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The Construction and Operation of a Water Tunnel
in Application to Flow Visualization Studies

of an Oscillating Airfoil*
by

John H. Olsen and Hsien Ta Liu

Flow Research, Inc., Kent, Washington 98031

Abstract

Flow Research, under contract (NASZ2-6927) with the NASA Ames Research
Center has constructed a water tunmel and investigated the flow field
adjacent to an oscillating airfoil. The désign and operational procedures
of the tunnel are described in detail; Hydrogen bubble and thymol blue
techniques are used to visualize the flow field.

Results of the flow visualizations are presented in a series of
still pictures and a high speed movie. These results show that the
stall is more complicated than simple shedding from the leading edge or
the trailing edge, particularly at relatively low frequency oscillations
comparable to those of a helicopter blade. Therefore, any successful
theory for predicting the stall loads on the helicopter blades must
treat an irregular separated region rather than a discrete vortex passing

over each blade surface.

*This work is supported by NASA Ames Research Center under Contract
No. NAS2-6927.
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I. Introduction

Contract NAS2-6927 involves the design, construction, operation, and
delivery to Ames of a water tunnel. The first three phases of this work
have been completed and are described in this final report. The material
presented here covers a description of apparatus, procedures and results
of operation, and concluding remarks. A high speed movie is also included

as a portion of results of operation. Additional work supplementing
the main contract is. also described,

IT. Description of Apparatus

The material presented in this section covers the following items:

a) a description of the basic tunnel which may be used for a
wide variety of experiments;

b) the oscillating mechanism used to produce piteching motions
on a two dimensional airfoil;

c) a high power flash lamp that can be syneronized with the
shutter of a high speed camera or with the airfoil
oscillation; 7

d) a hydrogen bubble generator for marking the fluid for flow
visuglization;

e) a light detector circuit used to syncronize the flash or
other electronic device with the phase of the airfoil

ocillation as detected by photocells.

2.1 The Water Tunmel
A view showing the entire tumnel is given in figure 1. With the
éXCEptiou of the fiberglas contraction and plexiglas test section windows,
all parts are of 304 stainless steel, The first and second elbows down-
stream of the test section are commercial long turn elbows. The third and

fourth elbtows are sharp 90° bends with turning vanes.
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The tunnel is supported by a steel framework with adjustable pad feet.
A platform is fastened to the frame to serve the dual purposes of a cat-
walk for working on the tunnel and a table for holding instruments and
other experimental apparatus.

The tunnel can be pressurized to 15 PSIG (1.05 x 104 Kg/mz) in the test
section to avoid cavitation on the models. At this pressure a Reynolds
number of 200,000 per inch (7.87 x 106 per meter) can be obtained on a
model with a pressure coefficient as low as -10. The test section cross
section is 8.4" x 12" (.213m x .305m) to keep the same proportions as the
7' x 10" (2.3m x 3.05m) Ames wind tunnels.

The water in the tunnel is kept clean by a continuous 10p filtration
system, Water is withdrawn from the third elbow, pumped through a 10w
filter and returned to the first elbow. The same pumping system is used
to withdraw water from the tunnel for changing models or experiments. Two
large storage tanks are provided to hold the water during work on the
tunnel as well as to provide mixing tanks for adding various flow
visuwalization chemicals.

The test section consists of 4 plexiglas windows mounted on a stainless
steel frame (figure 2). The windows are simply rectangular plates with a
step cut out around the edges. They can be easily manufactured and changed
so that complete experiments can be bolted to a window and easily inserted
in the tunnel. The windows are sealed by "o'" rings in the steel frame and
held in place by clamps. See figure 3 for details.

The pump is a three bladed impeller from an axial flow irrigation
pump. The impeller is carried in a Lignum Vitae (a hard self lubricating
wood) bearing. The driveshaft passes out through the second elbow where
it is turned by an SCR (Silicon Controlled Rectifier) DC motor. (Figure 4).
The impeller thrust is carried by bearings in the elbow.

The SCR speed control is controlled by a box on a flexible cable so
that the operator can vary the speed from any convenient position. The

SCR control is fed by a 230V three phase line which splits within the
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control tovsupply power to the SCR, the filter pump, and the high power
flash lamp. A feedback control system, which reduces the tunnel speed
varlation to approximately a factor of ten, has been ingtalled and is described
in a later section.

The screen section is immediately in front of the contraction. It
contains twﬁ gsections of honeycomb and four screens to provide a uniform
flow into the contraction. A plexiglas air dome is mounted on top of the
screen section to provide an air bleed and to control the pressure within
the tunnel. (See figure 1) The air dome is connected by hose to the down-
stream end of the test section to provide a steady pressure in the test
section., During operation, the air bleed valve between the dome and the
screen section is closed.

The contraction also serves as a round to rectangular transition between
the circular screen section and the rectangular test gsection. It is formed
by a series of contracting super-ellipses whose x-y coordinates are given

by the formula

(=)

As n variles from 2 to infinity the curves change from ellipses

< (1) -1

to rectangles. The major and minor axes are given by a and b . A set of

contours for the contraction is given in figure 3.

2,2 The Oscillating Mechanism
The particular experiments to be performed for this contract

involve a study of the flow about pitching two dimensional airfoils. The
mechanism described here provides a pitching amplitude of up to + 20° about
any mean angle from 0° to 20°.

