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Large-Field Laser Holographic Focusing Schlieren System

Glen P. Doggett* and Ndaona Chokanif
North Carolina State University, Raleigh, North Carolina 27695

A large-field laser holographic focusing schlieren system for high-speed three-dimensional flow visualization
has been built and evaluated. This system is based on a recently improved large-field focusing schlieren
technique and is combined with laser holography methods to obtain a three-dimensional recording. A coordi-
nated experimental and computational study of supersonic flows over a two-dimensional wedge and a sphere
was conducted to evaluate the capabilities and limitations of the system. Also, the concept of a spread function
is introduced to describe the dependence of the recorded intensity change on the refractive index for focusing
schlieren systems. The ability of the system to focus on planes normal to its optical axis is demonstrated.
However, the sharpness of focus of the present system was found to be limited.

Nomenclature

= open aperture of focusing lens, mm

= height of light source image above cutoff, mm

= cutoff grid line separation, mm

= reference chord length, mm

DS = resolution limited axial depth of sharpest focus, mm

DU = axial depth of unsharp focus, the distance over which
a point has spread to 2 mm, mm

f =focal length, mm

I = light intensity, W/m?

A
a
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K = Gladstone-Dale constant, m3/kg

L = distance from source grid to lens, mm

L’ = distance from cutoff grid to lens, mm

! = distance from a point in the test volume to lens, mm
I’ = distance from lens to image of a point in test

volume, mm
= refractive index
= spread function
= spatial resolution in image plane, mm
= streamwise direction, normal to. knife edge or cutoff
grid lines, mm
y = vertical direction, parallel to knife edge or cutoff
grid lines, mm
z = direction along the optical axis from source grid to
focusing lens, mm
€min = Sensitivity as quantified by the angular deflection of
light in the test volume which causes a 10% change
in image intensity, arcs
A = wavelength of light, mm
p = gas density, kg/m?
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Introduction

HE proposed development of the National Aero-Space

Plane has recently spurred interest in the investigation of
high-speed three-dimensional flows. Although high-perfor-
mance, state-of-the-art computational methods are widely
used for such investigations, experimental research constitutes
a significant contribution to these research efforts. Experi-
mental researchers are thus faced with the challenge to develop
new and innovative diagnostic techniques for the investigation
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of high-speed three-dimensional flows generated in existing
ground-based test facilities.

In the high-speed flow regime visualization techniques for
flowfield diagnostics are particularly useful because they are
nonintrusive. Conventional schlieren photography, shadow-
graphy, and interferometry are widely used, but these tech-
niques provide information along an integrated path and are
not well suited for the investigation of three-dimensional
flows. Interferometric tomography, although suited for the
study of three-dimensional flows, requires multiple optical
axes which are not available through the parallel windows with
which most wind-tunnel test facilities are equipped. The focus-
ing schlieren method, however, is capable of the investigation
of a three-dimensional flow with the limited optical access
available in conventional test facilities. However, because the
viewing screen location of the focusing schlieren system deter-
mines the plane of focus within the test section, images can be
recorded from only one location at a time. For implementa-
tion in short-run, blow-down wind tunnels or in ballistic range
facilities, the three-dimensional recording ability is limited. To
overcome this limitation, the focusing schlieren technique may
be combined with laser holography methods to record the
instantaneous density gradient distribution in a three-dimen-
sional compressible flow.

Earlier focusing schlieren systems!~* were limited by either a
small field of view or a relatively low brightness. Recently,
however, a new system developed by Weinstein® yielded a
large field-of-view system with a significant improvement in

fresnel
lens

region of
focus

viewing
screen

optical

axis
extended
light focusing fresnel
source lens lens
source cut-off
grid grid

Fig.1 Improved large-field focusing schlieren system.
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image brightness. In one example of the new system, Wein-
stein demonstrated the performance of the improved large-
field focusing schlieren system compared with conventional
schlieren and shadow photography for the visualization of a
Mach 2 jet into air. The results obtained with the focusing
schlieren method provided information about the internal
flow features in the jet that were not recovered when visual-
ized with the conventional: schlieren technique. Weinstein
proposed using diffuse-screen laser holography with the im-
proved large-field focusing schlieren system for three-dimen-
sional recording. The present research presents the first exper-
imental results obtained with this proposed laser holographic
technique.

The objectives of this work are the following: to design,
build, and operate an apparatus for a laser holographic focus-
ing schlieren system; to evaluate the performance and charac-
teristics of the system; and to demonstrate the capabilities and
limitations of the visualization system through a coordinated
experimental and computational study of supersonic flows
over models of simple geometries.

