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Abstract Planar laser-induced fluorescence (PLIF) is a

non-intrusive technique for measuring scalar concentra-

tions in fluid flows. A fluorescent dye is used as a scalar

proxy, and local fluorescence caused by excitation from a

thin laser sheet can be related to dye concentration. This

review covers quantitative PLIF in aqueous flows, with

discussions of fluorescence theory, experimental methods

and equipment, image processing and calibration, and

applications of the technique.

1 Introduction

The use of soluble dyes for aqueous flow visualization was

already in evidence in the nineteenth century, when

Osbourne Reynolds performed his famous experiments on

laminar and turbulent flow in round pipes (Reynolds 1883).

However, a quantitative extension to this visualization

technique would not appear for another century, when

laser-induced fluorescence (LIF) was pioneered by Dewey

(1976), Owen (1976), and Liu et al. (1977). The technique

was then adopted in earnest by Paul Dimotakis at Caltech

who, along with his students Manoochehr Koochesfahani

and Werner Dahm, published a number of early seminal

LIF studies (e.g., Dimotakis et al. 1983; Koochesfahani

and Dimotakis 1986; Dahm and Dimotakis 1987). Two

excellent early tutorials on the topic are given by Walker

(1987) and Ferrier et al. (1993). LIF can be used to mea-

sure scalar concentrations at a point (e.g., Sreenivasan and

Prasad 1989; Komori et al. 1993), along a line (e.g.,

Koochesfahani and Dimotakis 1985; Hannoun and List

1988; Papantoniou and List 1989), in two-dimensional

planes (Dahm and Dimotakis 1987), and in three-dimen-

sional volumes (e.g., Tian and Roberts 2003; Van Vliet

et al. 2004).

The most common application of LIF in fluid flows is

two-dimensional planar laser-induced fluorescence (PLIF).

The focus of this review article is on the quantitative

application of PLIF to aqueous flows (for PLIF in gaseous

flows, see Van Cruyningen et al. 1990). While three-

dimensional LIF methodology is not extensively discussed

in this review, the methodology is a simple extension of the

two-dimensional techniques.

In all forms of LIF, a laser is used to excite a fluorescent

species within the flow. Typically, the tracer is an organic

fluorescent dye such as fluorescein or rhodamine. The dye

absorbs a portion of the excitation energy and spontane-

ously re-emits a portion of the absorbed energy as

fluorescence. The fluorescence is measured optically and

used to infer the local concentration of the dye.

2 Theoretical background

2.1 General fluorescence theory

The general relationship between local fluorescence F,

local excitation intensity I, and local concentration C has

the form

F / I

1þ I=Isat

C ð1Þ

where Isat is the saturation intensity for the dye.

Fluorescence saturation occurs when the rate of excitation
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exceeds the fluorophore deactivation rate (e.g., Patsayeva

et al. 1999), leading to the non-linear relationship between

F and I. However, if I � Isat, the excitation is called

‘‘weak’’, and Eq. 1 is linearized to the form

F / IC ð2Þ

Unless otherwise noted, weak excitation (and thus the

validity of Eq. 2) is assumed throughout this review. As

detailed in Sect. 3.2, high dye concentrations can produce

non-linearities in fluorescence due to absorption-related

changes in the local value of I, but Eq. 2 nonetheless

remains valid.

In principle, Eq. 2 provides a simple method for

experimental determination of local concentrations through

measurement of F. However, the local excitation intensity I

is typically unknown, is not independently measured, and

can vary spatially and temporally according to the instan-

taneous concentrations along the ray path. According to the

Beer–Lambert law, absorption causes a ray of light with

intensity I passing an infinitesimal distance dr through a

solution with dye concentration C to experience an inten-

sity change

dI

I
¼ �� C dr ð3Þ

where e is an absorption (or extinction) coefficient (Walker

1987). The local intensity of a ray passing from r = r0 to

r = r1 through a spatially variable concentration field is

thus

Iðr1Þ ¼ Iðr0Þ exp ��
Zr1

r0

CðrÞdr

2
4

3
5 ð4Þ

Attenuation along a path from r0 to r1 is negligible if

�

Zr2

r1

CðrÞdr � 1 ð5Þ

For a uniform concentration field, this inequality reduces to

ebC � 1 , where b = r1 - r0. Systems with path lengths

and concentrations that satisfy Eq. 5 are called ‘‘optically

thin’’ (Melton and Lipp 2003).

A fraction of the light energy absorbed locally by the dye

is subsequently emitted as fluorescence in the emission

band. The ratio of light energy emitted to that absorbed is

called the quantum efficiency, /. Consider an infinitesimal

right prismatic volume oriented along the axis of the incident

excitation ray, with a volume dV = dr dA, where dr is the

length of the prism in the ray direction, and dA is the cross-

sectional area normal to the ray. A uniform dye concentra-

tion C within the volume illuminated by a local excitation

intensity I fluoresces omnidirectionally with power

dF ¼ �/ dI dA ð6Þ

Equations 3 and 6 combine to give

dF ¼ / �I C dV ð7Þ

which is a formal statement of Eq. 2 along a ray path, with

I given by Eq. 4.

