clearly shows

that these two instantaneous realizations bear little resem-

blance to one-another even though they belong to the same

ensemble of velocity fields at Re = 2,400. As such, these

examples indicate that transitional flow at this Re is com-

posed of isolated patches of disordered flow that are sep-

arated by regions of nominally laminar flow. This

proposition is in agreement with the observations of

intermittent turbulent spots amidst regions of laminar flow

commonly noted in transitional macroscale pipe flow

(Reynolds 1883; Wygnanski and Champagne 1973, among

others).

In order to explain the modal distribution of the

streamwise velocities in the non-laminar instantaneous

realization of Fig. 5, the underlying structures of the flow
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Fig. 4 a An instantaneous

velocity realization acquired in

the streamwise–wall-normal

plane of transitional capillary

flow at Re = 2,400 illustrating

laminar flow behavior (every

seventh vector in the streamwise

direction is shown for clarity);

b Streamwise-averaged velocity

profile for the instantaneous

field presented in a compared to

the analytical laminar profile

(dotted line); c Histogram of the

streamwise velocities for the

instantaneous field presented

in a

Exp Fluids (2007) 43:1–16 7

123



field must be effectively visualized. Galilean decompo-

sition of an instantaneous velocity field via the removal

of a constant advection velocity represents a method for

uncovering vortices that advect at this speed (Adrian

et al. 2000a). This identification technique reveals vorti-

ces as closed streamline patterns consistent with the

definition of a vortex offered by Kline and Robinson

(1989). However, while Galilean decomposition is suit-

able for observing the local flow kinematics induced by

vortical structures, its use as a visualization technique is

often limited since a broad range of advection velocities

must be removed to uncover all embedded structure.

Alternatively, vortical structures can also be identified in

a Galilean-invariant manner by analysis of the local

velocity gradient tensor. Swirling strength, kci, is the

imaginary part of the complex-conjugate eigenvalues of

the local velocity gradient tensor and is an unambiguous

measure of rotation (Zhou et al. 1999). Swirling strength

is superior to vorticity, particularly when wall-bounded

flows are considered, because it does not identify regions

of intense shear that are absent of rotation. Both Galilean

decomposition and swirling strength are used herein to

study the instantaneous structural features of the transi-

tional flow ensembles.

Figure 6a, b present Galilean decompositions of the

instantaneous velocity realizations of Figs. 4a and 5a,

respectively, with constant advection velocities of 0.83Ucl

removed to reveal any embedded vortical structures. The

Galilean decomposition of the velocity field marked by

nominally laminar flow behavior is presented as Fig. 6a

and indicates an absence of embedded swirling motions. In

contrast, the Galilean decomposition of the velocity field

exhibiting significant departure from laminar behavior is

presented as Fig. 6b and contains several closed-streamline

patterns. These swirling motions are interpreted as sections

through spanwise vortex cores. For the purposes of com-

parison, contours of instantaneous kci are shown in the

background of both fields. As expected, kciw 0 8x for the

laminar field in Fig. 6a, consistent with the absence of

embedded swirling motions. However, several clusters of

non-zero kci are observed to be spatially coincident with

the closed streamline patterns visualized in the Galilean

decomposition of the non-laminar field in Fig. 6b. The

direction of rotation of these swirling motions, clockwise

and counter-clockwise in the lower and upper halves of the

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

mean shear in these regions of the flow. It should also be

noted that additional non-zero kci clusters are observed in
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Fig. 5 a An instantaneous

velocity realization acquired in

the streamwise–wall-normal

plane of transitional capillary

flow at Re = 2,400 illustrating

non-laminar flow behavior

(every seventh vector in the

streamwise direction is shown

for clarity); b streamwise-
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the non-laminar field at spatial locations where closed

streamline patterns are not visualized in the Galilean

decomposition. These additional clusters represent span-

wise vortices that are not advecting at the velocity chosen

for the Galilean decomposition.

