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Abstract The feasibility of using high-power light-

emitting diodes (LED) as a light source for high frame rate

schlieren imaging is investigated. Continuous sequences of

high-intensity light pulses are achieved by overdriving the

LED with current pulses up to a factor of ten beyond its

specifications. In comparison to commonly used pulsed

light sources such as gas discharge lamps and pulsed lasers,

the pulsed LED has several attractive advantages: the

pulse-to-pulse intensity variation is on the same order of

magnitude as the detector (camera) noise permitting

quantitative intensity measurements. The LED’s narrow

emission bandwidth reduces chromatic abberations, yet it is

spectrally wide enough to prevent the appearance of

speckle and diffraction effects in the images. Most

importantly, the essentially lag-free light emission within

tens of nanoseconds of the applied current pulse allows the

LED to be operated at varying frequencies (i.e., asyn-

chronously), which generally is not possible with neither

lasers nor discharge lamps. The pulsed LED source, driven

by a simple driver circuit, is demonstrated on two schlieren

imaging setups. The first configuration visualizes the

temporal evolution of shock structures and sound waves of

an under-expanded jet that is impinging on a rigid surface

at frame rates of 500 kHz to 1 MHz. In a second applica-

tion, long sequences of several thousand high-resolution

images are acquired on a free jet at a frame rate of 1 kHz.

The low-intensity fluctuation and large sample number

allow a reliable computation of two-point correlation data

from the image sequences.

1 Introduction

Recent advances in light-emitting diode (LED) technology

have resulted in high-power, single-chip devices with

luminous radiant fluxes exceeding several watts. When

operated with short-duration high-current pulses that sig-

nificantly exceed the rated currents, the instantaneous light

emission of an LED can be increased significantly (Stasicki

et al. 1984). As shown by Hiller et al. (1987), the emitted

light was, in principle, capable of acquiring Mach–Zehnder

interferograms at frame rates in the MHz range. In their

application, a single LED was coupled into a monofiber

and pulsed with currents of up to 10 A at a frequency of

10 kHz. The principle was later used by Bretthauer et al.

(1991) to provide pulsed illumination for a high-speed

multiple-image camera based on the Cranz–Schardin

principle. The optical arrangement imaged eight separate

fiber-coupled LEDs sequentially onto eight separated CCD

sensors via an eight-facetted mirror pyramid. This setup

permitted image frame rates of up to 10 MHz with the

LEDs being pulsed at similar durations (50 ns … 1 ls).

More recently, the Cranz–Schardin imaging principle has

been demonstrated in a configuration that uses a single

CCD sensor to image the light of several pulsed LEDs onto

separate areas allowing even higher frame rates (Butts-

worth 2008; Deblock et al. 2007).
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In an extension to the work by Stasicki et al. (1984,

1990), the principle of pulsed light emission from over-

driven LEDs was recently investigated by Willert et al.

(2010) for modern high-power LED devices on the back-

ground of possible application to particle-based flow

velocimetry. The investigated devices are designed to

operate at continuous currents of up to 18 A and can be

operated reliably with pulsed currents exceeding 200 A

with which the momentary luminous flux can be increased

by a factor of 5–8. The intensity levels provided by the

overdriven LEDs are comparable to the intensity of pho-

tographic (xenon) flash units and therefore have potential

as suitable light sources for schlieren imaging. Compared

to the commonly used xenon flash units, an LED essen-

tially instantly responds to current pulses with rise times on

the order of 100 ns, thereby enabling stroboscopic illumi-

nation at megahertz rates. As will be documented later, the

LED provides very repeatable illumination intensities in

comparison to a xenon light flash lamp. Further, the

broader emission spectrum of an LED with respect to a

laser avoids the generation of light speckle on the image

sensor, which often arise due to the presence of diffracting

elements along the optical path, such as the knife edge in a

schlieren setup.

The following article summarizes efforts of using a

high-power LED operated in pulsed mode as a light source

for schlieren imaging purposes. Different from previous

work is that a single LED is pulsed with high currents at

much higher repetition rates than reported for instance in

(Willert et al. 2010). The first part of the paper provides

some background information on the pulsed operation of

high-power LEDs. The second part is dedicated to two

exemplary applications of the pulsed LED source in

schlieren imaging of a supersonic under-expanded free jet.

2 Pulsed LED operation at high repetition rates

Following earlier investigations by Willert et al. (2010),

the pulsed operation of high-power LEDs is extended to

frequencies up to the MHz range. The utilized self-made

driver circuit is described with more detail in (Willert et al.