2.2 Theory as applied to PLIF

For most PLIF applications, a radial laser sheet is formed

by a narrow beam passing through sheet optics located at

the origin (Fig. 1). At radial distances that are large com-

pared to the incoming beam diameter, the sheet will have

an intensity distribution of the general form

Iðr; h; zÞ ¼ P aðr; hÞf ðrÞgðhÞhðzÞ ð8Þ

where P is the power in the incoming beam, and a(r,h) is

the dimensionless attenuation along ray paths due to dye

absorption, which, from Eq. 4, is

aðr; hÞ ¼ exp ��
Zr

0

Cðr0; hÞdr0

2
4

3
5 ð9Þ

The unattenuated spatial intensity distribution of the sheet

is f(r)g(h)h(z). For the radial sheet shown in Fig. 1,

f(r) = r-1. The functions g(h) and h(z) depend on the shape

of the original beam and the nature of the sheet-forming

optics, and are defined such that they each integrate to

unity over the entire h and z ranges of the sheet,

respectively.

Typically, the flow is imaged from a camera placed

normal to the laser sheet. Consider a small area

DA = rDrDh in the plane of the sheet. The camera will

image fluorescence from a right prismatic volume DV

∆A

θ

z

r

O

Fig. 1 Schematic of a radial laser sheet showing the coordinate

system used in the text. Optics that form the sheet are located at the

origin ‘‘O’’. The dashed rectangle is the region to be imaged by the

camera, and the smaller shaded area is the area DA in Eqs. 10 and 11
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formed by projecting DA across the width of the sheet (i.e.,

the entire extent of h(z)). Integrating Eqs. (7) and (8) over

this volume gives the total fluorescence

F ¼ /�P aðr; hÞf ðrÞgðhÞCDA ð10Þ

where it is understood that C is now the concentration

averaged over the small imaged volume DV, with the

average weighted in the z direction by h(z). Assuming that

any reabsorption of fluoresced light by dye along the

receiving path (Lemoine et al. 1996) is negligible, the

fluorescence intensity imaged at any camera pixel location

(i, j) corresponding to coordinate (r, h) is thus

IFði; jÞ ¼ bði; jÞ F

DA
¼ aði; jÞaðr; hÞC ð11Þ

where b(i, j) is the fraction of the total omnidirectional

fluorescence received by the camera optics at a particular

pixel location, and a(i, j) is the collection of concentration-

independent constants (with dimensions of intensity per

concentration)

aði; jÞ ¼ bði; jÞ/�P f ðrÞgðhÞ ð12Þ

This permits an expression for determining C from

measured values of IF to be written as

C ¼ aði; jÞaðr; hÞ½ ��1IF ð13Þ

where a(r, h) can be numerically integrated for each

individual image according to the instantaneous con-

centration field, and a(i, j) can be empirically determined,

as discussed in Sect. 4. Following Koochesfahani and

Dimotakis (1985), Eqs. (9) and (13) can be discretized

along any ray h = h0, yielding

Cðk; h0Þ � aðr; h0Þ½ ��1IF

Yk�1

n¼1

exp �Cðn; h0ÞDr½ � ð14Þ

where the product of the exponentials results from the

exponential of the sum in Eq. 9. This operation can be

inconvenient for PLIF applications with radial laser sheets,

since the polar integration along a ray path typically relies

on data from a cartesian image. For this reason, a(r, h) is

often enforced to be very close to unity, through some

combination of short ray path lengths and/or low concen-

trations. Alternatively, radial beam paths can be rendered

parallel in the image region by passing the incident beam

through a large confocal lens (e.g., Ferrier et al. 1993; Van

Vliet et al. 2004).

If the concentration is uniform along the ray path, then

Eqs. 4 and 7 reduce to

Fðr1Þ ¼ Iðr0Þ/�C expð��rCÞ ð15Þ

These relations permit experimental determination of e for

a given dye (e.g., Walker 1987; Ferrier et al. 1993).

3 Experimental configurations

3.1 Lasers

A PLIF system requires an appropriately paired laser and

fluorescent dye combination, with at least part of the laser

power within the absorption band of the dye. Continuous

wave (CW) argon-ion lasers operating at 488 and/or

514.5 nm are used as the excitation source in approxi-

mately three-quarters of aqueous PLIF experiments

reported in the fluid mechanics literature. Pulsed, fre-

quency-doubled Nd:YAG lasers operating at 532 nm are

used in most of the remaining experiments, and their use

has become increasingly common in recent years. A few

experiments have employed copper vapor lasers (Yoda

et al. 1994; Karasso and Mungal 1996, 1997), and excimer

lasers are sometimes used to initialize photoactivatable

(‘‘caged’’) dyes, but not for the excitation itself (Guilkey

et al. 1996; Hansen et al. 2000; Koochesfahani et al.

2000).

Ion lasers have the advantage of having superior beam

quality and a continuous output that facilitates flow visu-

alization. When operated in the TEM00 mode, ion lasers

output a beam that is reasonably close to a Gaussian cross-

section, and when operated in a closed-loop light-regulated

mode, have a stable power output that simplifies calibration

of the PLIF system. By comparison, Nd:YAG lasers have

inferior beam quality, and the power and distribution of the

beam can vary from pulse to pulse (Law and Wang 2000).

The main advantage of Nd:YAG lasers is their high power

output, typically on the order of 107 W during the pulse, as

opposed to a continuous output of 10 W or less for an ion

laser. Even though the pulse length of the Nd:YAG is only

on the order of 10 ns, the energy per image exposure is

typically much higher than that obtainable with an ion

laser, since the exposure time in the latter case is limited by

relevant timescales in the flow (Karasso and Mungal 1997).