Focusing along the bottom wall of the capillary in

Fig. 6b, each of the visualized spanwise vortices induces

a strong ejection of low-speed fluid away from the wall

just below and upstream of its core. Further, these span-

wise vortices appear to align in the streamwise direction,

forming an interface that is slightly inclined away from

the wall. An elongated region of streamwise momentum

deficit is observed beneath this vortex packet visualized

along the lower wall and is attributable to the collective

induction of the streamwise-aligned vortices. In particular,

this large-scale region of retarded flow beneath the vortex

packet can be interpreted as a ‘‘zone’’ of relatively uni-

form streamwise momentum. Four other similar zones of

streamwise momentum can be identified in this instanta-

neous realization by considering contours of constant

instantaneous streamwise velocity (the contour lines in

Fig. 6b). The region of constant streamwise momentum

associated with the identified vortex packet along the

bottom wall is labeled II and is bounded below by a

thinner region of relatively constant streamwise momen-

tum labeled I. Similarly, two relatively thin regions of

uniform streamwise momentum are noted adjacent to the

top wall of the capillary and are labeled IV and V. Fi-

nally, a third, rather wide, zone of relatively uniform

streamwise momentum is identified as III and is bounded

below and above by zones II and IV, respectively.

Returning now to the histogram of instantaneous stream-

wise velocity computed for this realization and presented

as Fig. 5c, zones I and V account for the histogram peak

noted at u/Ucl @ 0.25, zones II and IV account for the

peak centered at u/Ucl @ 0.6 and the peak at u/Ucl @ 0.8 is

attributable to zone III. It should be noted that the

structural characteristics of this instantaneous realization,

including the presence of streamwise-aligned spanwise

vortices and the existence of well-defined zones of rela-

tively uniform streamwise momentum, are quite reminis-

cent of the observations of hairpin vortices and their

organization into larger-scale vortex packets in wall tur-

bulence at the macroscale (Meinhart and Adrian 1995;

Adrian et al. 2000b).

To highlight the qualitative similarities between the

structural character of the non-laminar velocity field

presented in Fig. 6b and that observed in fully-developed
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Fig. 6 Galilean decomposition

of the instantaneous velocity

realizations presented in

a Fig. 4 and b Fig. 5, with a

constant advection velocity of

0.83Ucl removed. Contours of
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background to highlight the

embedded vortex cores. Line
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turbulence, Fig. 7 presents a representative instantaneous

velocity field in the streamwise–wall-normal plane of

turbulent capillary flow acquired by micro-PIV at Re

= 4,500 by Natrajan et al. (2007). Focusing on the flow

along the bottom wall, multiple spanwise vortex cores are

observed to streamwise-align and form an interface that is

inclined slightly away from the wall. Additionally, the

ejections of low-speed fluid away from the wall induced

by each of the vortices collectively generate a large-scale

region of low-momentum fluid beneath the inclined

interface. Natrajan et al. (2007) contrasted these spatial

characteristics with those of hairpin vortex packets iden-

tified in instantaneous velocity fields of macroscale tur-

bulent channel flow and concluded that the character of

these microscale structures is nearly indistinguishable

from their macroscale counterparts except in absolute

scale. This comparison established the existence of hair-

pin vortex packets in wall turbulence at the microscale.

Returning now to the instantaneous velocity field of

Fig. 6b in the transitional regime, while the fully-turbu-

lent example in Fig. 7 is marked by slightly more intense

velocity fluctuations and structural activity, its underlying

structural characteristics are strikingly similar to those

observed in the transitional flow example.

While a significant fraction of the statistically-indepen-

dent instantaneous velocity realizations acquired at Re

= 2,400 capture laminar flow behavior, a vast majority of

the remaining velocity realizations that exhibit significant

departure from laminar behavior contain structural features

consistent with those presented in Fig. 6b. Similar struc-

tural features are also noted in a portion of the velocity

fields from the other transitional flow ensembles in the

range 1,900 £ Re £ 3,400. Figure 8 presents an

instantaneous, Galilean-decomposed velocity field at Re

= 2,800 with a constant advection velocity of 0.79Ucl re-

moved. This realization reveals significant departure from

laminar behavior as several spanwise vortices are observed

in both the velocity field and the associated kci field shown

in the background. The visualized structures (spanwise

vortices that induce ejections of low-speed fluid away from

the wall) are identical in character to those observed in

Fig. 6b. The consistency of this transitional flow example,

along with the character of Fig. 6b, with the fully-turbulent

field in Fig. 7 supports the existence of hairpin-like struc-

tures that streamwise align to form larger-scale vortex

packets within the patches of disordered flow in transitional

microscale wall-bounded flows. It should be noted that the

results presented herein represent the first observations of

hairpin-like vortices and larger-scale vortex packets in

transitional wall-bounded flows at the microscale; how-

ever, the existence of hairpin structures in macroscale

transition have been reported before (Singer and Joslin

1994; Bake et al. 2002; Schröder and Kompenhans 2004,

amongst others). Therefore, the present results suggest

significant similarities in the structure of transitional flows

at the micro- and macro-scales.

