ATLAS: Assistive Tool for seLf-Aligning Schlieren

Nicholas A. Mejia* and Bryan E. Schmidt’
Case Western Reserve University, Cleveland, OH 44106, USA

An assistive tool called ATLAS (Assistive Tool for seLf-Aligning Schlieren) has been produced
which takes various “must-haves” for a self-aligning focusing schlieren system as inputs and
assists in the placement, sizing, and design choice of the necessary optical components. A
step-by-step walkthrough of building a self-aligning focusing schlieren system of the kind in
the FPI lab at CWRU has been presented for first-time users of this type of system, along with
descriptions of using ATLAS to construct such a system. A list of components of the FPI-CWRU
system is provided in the Appendix, along with various issues experienced by the team and their
associated solutions in tabulated form. The paper contains a URL to the FPI research website
with a downloadable Microsoft Excel Spreadsheet containing ATLAS.

Nomenclature
@ = Rochon prism interface angle [deg]
B = Rochon prism exit beam or splitting angle [deg]
Csourcejcuttoff = source/cutoff grid spatial frequency [Ip/mm]
CD = condenser/diffuser lens
dy-n = distance from component M to component N [mm)]
Ocutoff = cutoff grid translation adjustment [mm]
fm = focal length of component M [mm)]
hrp = Rochon prism height [mm]
LP = linear polarizer
LCP = left circularly polarized
LHP = linear horizontally polarized
LvPpP = linear vertically polarized
RBG = retroreflective background
RL = relay lens
RCP = right circularly polarized
TWM = The M™ test section window
tRp = Rochon prism thickness [mm]
QWF = quarter-wave film
QWP = quarter-wave plate
WRP = Rochon prism width [mm)]
Yocutoft = percentage cutoff

L. Introduction

CHLIEREN imaging is a common flow visualization tool that provides primarily qualitative information related to the
Srefractive index gradient in a transparent medium, which is directly related to the density gradient in gases via the
Gladstone-Dale relation. In a conventional schlieren system, either a dual-field-lens or dual-parabolic-mirror Z-type
arrangement is used where light is collimated from a point source and passed through a measurement volume, where the
variations in refractive index cause small angular deflection to the rays. The second lens or mirror then focuses the rays
to a filter, such as a knife edge cutoff, and then a camera is used to image the resulting filtered pattern. Settles provides a
history of the development of conventional schlieren in Ref. [1]] and a review of more recent developments in schlieren
technology in Ref. [2]. Weisberger and Bathel describe the drawbacks of conventional schlieren systems in Ref. [3]
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which include, but are not limited to, the path integration of non-pertinent flow features in the density structures of
interest, limited field-of-view (FOV) from the optical components, a required optical access for clear line of sight, and
high-quality surface flatness of the optics.

Focusing schlieren is a variant schlieren imaging technique that allows the user to filter out unwanted features along
the line of sight of the system by imaging the density gradients over a plane with narrow depth-of-focus (DOF), instead
of full path integration along the collimated beam as in conventional schlieren [4]. Additionally, focusing schlieren does
not need high-quality surface flatness windows, as they are out of focus, nor the large focusing mirrors that conventional
schlieren requires. However, Bathel and Weisberger point out that the most significant hurdle in deploying focusing
schlieren is the alignment procedure, which requires a perfectly matched cutoff grid that is scaled to an image of the
source grid. Bathel classifies modern focusing schlieren systems into five types [4]. In each of these, significant effort is
required to align the source and cutoff grid elements to one another, and the systems are prone to vibrations.

Recently developed instruments allow for so-called self-aligning systems, where the system projects an image of a
physical grid elements onto a background and then re-images the projection back onto the physical grid element [3. 5].
A schematic of such a system is shown in Fig. 1] Polarization is used to separate the outgoing light from the light
source, which is polarized with a linear polarizer (LP), from the incoming light to the camera. A quarter wave plate
(QWP) is used to convert between linearly and circularly polarized light. By projecting the image of the cutoff grid to a
background, the cutoff grid is matched and scaled perfectly to the source grid. The sensitivity of other types of focusing
schlieren systems is adjusted by translating the cutoff grid. However, since the system developed by Weisberger and
Bathel is self-aligning, this translation will not adjust the sensitivity, and so a Rochon prism (RP) is used to redirect
the light returning from the projected grid element such that the image it formed could be translated relative to that
grid element. Thus, the Rochon prism can be translated along the optical axis to adjust the sensitivity of the focusing
schlieren system. This project will involve such a compact, self-aligning focusing schlieren system whose design is
similar to that described in Ref. [3], and shown in[I]
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Fig.1 Compact, self-aligned, focusing schlieren schematic. The colors represent polarization states of outgoing
and incoming light. Credit: NASA [3].