Ironically, the high power of the Nd:YAG lasers can be

problematic. If the laser excitation intensity is not small

relative to the saturation intensity of the dye, the weak

excitation assumption (Sect. 2.1) is violated, resulting in a

non-linear relationship between F and I. This effect can be

significant with pulsed lasers, since short pulse times can

lead to exceptionally high intensities, even as compared to

those produced by high-power CW lasers. A CW laser

operating in the optimal TEM00 mode has a peak center-

line intensity of 8P/pd2, where d is the beam diameter

measured to the e-2 intensity contour. A typical light sheet

formed by scanning a CW beam with a mirror has local

peak intensities of order 107 W/m2 (e.g., Troy and Koseff

2005a), with intensities several orders of magnitude lower

if a continuous sheet is formed by spreading the laser

through a cylindrical lens. A typical light sheet formed
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with a pulsed Nd:YAG laser has intensities of order

1011 W/m2 (e.g., Karasso and Mungal 1996; Shan et al.

2004). Values of Isat have been estimated or inferred for

both Rhodamine 6G (Shan et al. 2004) and Rhomdamine

WT (Melton and Lipp 2003) to be of order 1010 W/m2,

which is significantly above the peak intensity for typical

ion lasers, but below that for pulsed lasers.

Nonetheless, accurate PLIF measurements can be made

with excitation intensities above the weak excitation limit,

so long as the system is optically thin (Melton and Lipp

2003; Shan et al. 2004). In this scenario, dye absorption

does not produce variations in I, and the non-linear rela-

tionship between F and I becomes moot. Furthermore,

linearity between F and C has been demonstrated to persist

at high intensities (I [ Isat) for fluorescein (Karasso and

Mungal 1997), rhodamine WT (Melton and Lipp 2003),

and rhodamine 6G (Shan et al. 2004), facilitating system

calibration. An important caveat is that two studies

(Karasso and Mungal 1997; Pan and Meng 2001) show

seemingly anomalous behavior when fluorescein is used

with Nd:YAG lasers. Both studies measured an initial

increase in fluorescence along the direction of laser prop-

agation in a uniform concentration of fluorescein, followed

by the expected decay. Further studies are needed to

determine if this is due to deviations from the Beer–

Lambert law (determined by directly measuring the laser

intensity attenuation) and/or due to fluorescence saturation

effects.

3.2 Fluorescent dyes

Primary factors that govern the suitability of a particular

dye include an absorption spectrum that is compatible with

available laser excitation, a large separation between

absorption and emission spectra, and high quantum effi-

ciency to maximize signal strength (Arcoumanis et al.

1990). Other considerations include the degree of fluores-

cence sensitivity to temperature and pH (Smart and

Laidlaw 1977; Walker 1987; Coppeta and Rogers 1998),

susceptibility to photobleaching by the excitation source

(Crimaldi 1997; Wang and Fiedler 2000a; Larsen and

Crimaldi 2006), and fluorescence linearity with concen-

tration (Karasso and Mungal 1997; Melton and Lipp 2003;

Shan et al. 2004).

For aqueous PLIF applications, the choice of fluorescent

dye is limited to those that are at least slightly water sol-

uble. The most common aqueous PLIF dyes are fluorescein

and two rhodamine dyes (rhodamine 6G, rhodamine B).

These three xanthene-class dyes are all water soluble, with

quantum efficiencies greater than 95%. Many dye proper-

ties reported in the literature (including those for water-

soluble dyes) were measured using ethanol as the dye

solvent. Since properties such as absorption and emission

spectra, absorption coefficients, and diffusivities depend on

the choice of solvent (Ware et al. 1983), ethanol-derived

property values may be inaccurate for aqueous solutions.

Table 1 summarizes basic measured parameters for the

three most common PLIF dyes in aqueous solutions.

Fluorescein (a.k.a. Uranine, disodium salt) is the most

commonly used dye. Fluorescein has peak absorption near

490 nm (enabling efficient excitation with the 488 nm line

of an argon-ion laser), peak emission near 510 nm, and has

relatively low sensitivity to temperature changes (Walker

1987; Coppeta and Rogers 1998). However, the absorption

spectra of fluorescein is strongly pH-dependent, such that

absorption (and hence fluorescence) becomes negligible for

pH \ 4 (Walker 1987). This pH sensitivity can be

exploited for mixing studies, as reviewed later. Fluorescein

is known to be susceptible to photobleaching (Saylor 1995;

Crimaldi 1997), but this problem has been shown to be

minimal for typical PLIF applications (Larsen and

Crimaldi 2006).

Rhodamine 6G (a.k.a. Rhodamine 590) has peak

absorption near 525 nm (enabling excitation with either the

514.5 nm line of an argon-ion laser or the 532 nm line

from a Nd:YAG), and peak emission near 560 nm. The dye

is highly resistant to photobleaching (Crimaldi 1997;

Larsen and Crimaldi 2006). Temperature and pH depen-

dence data for this dye are scarce.

Rhodamine B (a.k.a. Rhodamine 610) has a peak

absorption near 555 nm, but the absorption spectrum is

broad enough to permit excitation at either 514.5 or

532 nm. The fluorescence of Rhodamine B is sensitive to

changes in temperature (Sakakibara et al. 1993; Lemoine

Table 1 Properties of three common fluorescent dyes commonly

used for aqueous PLIF

Dye kabs

(nm)

kem

(nm)

e (cm M)-1 D
(cm2/s)

Percentage

per �C

Fluor. 490 515a 8.5E4b (488.0 nm) 5.1E-6c -0.2a

Rh. 6G 525 555d 1.1E5e (514.5 nm) 1.2E-6f

Rh. B 555 580a 8.6E4a (514.5 nm) 3.7E-6c -1.8g

The table gives the peak absorption (kabs) and emission (kem) wave-

lengths, the absorption coefficient (e, as measured at the wavelength

given in parenthesis), the molecular diffusivity (D) at 20�C, and the

fluorescence sensitivity to temperature measured as percent change in

fluorescence per �C near 20�C
a Coppeta and Rogers (1998)
b Walker (1987)
c Rani et al. (2005)
d Penzkofer and Leupacher (1987)
e Ferrier et al. (1993)
f Axelrod et al. (1976); Walker (1987)
g Sakakibara et al. (1993)
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et al. 1999; Unger and Muzzio 1999; Bruchhausen et al.