2010) and presented in Fig. 1 in a simplified form. The

circuit’s operation is fairly straightforward: capacitor C1 is

first charged to a voltage Vs after which the transistor T1 is

switched on via the driver unit U1. This discharges the

capacitor to ground with the current If flowing through

the LED LD1 causing it to emit light. By measuring the

voltage drop across the small resistance R2 ð0:02 XÞ
between the transistor source and ground, the current If

flowing through the LED can be calculated.

Driving the LED with excessive currents, even for short

durations, will lead to thermal damage and subsequent

failure of the device. This was investigated systematically

in (Willert et al. 2010) by gradually raising the pulse cur-

rent for a given pulse width until failure occurred. In par-

ticular, it was found that the current levels could be

increased with decreasing pulse durations. However, these

data were obtained at rather low frequencies around 25 Hz

with a correspondingly low duty cycle. For the present

application, however, the duty cycle is increased up to

50 %, while the diode is operated in burst mode (here

around 100 pulses). The current-pulse damage thresholds

determined in (Willert et al. 2010), therefore, do not apply

here and require a trial-and-error approach in obtaining

reliable current levels.

2.1 Short pulse response characteristics

The response of the LED to short current pulses, in par-

ticular, its time-dependent electroluminescence (light

emission), was further investigated using a fast laser diode

driver (LDP-V 50-100 V3, PicoLAS GmbH) that is spe-

cifically designed to have both fast rise and decay times.

The LED [Luminus, Phlatlight CBT-120, green (Luminus

2008)] was subjected to f = 1 kHz current pulses of

If = 50 A and 250 ns duration. The observed decay times

in the photodiode signal (Fig. 2, top) are similar to those

produced by the self-designed pulsed current source men-

tioned before. The observed electroluminescence decay

time of about 350 ns results from the recombination of

remaining charge carriers in the LED after the end of the

pulse. This decay time depends on the type of LED as

illustrated in Fig. 2, bottom, for a smaller LED device

(LXHL-PM02, green, Philips Lumileds). For this device,

the decay time reduces down to about 150 ns. The decay

Fig. 1 Simplified version of the LED driver circuit
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time seems to scale with device size: the larger Luminus

device has a die size of 3 9 4 mm2 compared to about

2 9 2 mm2 of the smaller Philips Lumileds LED. At the

same time, the smaller LED only has a fraction of the light

emission (160 vs. 2,100 lm) and thus is considered

unsuitable for the present high-speed schlieren imaging

application. To demonstrate that the observed decay time is

not an artifact, the same reverse-biased PIN photodiode

(Thorlabs DET10A) was used to measure the pulse of an

flashlamp pumped Nd:YAG laser with a specified pulse

width of 5 ns. This signal is visible as a sharp spike at

t = 0 in Fig. 2.

2.2 LED burst mode operation

The first application required a current pulse train of about

100 pulses, which were provided to the LED using a self-

designed circuit similar to the circuit presented in (Willert

et al. 2010). The commercial device (LDP-V 50-100 V3,

PicoLAS GmbH) used initially was found not to have

sufficient capacitance (&10 lF) to support a steady burst

of pulses with nearly constant intensity. Figure 3 shows the

response of a fast, reverse-biased PIN photodiode (Thorl-

abs DET10A) to the pulsed light emission of the Luminus

LED. By further increasing the supply capacitance C1 from

100 to 2,200 lF, a train of pulses of nearly constant

intensity could be achieved.

Figure 4 shows a portion in the middle of the 100 pulse

train presented in Fig. 3 and demonstrates the pulse-to-

pulse uniformity delivered by the LED. Each pulse has a

width of 500 ns at a period of 2 ls (500 kHz). While the

drive current has a rise time on the order of 100 ns, the

LED responds much slower and does not reach a steady

value before the end of the electrical pulse. The electro-

luminescence decay time is of similar order dropping to

about 5 % of the maximum light emission in between the

pulses.

The transient burst mode of operation allows the LED to

be operated well beyond its design limits. In the presented

application, the drive current reaches maximum values

exceeding If = 120 A. If summed over 100 pulses, the

LED is effectively subjected to a 50 ls pulse of about

If = 120 A, which would result in immediate damage to

the device, given the data presented in (Willert et al. 2010):

At a pulse width of 50 ls, the maximum single pulse drive

current was found to be about 65 A (The manufacturer

quotes an absolute maximum current of 36A (Luminus

2008)). The reason the diode survives the current pulse

train is the limited duty cycle (25 %) of the pulses allowing

Fig. 2 Response of two LED types to a single current pulse of 250 ns

duration as monitored by a photodiode: Luminus CBT-120-G (top)

and Philips Luxeon LXHL-PM02, 5W (bottom). The blue (dotted)

trace shows the photodiode response to a light pulse of an Nd:YAG

laser

Fig. 3 Response of LED to a burst of 100 pulses (500 ns duration,

2 ls period) as monitored by a photodiode with different supply

capacitances C1: 100 lF (top) and 2,200 lF (bottom)
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the LED substrate (die) to cool in between the drive pulses.