Figure 6 shows the basic mechanism. A reciprocating motion is provided
by a crank with a long connecting rod. This motion is very nearly a pure
sinusoid (+.5%). The reciprocating motion is converted to rotary motion

by a rack and gear. The torque applied to the model is measured by a
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torque tube with a strain gauge bridge. The angular position of the
model is recorded from a position transducer on the rack. Thus,

moment and angle of attack can be recorded both as functions of time and
as functions of each other. '

The model is driven by a 1" x 3/16" (.025m x .0048m) rectangular tang
held to the driving shaft by a tapered wedge (see figure 7). WUires for the
hydrogen bubble generation pass through the tang and the driveshaft and
through a seal at the rear end of the driveshaft.

The crankshaft and flywheel are driven by an SCR controlled DC motor
through a pair of cone pulleys. A 67 to 1 frequency adjustment is possible,
A disc with 10 evenly spaced holes on its perimeter is fastened to the
crankshaft to provide interruptiom of a phctoceli circuit used to measure
the crankshaft speed. A second disc is attached to the crankshaft through
a differential gear unit so that it can be rotated with respect to the
crankshaft while the mechanism is running (see figure 8). The position of
a hole in this disc can then be changed relative to the crank position and
used to trigger the flash lamp at any desired phase of the oscillation.

In fact, the flow can be observed in slow motion by continuously rotating

the differential sgpider.

2.3 High Power Flash Lamp
A Xenon water cooled flash lamp capable of 500 flashes per second

at 6 joules per flash is provided for lighting the flow field for photographic
purposes. It is mounted in a housing with baffles and lenses to provide an
approximately 2 dimemsional sheet 1/2" (,013m) wide and about 18 inches
(.457m) long. 1In operation a'commefcially available strobe lamp is flashed in
syncronism with the high power lamp. This light is used to illuminate a
sign-board containing experimental information. Thus, each photograph
contains a picture of the flow field as well as a record of the experimental'
conditions. “

The lamp is powered by a commercial 8 kilowatt 2,000 volt supply. A
pulse forming network for flashing the lamp is added to the supply. The

network has two modes of operation. The first, an RC charging circuit is
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used for low frequency operation up to about 15 flashes per second. This
mode is used primarily for still photographs and visual examination of the
flow field. Additional capacitance can be placed in the circuit external
to the supply to incredse the flash energy to 3000 joules for single
flash operation. A second resonant charging mode ig available for high
speed operation up to 500 flashes per second. In this mode the lamp is
operating at a frequency very close to the maximum frequency determined
by the extinction of the lamp. Consequently the lamp occasionally may
remain on, tripping the breakers and power supply. This mode is used only
for short bursts of high speed movies lasting up te 30 seconds. A change
from the RC mode to the resonant charging mode is accomplished by opening
the rear door of the power supply and simply moving a banana jack from
one place to arother. Figure 9 is a schematic of the circuit.

The lamp is fired by providing a high voltage pulse to a trigger
wire wrapped around the flash tube. This high voltage pulse is generated
by the circuit given in figure 10. The pulse can be initiated either by
a switch closure or by a small pulse. The pulse generator and power supply

share a common cabinet shown in figure 11.

2.4 The Hydrogen Bubble Generator
The function of the hydrogen bubble generator is to provide DC power

on demand for the purpose of electrolyzing water to form bubbles for flow
visualization markers., The generator can be operated in two modes: 1in the
continuous mode it serves as a steady DC power supply forming a continuous
sheet of bubbles. In the pulse mode, the DC power turns on only during the
time a photocell is exposed to light, The pulse mode can be used for forming
time lines for synchronizing bubble formation with phases of the motion., An
output pulse is provided at the instant the DC power is on for the purpose

of synchronizing other instrumentation with the bubble formation. A circuit

diagram for the hydrogen bubble generator is given in figure 12.
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2.5 The Light Detector Circuit

The function of this circuit is to provide output pulses keyed to
a photocell input. Two output functions are available. The first gives
output pulses at the instant the photocell turns on. This output can be
used for running a tachometer, or for continuocus flashing of the light in
conjunction with the differential gearing arrangement mentioned earlier.
Two other outputs give a single pulse at the first photocell input after
a switch has been depressed. They are used primarily for obtaining a
single flash at a fixed phase of the motion for still photographs., The
circuit diagram for the trigger circuit is given as figure 13. The trigger
¢ircuit and hydrogen bubble generator are mounted in a common chassis

shown in figure 14.
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I1T. Procedures of Operation

This section provides step by step instructions for the operation
of the water tunnel and accessory equipment. These instructions should -
be observed carefully to avoid possible damage to the equipment. Before
operating any of this equipment, make sure that it is assembled correctly
according to the descriptions in Section IT and other supplemental
documents.
i, To £ill the water tunnel
a. Check all joints and test section windows to see that they
are tightened appropriately.
b, Open the upper and lower valves of the air dome (important)
¢. Fill the two storage tanks with water, Chemical additives
may be mixed in the tank by circulating the solution along
the path between the filter and the tank.
d. Pump water from tanks (one at za time} to the tunnel.
Refill the large tank after emptied.
e. Be ready to stop the filling when water starts entering the
air dome. Stop the filling pump and close the valves connecting
the tanks and the tunnel when the air dome is about 3/4 filled.
f. Switch on the main drive pump. Vary the tunnel speed on
the remote control box #1 to free captured air bubbles in the
tunnel.
g. Water level in the air dome will drop when captured air bubbles
are released, Refill it up to 3/4 level,.
h, Close both air dome valves.
2, To set tunnel speed.
a. Release any trapped air bubbles in the lines of the manometer,
b. Adjust zero level of the mercury column in the manometer.
c. When high tunnel speed {(Ap > 2 in Hg or 6.91 x 102 kg/mz)
is desired, pressurize the tunnel to 15 PSIC (1.05 x 104 kglmz)
with air through the pressure regulator valve to prevent

cavitation on the model.
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d. Turn potentiometer clockwise slowly to obtain the desirable
speed or pressure difference (with the airfoil oriented at

zero degrees angle of attack).
e. Always operate the tummnel at a speed lower than the critical

speed at whichcavitation on the model starts.