The maturation process of the underlying vortical

structures can be quantified by considering RMS profiles of

kci, rk, as a function of wall-normal position at various Re

in the transitional regime (Fig. 9). At Re = 1,800, the flow

is devoid of structure as rk is essentially zero for all wall-

normal positions. This behavior is to be expected since the

mean velocity profile at Re = 1,800 collapses on the ana-

lytical laminar profile (see Fig. 3). At Re = 2,000, how-

ever, rk displays a peak near r = 0.2R and decays to a

relatively constant value as the capillary centerline is ap-

proached. The profiles at higher Re display similar wall-

normal trends, although the magnitude of rk increases and

its peak moves closer to the wall with increasing Re. Since

rk is computed from all velocity fields in a given Reynolds-

number ensemble without regard to whether the fields

display laminar or non-laminar behavior, the growth in

magnitude of rk with Re is indicative of both an increase in

the number of spanwise vortices present as well as a pos-

sible increase in the strength of these vortices. Further, the

shift in the peak of rk towards the wall with increasing Re

r/
R

x/R

Fig. 7 An example of an

instantaneous velocity

realization acquired in the

streamwise–wall-normal plane

of turbulent capillary flow at

Re = 4,500 with a constant

advection velocity of 0.80Ucl

removed (Natrajan et al., 2007).

Contours of kci are presented in

the background
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implies that these spanwise vortices become progressively

concentrated in a region close to the wall with increasing

Re. This trend is consistent with macroscale studies of wall

turbulence wherein hairpin-like structures have their larg-

est populations within the logarithmic region

ðrþ[100 and r. 0:2RÞ of the flow (Adrian et al. 2000b;

Wu and Christensen 2006, for example).

3.4 Laminar and non-laminar subsets

Since the ensembles of instantaneous realizations acquired

at each Re in the transitional regime appear composed of a

fraction of velocity fields that capture nominally laminar

flow and a fraction of velocity fields that capture non-

laminar behavior, we endeavor to document the Reynolds-

number dependence of these fractions. To achieve this

goal, laminar behavior is separated from non-laminar

behavior by comparing the instantaneous streamwise

velocity profile at each streamwise location, x/R, in an

instantaneous velocity field to the analytical laminar pro-

file. First, each instantaneous streamwise velocity profile in

a realization is 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 normalization procedure, a

measure of the deviation of the normalized instantaneous

velocity profile at a given x/R location, u(r;x), from the

analytical laminar profile is calculated as

1ðxÞ ¼ 1

2R

Z2R

0

���� uðr; xÞ � UlamðrÞ
uðrÞ

����dr; ð5Þ

where Ulam(r) is the expected parabolic velocity profile for

laminar flow given in Eq. (4). Therefore, as illustrated in

Fig. 10, 1 provides a measure of the deviation of an

instantaneous streamwise velocity profile at a given

streamwise location from the analytical laminar velocity

profile and will only be non-zero for velocity profiles that

exhibit a departure 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 provides a means of separating

laminar and non-laminar profiles in the velocity ensembles.

However, because of finite errors associated with the

measurement of instantaneous velocities using micro-PIV,

r/
R

x /R

Fig. 8 Galilean decomposition

of a representative

instantaneous velocity

realization acquired in the

streamwise–wall-normal plane

of transitional capillary flow at

Re = 2,800 illustrating non-

laminar behavior with a

constant advection velocity of

0.79Ucl removed. Contours of

kci are presented in the

background
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Fig. 10 Comparison of measured instantaneous laminar and non-

laminar profiles with the analytical parabolic profile as a means of

illustrating the deviation measure, 1; as defined in equation (5)
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one cannot expect 1 ¼ 0 for measured laminar flow.

Rather, calculation of 1 for velocity fields exhibiting

clear laminar behavior (like the field presented as Fig. 4)

indicates that a threshold of 1 � 0:05; i.e. a 5% or less

deviation of an instantaneous profile from the analytical

laminar profile, accounts for the variability introduced by

micro-PIV measurement errors and effectively separates

laminar profiles from non-laminar profiles. Therefore, one

can determine the fraction of the instantaneous streamwise

velocity profiles in a given velocity ensemble (equivalently

at a given Re) that exhibit laminar behavior as

v ¼ 1

NM

XNM

j¼1

I1ðxjÞ; ð6Þ

where N and M are the number of realizations and

streamwise measurement positions per realization,

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

I1ðxÞ ¼
1 when 1ðxÞ � 0:05

0 otherwise
:

�
ð7Þ

Note that 1–v represents the fraction of non-laminar pro-

files at a given Re.