2005), but relatively insensitive to changes in pH. The

temperature sensitivity can be exploited to use PLIF for

temperature measurements, as reviewed later. Rhodamine

B may have acute and chronic health effects in case of skin

or eye contact, or inhalation or ingestion, and is considered

to be by far the most toxic of the xanthene dyes (Smart and

Laidlaw 1977). Rhodamine WT has similar spectral char-

acteristics to Rhodamine B, has been used in a few PLIF

experiments (e.g., Monismith et al. 1990; Melton and Lipp

2003; Wadley and Dawson 2005), and might be a safer

alternative to Rhodamine B for many experiments.

Synthetic substitutes for common xanthene dyes have

become available in recent years and have been occa-

sionally used in aqueous PLIF experiments (e.g., Stohr

et al. 2003). These water-soluble substitutes are brighter,

less susceptible to photobleaching, and less pH-sensitive

than the dyes they replace (Panchuk-Voloshina et al.

1999), but they are also more expensive. Current examples

include the Alexa Fluor dyes from Molecular Probes

(Invitrogen Corporation), Hilyte Fluor dyes from AnaSpec,

and DyLight dyes from Pierce (Thermo Fischer Scientific).

3.3 Sheet optics

Sheet-forming optics are used to transform the laser beam

into a sheet within the flow. The sheet optics typically

reside just outside the flow apparatus, and the beam is

delivered there via either mirrors or a fiber optic cable

(Koga et al. 1987). The most common approach (Fig. 2a)

for forming a PLIF laser sheet uses a cylindrical lens (e.g.,

Dimotakis et al. 1983; Ferrier et al. 1993). A second

approach (Fig. 2b) uses a rotating mirror to rapidly scan the

incident beam one or more times across the image area. In

some cases (e.g., Barrett and Van Atta 1991; Stapountzis

et al. 1992), a rotating polygon with mirrors on each facet

is rapidly rotated such that each facet produces a single

laser scan. Alternatively, a single mirror is actuated by a

galvanometer (e.g., Catrakis and Dimotakis 1996; Crimaldi

and Koseff 2001), which can be controlled by an analog

voltage signal from a signal generator or a computer.

Moving fluorescent features imaged over a finite dura-

tion will necessarily experience distortion in the resulting

PLIF image. The magnitude of the distortion depends on

the ratio of the image integration time to a relevant

advective timescale. The character of the distortion

depends on whether the image was made using a cylin-

drical lens (‘‘static sheet’’) or a scanning mirror (‘‘dynamic

scan’’). Numerical simulations of simplified scenarios are

useful to illustrate the two types of distortion (Fig. 3). The

middle panel shows a set of five idealized filaments, each

in the shape of a + . Advection with speed u is from left to

right, causing the filaments to advect a distance d = utexp

to the right during the PLIF image exposure time texp. The

top panel shows a simulation of the resulting PLIF image

using a static sheet. The image exhibits blurring of features

in the advective direction. This is a local distortion that can

be minimized by requiring that

<1 ¼
d
ks

� 1 ð16Þ

where ks is a length scale for local scalar filaments or

features. For the simulation shown in Fig. 3, <1 = 4 if ks is

Laser

Image

Cylindrical  
Lens

Mirror

Laser

Image

Focus Lens Scanning Mirror

(a) Static Sheet (b) Dynamic Scan

Fig. 2 Schematic for the optics used for the two most common laser

sheet types. Details of the focus lens are shown in Fig. 4

Flow
Filament pattern at t=0

Image using static sheet

Image using dynamic scan

δ

Fig. 3 Numerical simulations of distortion resulting from the two

different types of laser sheets shown in Fig. 2. Advection is from left

to right. The middle panel shows the initial position of five idealized

filaments (each in the shape of a + ). During the PLIF exposure

interval texp, the filaments advect a distance d to the right. The upper
and lower panels show the PLIF image resulting from a static sheet

and a dynamic scan, respectively. The total exposure time and

fluorescence is identical in each case, but the nature of the advective

distortions is different, as discussed in the text
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chosen as the filament width (i.e., the width of the lines that

form the + , which are strongly blurred), and <1 = 0.3 if

ks is chosen as the feature scale (i.e., the size of the + ,

which is reasonably well imaged). Note, too, that the

distances between features on opposite sides of the image

are accurately represented. By way of contrast, a

simulation of the PLIF image obtained with a dynamic

scan is shown in the lower panel, using the same advection

velocity and image integration time as in the static case.

Because small-scale features are exposed only for the short

duration during which the high intensity laser beam passes

over the corresponding pixels, the local resolution is

extremely sharp, with no discernible blurring. However,

the image exhibits distortion of the spatial relationships

between features separated in the advective direction. The

horizontal distance between the + features is slightly

reduced relative to their actual separation shown in the

middle panel. The distance is reduced because the

simulated dynamic scan is from right to left (against the

advection). Had this been reversed, the distances would

increase by an equal amount. This is a global distortion that

can be minimized by requiring that

<2 ¼
d
L
� 1 ð17Þ

where L is the length of the imaged area in the advective

direction. For the simulation Fig. 3, <2 = 0.05, consistent

with the small observed global distortion. The <2

inequality is typically much easier to satisfy relative to the

<1 inequality, which confers an advantage to the dynamic

scan method when using CW lasers, especially if one is

interested in small-scale behavior.