To set oscillating amplitude and frequency of the airfoil:

a. Check to be sure all elements are correctly assembled,

b. Disconnect the connecting rod from the flywheel. Adjust
the length of the threaded rod and connect the connecting
rod to one of the 8 holes on the flywheel such that the
desired values Go and e are obtained.

¢. Comnect the V-belt to the selected pair of pulleys. For
best regulation choose the pulleys giving the highest
motor speed possible.

d. Tighten the nut on the threaded rod to eliminate any undesirable
hesitating motion of the oscillation. It may be necessary to
adjust the play in the gear teeth by tightening the tapered
gib behind the rack.

e. Switch on the driving motor (remote control box #2) and
power supply #1 (for the bubble generator and the optical
signal detector). '

f. Increase airfoil oscillating frequency by turning in
clockwise direction the potentiometer on the remote control
box #2. The oscillating frequency may be measured accurately
by displaying the pulse signal of the photocell on an

oscilloscope.

To generate hydrogen bubbles:

a. Connect the electrodes on the airfoil to the power supply
#1 output terminals.

b. Switch on power supply #1 and turn (clockwise) the variable
transformer to its maximum position.

c. Switch on the bubble generator with the variable transformer

in the zero position., Then, turn to the required setting.
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3. To operate the flashlamp
a. BSet circuit connection (RC or LC mode) and connect the
output leads from power supply #2 (high voltage) to the end
terminals on the flashlamp chassis according to .one of
the two operational modes:
(1) single shot mode = RC connection;
(2) continuous shot mode = LC connection plus a one ohm
resistor between positive lead and the terminal.
Connect the single pulse output wire to the center terminal.
b. Close cabinet door of power supply #2 and switch power on
{(primary and main switches).
¢. Wait for about 2 minutes then press the red button on
the front panel,
d. Turn variable transformer clockwise to reach the opera-
tional DC voltage (minimum 1100V)
(1) single shot mode: up to 2000V;
(2) continucus shot mode: = 1300 V.
e. Turn on water circulation through the flashlamp for cooling.
f, Test flashlamp by pressing the remote control switch
(connected directly to the front panel of power supply #2).
g. To activate the synchronized mode, connect the output
from the detector marked "AUX SYNC" to the front panel
of power supply #2. Switch on power supply #1. Adjust
the phase angle on the dial of the differential gear on
the detector panel. The flashtube will be triggered the
first time the airfoil passes the adjusted phase angle after
the "RESET" remote switch is pressed.
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IV. Results of Operation

Results cof operation are presented in the forms of several series
of photographs and a high speed movie. Figure 15 shows the x-y plots of
instantaneous moments (y) versus phase angles or angles of attack (x). For
a particular rum, the output signals of the pitching moment strain gauge
and of the phase angle atrain gauge were stored on the screen of an oscillo-
scope and recorded photographically. The moment strain gauge was calibrated
against known moments applied to it. The moment diagram due to bearing friction
only (lower diagram of each photograph) was first recorded with the airfoil
oscillating at very low frequency (about 75 rpm) and with no tunnel speed.
The moment diagram due to the sum of bearing friction and aerodynamic forces
{upper diagram) was then recorded with the airfoil oscillating at a frequency
f and with a tunnel speed V specified for the particular run. The zero
point for the angle signal is not needed because the extremes are known
from the crank geometry. THese moment diagrams provide a useful reference
for correlating with the flow visualization photographs.

Figures 16 through 27 show twelve series of dynamic boundary layer
flow patterns traced by the hydrogen bubbles. In each figure, there are
thirty six individual photographs (Figures 16a through 27a) with 10° incre-
ments in phase angle unless otherwise specified. These photographs were
taken with the use of the differential gear unit described in Section II-2.
For a particular run, the mean angle 60 and the oscillating amplitude ¢
were first adjusted. The zero phase angle was then adjusted by aligning
the centers of the hole on the disc and of the photocell. The alignment was
made with the airfoill held at zero angle of attack on the increasing phase of
motion and with the phase adjustment lever held at zero phase angle on the'
indicator. When the lever was held fixed the disc rotated at the same speed
as the flywheel that drove the model and the photocell was activated at a
constant phase of the motion. When the lever was moved it rotated the spider
in the differential and changed the phase at which the photocell was activated.
The photocell signal triggered the flash tube at the adjusted phase angle on
the indicator and the image was recorded by the still picture camera. The
phase angle and photographic film were then advanced and a new angle photographed.
In this case, the flashlamp was oeprated under the RC mode (see sections II-3

and ITI-5). Ten most important photographs mear stall and reattachment were
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selected from each of the thirty-six photo sets. They are shown in
Figures 16b through 27b to give greater detail.