No systematic experiments have been performed to deter-

mine the maximum pulse currents for the limited (100)

pulse train. The second application presented herein

involved continuous pulsing of the LED at 1 kHz with

drive currents exceeding If = 120 A at a much lower duty

cycle (0.5 %), which does not introduce significant heat

generation within the device.

Both a green and red LED of the Luminus Phlatlight

CBT-120 series were tested for their suitability as light

sources in the megahertz rate schlieren setup described in

the following section. While the specifications (Luminus

2008) indicate that the red LED provides about one-third

more radiometric flux (5.5W) than the green LED (4.1W),

the former emits its light into a wider angular cone, that is,

it has a higher divergence as shown in Fig. 5. As schlieren

imaging configurations typically have a low numerical

aperture, the additional light emitted by a given light

source has no contribution. The data presented in Fig. 5 are

normalized with respect to each other and indicate that

along the central axis, the red LED emits about 30 % less

light in comparison to the green LED. From the radio-

metric point of view, both devices should, therefore,

provide roughly the same amount of light within a low-

aperture schlieren configuration. In practice, however, the

green LED was found to provide brighter images and was

selected for the schlieren imaging experiments. This dif-

ference is attributed to a higher sensitivity of the camera

detector to green light.

The high current density in the LED causes the center

wavelength of the electroluminescence to shift by about

20 nm from 530 nm to a cyan color (510 nm) at currents

exceeding 100A (Willert et al. 2010). While the radio-

metric flux may be larger with increasing currents, this

again has to be normalized against the wavelength-depen-

dent sensitivity of the camera sensor to assess the actual

improvement.

3 High-speed schlieren imaging of a supersonic jet

3.1 Burst mode schlieren image at up to 1 MHz

The pulsed LED light source described in the previous

section was used to image the unsteady flow of an under-

expanded free jet impinging onto a solid surface. This was

achieved by synchronizing the LED driving electronics to a

high-speed camera (Shimadzu HPV-1, 312 9 260 pixel

(Etoh et al. 2002)). The LED (Luminus, Phlatlight CBT-

120, green (Luminus 2008)) was pulsed in burst mode for

102 images at currents of up to 120 Ampere with 500 ns

pulse duration.

Fig. 4 Response of LED to a current pulse train as monitored by a

photodiode, with lower plot showing detail of above. Legend: TTL

trigger pulse (top trace), photo diode response (middle trace), LED

drive current (lower trace)

Fig. 5 Angular emission of Luminus Phlatlight (TM) LEDs (from

Luminus 2008)
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A schematic of the schlieren imaging setup is shown in

Fig. 6. Further details of the jet facility and the schlieren

setup are described in (Risborg et al. 2008, Risborg 2008).

The jet nozzle has a diameter of D = 5 mm. The stagna-

tion pressure is measured by a transducer mounted in the

plenum with a precision of ±2 %

Figure 7 shows a subset of five successive schlieren

images acquired with the LED as a light source. The high

repeatability in illumination intensity allows the calculation

of reliable statistics such as distributions mean intensity

and corresponding standard deviation, shown in Figs. 8 and

9, respectively. These were calculated from ten image

sequences of 100 frames acquired in short succession. The

mean intensity data are then subtracted from the original

sequences to highlight only the unsteady features in the

images as shown in Fig. 10. Static features such as blem-

ishes on the mirror surfaces are also reduced.

The schlieren flow visualization shows a jet at a nozzle

pressure ratio (NPR) of 5.2, defined as the ratio of plenum

stagnation pressure to ambient pressure. The impingement

plate is positioned at a distance of x = 15 mm (x/d = 3.0).

The jet core is characterized by the presence of a strong

Mach disk, as well as an intermittent stand off shock above

the plate (most evident in first and fourth images of the

sequence). This combination of pressure ratio and

impingement distance produces an oscillatory helical

instability in the jet. The axial and radial position of the

Mach disk is seen to vary from frame to frame, and a tilt

about the x-axis is also evident, though somewhat more

difficult to see in the still images. The size and shape of the

standoff shock also fluctuates from image to image, not

being evident at all in the final image.