Figure 11 presents v and 1–v as a function of Re. While

v = 1 at Re = 1,800, indicative of completely laminar

behavior, it decreases sharply with increasing Re and

achieves a value of 0.5, i.e. only 50% of the velocity profiles

exhibit laminar behavior, at Re = 2,400. At Re � 3,100, v
reaches 0.15 and eventually asymptotes to zero near

Re = 3,400 where nearly all of the velocity profiles exhibit

departure from laminar behavior. The values of v = 1 and

0 at Re = 1,800 and 3,400, respectively, are entirely con-

sistent with the observations of fully-developed laminar and

turbulent flow at Re = 1,800 and 3,400, respectively, as

interpreted from the mean velocity profiles in Fig. 3. As

such, the trends of v with Re support a smooth transition

from laminar to turbulent flow behavior with a progressive

increase in the fractional contribution of the non-laminar

portions of transitional capillary flow with increasing Re. A

similar transition path from fully laminar to fully turbulent

flow was observed by Wygnanski and Champagne (1973) in

macroscale pipe flow via a turbulence intermittency fraction

defined as the fraction of time for which their hot-wire

signals displayed turbulent behavior. Wygnanski and

Champagne (1973) report intermittency fractions of 0.15

and 0.9 at Re = 2,200 and 2,800, respectively, which are

quite consistent with the microscale non-laminar fractions

reported herein of 0.2 and 0.82 at the same Re.

The existence of distinct laminar and non-laminar flow

regimes at a given Re can be further observed by consid-

ering histograms of the instantaneous streamwise and wall-

normal velocities at the centerline of the capillary. If the

flow is either purely laminar or purely turbulent then one

would expect a single distinct peak in the histogram of the

streamwise centerline velocity. Further, for purely laminar

flow one would expect the histogram of the wall-normal

centerline velocity to be extremely narrow and centered at

zero velocity (the finite micro-PIV measurement errors

yield a slight broadening to the width of the laminar wall-

normal centerline velocity histogram). However, as illus-

trated in Fig. 12a, the histogram of the streamwise cen-

terline velocity at Re = 2,400, computed over all velocity

realizations, displays a distinct bimodal distribution with

nearly an equal number of events centered at two distinct

velocities: one that is larger than the composite mean

centerline streamwise velocity and another that is lower

than the composite mean centerline velocity. Such a bi-

modal velocity distribution of the streamwise centerline

velocity corroborates our observations of the entire flow

being composed of two distinct flow patterns: a fraction

that is laminar and a fraction that is non-laminar. In addi-

tion, the fact that two distinct peaks are observed, rather

than simply a rather broad peak centered at Ucl, indicates

that the streamwise extent over which the flow evolves

from laminar to non-laminar behavior (and vice-versa) is

rather abrupt compared to the streamwise length scales of

the laminar and non-laminar regions themselves. Further,

the observation that a nearly equal number of streamwise

centerline velocity events at Re = 2,400 lie at these two

distinct peaks validates the proposed deviation measure

given by Eq. (5) which indicated a 50% split between

laminar and non-laminar behavior at this Re. Finally, the

histogram of the wall-normal centerline velocity (Fig. 12b)

reveals a relatively broad distribution with a peak centered
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at zero, indicative of finite wall-normal velocity fluctua-

tions associated with the non-laminar contributions.

The histograms in Fig. 12a, b can be further separated

into laminar and non-laminar contributions using the

deviation measure of Eq. (5) as an indicator (Fig. 12c, d).

The laminar profiles produce a histogram of the streamwise

centerline velocity whose peak occurs at a velocity larger

than the composite mean centerline velocity while the non-

laminar profiles yield a histogram whose peak resides be-

low the composite mean centerline velocity. This behavior

is consistent with the notion that a laminar flow should

achieve a higher centerline velocity as compared to a tur-

bulent flow at the same flow rate owing to the larger

velocity gradients that occur close to the wall in the tur-

bulent case. Similarly, the laminar profiles yield a histo-

gram of the wall-normal centerline velocity that is much

narrower than its non-laminar counterpart.