It is of great interest to investigate the separation and reattachment
of the boundary layer during each cycle of oscillation of the model. Visual-
ization of the cyclic motion may be greatly enhanced by watching the slow
motion of the oscillation. A high speed movie taken at 400 frames/second was
therefore especially prepared for this purpose. In the movie, there were
two run series denoted by low and high Reynolds numbers, respectively. Each

series is composed of twelve runs which were arranged as follows:

RUN SERIES I or II

Change of ©_  and €

o o]
o
Uy
o 1 4 7
)]
)]
o 2 5 8
N
<J
| & 3 6 9

It should be noted that Run II-12 has a slightly lower Reynolds number
than the others in the same series to reduce cavitation on the model. The
films used are Kodak 4-X negative film 7224. In this case, the flashlamp |
was operated under the LC mode (see sections II-3 and III—S). Figure 28 shows
the moment diagrams'for the ~onditions of Run Series II. '

It can be observed that the shape of the moment diagram traces (Figure
15) depends more heavily on the dimensionless frequency K¢ rather than on
the mean angle of attack. On each moment diagram, there is a rvegion in
which the traces are highly non-repeatable. This occurs when the airfoil
is near and beyond stall. The regions of nonrepeatibility correspond with
the fluctuating separation regions as can be seen from Figures 16 through 27.
No distinct vortices shedding from either the leading edge or the trailing
edge are observed in the still picture (except for K. = .595) and in the movie.
Similar observations have been alsc reported elsewhere (Olsen 1971a). Since
the helicopter blade operates at relatively low frequency having approximately
the same range (K =-05 to .595) considered here, any successful theory for
predicting the stall loads must treat an irregular separated region rather

than a discrete vortex passing over the surface.
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V. Additional Tasks

Three additional tasks supplementing the main contract were completed .

to improve the overall performance of the water tunnel.

1. Installation of a feedback control system to reduce variations
of the tunnel speed.

2. Elimination of reflection from the rear test section window to
improve optical quality for flow visualization.

3. Further research work on the development of other flow visualiza-
tion techniques, especially of the thymol blue experiments.

These three tasks and their results are described in detail in

this section.

5.1 Feedback Control System

It was observed that the tunnel speed varies by about 5% when the
model moved in and out of stall due to the change of drag on the model.
A feedback control system (FCS) to reduce the above variation by approxi-
mately a factor of ten was designed and installed as one of the additional
tasks for the contract. This section gives a detailed description of the FCS,

Basically, the FCS consisted of a differential pressure transducer
together with an interfacing circuit between the transducer and the coantrol
clrcuit of the main-drive pump. The pressure transducer chosen for this
purpose was a variable reluctance, unidirectional, differential model
(CJVR-10PSID) made by C. J. Enterprises at Panorama City, California. TIts
basic element is a flat pressure sensing diaphram which is field replaceable
for other pressure ranges. Corrosive liquids or gases may be applied to
both sides of the diaphram. An opticnal carrier demodulator Model CICD 3049
is furnished to deliver an output 0 - 5 VDC. The transducer was connected
between pressure taps at the screen section and the test section for velocity
sensing. These pressure taps are separate from those used for the manometer
to avoid coupling between manometer oscillations and the FCS3. The inter-
facing circuit diagram is shown in Figure 29. Tt delivers a signal through
the main contreol circuit, which compensates any deviation from the set
tunnel speed sensed by the transducer, to speed up or slow down the main

drive pump accordingly.
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Two control switches were added on the remote control box of the
main drive pump. One of them is an on-off switch of the transducer
circuit and the other is a ten turn pot for comtrolling the tunmel
speed. When the switch is in the off position, the FCS is not operational.

The operational procedures for the feedback control system are as
follows:

1. Turn the two control knobs counter-clockwise all the way.

2. Press the "on" switch of the main drive pump.

3. Switch on the feedback control system.

4, Adjust the feedback control potentiometer (10 turns) to

the desired tunmnel speed (with the airfoil oriented to zero
degree of angle of attack).

5. When the FCS switch is in "off" position, the FCS is not

operational., The tunnel speed may be set as described in
Section IIT.

Figure 30 shows the variation of tumnel speed versus the pitching
frequency of the airfoil both with and without the FCS in circuit. As
can be seen from the figure, significant improvements with the FCS in
circuit are achieved at very low pitching frequency. Unfortunately, the
frequency response of the FCS is limited by the large inertia of the
huge volume of water in the tunnel and of the main-~drive flywheel. A
simple test indicates that there is a delay of about 5 seconds for the
tunnel to reach a set speed in response to a step change of current
applied to the motor., Further improvements, however, may be achieved
by installing a fast response drag compensated device such as a butterfly
valve to counter-balance the drag variations induced by the model, Such
a device, which will be driven by the present FCS, may be installed easily

at one of the joints downstream of the model,

5.2 Elimination of Reflection from the Rear Window

It was also observed that the reflection from the rear test section
window, especially from the stainless steel disc, washed out some details
on the photographs showing the hydrogen bubble traces. One of the
additional tasks was to design and to install a device to eliminate the

reflection from the rear window. Black plastic engraving pieces with
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Satin finish were therefore installed to cover the stainless steel disc
and other area along the trailing zone of the airfoil, The plastic
pieces were flush with the surface of the window. They were attached to
the rear window with nylon screws so that they could be replaced with
different colored pieces suitable for other visualization techniques.

On one of the plastic pleces, reference marks of angle of attack spaced
in increments of one degree {(from -20° to + 40°) with maximum deviation
of i:l/lG degree were scribed. These marks would be used to aid in the
interpretation of motion pictures, Figure 31 shows a few hydrogen bubble

traces with the black plastic pieces installed.

