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Astigmatism and coma are two optical aberrations that are common with Z-type
schlieren systems. The effects of these two aberrations can be minimized by increasing the
accuracy in the optical alignment of all optical components of the system. For portable
schlieren systems, the alignment process can become a time-consuming task every time the
system is relocated. A portable schlieren system utilizing alignment lasers and newly
designed mirror mounts was developed. The system can be set up rapidly and accurately.

I. Introduction

S

CHLIEREN optical systems deliver the ability to view phase objects that cannot normally be seen with the
naked eye.1 Schlieren systems utilizing the Toepler technique have become the standard for most systems. The
schlieren images can be used qualitatively and quantitatively, especially nowadays with the advent of digital
technology, lasers, high-speed imaging systems and the use of color schlieren for tracking density gradients.2–16
Most common schlieren systems are built or set up for a particular configuration although some schlieren systems
such as the IAB-451 and TE-19 Soviet-based systems are designed for production use and can be considered to be
portable units.
Whatever system or setup configuration is used, it needs to be properly aligned. Depending on the complexity of
the system, the alignment process can take anywhere from 8–10 minutes for an experienced hand or 10–15 min. for
a novice user (Ref. 1, p. 179), although many assumptions are made in arriving at those times regarding the
performance of individual components. For a schlieren system to be both portable and practical, a quick alignment
process needs to be conceived.
Vasli’ev17 describes the alignment process for a Soviet IAB-451 system and notes that the difficulty of the
alignment process is the optical axis (Ref. 17, p. 153). He accomplished the optical alignment by utilizing an auto
collimating eyepiece on one instrument and an illuminator with images of crosshairs on the two ends of the other
instrument. By aligning the two crosshairs through the eyepiece, the optical axis of the instruments can be
considered properly aligned.
With modern technology, a new alignment technique is proposed that can significantly reduce the time spent in
the process as well as ensuring accuracy. This paper describes the alignment technique that includes newlydesigned mirror mounts and the use of lasers to properly align the optical axis with respect to both mirrors and all
the required optical components of a Z-type schlieren system.

II. Alignment Concept
The Z-type Schlieren system is a well known configuration that is both inexpensive and simple to set up. The Ztype configuration, however, has several major disadvantages. The most important is the off-axis alignment of the
two mirrors. Off-axis alignment causes two well-known optical aberrations. The first is known as coma. Coma is
produced by a light source that is off axis with respect to the mirror’s optical axis. In a Z-type system, the concave
mirrors are rotated to a known angle and thus the light source is incident on the mirror at an angle thereby producing
a distinct comet-like image. For the Z-type configuration, coma is unfortunately unavoidable; however, it can be
reduced by placing the mirrors on opposite sides of the optical axis. This placement gives this schlieren
configuration its noticeable Z pattern. Each angle must be identically opposite in direction in order to reduce this
aberration to a negligible level.
Astigmatism is the second aberration for Z-type systems. Astigmatism occurs when the sagittal plane
(horizontal) from an off-axis light source come into focus at the sagittal focus (vertical line). At this point, the
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image is itself elliptical with respect to the vertical axis. The same is true for the tangential plane. The tangential
plane comes into focus at the transverse focus (horizontal line) which is an elliptical image with respect to the
horizontal axis. The sagittal and transverse planes come into focus at two different locations along the mirror’s
optical axis. The point where the image is circular is known as the point of least confusion. While the effects of
astigmatism cannot be eliminated, it can be reduced by minimizing the offset angle of the mirrors. The alignment
techniques are aimed at reducing coma and astigmatism rapidly.
Aligning the optical components to a common optical axis is achieved by using lasers which produce highly
colliminated pencils of light.18 If a light ray is to pass orthogonally through a lens to its plane, then the reflection
and refraction angles are both zero. One can conclude that the light ray is aligned to the lens’ optical axis. This
concept is applied to aligning the optical components of the system.