The high temporal resolution of the camera combined

with the short exposure time of the illumination system

means that the evolution of individual acoustic waves can

also be resolved in the flow visualization. In the present

image set, there is a clear asymmetry in the acoustic field,

which is almost certainly the result of the dominance of the

Fig. 6 Schlieren imaging setup with pulsed high-power LED as light

source

Fig. 7 Sequence of images spaced at 5 ls intervals obtained at

nozzle pressure ratio 5.2, x/D = 3.0
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helical instability in the jet. Previous work (Henderson

2003, 2005) has demonstrated that the production of sound

waves is an outcome of fluctuations in the wall jet, driven

by the arrival of coherent structures convected down the

primary jet. As the impinging structures are helical, the

resulting sound field will also be helical. Given that

schlieren is a path-integrated technique, the resulting image

shows a staggered sequence of acoustic waves appearing

on either side of the primary jet.

In addition to the examples shown here, a fluid

dynamics video showing selected sequences at four dif-

ferent nozzle pressure ratios are available for download

from arXiv (Willert et al. 2010).

Fig. 8 Mean (top) and standard deviation intensity images (below)

obtained from 10 sequences recorded in succession. Experiment

parameters: nozzle pressure ratio 5.2, x/D = 3.0

Fig. 9 Detail of Fig. 8, mean (left) and standard deviation (right)

Fig. 10 Sequence of images spaced at 5 ls intervals obtained at

nozzle pressure ratio 5.2, x/D = 3.0 (mean intensity shown in Fig. 8

subtracted)

418 Exp Fluids (2012) 53:413–421

123



3.2 Continuous pulsed schlieren imaging of a free jet

The pulsed LED sources also offer an alternative to stro-

boscopic sources for long-duration, moderate frame rate

experiments. A second set of experiments is presented

where the image acquisition was performed with a PCO

Dimax camera (2,016 9 2,016 pixel) operating at a frame

rate of 1,000 frames per second. At this frame rate, the

convection and evolution of individual structures cannot be

observed; however, the system allows for the acquisition of

images at significantly higher resolution and in large

enough sample sizes to undertake statistical analysis.

To demonstrate the potential of the system, it is applied

to a similar experimental facility to that described in the

previous section, though the nozzle diameter is increased to

15 mm. It should also be noted that the compact dimen-

sions of the LED’s emitter (3 9 4 mm2) already make it

appropriate for a schlieren light source, as described in

(Settles 2001). Therefore, no condenser lens and slit system

was required, which further simplified the optical setup. A

free jet operating at NPR = 2.93, where a strong screech

tone exists, was the subject of the experiment.

With the LED pulsed for 2 ls at If & 100 A synchro-

nous to the camera frame rate, a sequence of 6,300 images

was obtained. Once again it should be emphasized that

each image must be considered independent from its pre-

decessor in the sequence. In this low duty cycle, continuous

pulsing mode, the LED drive electronics operate in a

steady-state manner, in which the pulse-to-pulse intensity

variations become insignificant, that is, there is no expo-

nential intensity decay as shown in Fig. 3.

Figure 11 shows a representative instantaneous image

from the sequence. The system setup visualizes the density

gradient along the jet axis, dq
dx. The sinuous bright band

evident from the third shock cell onwards is suggested to

be evidence of the theorized helical vortex that is associ-

ated with certain screech tones, as described in (Umeda

2002). Both upstream and downstream traveling acoustic

waves are also visible, though without the impingement

plate to drive the feedback cycle, they are of much lower

magnitude, and thus less distinct.

While the acoustic waves are visible in the single

instantaneous images, they are far from clear, and little

information about the acoustic field can be extracted by

visual inspection. With the ability to produce large data

sets quickly, a two-point correlation technique can be

applied to extract further information from the flow. The

two-point correlation is defined as follows:

RðDx;DrÞ ¼
P

Iðx0; r0Þ � Iðx0 þ Dx; r0 þ DrÞ
P

Iðx0; r0Þ
ð1Þ

The correlation of the fixed point, (x0, r0), with every

other point in the image is calculated across the entire

sequence. The quantity being correlated, the image

intensity, does not correspond directly to any fluid

property, but is rather a representation of the path

integral of the refractive index through the depth of

the flow field. Nonetheless, it is useful to investigate the

macroscopic properties of the flow, in particular the

interaction between the jet and the acoustic field.