5.3 Other Flow Visualization Techniques

In addition to the hydrogen bubble technique, the pearl essence
and the thymol blue techniques were also explored. The pearl essence
technique required simply mixing of .02%-by weight of pearl essence
(made by the Mearl Corporation, New York) with water. The lighting
arrangement was the same as that for the hydrogen bubble technique (slot
light), The fine suspended pearl essence particles which were silvery
in color traced the flow pattern as a whole quite clearly. The traces
marked the disturbed (turbulent) and the undisturbed (streamlined) regions
distinctly. It did not trace, however, the boundary layer flow pattern
alone ds distinctly as the hydrogen bubbles or the thymol blue solution
did. Omne of the reasons was that the diffusion of light from the fine
particles between the directly illuminated region and the camera decreased
the sharpness of the photographs.

Prior to the investigation of the pearl essense technique, a few preliminary
experiments with the thymol blue technique had been launched. The results
showed great potential of the latter in observing motions of laminar separatiom
region and the onset of turbulent separation (stall). Because these are the
most interesting phenomena to be studied; major effort was spent to improve
the thymol blue technique. Therefore, the rest of this section is devoted
to describing the thymel blue technigque in detail and the improvements made

to better the photographic quality.
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5.3.1 Description of the Thymol Blue Experiment

5.3.1.1 Principle of the Thymol Blue Technique

The thymol blue technique which introduces dye in a liquid
is due to Baker (1966). It uses a pH indicator, and is applicable
in aqueous solutions. Two electrodes are placed in a solution of
thymol blue (thymol sulphonephthalein) titrated near to the end
point of the acidic side (pH = 8.0). A d.c. voltage is impressed
between the electrodes which triggers the change of color on the
surface of the negative (-) electrode because the color of the basic
form of thymol blue (blue) is different from the acidiec form
(yellow). One of the main advantages of this technique over others
is that it introduces a thin layer of truly neutrally buoyant colored
fluid with no disturbance to the flow field. Baker (1966) used
originally both a single wire (5.08 x 10—5m ) and networks of wires
to measure fluid velocities in the range 0 - .05 m/sec.

In the investigations, the whole airfoil was used as the negative
electrode and the tumnel wall as the positive one. With such an arrangement,
a thin layer of colored fluid (deep blue) which traced truly the boundary layer
region around the airfoil would be generated around the surface of the airfoil.
Therefore, the flow characteristics in the vicinity of the airfould could

then be studied by photographic means:

5.3.1.2 Experimental Setup

The working fluid was prepared by adding .150 kilograms of thymol
blue to the water tunnel with a capacity of 1000 gal. (3782 Kg) to
produce approximately a ,004% by weight solution. The solution was
titrated near to the end point (pH = 8.0) by adding 1N-NaOH until it
turned deep blue, then adding IN-H,S0, to cause the solution to be

2774
on the acid (yellow) side of the end point.
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5.3.1.2 (continued)

NaZSD4 was added to the solution (2.5% by weight) to increase
its conductivity. The resistance of the airfoil to tunmel current
path was measured to be about 5 ohms. A d.c. power supply with a
maximum voltage output of 20 VDC controlled by conne ting with a
variable transformer was used as the voltage source for the electrodes.
The maximum allowable voltage and current were approximately 10 VDC
and 2 amp respectively before bubbles,generated on the surface
of the airfoil, disturbed the flow field. No detectable corrosion,
however, was observed on the surface of the airfoil even at a
higher supplying voltage than 10 VDC (at about 5 amp). At such high
voltage and current, the brass airfoil tended to be darkened after a
short period of use. A sodium light was originally used for illumina-
tion to improve optical quality of the system. With the setup described
above, the separation region could barely be observed from photographic
prints. Improvements on the technique were definitely desirable in
order to obtain quantitative measurements,especially at high tunnel
speeds, A few revisions,which improved to a great extent the optical
quality,were made:

1. A 165uF .capacitor was connected in parallel with the present
8uF capacitor of the original‘circuit design., As a result,
the energy per flash (RC mode) increased from a maximum of
16 joules to 356 joules, a factor of about 20. It should
be noted that with the 165 F capacitor in circuit, the
high voltage power supply must be operating only under the
RC mode. It was found that the lamp operating at 1500V with
ASA 400 film gave sufficient light for photographs to be taken
at £ 16 with a corresponding large depth of field.

2. -Additional white plastic engraving pieces (satin finish) which
are interchangeable with the black pieces described in section

5.2, were made to improve the background optical quality.
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3. A new airfoil with the same dimension as the original ome
was made, The new one was plated with .00l in hard chrome
(satin finish); this special treatment of the airfoil was
designed to enhance the contrast between the blue fluid
and the airfoil surface by avoiding the darkening mentioned
above,

4, Several alternatives to suppress the generation of hydrogen
bubbles on the negative (-) electrode were investigated. At
the present stage, pressurization of the test section up to
16 PSI was the only effective way which allowed the supplying
current to be raised by a factor of 1.2. Several chemical
additives such as hydrogen peroxide were tested, but no
apparent suppression was observed. In fact, the hydrogen
peroxide bleached out the blue color of the fluid to some

extent.

5.3.2 Results of the Thymold Blue Experiment

The improvements just described considerably improved the thymol
blue technique., With the present facility, the optical quality of the
system has been optimized such that motions within the boundary layer can
be identified clearly on photographic prints. Figures 32 through 34 are
therefore specially arranged to bring out several salient features of
the boundary layer flow characteristics of an oscillating airfoil. These
features, a few of which are believed never to have been observed in the
literature, are described in the following.