(a) Off-axis.
(b) On-axis.
Figure 1. Aligning optical components using a pair of aiming lasers with crosshair tips.
An example of the alignment process is shown in Figure 1. Two laser diodes equipped with crosshair tips an
mounted at the 12 and 3 o’clock positions of the mirror mount, looking from the back, are used for alignment. In
Figure 1, a white board is place behind the condenser lens, just visible to the left, for clarity. Figure 1(a) shows that
the condenser lens is placed such that its optical axis is close too but not parallel with the laser beams. As a result of
the misalignment, the laser beams that were incident on the lens were refracted off axis as can be seen in the lower
left part of the screen in Fig. 1(a). By moving the lens, the misaligned beams can be brought into alignment to yield
a rectangular pattern as can be seen in Fig. 1(b). In Fig. 1(b), the lower left crosshair now represents the optical axis
of the mirror. Once these crosshair patterns are visible, it is a matter of adjusting the lens to bring these crosshairs
into alignment, both vertically and horizontally, which then aligns the lens with the lasers (or, equivalently, the
mirror). All the optical components of the system, namely, the source slit, the knife edge, and the camera are
aligned utilizing the intersection of the two laser beams.

III. Schlieren Optical Equipment
The system configuration follows that of a typical Z-type system. A 3 W white LED manufactured by Nasun
capable of producing 150 lumens is used as the light source. The size of the LED is approximately 2 mm by 2 mm.
The LED source overcomes many complications that occur with other light sources. For instance, xenon bulbs
produce an arc between two electrodes that actually forms a distributed source. The LED is inexpensive and
consumes less energy compared to most other light sources. The condenser lens is an Edmund Scientific NT43-593
with a diameter of 1.96 in. (50 mm) with an effective focal length (E.F.L) of 1.693 in. (43 mm). The source slit is a
1 mm high by 2 mm wide rectangle. The spherical mirrors are 6 in. diameter with an f# of 6. The remaining
equipment include two Sentry Steel Rx type portable tables, a knife edge mounted on a vertically positioned traverse
rail, a focusing lens, and a Nikon D70 camera. The custom tables by Sentry Steel were needed due to the specific
height, mobility, and length requirement that are not normally found with conventional work tables.
To ensure quick and accurate alignment of the optical equipment, the alignment method is centralized around the
mirror’s optical axis. Newly-designed mirror mounts were manufactured in house, allowing the mirrors the ability
to rotate about their vertical axes as well as provide locations to mount the alignment lasers, see Fig. 2. Two
Egismos HA-3-635-5-C crosshair pattern lasers are seated inside the laser mounts at right angles with respect to
each other. These laser mounts are shown in red in Fig. 2. The resulting placement and crosshair pattern ensure an
accurate representation of the mirror’s optical axis. The inner diameter of the mirror mount was machined to the
design specifications of each individual mirror. A tolerance of 0.015 in. (0.38 mm) was added to allow the mirrors
to seat into the mounts. The mounts rest on a rotating dial with an angle indicator.
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IV. Alignment Process
The alignment begins with the placement of the optical
components on their respective tables. Table 1 holds the first
mirror, the LED source, the condenser lens and the source slit.
Table 2 holds the second mirror, the knife edge, the focusing lens
and the camera. The mirror mounts are placed on the table such
that the zero degree mark is facing toward the other mirror. With
the lasers representing the optical axis of the respective mirrors, the
first mirror is aligned to the second mirror, see Figure 3. The
accuracy of the alignment is determined by the placement of the
vertical and horizontal laser beams. Since both mirror mounts are
identical in design, the location of one laser module corresponds to
the same location of the other laser module on the second mirror.
Proper alignment ensures that the faces of both mirrors are parallel
with to each other with respect to the vertical axis. This alignment
process is repeated for aligning the second mirror to the first mirror.

Figure 2. Pro-Engineer Wildfire
drawing of the customized mirror
mounts.

(a) Off alignment.
(b) Aligned with respect to the other mirror.
Figure 3. Mirror axis alignment (a) off alignment and (b) aligned with respect to the
other mirror.