Principle of Operation

Flow visualization techniques operate on the fundamental
principle that the refractive index and the density of a fluid are
related. A simplified relationship, which can be applied to
gases, is the Gladstone-Dale equation

; , - n—-1=Kp )]

where the refractive index of the gas # is directly proportional
" to the gas density p. The Gladstone-Dale constant X depends
on the composition of the gas and the wavelength of the
illuminating light, and tabulated values are available.® Light
waves propagating through a compressible flow are deflected
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Fig. 2 Large-field laser holographic focusing schlieren system: a)
formation and b) reconstruction.

due to the inhomogeneous refractive index field. In the most

" general case, the refractive index is a function of all three

spatial coordinates n = n(x,y,z), and the light bends in the
direction of the refractive index gradient.” The local intensity
changes recorded with schlieren-type systems are directly pro-
portional to the angular deflections in the direction normal to
the schlieren knife edge, which in turn are proportional to the
density gradient in the same direction. The following describes
the principles of operation of the recently improved focusing
schlieren technique and of the proposed laser holographic
system for three-dimensional recording.

Focusing Schlieren Method .

Figure 1 shows a schematic diagram of a focusing schlieren
system. An extended light source illuminates a grid which
consists of closely spaced vertical or horizontal lines. Light
from the source grid diffusely illuminates the test volume. A
Fresnel lens creates an image of the extended light source at
the focusing lens location to concentrate the diffuse light from
the source grid down to the open aperture of the lens. This
method of illuminating the test volume is an innovation .of
Weinstein,” and produces images of significantly higher
brightness compared with those of earlier focusing schlieren
systems. The focusing lens projects real images of the source
grid located at L and also of a planar region within the test
volume at some location /. The thin lens equation relates these
object distances to their corresponding image distances by
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where L ’ is the image location of the source grid, /’ the image
location from within the test volume, and f the focal length of
the lens. At the image location of the source grid, the cutoff
grid, which is a negative of the source grid image with a line
separation distance of b, is positioned to partially obstruct the
light to serve as a schlieren knife edge. The cutoff grid allows
about half of each source slit image, a height a above cutoff,
to pass through to the viewing screen. When adjusted properly
and with no gradients in the test volume, the viewing screen,
located at /’/, is uniformly illuminated with an intensity /,. The
location / within the test volume that is in sharpest focus on
the viewing screen can be adjusted by moving the viewing
screen.to a new location /”. L

Considering the special case where incoherent light sources
are used for both conventional and focusing schlieren systems
allows a comparison .to. be made of the dependence of the
measured light intensity changes on the refractive index. In a
conventional schlieren system the measured intensity change
depends on the gradient of the refractive index in the direction
normal to the knife edge integrated along the path of the
collimated beam. This can be expressed as
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where the limits z; and z, refer to the locations of the two
schlieren heads. Because the gradients are integrated along the
path of the collimated beam there is no distinction as to the
location of the gradients. The intensity changes on the viewing
screen of a focusing schlieren system, however, depend on
both the gradients of the refractive index in the direction
normal to the cutoff grid lines and the respective locations of
these gradients. Thus, the dependence of the measured inten-
sity change for focusing schlieren systems is given by
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where s is a spread function that models the dependence of the
intensity change on location due to the effects of the focusing
lens. This spread function, not specified in the current paper,
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Fig. 3 Wedge and sphere wind-tunnel models.

models the weighting given to the in-focus features as well as
the progressive blurring of the out-of-focus features. The gra-
dients that are in focus are sharply defined whereas those out
of focus are not well defined. The sharp definition of in-focus

flow features is characterized by the larger magnitudes of the °

higher spatial frequency components of the Fourier transform

of the light intensity distribution.®

Laser Holographic Focusing Schlieren Method

An instantaneous three-dimensional recording of the den-
sity gradients can be obtained by using diffuse-screen laser
holography with the focusing schlieren technique. Laser
holography is a means$ of obtaining 2 three-dimensional
recording through a two-step process consisting of hologram
formation and wave front reconstruction.9 A schematic dia-
gram of the . focusing schlieren system used for three-dimen-
sional recording is shown in Fig. 2.

The hologram formation setup is shown in Fig. 2a where a
pulsed laser is used as a light source. A beam splitter separates
the laser beam into object and reference beams. The object
beam is expanded by an expanding lens 10 illuminate the
diffusing screen. The diffuser serves as the extended light
source. The expanded object beam passes through the Fresnel
lens and source grid to diffusely illuminate the test section and
fall onto the holographic plate. The reference beam is aligned
to pass around the test section and fall onto the plate undis-
turbed. The interference pattern due to the phase differences
between the object and reference beams is recorded on the
plate during the exposure. The high-power pulsed laser pro-
vides a very short duration exposure which is essentially. in-
stantaneous. After exposure the hologram is then processed to
peArr/nap_enAtl_y‘ record the interference pattern.