In a compact focusing schlieren system, light is projected through a Ronchi ruling (RR) onto a retro-reflective
background (RBG) where it forms the image of the ruling. The light from this projected image is then reflect back
onto the original grid ruling, with a polarizing prism imparting a small offset between the two. The sensitivity of the
resulting schlieren can be adjusted by translation of the prism along the instrument axis. The QWP and polarizing
beamsplitter (PBS) ensure the returning light from the projected grid element is rotated by 90° relative to the outgoing
light. While the system is not overly complex, it can be challenging to design and construct a working system without
prior experience. The primary objective of this work is to present both a computational tool which can be used to design
a compact, self-aligning focusing schlieren system, and a set of detailed instructions, including troubleshooting, on how
to set up and align the system properly.

II. ATLAS
An aspect that makes constructing a new focusing schlieren system challenging is the fact that it can be difficult to
know the requirements for high quality imaging, as it is dependent on the application. In this section, we introduce an
assistive design tool called ATLAS (Assistive Tool for seLf-Aligning Schlieren) where the “must-haves” can be entered
by the user, and subsequently are used to calculate the specifications of the necessary optics and their positions that will
provide for high quality imaging without entirely resorting to a guess-and-check method. Some of the design decisions



the tool assists in determining are:

* Location of the Ronchi ruling, and retroreflective background

* Whether a relay lens is required for the camera

* Focal lengths of the field lens and, if needed, the relay lens

* Rochon prism refraction angle

* Ronchi ruling line pair spacing or frequency

* Determining the space required for the Rochon prism to move relative to the Ronchi ruling to ensure sufficient

sensitivity and prevent vignetting

» Approximate field of view and depth of field

* Approximate size of retroreflective background needed

* Total system magnification

* Available distance for translation of the RP along the optical axis

¢ Minimum and maximum %ocygoff
ATLAS is a spreadsheet-based calculation tool, which is available as a downloadable Microsoft Excel spreadsheet from
our research website at https://case.edu/engineering/labs/fpi/sites/case.edu.fpi/files/2022-12/ATLAS .xIsx.

To demonstrate how ATLAS can be utilized in building a new self-aligning focusing schlieren system, we will
use the tool as if we were building the system in the Flow Physics and Imaging Lab (FPI) at Case Western Reserve
University (CWRU) which can be seen in Fig.[2] A full list of the components is available in Appendix A.

Fig. 2 Picture of the compact, self-aligning focusing schlieren system in the FPI lab at CWRU.

ITI. ATLAS design walkthrough

The design will be built around a fixed location of the field lens and a general schematic can be seen in Fig. 3]
The schematic in Fig. [3] shows the outgoing and ingoing polarization states of light, and each optical component. Test
windows (TW! and TW?) are not necessary, but are shown in the schematic for generality. Our design requires the RR
to be close to the FL such that it is too difficult to fit the QWP and RP in between the FL and RR, so the QWP and RP
are placed ahead of the FL, between the FL and the RBG. ATLAS currently requires the QWP and RP to be placed after
the FL, but the ability to use additional arrangements of these optics in ATLAS, such as those seen in Fig.[T} will be
implemented in the future. Additionally, the QWP can be replaced by a quarter-wave film (QWF) placed over the RBG,
which removes the spatial sizing limitation of the QWP after the RP. Additionally, the tool will not take the sizes of the
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Fig.3 Schematic of the compact, self-aligning focusing schlieren system in the FPI lab at CWRU. The colors
represent polarization states of outgoing and incoming light.

PBS, LPs, CD, or QWP into account when determining the other optical locations, or for the calculation of available
space for translation along the optical axis of the RP.

A. Locations of the Ronchi ruling (RR), retroreflective background (RBG), density object (DO), and relay lens
(RL)

Preliminary placement of the optics requires two values: the focal length of the field lens (fgr) and the test section
width. The test section width for a self-aligning focusing schlieren system of the type in Fig. 3]is approximately the
distance between the field lens and the RBG (dpL-rpg), plus or minus a small amount for the thicknesses of the optics
and windows (if any), and is essentially a choice that is experiment-specific. The focal length of the field lens will
determine multiple variables, including the field of view (FOV), which also dependent on the sensor size and the location
of the density object. Additionally, the shorter the focal length of the field lens, the brighter the light source will need to
be because the light will be spread over a larger area. We strongly recommend using a camera lens, such as a Nikon lens,
for the field lens, instead of a single convex or plano-convex lens from a manufacturer such as Thorlabs, as this will
remove the need for translating the optic to adjust the focus by simply using the focusing ring on the lens. The system is
extremely sensitive to the focal plane of the FL. Figure [d demonstrates this sensitivity, showing the difference between

the focusing ring of the FL being set to the correct position in Fig. @ and the focusing ring being rotated just 5 ° past
the correct position in Fig. @ip.