Since the out-of-plane resolution of the PLIF system is

determined by the thickness of the laser sheet, it is often

desirable to focus the laser beam (Fig. 4). A collimated

laser beam with radius (to the e-2 intensity contour) wL

passing through a lens with focal length f has a radius w(z)

given by

wðzÞ ¼ w0 1þ kzM2

pw0
2

� �2
" #1=2

ð18Þ

where z is the distance from the focal point, k is the laser

wavelength, w0 is the minimum beam radius at z = 0, and

M2 is a beam quality parameter, where M2 = 1 for an ideal

Gaussian beam in TEM00 mode. Ion lasers typically

operate in the range 1.1 \ M2 \ 1.7, but high energy

multimode lasers can have M2 [ 10. The beam diameter or

‘‘spot size’’ at z = 0 is

2w0 ¼ 2M2 kf

pwL

ð19Þ

Using a beam expander to increase wL decreases w0 for a

given focal length lens. The working length over which the

beam remains reasonably constant is called the Raleigh

length, defined as

2zR ¼ 2
pwo

2

k
ð20Þ

such that wðzRÞ ¼
ffiffiffi
2
p

w0: Focus lens configurations for

laser sheets are shown in Fig. 2. If a beam expander is also

used, it is placed between the laser and the focus lens.

It should be noted that Eqs. 18–20 represent best-case

focus scenarios that are often not realized in typical labo-

ratory settings. For this reason, it is often desirable to

directly measure the sheet thickness by imaging the

focussed beam as it passes through the test section.

3.4 Cameras

Traditional film cameras were used in the earliest PLIF

experiments, with the resulting photographs used either in

a qualitative sense (Dimotakis et al. 1983; Koochesfahani

et al. 1985), or digitized for quantitative analysis (Shlien

1988). By the early 1990s, however, CCD digital cameras

were used for PLIF (e.g., Prasad and Sreenivasan 1990;

Koochesfahani and Mackinnon 1991), and their use

has subsequently become the norm for acquiring fluo-

rescence data. Since fluorescence occurs in a narrow

wavelength band, color cameras are typically not used in

favor of the higher performance available in grayscale

cameras.

The choice of a digital camera for a particular PLIF

application is typically a trade-off between maximizing

pixel count, bit-depth, and framing rate. The pixel count

influences spatial resolution, and ranges from as low as

256 9 256 (e.g., Van Vliet et al. 2004) to as high as

1,376 9 1,024 (e.g., Bruchhausen et al. 2005; Matsumoto

et al. 2005). The bit-depth determines intensity resolution;

a digital camera with a bit-depth N can resolve a maximum

of 2N discrete grayscales. The majority of PLIF experi-

ments use 8-bit cameras, but 10-bit (Diez et al. 2005) and

12-bit (e.g., Pan and Meng 2001; Matsumoto et al. 2005)

cameras are used to capture more of the dynamic range of

concentrations in a system. The framing rate sets the

maximum rate at which images can be acquired (this rate

may also be limited by the system used to store the

2 zR

2 w0

2 wL

f

w(z)

z

Fig. 4 Gaussian beam focus geometry. Adapted from Deusch and

Dracos (2001)
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images). For high-speed PLIF applications, framing rates

as high as 955 frames per second have been used (Van

Vliet et al. 2004). A final consideration is the spectral

sensitivity of the camera. The sensitivity of the CCD chip

at the wavelength of the fluorescence influences the

required exposure time for a given image.

The use of a specialty flat-field lens is often warranted

for PLIF imaging (e.g., Crimaldi and Koseff 2001). Flat-

field lenses are designed to focus on planar surfaces, even

with a small depth of field (large lens aperture). Most

ordinary lenses have a spherical field characteristic,

whereby the location of focussed objects is on a radial arc

from the sensor. Since laser light sheets are flat, and limited

fluorescence signal often dictates the use of large apertures,

a flat-field lens can promote focal sharpness across the

entire image.

A narrow-band optical filter is typically placed in front

of the camera lens to allow only the fluorescence wave-

lengths to be imaged. Since many CCD sensors are

sensitive to UV radiation, these filters often include

blocking into the UV band.

4 Image processing

Raw PLIF images captured by the camera need to be post-

processed for error correction and calibration. A robust

form of image processing involves the use of a background

image of a uniform, known concentration to implicitly

determine the constants a(i, j) defined in Eq. 12. The

background concentration is also present during the actual

experiment. The description herein of this technique is an

extension of processing algorithms used by Koochesfahani

and Dimotakis (1985), Prasad and Sreenivasan (1990),

Catrakis and Dimotakis (1996), Borg et al. (2001),

Crimaldi and Koseff (2001), and others.

The dye concentrations present in the nth image are

decomposed as Cn(i, j) = cn(i, j) + bn, where bn is the

uniform background concentration present at the time the

image was taken, and cn(i, j) is the concentration structure

above the background (the desired result). The attenuation

coefficient given by Eq. 9 then becomes a(r, h) = ac(r, h)

ab(r), where ac and ab are the local attenuations due to cn

and bn, respectively. The fluorescence intensity (Eq. 11) in

an image of only the uniform background is

Bnði; jÞ ¼ aði; jÞabðrÞbn þ Dði; jÞ ð21Þ

where D(i, j) is the dark-response of the camera. The dark

response can be quantified as the average of a number of

images acquired with the lens cap covered, with the camera

at typical operating temperatures. When other dye in

addition to the background is present, the recorded

fluorescence intensity in the nth image is

Inði; jÞ ¼ aði; jÞacðr; hÞabðrÞ cnði; jÞ þ bn½ � þ Dði; jÞ ð22Þ

Equations 21 and 22 can be combined to give an expression

for cn(i,j) that does not include any explicit reference to

a(i,j)