For reconstruction, a low-power continuous-wave laser is
used. The exposed and processed hologram is illuminated by
the reference beam as shown in Fig. 2b. The object wave front
is reconstructed through the diffraction of the reference beam
by the interference patern on the plate. The reconstructed
wave front is a three-dimensional image of the test volume
illuminated by the source grid. This wave front is projected
through the focusing lens to create a real image of the source
grid and test volume. The cutoff grid is placed at the image
{ocation of the source grid to provide the schlieren knife-edge
effect. The viewing screen location is adjusted for viewing the
instantaneous gradients at different axial locations throughout
the test volume. -

The characteristics of the laser holographic focusing
schlieren system correspond to those of the focusing schlieren

system. These are described in detail in Ref. 10. .

Experimental Apparatus and Procedure
Test Section and Models Tested
The experiments were conducted in the North Carolina
State University Supersonic Wind Tunnel Facility.!! This
blow-down wind tunnel exhausts pressurized air to the atmo-
sphere through an adjustable nozzle block which allows step-

less variation in the test section Mach number. For the cases
presented the test section Mach number was 3.0, and the
Reynolds number per unit length was approximately 3.78 X
10° cm~!. The test section measures 152.4 X 152.4 mm in
cross section, and the windows measurc about 400 mm wide
and 125 mm high. The tunnel starting time was typically from
3to4s.

Both wedge and sphere models were tested. The wedge
model was a 10-deg half-angle wedge with a chord length of
35.6 mm and a span of 54.1 mm. The sphere model measured
22 mm in diameter. These simple geometries were chosen for
this initial study so that both two- and three-dimensional flows
could be investigated, and computational results could be
easily obtained for purposes of comparison. A photograph of
the wind tunnel models is shown in Fig. 3.

Apparatus for Hologram Formation

A partial view of the optical system is shown in the pho-
tograph of Fig. 4a. A massive, rigid table was designed and
built to isolate the optics from vibrations due to-the wind-tun-
nel operation. To expose the holograms a pulsed ruby laser
with a coherence length greater than 1 m was used. The
nominal pulse energy was 30 mJ with a duration of approx-
imately 30 ns. A 0.95-mW continuous-wave He-Ne laser was
used for alignment and reconstruction. Both the pulsed ruby
laser and the He-Ne laser can be seen on the far side of the
table underneath the wind tunnel in this photograph.

A beam splitter with a transmittance of 0.80 and a reflec-
tance of 0.20 divided the beam into the object and reference
beams, respectively. The use of these proportions allowed for
the attenuation of the object beam and insured that the two

b)

Fig. 4 Experimental apparatus for hologram formation: a) partial
view of table, lasers, and object beam components and b) partial view
of test section, plate holder, and reference beam optics.
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beams were of approximately equal intensities at the holo-
graphic plate for optimum interference conditions. The beams
were directed using dielectric coated mirrors which had a
surface finish of at least 1/10 wavelength for the ruby laser
light. .

The object beam was spread through an expanding lens of
focal length — 500 mm to illuminate a ground-glass diffusing
screen which measured 50 x 50 mm. The diffusing screen
spread the beam to an area slightly larger than the 240-mm-
diam Fresnel lens of focal length 320 mm. The Fresnel lens
was mounted on a Plexiglas® sheet which also supported the
source grid. The source grid consisted of opaque vertical lines
2.0 mm wide and 0.51 mm apart printed on a thin transparent
sheet.

Shown in Fig. 4b is another partial view of the setup. The
holographic plate holder is shown with the mirror and
planoconcave lens of focal length — 500 mm which directed
and spread the reference beam which passed underneath the
wind tunnel. The object beam was incident normal to the plate
having passed through the test section, and the reference beam
was incident at a 45-deg angle. Both beams were about 50 mm
in diameter at the plate location. This corresponded to the
open aperture of the focusing lens stopped down to f/4.72 for
the reconstruction. The matching of the beam sizes with the
focusing lens aperture insured high brightness of the projected
images during reconstruction. The 10-deg half-angle wedge is
shown mounted in the tunnel, and the source grid and Fresnel
lens assembly is visible through the windows of the test section
in the photograph.