A sample correlation map is displayed in Fig. 12. The

fixed point, (x0, r0), is indicated by the intersection of the

overlayed dotted lines. The correlation is obviously much

stronger in the jet core than in the surrounding acoustic

Fig. 11 Schlieren image of a free jet obtained at nozzle pressure ratio

NPR = 2.93 and an effective pulse duration of 2 ls

Fig. 12 Two-point correlation data of a free jet obtained at nozzle

pressure ratio NPR = 2.93
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field, so the contour levels have been adjusted so that both

are visible. The influence of the helical instability is

immediately apparent in the alternating cells of high and

low correlation on either side of the jet centerline. At each

axial point, the correlation above and below the centreline

is of opposite sign. This extends also into the acoustic field,

with the helical nature of both the upstream and down-

stream traveling acoustic waves evident in the correlation

map.

Comparison of Figs. 11 and 12 shows that the statistical

analysis of large data sets can yield valuable information

even from relatively qualitative visualizations such as

schlieren image sequences. The use of the pulsed LED

system allows for fine control of both acquisition rate and

exposure time, independent of the camera system used.

4 Discussion and summarizing remarks

As mentioned in the previous section, one of the advan-

tages of the LED system is that the LED itself intrinsically

possesses a geometry that makes it appropriate for use as a

Schlieren light source. Settles (2001) states ‘‘a rectangular

light source with overall dimensions of a few mm is most

suitable for schlieren imaging according to sensitivity and

measuring-range considerations’’. While it may in some

cases still be desirable to use a condenser-slit system, it is

no longer necessary to do so with an LED light source. This

reduces the number of components needed and space

required for the schlieren system. With regard to LED

selection, both the angular emission profile and wavelength

also influence the performance in a schlieren imaging

setup; in the present application, a green LED was found to

outperform a seemingly brighter red LED.

The pulsed LED system also offers a significant

advantage in ease of alignment compared to many other

pulsed light sources. The LED can be operated in its

‘‘normal’’ continuous mode, or pulsed quickly enough to

appear continuous to the human eye. This greatly simplifies

the alignment and setup process, as the focus and schlieren

cutoff can be adjusted in real time. Both the low operating

voltage of the LED as well as the non-collimated nature of

the emitted light reduce operational hazards. Even though

the LEDs were operated well beyond their specifications,

no devices were damaged during the experiments. The

actual safe operating limits for LEDs operated in burst

mode so far have not been investigated by the authors.

While the attentive reader may rightfully observe that a

high-speed camera can be shuttered to reduce motion blur

instead of pulsing the LED, it should be observed that the

LED will not survive a continuous pulse for the duration of

the image sequence acquisition (120A for 100 ls). The real

advantage of the pulsed LED operation manifests itself as

soon as the pulsing frequencies are reduced to values in the

100 kHz range and below. Recording longer image

sequences at these frequencies requires pulse durations in

the millisecond range and longer, which is beyond the flash

duration of conventional xenon flash lamps and would

require high brightness continuous light sources. For

example, in order to match the intensity of the 2 ls LED

pulses at 1 kHz frame rate as presented in Sect. 3.2 would

require a continuous light source with a 500 times higher

average intensity.

Although not an issue in mirror-based schlieren setups,

the narrow bandwidth of the LED electroluminescence

(about 35 nm FWHM for green LEDs) improves image

contrast in comparison to white light illumination due to the

reduction of chromatic aberration effects in the optical setup.

While the highly coherent light provided by laser sources

makes a conventional schlieren system very susceptible to

diffraction effects at the knife edge and introduces speckle

effects on the sensor, these issues are effectively avoided by

the short coherence length of the LED.

The high repeatability of the LED pulse trains makes the

acquired data suitable for statistics-based imaging involv-

ing a multitude of image sequences. This is exemplified by

the two-point correlation data shown in Fig. 12.

A key advantage of the LED is that with a single illu-

mination system, a range of different image acquisition

parameters may be covered. The pulse rate, pulse width,

brightness, and acquisition duration are all independent

parameters, allowing for a significant flexibility in the

system. All parameters may be varied arbitrarily during the

experiment, allowing the user complete control over all

aspects of the illumination. For instance, the essentially

lag-free light emission of an LED in response to an external

trigger event allows the system to capture phase steady

image data of cyclic recurring events of continuously

varying frequency.

Beyond the high-speed schlieren imaging applications

presented herein, pulsed LED illumination has been dem-

onstrated both for flow field measurement, in particular

particle image velocimetry (PIV) (Stasicki et al. 2010;

Willert et al. 2010), as well as for high speed droplet

shadow imaging of spray systems (Klinner 2011; Willert

et al. 2008, 2010).
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