(@)

Fig.4 Background-subtracted shadowgraph image of a hair dryer jet with focusing ring set to (a) the correct
position and (b) the focus ring rotated 5 ° past the proper position.

After choosing the location of the RR, RBG, DO, and fr, ATLAS will show the diagonal size of the FOV at
the density object location to ensure its size is adequate for the desired experiment. For this example, we chose



drL-rBG = 1000 mm to fit on an available lab table and a Nikon Nikkor 50 mm lens for the field lens. Inputting both of
these values into ATLAS returns dp —rr by applying the thin lens equation:
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The calculated value is dp.—rr = 52.6 mm, and so the Ronchi ruling will be preliminarily placed 52.6 mm from the
field lens. To check this placement, a light source can be used to project the Ronchi grid onto the RBG. It should appear
sharp; a coarse line spacing is useful for this check. An example of what this looks like for the CWRU system with a
1 Ip/mm RR can be seen in Fig. 5]

Fig. 5 RR grid sharply projected onto the RBG.

Next, the location of the density object relative to the field lens (dpL—po) is used in the thin lens equation to determine
the location of the image relative to the field lens (drL—v). In our case, we choose the center of the test section for the
DO. Inputting dp;,-po = %dpL_RBG = 500 mm, ATLAS outputs dr.—m = 55.5 mm. In this case, ATLAS will also
output a warning that a relay lens (RL) may be needed since the image of the density object is only about 3 mm in front
of the Ronchi ruling and there is likely not enough room to fit the polarizing beam splitter (PBS) and linear polarizer
(LP?) between the RR and the camera sensor.

If a relay lens is required, then ATLAS is designed to output the distance between the relay lens and the field lens
(drL-rL) by taking the focal length of the relay lens (frr) and the distance from the camera lens to the camera sensor
(drL-cam), and solving the thin lens equation for the distance from the relay lens to the image produced by the density
object behind the Ronchi ruling (drp.-1vm) and adding the distance from the field lens to the image (drr.—-mv). These
distances are summarized and shown in Fig.[6] Note that the field lens serves two purposes in this type of system. First,
it focuses the outgoing light such that an image of the Ronchi ruling is formed on the RBG. Second, it focuses the light
reflected off of the RBG such that an image of the density object is formed onto a location behind the Ronchi ruling.
This focused image can either be placed directly onto the camera sensor, or if the camera must be positioned further
away to accommodate the PBS and LP?, then a relay lens can be used to focus that image onto the camera sensor, as
depicted in Fig. [6]

In our setup, we chose a macro lens with 75 mm focal length for the relay lens, and connected it directly to the
camera. With this configuration, the distance from the relay lens to the camera, dry—cam Was measured to be 150 mm.
Then, using the thin lens equation as previously described, ATLAS outputs dpp—rr to be 210 mm. At this point, the
RBG, DO, FL, RR, RL, and camera’s preliminary locations are determined. These locations assume thin, perfect optics
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Fig. 6 Schematic of important distances for preliminary optic placements with a two lens system. Image relay is
shown from the density object to the camera sensor.

so it is possible that slight adjustments are necessary to produce the highest quality schlieren images capable from the
system. A simple way to check proper positioning of the optics is to place a screw at the density object location and
make sure the camera sharply images the screw threads as seen in Fig.

Fig.7 Correctly placed and focused optics sharply imaging a screw.

B. Choosing a Rochon prism with suitable cutoff

The next step is to choose a Rochon prism, a schematic of which is seen in Fig [§] for suitable cutoff. Alternatively,
focused shadowgraph images can be created by not using a Rochon prism, as shown in Fig. [fp. It is important that the
Rochon prism be oriented such that it splits the light along the return path from the RBG, not the outgoing light towards
the RBG, and that the axis of separation is parallel to the direction of the lines in the RR.

The cutoff is approximately given by [3]:

t
Scutoft = % +drL-rp tan(p) )

and the percent cutoff as:
Focutoff = 20 cutoff Ceutoff 3

Since the cutoft is coupled to the parameters of the RP, the line spacing of the RR, and the distance between the RR and
the RP, there are likely multiple options that will provide the desired cutoff for a given application. However, since
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