Once the two mirrors are aligned with respect to each other, the next step is to align their associated optical
components by the same method used to align the mirrors. Due to the dimensions of the mounting components for
the optical equipment, the minimal offset angle is of the Z-configuration is set to 10 deg. The mirrors are then
rotated half the offset angle according to the law of reflection. Figure shows the accuracy of the alignment method.
The horizontal alignment laser verifies the location of the focal point upon the knife. The distance between the two
mirrors was approximately 25 ft (7.6 m). The size and shape of the focal point at the knife edge was compared to
thosee of the source slit to determine the effectiveness of the alignment method in reducing the effects of optical
aberrations. Typical alignment setup times ranged from 2 to 5 min.

V. Results
Conventional techniques of aligning optical components involve using a white sheet of paper or card to follow
the beam profile and make the appropriate adjustments where
needed.1 This is satisfactory depending on the configuration of
the system and the type of mirror mounts used. Stability and
accuracy may be difficult to achieve. In many cases vibrations
may cause the mirrors to move and result in misalignment.
Only preliminary results are available at this moment.
Qualitative improvements can be clearly seen by comparing two
images under similar conditions. Three sets of images are used
for qualitative comparison. Each set below was taken by the
same Nikon D70 camera and same optical equipment with the
exception of the different mirror mounts. The first qualitative
Figure 4. Focal point (the bright point) at
comparison is the flow from a hot plate set to a temperature of
the knife edge revealing accuracy optical
400 oF. Figure (a) shows results of a hot plate utilizing the
axis alignment with lasers.
custom designed mirror mounts with an knife edge cutoff of
50%. Figure (b) show the hot plate with an 80% cutoff utilizing
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Edmund Scientific NT36-483 large angle mirror mounts. Aberrations are noticeable by the discoloration of the
image as well as the uneven distribution of light. These aberrations admittedly may be removed through painstaking
adjustments of the optics.

(a) Image with custom mirror mounts.
(b) Image with off-the-shelf mirror mounts.
Figure 5. Schlieren image of flow from a hot plate at 400 oF.
A second qualitative comparison involves the use of isobutane gas from a lighter. Isobutane in a gaseous state
has a density of 0.156 lb/ft3 at 59 F and 1 atm. The refractive index of isobutane is 1.0019. The maximum
refraction angle can be determined from1
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The maximum refraction for isobutane is approximately 631 arcseconds, a very small angle. Figure compares
the schlieren results of isobutane under similar conditions with the custom and off-the-shelf mounts at 50% cutoff.
The astigmatism in Figure (b) is most noticeable around the edges of the plate and the edges of the butane lighter.
Although some astigmatism is still present in Figure (a), improving the alignment of the mirrors and optical
components results in a noticeable improvement in the quality of the schlieren image.

(b) Image with off-the-shelf mirror mounts.
(a) Image with custom mirror mounts.
Figure 6. Comparison of flow from a butane gas lighter.
Figure compares the disturbed flow over a hot plate. The most noticeable difference is the accuracy of the
alignment of both mirrors. Figure (b) shows a misalignment which is apparent by the double edge outline along the
circumference of the circle. This supports the conclusion of the necessity of proper axis alignment of the mirrors
and optical components in order to prevent or reduce optical aberrations and improved image quality.
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(a) Image with custom mirror mounts.
(b) Image with off-the-shelf mirror mounts.
Figure 7. Schlieren image of hot plate with an impinging cold jet from a can of lens cleaner.

VI. Conclusion
The Z-type configuration for schlieren visualization is common and well known. A portable schlieren system
needs to have the ability to be set up in a short amount of time as well as have the ability to properly align all the
optical components under any condition with good accuracy. The importance for maintaining proper alignment was
demonstrated through reduction of coma and astigmatism using alignment lasers placed on mirror mounts. The
lasers help to facilitate alignment.

VII.

Acknowledgments

The development of this schlieren system was partly supported by AFOSR Award No. FA9550-08-1-0201. The
authors acknowledge the help of Richard R. Mitchell and Rod Duke, and discussions with Professors J. Craig
Dutton and Donald R. Wilson.