Procedure for Exposure, Processing, and Reconstruction

The holographic plates used were 100- X 125- X 1.5-mm
Agfa-Gevaert SE75HD plates with a resolution of 5000 lines/
mm. With the room darkened the plate was placed in its
holder on the table. The ruby laser was fired to expose the
plate about 5 s after the tunnel was initially discharged allow-
ing sufficient time to reach steady flow. The exposed plates
were processed using a standard developing and bleaching
procedure. The bleaching process made the fringes transpar-
ent for high diffraction efficiency. This type of processing
yielded reconstructed images of high brightness.

A photograph of the reconstruction apparatus is shown in
Fig. 5. The wave front that passed through the wind tunnel
when the exposure was made was reconstructed by illuminat-
ing the exposed and processed hologram with the He-Ne laser
along the reference beam path. The reconstructed wave front
was projected through the focusing lens. The cutoff grid was
made by exposing a plate for several minutes at the image
location of the source grid. The plate was processed to create
a negative of the source grid image. The cutoff grid was
adjusted to provide the desired schlieren knife-edge effect.
~ The focusing lens projected an image from within the test
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Fig. 5 Experimental apparatus for reconstruction.

Table 1 Dimensions and characteristics of the
focusing schlieren system

Value, mm

Parameter (unless otherwise indicated)
Dimensions

f 240

A 50

A 6.94 x 10— 4

! 381

!’ 649

L 927

L’ 324

a 0.111

b 0.891
Characteristics

w 0.297

€min 12.0 arcs

DS 4.53

DU 30.5

Fig. 6 Photograph of wedge model in focus for no-flow case.

Fig. 7 Photograph of source grid for no-flow case.

section onto the viewing screen. The viewing screen consisted
of a sheet of textured mylar mounted on one side of a 13-mm-
thick Plexiglas® sheet and a Fresnel lens mounted on the other.
The viewing screen assembly was mounted on a slide to allow
precision adjustment of its location. A 35-mm camera. was
used to photograph the images on the viewing screen with 400
ISO speed film at £/1.8 and 1-s exposure. The Fresnel lens was
used to relay the image into the camera lens to increase bright-
ness of the recorded images. The dimensions and characteris-
tics of the system used are summarized in Table 1."



746 e DOGGETT AND CHOKANI: * LARGE-FIELD HOLOGRAPHIC SCHLIEREN SYSTEM

Fig. 8 Focusing schlieren image of wedge model in focus.
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Fig.9 Two-dimensional, laminar Navier-Stokes calculations of the
density distribution for the flow over a wedge.
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Fig. 10 Two-dimensional, laminar Navier-Stokes calculations of the
density gradient distribution for the flow over a wedge.

Results and Discussion
No Flow

A hologram was made of the wedge model mounted in the
test section with no flow in the tunnel. From this no-flow
hologram the focusing ability of the system is demonstrated by
capturing in-focus images of both the model and the source
grid during the reconstruction. A photograph of the viewing
screen with the wedge model in focus is shown in Fig. 6. The
photograph shows the silhouette of the wedge model against a
relatively uniform background illumination in the central re-
gion of the test section. Here, the lines of the source grid are
out of focus. By adjusting the location of the viewing screen
during the reconstruction of this no-flow hologram the source
grid was brought into focus.

The photographed image of the source grid on the viewing
screen is shown in Fig. 7. This photograph shows the lines of
the grid clearly, but now the wedge model appears to be out of
focus. The sharp definition of the wedge model in this image
is all but lost. This no-flow case demonstrates how the laser
holographic focusing schlieren system can be used to investi-
gate different locations within the test volume by changing the
location of the viewing screen. The flow cases of the wedge
and sphere will demonstrate in the following how effective the
system is in investigating flow gradients within the test section.

Wedge Flow ‘

The first of the flow cases presented is that of the wedge at
Mach 3. The image photographed with the wedge model in
focus on the viewing screen during reconstruction from the

Fig. 11 Focusing schlieren image of sphere model in focus.
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Fig. 12 Axisymmetric, laminar Navier-Stokes calculations of the
density distribution for the flow over a sphere and sting.
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Fig. 13 Axisymmetric, laminar Navier-Stokes calculations of the
density gradient distribution for the flow over a sphere and sting.
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wedge flow hologram is shown in Fig. 8. The image recorded
shows a shock wave attached at the leading edge of the model.
The strong adverse pressure gradient induced a small sepa-
rated region in the boundary layer near the leading edge. An
expansion fan formed at the trailing edge corner where the
flow turned around the model. Downstream of the model a
secondary shock turned the flow to maintain symmetry and
also to follow the surface of the sting. The flow was not
completely symmetric due to a slight flow angularity in the test
section. The shock and expansion features are in focus and
appear well defined in this image.