3.5 Single-point statistics of the non-laminar subsets

One question of interest regarding the non-laminar portions

of these transitional flows is whether their behavior is akin

to that of fully-developed turbulence. It was noted earlier

that the underlying spatial characteristics of the non-lami-

nar flow are strikingly similar to those observed in fully-

developed wall turbulence. However, it is not clear whether

the voracity of these motions is consistent with fully-

developed turbulence or if there exists a maturation process

of the turbulence with increasing Re in the transitional

range 1,900 £ Re < 3,400. Therefore, we present the

single-point statistics of the velocity profiles constituting

the non-laminar ensembles and compare them to that ob-

served in the DNS of fully-developed turbulent pipe flow at

Re = 5,300 by Eggels et al. (1994). These single-point

statistics are computed by averaging over the ensemble of

instantaneous velocity profiles that comprise the non-lam-

inar ensemble at a given Re. Figure 13a presents the mean

streamwise velocity profile of the non-laminar ensemble at

each Re, Unl(r), normalized by the corresponding mean

centerline velocity (for clarity, profiles are presented in

increments of 300 in Re beginning with Re = 2,000). For

comparison, both the analytical laminar and DNS turbulent

profiles are included as well. The mean non-laminar

streamwise velocity profile at each Re is found to be con-

siderably flatter and fuller than the corresponding com-

posite mean velocity profile at the same Re presented in

Fig. 3. This difference is entirely attributable to the

inclusion of laminar flow behavior in the composite mean
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instantaneous streamwise and
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profiles of Fig. 3. Interestingly, however, the mean profiles

computed from the non-laminar ensembles do not collapse

directly onto the fully-turbulent profile, but rather become

progressively flatter and fuller with increasing Re. This

progression indicates a continual maturation of the non-

laminar portions of the flow until a fully-turbulent state is

attained near Re = 3,400.

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 the

non-laminar ensemble as

uiðx; r; z; tÞ ¼ UiðrÞ þ u0iðx; r; z; tÞ; ð8Þ

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

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

profile for a given Re (presented in Fig. 13a) and

ui
¢ = (u¢,v¢) represents the instantaneous non-laminar

streamwise and wall-normal velocity fluctuations. The

RMS of the non-laminar streamwise and wall-normal

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

stress, –Æu¢ v¢æ, are computed using the same streamwise

averaging procedure employed for obtaining Unl(r). Fig-

ure 13b, c present ru and rv computed from the

non-laminar ensembles normalized by the bulk velocity,

Ub, respectively, as a function of r/R for various Re.

Similar profiles obtained from DNS of fully-developed

turbulent pipe flow are also included for comparison. In

general, the wall-normal trends of ru and rv are similar to

those observed for fully developed turbulent flow: ru is

largest very close to the wall while rv reaches a local

maximum farther away from the wall, although its peak

location moves slightly closer to the wall with increasing

Re. In addition, a systematic increase in the measured

values of ru and rv is observed with increasing Re as both

profiles progressively approach the fully-turbulent DNS

profiles.

Figure 13d presents profiles of the Reynolds shear

stress, –Æu¢ v¢æ, as a function of wall-normal position, r/R, at

various Re. The magnitude of the peak in Reynolds shear

stress increases substantially with increasing Re. As with

rv, the peak in –Æu¢ v¢æ occurs far from the wall at low Re

but steadily shifts inward toward the boundary with

increasing Re. Additionally, the Reynolds stress profiles

display a linear region from the centerline to the peak

location, indicative of dominance of the turbulent stresses

over the viscous stresses, as is commonly noted in the

Reynolds shear stress profile of fully-developed turbulent

pipe flow. Therefore, the progression of the peak in –Æu¢ v¢æ
toward the wall with increasing Re can be interpreted as an

increasing confinement of viscous effects close to the wall.

Finally, the progression toward more intense velocity

(a)

(c)

(b)

(d)

Fig. 13 Single-point statistics

for the non-laminar ensembles

at various Re in increments of

300. a Mean velocity profiles of

the non-laminar ensembles,

Unl(r), normalized by mean

centerline velocity, Ucl;

b, c Profiles of streamwise and

wall-normal RMS velocities, ru

and rv, respectively, normalized

by bulk velocity, Ub;

d Reynolds shear stress profiles,

–Æu¢ v¢æ, normalized by Ub
2
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fluctuations with increasing Re, as noted in the growth of

ru, rv and –Æu¢ v¢æ with increasing Re, is indicative of a

maturation process of the underlying turbulence toward a

fully-turbulent state.