In general, a sequence of events can be observed from the figures
during the cyclic change of the angle of attack 6. The occurrence of
these events shows a definite delay,which leads to the delay of stall,
with increasing nondimensional frequency Kt' At 6 = 0, the boundary

layer is essentially laminar and attached to the airfoil surface. A
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small portion at the trailing edge shows signs of laminar separation especially
for cases with low Kt' As 8 1increases, a laminar separation region starts
forming at the trailing edge and travels toward the leading edge. The
separation region which shows a formation of cellular structure along the
lateral direction on the airfoil surface is three dimensional in shape. A
wavy formation then develops and travels upstream trailing the leading

edge of the separation region. It is trailed by a turbulent tail

beyond which the regular wavy formation is disturbed. The higher the non-
dimensional frequency Kt’ the more well defined the wavy formation is.

The maximum number of waves observed on the airfoil surface is about four

to five, The wavy formation persists for about one tenth

of a complete cycle and then turns into irregular patches, The irregular
patches finally become turbulent accompanied by a sudden thickening of

the boundary layer directly above these patches, The sudden thickening

of the turbulent boundary dayer is also observable from the hydrogen bubble
traces shown in the high speed movie and still photographs (Figures 16
through 27). With further increase of 6 , the turbulent boundary laver
just developed is being washed downstream. Until this wmoment, the boundary
layer at the leading edge always attaches to the surface as can be seen from
the figures. The boundary layer at the leading edge separates before

long with still further increases of 6 and turbulent separation of the
entire layer follows almost instantly. The thickness of the separated layer

grows and reaches a maximum at © = © During the following

half cycle, the events described above ngérse their order of occurrence

except that there is no wavy formation observed, The separgtion region re-
attaches at the leading edge and then is transported smoothly toward the
trailing edge. A complete cycle thus finishes. It should

be noticed that the wavy formation is observed only when the airfoil is oscil-
lating. Under a semi-static condition, the separation region simply moves
back and forth on the airfoil surface during a cycle of oscillation which

is very much different from the phenomena under a dynamic condition. Again,

no distinct vortices shedding from either the leading edge or the trailing edge
are ohserved in the thymol blue experiments (K¢ = .05 ~ .24). This supports

the remarks made at the end of Section IV..
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At the present stage, the photographs in Figure 32 through 34 show

only qualitaitve features as described above. Quantitative measurements

which are necessary for a complete understanding of separation and the stall

mechanism of an oscillating airfoil, are however obtainable with further

development of the present technique.

13
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VI. Concluding Remarks

The water tunnel built for the present contract i1s a revised
version of the original design established at Boeing Scientific Research
Laboratory (Olsen 1971b). Improvements were included to upgrade the
general performance of the tunnel. Major revisions and improvements of
the original design are summarized as follows:

1. Suppression of cavitation on the model was achieved by

building a pressurization unit with pressure up to 15 PSIG
(1.05 x 10*
2, An improved design of the bearing and seals for the propeller

kg/mz) applied to the test section.

was installed to provide smooth and long life operatiom.

3. The oscillating amplitude was increased from + 10° to + 20°.
The present mechanism provides accurately sinusoidal
oscillations with deviation of .5% (3% for the original design).

4, Black plastic pieces (satin finish) engraved with reference
marks of angle of attack were installed on the rear test
section window to eliminate reflection which washed out details
of hydrogen bubble traces.

5. A feedback control system was added to the main drive circuit
to reduce variations of tunnel speed especially at relatively

low frequency of oscillation.

In addition to the hydrogen bubble technique, the pearl essence and
the thymol blue techniques were alsc investigated. It was found that the
former was superior to the latter so far as visualization of boundary
layer flow characteristics was concerned. Improvements to the thymol
blue technique resulted from the following changes'.

1. A new airfoil plated with 0.001 in. (2.5 x 10~ m) hard chrome

with satin finish was built to enhance optical contrast

between the boundary layer fluids (blue) and the airfoil surface.
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2. White plastic pieces (satin finish) inter-changeable with the

black pieces were made to enhance background contrast,

&
3. Pressurization of the test section up to 15 PSIG (1.05 kg/mz) x 10"
suppressed generation of excess of hydrogen bubbles which allowed
increased current density and hence concentration of dye on

the airfoil surface.

4, A 165 uF capacitor was added in parallel with the existing
8 uF capacitor to increase the energy per flash by a factor of
20, which provided more than sufficient lighting for still

photographs at an f stop of 1lé6.

One of the most important findings with the thymol blue technique is

that it traces clearly and truly the boundary layer flow patterns in

great detail. Of all the observations, the development of the wavy formations
on the airfoil surface attracts most of ocur attention. This phenomenon