cnði; jÞ ¼
bn

acðr;hÞ
Inði; jÞ � acðrÞ Bnði; jÞ �Dði; jÞð Þ þDði; jÞ½ �

Bnði; jÞ �Dði; jÞ
ð23Þ

In the common scenario where In � (Bn - D), Eq. 23 is

accurately approximated by (noting that ac(r) is order unity

for modest attenuations)

cnði; jÞ �
bn

acðr; hÞ
Inði; jÞ � Bnði; jÞ
Bnði; jÞ � Dði; jÞ ð24Þ

This approximation decouples the attenuation correction

ac(r) from the rest of the image processing algorithm,

permiting a step-wise correction scheme. First, the raw

images are flat-fielded through the (In - Bn)/(Bn - D)

calculation. Second, the images are scaled to dimensional

units through multiplication by bn. Finally, the resulting

images are corrected for attenuation via division by

ac(r, h), where ac(r, h) is calculated from the dimensional,

flat-fielded images using Eq. 9.

The requirement for Eq. 24 that In � (Bn - D) can be

in conflict with the desire to have Bn - D itself sufficiently

large to avoid discretization and noise errors in the back-

ground image. This conflict is most easily resolved through

the use of a camera with a large bit depth. For example,

using a 12-bit camera (gray-scale values from 0 to 4,095)

with typical pixel values of D = 50, Bn = 200, In = 2,000,

and a(r, h) = 0.9 the approximation error in Eq. 24 is less

than 1%.

In Eq. 24, the dye concentration in the background

image bn must be known a priori. This can be accomplished

either with a fluorometric measurement, or by an explicit

dose calculation. In most cases, the background concen-

tration will be changing over time due to addition of

additional dye during the experiment. In this case, multiple

background images are usually used, and image interpo-

lation in time can be used for intermediate images

(Crimaldi and Koseff 2001). The calibration from pixel

intensity to dimensional concentration can also be done

with a calibration curve generated from multiple known

concentrations mixed in the test apparatus (Karasso and

Mungal 1996; Unger and Muzzio 1999).

In lieu of using the background-image correction tech-

nique described by Eq. 24, it is possible to explicitly

correct for some errors introduced by the light sheet and

imaging optics. A lens calibration image can be used to

correct for lens vignette (Ferrier et al. 1993), and geo-

metrical considerations can be used to calculate and correct

for light sheet intensity variations (Diez et al. 2005). For a
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radial laser sheet generated with a mirror with constant

scan rate (see Fig. 1), the non-dimensional cartesian

intensity of the resulting sheet is given by

I�ðx�; y�Þ ¼ x�2 þ y�2
� ��1

2 ð25Þ

where x and y are normalized by y0, the value of y at the

bottom edge of the image, and I* is the intensity distri-

bution normalized by the reference intensity I(x* = 0,

y* = 1). The resulting sheet intensity along with hori-

zontal and vertical profiles is shown in Fig. 5. Laser

sheets formed with mirrors rotating at non-uniform rates

will produce different intensity profiles. This approach has

been used to mitigate spatial variations in concentrations

(Webster et al. 2003), and to eliminate the horizontal

intensity variation seen in Fig. 5 (Crimaldi and Koseff

2001).

Table 2 summarizes common sources of error along

with possible corrections and/or mitigations. In all cases,

Eq. 24 corrects only errors that are invariant in time, or

whose variation (e.g., linear) is known between any pair of

background images. Additional procedures may be used for

errors not corrected by Eq. 24. In particular, a correction

for shot-to-shot variations in laser power variation when

using pulsed lasers is typically necessary. This is typically

done either by picking off a small portion of the laser

power and measuring it with a power meter for each image

(Coolen et al. 1999), passing the beam through a small

cuvette with known concentration and measuring the

fluorescence (Shan et al. 2004), or by making use of a

constant concentration visible in each image (Guillard

et al. 1998).

5 Applications

5.1 Scope of aqueous PLIF studies

LIF has been adapted for use with a wide range of flow

types, with the principal requirement being that there is

optical access to the measurement region for the laser sheet

and fluorescence imaging. LIF studies have been done in

open channels (Shiono and Feng 2003; Webster et al.

2003), pipes (Sakakibara et al. 1993; Pan and Meng 2001),

microchannels (Matsumoto et al. 2005), stirred reactors

(Houcine et al. 1996; Arratia and Muzzio 2004), rotating

tanks (Horner-Devine 2006), and porous media (Rashidi

et al. 1996; Stohr et al. 2003). The technique has been

used to investigate scalar structure in boundary layers

(Chen et al. 2007; Wagner et al. 2007), mixing layers

(Koochesfahani et al. 1985; Koochesfahani and Mackinnon

2.0
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1.2

1.0

y*
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0.0

I*

 y*=1.0       y*=1.5       y*=2.0

1.00.50.0

I*

x*=1

x*=0

Fig. 5 Synthetic image of the non-dimensional intensity distribution

of a laser sheet formed by a mirror rotating at constant angular rate

(Eq. 25). The mirror is located at (0, 0). Also shown are horizontal
and vertical profiles of the intensity

Table 2 Summary of error sources with corrections and/or

mitigations

Category Source Correction

Equation 24 Other

Dye Fluorescence

from background dye

4

Fluorescence sensitivity

to pH and temperature

4

Fluorescence saturation

(strong excitation)

4
a

Photobleaching 4
b

Excitation Spatial variation in light sheet

(optics, etc.)