4 Summary and conclusions

The pressure-drop and velocity measurements reported

herein suggest that the onset of transition in microscale

capillaries occurs at Re @ 1,900, in agreement with that

observed in past studies of transitional pipe flow at the

macroscale (Reynolds 1883; Wygnanski et al. 1975; Dar-

byshire and Mullin 1995). This observation is supported by

pressure-drop measurements across the length of a 536 lm

capillary which reveal the existence of fully-developed

laminar flow at Re = 1,800. Deviation of the measured

pressure-drop from laminar behavior is first observed at

Re = 1,900, beyond which differences between the mea-

surements and the laminar-flow pressure-drop prediction

increase with increasing Re. This trend with increasing Re

is consistent with that observed by Sharp and Adrian

(2004) in the range Re ~ 1,800–2,600. Mean velocity

profiles computed from large ensembles of instantaneous

velocity fields acquired by micro-PIV in the streamwise–

wall-normal plane of the capillary over the range 1,800 £
Re £ 3,400 corroborate the existence of fully-developed

laminar flow at Re = 1,800 and deviation from laminar

behavior at Re = 1,900. Beyond this initial departure from

laminar behavior, the mean velocity profiles become pro-

gressively flatter and fuller with increasing Re, indicative

of a transition from a laminar to a turbulent state. The flow

is observed to attain a fully-turbulent state at Re @ 3,400

where the mean velocity profile converges to the mean

profile obtained from a DNS of fully-developed turbulent

pipe flow at Re = 5,300 (Eggels et al. 1994).

The ensembles of instantaneous velocity realizations

acquired by micro-PIV in the range 1,900 £ Re £ 3,400

are found to consist of realizations that capture purely

laminar flow behavior and realizations that exhibit signifi-

cant departure from laminar behavior. This trend is ob-

served at all transitional Re, with the fraction of

instantaneous fields exhibiting non-laminar behavior

smoothly growing with increasing Re until nearly all fields

are found to exhibit turbulent behavior at Re = 3,400. This

subdivision of the velocity fields in the transitional regime

into laminar and no-laminar subsets is corroborated by

histograms of the streamwise centerline velocity that

exhibit a bimodal velocity distribution: one peak corre-

sponding to the laminar subset and the other due to the non-

laminar behavior. Similarly, histograms of the wall-normal

centerline velocity are centered at zero velocity with a

relatively narrow distribution corresponding to the laminar

subset and a much broader distribution due to increasingly

intense wall-normal velocity fluctuations associated with

non-laminar flow behavior. These observations are consis-

tent with the occurrence of intermittent turbulent spots

separated by regions of laminar flow in macroscale pipe

flow as discussed in detail by Wygnanski and Champagne

(1973). Of particular interest is the fact that the instanta-

neous velocity fields exhibiting non-laminar behavior con-

tain multiple spanwise vortices, each of which generates a

strong ejection of low-speed fluid away from the wall. This

spatial signature is consistent with the characteristics of

hairpin vortices observed in transitional and fully-turbulent

wall-bounded flows at the macroscale. In addition, the

hairpin-like vortices identified in the transitional regime

appear to streamwise-align to form larger-scale trains, or

packets, of vortices which again are reminiscent of hairpin

vortex packets in fully-developed wall turbulence.

Finally, single-point statistics of the non-laminar subsets

at each Re, including profiles of the mean streamwise

velocity, RMS streamwise and wall-normal velocities and

the Reynolds shear stress, support a gradual and smooth

transition of the patches of disordered motion to a fully-

turbulent state with increasing Re. As such, the current

results provide a greater understanding of transitional

capillary flows at the microscale and suggest that the

characteristics of these flows are similar to that observed

for macroscale pipe flows. In particular, these transitional

flows at the microscale are composed of isolated spots of

disordered motion that are separated by regions of nomi-

nally laminar behavior, with larger fractions of the disor-

dered segments of the flow observed with increasing Re.

The growth in the RMS velocities and Reynolds shear

stress of the non-laminar portions of the flow indicate a

maturation process of these disordered motions with

increasing Re until the entire flow becomes fully turbulent.
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