Other intensity variations due to gradients that are out of
focus are also apparent in the photograph. These dark, shad-
owy features lack the sharp definition of the shock waves and
expansion fan. Coherent structures in the turbulent boundary
layer on the test section windows, which are out of focus in
this image, may be the cause of these intensity variations. In
addition the windows themselves, which were not of high
quality, may have been slightly distorted during the tunnel run
to contribute to these out-of-focus features. This image shows
that the gradients due to the wedge flow over the in-focus
model are well defined, and other out-of-focus gradients ap-
pear blended into the background, as the lines of the source
grid when out of focus.

Figure 9 shows the density contours obtained with laminar
Navier-Stokes calculations!?"!* on a highly refined two-dimen-
sional mesh. The shock and expansion are rather well re-
solved. Because the sting was not included in these calcula-
tions the physical flow in the region downstream of the wedge
is not accurately represented. The calculated density gradients
in the streamwise direction are shown in Fig. 10. Results from
the two-dimensional calculations show fairly good agreement
in location and geometry in comparison with the features
visualized in the experimental results. However, these calcula-
tions do not predict a separated region near the leading edge.

Sphere Flow

This last case presents the results of the sphere with flow at
Mach 3. A photograph of the sphere model in focus on the
viewing screen is shown in Fig. 11. The image shows a de-
tached shock which curves around the model. Along the stag-
nation streamline, the shock is located about 0.1c, where c is
the sphere diameter, directly upstream of the sphere. As the
flow is turned around the model a secondary shock forms
_ about the sting. Out-of-focus gradients in the test section give
rise to similar shadowy regions in the image as noted in the
wedge flow case. The out-of-focus features do not appear
identical to those in the wedge flow case. Coherent turbulent
structures in the boundary layers on the test section windows
seem to be a more likely cause than defects in the windows.
These shadowy features appear to be random, whereas defects
in the windows would probably have similar effects during
each tunnel run.
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Fig. 14 Axisymmetric, laminar Navier-Stokes calculations of the

density gradients in the plane z/c¢ = 1.0 for the flow over a sphere and
sting.

Fig. 15 Focusing schlieren image of sphere model out of focus by 20
mm.

Figure 12 shows the solution of the density distribution for
the axisymmetric flow over the sphere and sting. The detached
shock is fairly well resolved. The calculated density gradient
distribution is shown in Fig. 13. The shock location is about
0.1c from the tip of the sphere which corresponds well with the
experimental results. Again, location and geometry informa-
tion from the visualization and the calculations compares
rather well, although the turbulent fluctuations visualized in
the test were not modeled by these laminar calculations.

Moving the viewing screen changes the location of the re-
gion of focus and the gradients that lie within that region. The
calculated density gradients projected into the plane z/c¢ = 1.0
are shown in Fig. 14. In this plane the detached shock lies just
downstream of the leading edge at x/c = 1.0. The interpola-
tion errors in this plot do not greatly affect the approximate
shock location. From the sphere flow hologram, the image
photographed with the viewing screen moved 51 mm is shown
in Fig. 15. The focus location in the test section is now about
20 mm from the axis of model. This corresponds approx-
imately to the plane z/c¢ = 1.0, which is more than half of the
unsharp depth of focus away from the central axis of the
model. The out-of-focus model and shock are apparent in the
photograph, but the slice of the shock surface that is shown in
the calculated density gradients is not. In the region where the
shock is located the light is obstructed by the model itself.

Concluding Remarks

A large-field laser holographic focusing schlieren system has
been constructed, and the first experimental results have been
obtained with this proposed technique. The performance of
the system was evaluated in a coordinated experimental and
computational study of the supersonic flow over models of
simple geometry. The present system allows the instantaneous
three-dimensional recording of the density gradients in a wind-
tunnel facility with limited optical access. The system can
focus on planes normal to its optical axis, and effects from the
wind tunnel windows and the surrounding air are out of focus
in the image plane of the model. The depth of focus of the
present system is of the order of the size of the model, thus its
three-dimensional capability is limited. The three-dimensional
capability of the technique can be improved, however, by
designing a system with a depth of focus more appropriate for
the application.

Future Work

The images obtained with a focusing schlieren system con-
tain information from the in-focus plane as well as from the
out-of-focus planes. In this paper the weighting of the in-focus
features in the image is characterized by the spread function
for the special case of incoherent illumination. Determination
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of this spread function would thus allow one to model the way
that focusing schlieren images are created. Through an under-
standing of this process, a set of captured focusing schlieren
images at successive axial locations could then be related back
to the density gradients in the physical three-dimensional flow.
This type of analysis could be performed with the use of
existing high-resolution image digitization devices along with
existing software tools for digital image processing.
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