4

Laser attenuation due

to background dye

4

Laser attenuation due

to instantaneous dye

4
c

Shot-to-shot laser

power variation

4
d

Optics Refraction through walls

or interfaces

4
e

Lens vignette 4

CCD Pixel-to-pixel offsets

(dark response)

4

Pixel-to-pixel gain

variations

4

Table adapted from Crimaldi and Koseff (2001)
a Only for optically thin solutions; see Sect. 3.1
b Not significant for most PLIF applications (Larsen and Crimaldi

2006)
c Corrected via Eq. 14, or mitigated with low dye concentration and/

or short pathlengths
d Typically mitigated through closed-loop operation of CW lasers;

see text for other corrections
e Explicit correction via grid image (Ferrier et al. 1993)
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1991; Karasso and Mungal 1996), stratified flows (Barrett

and Van Atta 1991; Shy and Breidenthal 1991; Sakakibara

et al. 1993; Nash et al. 1995; Atsavapranee and Gharib

1997; Daviero et al. 2001; Onishi and Komori 2006),

internal waves (Troy and Koseff 2005a), gravity fronts

(Parsons and Garcia 1998; Samothrakis and Cotel 2006),

passive plumes (Crimaldi et al. 2002b; Webster et al.

2003), buoyant plumes (Johari 1992; Ai et al. 2006), jets

(Dimotakis et al. 1983; Dahm and Dimotakis 1990; Bhat

and Narasimha 1996; Catrakis and Dimotakis 1996;

Webster et al. 2001; Westerweel et al. 2002), jets in cross-

flows (Yoda and Fiedler 1996; Niederhaus et al. 1997;

Davidson and Pun 1999), in vortices (Yu et al. 2007), and

in biological flows (Monismith et al. 1990; Koehl et al.

2001; Crimaldi et al. 2002a; Mead et al. 2003).

The most general application of PLIF is for measure-

ment of spatial and temporal scalar structure. PLIF images

of instantaneous spatial structure can be obtained by

ensuring that the image integration time is short compared

to advective and straining timescales. Multiple images of

instantaneous structure can be averaged to form images of

concentration statistics (e.g., mean concentration, concen-

tration variance).

Assuming the exposure timescale criteria are met (e.g.,

Eqs. 16 and 17), the spatial resolution of instantaneous

PLIF images is determined by the area imaged by a single

pixel and the sheet thickness, since all of the fluorescence

information within the resulting voxel is averaged to a

single value. The scale of the smallest concentrations gB in

a flow is (Batchelor 1959)

gB ¼ gKSc�1=2 ð26Þ

where Sc = m/D and gK is the Kolmogorov scale. The

molecular diffusivity D for standard fluorescent dyes in

water (Table 1) is order 10-6 cm2/s, meaning that Sc is

order 104. Thus, the smallest concentration scales in the

flow are roughly 100 times smaller than the smallest scales

of motion, and are often smaller than the spatial resolution

of conventional PLIF configurations. Discussions of con-

centration scales in the context of PLIF can be found in

Prasad and Sreenivasan (1990), Miller and Dimotakis

(1991), Dahm et al. (1991), Koochesfahani and Mackinnon

(1991), and Wang and Fiedler (2000b).

5.2 Extensions of the technique

The basic PLIF technique has been extended to yield

measurements beyond concentration statistics. When LIF is

used simultaneously with a velocimetry technique, the

scalar and velocity fluctuations can be correlated to cal-

culate scalar fluxes (Papanicolaou and List 1988). To this

end, PLIF has been paired with laser-Doppler velocimetry

(LDV) (Hannoun and List 1988; Onishi and Komori 2006),

particle image velocimetry (PIV) (Simoens and Ayrault

1994; Law and Wang 2000), particle tracking velocimetry

(PTV) (Webster et al. 2001; Cowen et al. 2001; Chang and

Cowen 2002), and molecular tagging velocimetry (MTV)

(Koochesfahani et al. 2000). Because fluorescent dye

moves passively within a flow, correlation techniques have

been used to extract the velocity field directly from PLIF

concentration images (e.g., Dahm et al. 1992; Tokumaru

and Dimotakis 1995; Su and Dahm 1996).

The sensitivity of fluorescence to an independent scalar

(typically temperature or pH) can be exploited to quantify

the concentration of the independent scalar. In the simplest

case, the entire flow has a uniform concentration of tem-

perature-sensitive dye, but a heterogeneous temperature

field. Using the temperature sensitivity of Rhodamine B

(see Table 1), temperature statistics have been measured in

thermally stratified pipes (Sakakibara et al. 1993), buoyant

jets and plumes (Nash et al. 1995; Sakakibara et al. 1997;

Lemoine et al. 1999), and convection-driven cavities

(Coolen et al. 1999). In a more complicated approach

(Coppeta and Rogers 1998; Sakakibara and Adrian 1999;

Hishida and Sakakibara, 2000; Moghaddas et al. 2002), a

second dye that is relatively insensitive to the independent

scalar is also added to the flow, and is used to establish the

local intensity of the excitation source (which has typically

been modified by absorption from the two dyes). A hybrid

version of these two approaches exploits the different

temperature sensitivities of two spectral bands of a single

dye to measure temperatures with a correction for local

laser intensity (Bruchhausen et al. 2005). In an unrelated

multi-dye PLIF technique, Stohr et al. (2003) studied the

porous-media flow of two immiscible liquid phases using

separate dyes to track each phase.

PLIF is easily adapted to quantify densities in stratified

flows by simply adding fluorescent dye to the working fluid

in an amount that is proportional to its relative density.