indicates that it is certainly worthwhile to conduct further ionvestigations.
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Figure 4.
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Figure 5. Contraction Contours
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Figure 6.
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Figure 31. TImproved Photographs of Hydrogén Bubble Traces with
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In the first case, the particles suspended in the fluid flow /83
approach by thelr properties and shape solid undgfgrmed rods
or plates with dimensions on the order of 103-10° A. These
particles themselves are birefringent; however, in a fluild
which'is not subjected to the effect of the appropriate field
of force, the solution willl appear to be optically isotropic
as a result of the disordering caused by the rotational brownlan
motion of these particles. A certain reglon of the fluid becomes
birefringent only when the particles are statistically ordered
in the fluid as a result of the effect of the tangential stresses.
The effect of the tangential stresses on the ordering of the
particles 1s of course disturbed by the brownian motion of these
particles, so that the resulting statistical ordering is the
result of the effect of the tangential stresses in the fluid
and the brownian motion of the particles. Hence, the ordering
1s not statle, but we have the case when the direction in which
the particles are oriented on the average, and hence algso the
direction of the optical axis of the fluid layer formed by these
particles are given by the direction of the longer axes of
the particles at the instant when the angular velocity of the
particles is a minimum. The degree of orientation can be
characterized by the parameter o = G/®, where G is the
velocity gradient and ¢ is the rotational diffusion constant.
& is a measure of the intensity of the Brownian motion and it
depends on the dimensions and shape of the partlcles in the
fluid. To each velocity gradient G corresponds a certaln dis-
tribution of the orientatilon directions of the rod-shaped
particles. As the gradlent G (or the parameter ) lncreases,
this distribution narrows, and the birefringence value in-
creases. The first group includes, for example, the tobacco
mosaie virus, clays such as halloysite, bentonite, and also
various proteins.

The second group includes polymers. Thelr particles can be
replaced for theoretical considerations by a spherilcal or a
dumbbell model. However, these particles are deformed in the
fluid flow as a result of the effect of the tangential stresses
(similarly as in the photoelastic phenomenon), for example,
spheres are deformed into ellipsolds, resulting in their optical
anisotropy. In the entire fluid region subjected to the effect
of forces, the birefringence value 1s also affected by the
orientation of the deformed particles. We can also include in
this group pure fluids in which the direction of the statistical
orientation of the molecules almost does not vary with the
magnitude of the velocilty gradient -G, so that for them the
birefringence formed depends mainly on the deformatlon of the
molecules.

In addition to the birefringence value, another datum must

be knowh for practical application, l.e. the so-called orilentation
angle (extinction angle) yx, which is defined as the angle

76



subtended by the principal optical axis of the fluid layer at

a certain point and the direction of the flow at this point.

By measuring An and x at the selected point of the two-dimensional
fluid flow layer, we can determine from these data under

certain assumptions (see p. 81) the magnitudes of the velocity
gradient G and the local direction of the flow, since for all
groups of fluids it was determined that An and x are functions

of the velocity gradlent G (see Fig. 5H4):

An =), (33)
x=g(6). (34)

To determine the experimental values of the quantities
An and yx for the relations (33) and (34), equipment called,
according to Cvetkov [139], a dynamooptimeter is used. This
equipment 1s based on the principle of a rotary viscoslity meter.
It consists of two coaxial cylinders, one of whiech can be
rotated. The measured fluid in the space between the two
cylinders is observed with the ald of a polariscope.

The use of temporary bilrefringence to obtain characteristics
of the flow 1is based on the fundamental relations (33) and (34).
This means that by measuring the birefringence value at various
points of the fluld flow region it is possible to determine,
on the basis of relation (33), at these points the magnitude
of the velocity gradient G,and from it,with the aid of the
orientation angle x additional data without disturbing the flow
by any measuring sensor. Also it is necessary to determine
for the fluid used the behavior of the functions f(G) and
g{(G) which can be done, for example, with the aild of the
dynamooptimeter that was mentioned. Of course, those fluids
for which £(G) 1is linear in the required range of velocity
gradients and x is nearly constant in the same range are most
suitableé. (The proper fluids and their use for hydrodynamilc
purposes were studied by Weller [140]).

Since the flow when the behavior of the functions f(G)
and g(G) is determined with the aid of the dynamooptimeter 1is
a flow where the direction of the velocity gradlent is per-
pendicular to the direction of the flow, when the method is
applied to other cases the question arlses whether this condi-
tion must be preserved. A reliable use of the temporary
birefringence to obtain characteristics of the flow in more complex
gases would :require- that the question be answered and that the
assumption that the directlon of the veloeclty gradlient in
colloidal solutions can be determined on the basis of the value
of the orientatlon angle y be confirmed. However, so far, the /84
necessary experimental and theoretlcal prerequlsites are not
yet available.
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The experimental equipment which
takes advantage of temporary birefringence
to study the flow consists of a
channel in which the flow must be
studied or into which objects are
inserted, the flow around which
interests us. The bounding surfaces
of the channel which are parallel
to the plane of two-~dimensional
flow which is studied in the
. channel consists of plane-parallel
- glass plates. The channel is
attached to a unit which ensures
the passage of the fluid and the
entire set forms the hydraulic
tunnel. Baslcally, two layouts are
possible. One is a gravitational
tunnel, a combination 1in which the fluld flows out from the
reservoir of the channel under the effect of its own weight.
This tunnel can also be equipped so that the fluid that flows
out 1s brought back to the reservolr in which a constant level
i3 maintained. The second combination is a circulation tunnel,
a closedhydraulic circuit in which a pump ensures the circula-
tion of the fluid. The disadvantage of this layout is that the
character 6f the flow can be affected by the vibrations
caused in the fluid by the pump, which is a disadvantage,
especially when transient phenomena are observed. This basic
hydraulic unit has a companion optical equipment unit, a polari-
scope, which is entirely analogous to the polarlscopes used
in photoelasticimetry. It consists of two polarization filters
(or nicols), a light source, and possibly also of a quarter-
wave plate and compensator.

Fig. 54. Birefringence
and extinction angle
versus veloclty
gradient.