VIII.
1

References

Settles, G.S., Schlieren and Shadowgraph Techniques: Visualizing Phenomena in Transparent Media. Springer, Berlin,

2001.
2
Ben-Yakar, A., and Hanson, R.K., Ultra-Fast-Framing Schlieren System for Studies of the Time Evolution of Jets in
Supersonic Crossflows,” Experiments in Fluids, Vol. 32, No. 6, pp. 652–666, 2002.
3
Verma, S B. “Detection of Fluctuating Density Gradient Flow Field in Shock Wave Boundary Layer Interactions Using
Laser Schlieren System,”. Experiments in Fluids, Vol. 32, No. 4, pp. 527–531, 2002.
4
Elsinga, G.E., van Oudheusden, B.W., Scarano, F., and Watt, D.W., “Assessment and Application of Quantitative
Schlieren Methods: Calibrated Color Schlieren and Background Oriented Schlieren,” Experiments in Fluids, Vol. 36, No. 2, pp.
309–325, 2003.
5
Hanenkamp, A., and Merzkirch, W., “Investigation of the Properties of a Sharp-Focusing Schlieren System by Means of
Fourier Analysis,” Optics and Lasers in Engineering, Vol. 44, No. 3-4, pp. 159–169, 2006.
6
Jonassen, D.R., Settles, G.S., and Tronosky, M.D., “Schlieren ‘PIV’ for Turbulent Flows,” Optics and Lasers in
Engineering, Vol. 44, No. 3-4, pp. 190–207, 2006.
7
Wong, T., and Agrawal, A.K., “Quantitative Measurements in an Unsteady Flame Using High-Speed Rainbow Schlieren
Deflectometry,” Measurement Science and Technology, Vol. 17, No. 6, pp. 1503–1510, 2006.
8
Goldhahn, E., and Seume, J., “The Background Oriented Schlieren Technique: Sensitivity, Accuracy, Resolution and
Application to a Three-Dimensional Density Field,” Experiments in Fluids, Vol. 43, No. 2-3, pp. 241–249, 2007.
9
Venkatakrishnan, L and G. A. Meier. “Density Measurements Using Background Oriented Schlieren Technique,”
Experiments in Fluids, Vol. 37, No. 2, pp. 237–247, 2007.
10
Biss, M.M., Settles, G.S., Staymates, M.E., and Sanderson, S.R., “Differential Schlieren-Interferometry with a Simple
Adjustable Wollaston-Like Prism,” Applied Optics, Vol. 47, No. 3, pp. 328–335, 2008.
11
Decamp, S., Kozack, C., and Sutherland, B.R., “Three-Dimensional Schlieren Measurements Using Inverse
Tomography,” Experiments in Fluids, Vol. 44, No. 5, pp. 747–758, 2008.

5
American Institute of Aeronautics and Astronautics

12
Timmerman, B.H., Skeen, A.J., Bryanston-Cross, P.J., Tucker, P.G., Jefferson-Loveday, R.J. Paduano, J., Guenette, Jr.,
G.R., “High-Speed Digital Visualization and High-Frequency Automated Shock Tracking In Supersonic Flows,” Optical
Engineering, Vol. 47, No. 10, 103201, 2008.
13
Alvarez-Herrera C, Moreno-Hernandez D, Barrientos-Garcia B, “Temperature Measurement of an Axisymmetric Flame
by Using a Schlieren System,” Journal Of Optics A: Pure And Applied Optics, Vol. 10, No. 10, 104014, 2008
14
Estruch, D., Lawson, N.J., MacManus, D.G., Garry, K.P., and Stollery, J.L., “Measurement of Shock Wave Unsteadiness
Using a High-Speed Schlieren System and Digital Image Processing,” Review of Scientific Instruments, Vol. 79, No. 12, 126102,
2008.
15
Buchele, D.R., and DeVon W.G., “Compact Color Schlieren Optical System,” Applied Optics, Vol. 32, No. 22, pp. 4218–
4222, 1993.
16
Kleine, H., and Grönig, H., “Color Schlieren Methods in Shock Wave Research,” Shock Waves, Vol. 1, No. 1, pp. 51–63,
1991.
17
Vasli’ev, L.A., Schlieren Methods, Israel Program for Scientific Translation, New York, pp. 153–170, 1971.
18
Hecht, E., Optics, 2nd ed., Addison-Wesley, Reading Massachusetts, Ch. 4, 1985,

6
American Institute of Aeronautics and Astronautics