This approach has been used to study the inhibition of

mixing in stably stratified turbulence (Barrett and Van Atta

1991), and to investigate structures in stratified plane

mixing layers (Atsavapranee and Gharib 1997). In a par-

ticularly elegant set of PLIF experiments, breaking internal

waves on a density interface were visualized (Troy and

Koseff 2005a) and subjected to a quantitative stability

analysis (Troy and Koseff 2005b). In the study, fluores-

cence intensities were calibrated to quantify local density

and salinity (Fig. 6). When using PLIF in variable-density

flows, index-of-refraction variations are typically mitigated

with additional solutes (e.g., Hannoun and List 1988;

Barrett and Van Atta 1991; Atsavapranee and Gharib 1997;

Campbell et al. 2004; Daviero et al. 2001; Troy and Koseff

2005a).

An early and enduring extension to the PLIF technique

enabled the quantification of mixing. First used by
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Koochesfahani et al. (1985) to study reactions in an

unstratified plane shear layer, the extension exploits the

pH-sensitivity of fluorescein to selectively induce fluores-

cence in mixing regions. In the shear layer experiment, one

fluid layer is dosed with fluorescein and buffered to a

sufficiently low pH to suppress fluorescence. The second

fluid layer has no dye, but is buffered to high pH. When

mixing between the two layers occurs, the combination of

resulting pH and dye concentration permits fluorescence

with an intensity proportional to the product of a hypo-

thetical fast chemical reaction between the fluids. Similar

shear-layer experiments using the acid–base technique

were later done in detail by Karasso and Mungal (1996).

The acid–base PLIF technique has also been applied to the

study of reactions in flows with buoyancy reversal (Shy and

Breidenthal 1991; Johari 1992), in gravity fronts

(Samothrakis and Cotel 2006), and to measure the free-

surface mass boundary layer (Munsterer and Jahne 1998).

An excellent example showing a chemically reacting

laminar line vortex from Cetegen and Mohamad (1993) is

shown in Fig. 7.

While the scope of the present review is limited to planar

(2D) LIF, 3D LIF is implemented as an extension of PLIF,

and thus warrants mention herein. In 3D LIF, a laser sheet is

scanned perpendicular to the plane of the sheet, with images

acquired in parallel (or approximately parallel) planes. The

spatial resolution within the plane of the laser sheet is

determined by the camera resolution and sheet thickness,

and the resolution normal to the sheet is determined by the

spacing of the scans. If multiple planes are sufficiently close

and acquired sufficiently fast, frozen 3D scalar fields can be

reconstructed. The two main challenges are being able to

capture and store the images quickly enough, and having

enough fluorescence exposure at the short image integration

times. The first 3D LIF implementation in aqueous flows

appears have to been done by Prasad and Sreenivasan

(1990), who were able to acquire 8 parallel images in less

than a millisecond. In other early studies, Dahm et al.

(1991) and Yoda et al. (1994) used 3D LIF to investigate

fine-scale 3D structure in turbulent jets. Since then, similar

techniques have been used to investigate the three-dimen-

sional scalar structure in impinging jets (Unger and Muzzio

1999), buoyant jets (Tian and Roberts 2003), tubular

reactors (Van Vliet et al. 2004), and boundary layers (Delo

et al. 2004). Three-dimensional temperature fields have

been measured for natural convection from a heated plate

(Sakakibara and Adrian 1999; Hishida and Sakakibara

2000), and for sheared, thermally stratified pipe flows

(Hishida and Sakakibara 2000). A particularly elegant set of

experiments was done by Deusch and Dracos (2001), whose

volumetric scalar renderings from a free jet are shown in

Fig. 8.

A relatively modern extension to the PLIF technique

involves the use of ‘‘caged’’ dyes that are not fluorescent

Fig. 6 PLIF image showing the structural details of a wave breaking

at the interface of two-layer system. The layers have different

salinities and dye concentrations, permitting concentration to be used

as a surrogate for salinity. Color contours indicate normalized

salinity. From Troy and Koseff (2005a)

Fig. 7 PLIF image using the acid/base technique showing a laminar

line vortex at the interface between two reactive fluid layers.

Fluorescence occurs only where molecular diffusion mixes fluid

from the two layers. The false color scale indicates reaction product

for fast reactions. From Cetegen and Mohamad (1993)

Fig. 8 Two consecutive 3D LIF volumes with dimensions

45 9 45 9 18 mm3 within a turbulent jet. From Deusch and Dracos

(2001)
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until they are permanently ‘‘uncaged’’ with a UV laser

pulse. This permits small regions of the flow to be selec-

tively rendered fluorescent and subsequently imaged using

traditional PLIF with a second laser. The method has been

used to track the evolution of small scalar features

(Lempert et al. 1995), to measure velocities in a Poiseulle

flow (Lempert et al. 1995) and to simultaneously measure

concentrations and velocities in a turbulent shear layer

(Koochesfahani et al. 2000).

6 Summary

The use of PLIF for non-invasive scalar measurements in

aqueous flows has become widespread since its introduc-

tion over 25 years ago. Various refinements and correction

procedures, combined with advances in digital imaging

technology, have enabled the technique to evolve from a

visualization tool to an accurate technique for quantifying

scalar structure at high temporal and spatial resolution.

PLIF has been employed in a wide range of experimental

configurations, with the sole limitation being a requirement

for optical access to the measurement region. Various

extensions of the technique have been developed for

measuring temperature, density, mixing rates, and scalar

fluxes. PLIF is also easily extended for scalar measure-

ments in three dimensions. Continuing advances in image

acquisition, storage, and processing will likely result in

volumetric laser-induced fluorescence (VLIF) replacing

PLIF as the scalar measurement standard in aqueous flows.
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