Two methods can be used during the measurements. We can
either measure individual points 1In the channel or observe the
entire measurement space simultaneously. The first method is time
consuming, but it is useful in cases when it 1s necessary to
determine the birefringence values in a small part of the channel
(for example, 1n the boundary layer), especially when a low-
sensitivity fluid is used or when the flow has a small velocity
gradient. The cover glass of the channel has a mesh, and with
the aid of the polarization equipment, the birefringence values
are measured by the compensator at the points which correspond
to the intersections of the mesh, or the entilre polariscope
1s mounted cn & slide bed with the aild of which the axis of
the polariscope can be set in the desired position. When
small parts of the channel are measured using single-ray
equipment, very small changes in the position of the ray can be
obtained with the aid of a rotary glass planerparallel plate
inserted in the path of the ray before the inlet to the
channel. During such exact measurements, of course, it is
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necessary to take into account the effect. of the birefringence
of the cover glasses on the values that are obtained. The
baslc schematic diagram of the equipment for the case when
nicols and the Babinet-Soleil compensator are used,is given in
Fig. 55. However, a polariscope with polarization filters can
alsoc be used and the birefringence value can be measured u51ng

a goniometric compensator, which 1s common practice in
photoelasticimetry.

Fig..55. Single-ray polariscope
(1. light source; 2. nicol

polarizer; 3.
4,
analyzer)

Another method can
also be used in cases
when the veloceity
gradient and the sensi-
tivity of the fluid are
such that in the flow
region analyzed bi-
refringence occurs whose
value ¢auses a phase
shift of the split
analyzed fluig; rays which corresponds to

several times the wave-
length of the light used.
Interference fringes
are then formed behind
the analyzer which can be
photographed or plotted,
and the required charac-
teristices of the flow can
then be determined from
them. The schematic
diagram of the optical
part of the equipment

compensator; 5. niecol

Fig. 56. Polariscope for the used for thils method
analysis of a flow fileld of rela- is given in Fig. 56.
tively large dimensions (1. light These methods are sultable
source; 2. condenser; 3. polari- in both versions for the
zing filter polarizer; 4 and 6. study of cases of plane
quarter-wave plate; 5. analyzed flow. Therefore, the
fluid layer; 7. polarizing rays of light that are
filter analyzer; 8. objective; used must be perpen-

9. camera). dicular to the plane of

flow during their

passage through the channel.

The origin of interference fringes, for example, in

fluids with undeformable particles (these fluids which have a
high sensitivity are most sultable for visuglization of flow
using the method under consideration) can be explalned as follows.
The particles which have birefringent properties are arranged

in the two-dimensional fluid flow by the tangentlal forces into
rows (in the sense of their orientation distribution). A row
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of such oriented particles behaves like a crystal from the stand-
polnt of optical properties and splits the incident ray of
linearly polarized light into two linearly polarized rays whose
vibration directilons are mutually perpendicular and lie in the
orientation plane (i.e. in the plane given by the statistical
orlentation direction of the longer axes of the oriented
particles) and in the plane perpencidular to it. The refractive
index for the two vibration directions i1s not the same. There-
fore, the split rays propagate through the fluld at different
velocities ¢1 and cp and leave it with a shift in phase. Both
rays require different times for passage through a fluld layer
of thickness §:

¢ i i

H
1’1=—G—:-C—'n1’ 1'2:-—_:—,_--7,[2;

£y ¢

where ¢ is the velocity of 1light in vacuum, and nj; and np are the
absolute refractive indices of the two rays under consideration
in the fluld forming the layer. Hence, the time difference 1s

t

AT:""An:
C
which corresponds to a phase shift
At f
s=2—--7=317An
— ' (35)

The analyzer; whose polarizing plane is perpendlecular to the
polarizing plane of the pelarizer, are the two rays which have
the same frequency and amplitude and are orilented in the same
vibration direction so that they can interfere. The conditlons
which determine when the dark Iinterference fringes will be

™~ ol
o ‘\‘

formed follow from the follow following expression (36). Erofchbhew:

graphlcal representation (see Flg. 57) it follows for the ampli-
tude Ap of the emanating ‘light that

A2 = 4. sin? 2y . sin? -;-,

where Ap is the original amplitude of each of the two rays,
and the meaning of the angle y is obvious from Fig. 57 (sp
denotes the direction of the flow). Since the intensity of the
light is proportional to the square of the ampllitude, we obtain
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for the ratio of the intensity Jg of the ray entering the fluid
under consideration to the intensility Jp of the ray leaving the
analyzer the relation

J A2 N . . ¢
L =T = 4in?2y - 5in? — = sin® 2y . sin? |7 —An].
g APl 2 A

(36)

where we did not take into account light abscorption.

Hence, the light will vanish (dark fringes) in the following
cases (we assume of course that Jdg # 0):

a) for v = 0° or
Yy = 90°, i.e. when the optical
axis of the fluld layer has
the same direction as the
vibration direction of the
analyzer or polarizer. The
dark lines in the fieid of
view corresponding to these
conditions are called
isocline lines, with the aid
. of which the statistical
orientation direction of the
particles can be determined.
The 1socline lines vanish when
circular polarized light is
used, which is obtained from
linearly polarized 1light with
" ‘ the aid of quarter-wavelength
- ) plates.

b) the next case when the
intensity of the emanating
light drops to zero is given
by the condition sin /2 = 0.
This condition is only

satlsfled when An = 0, i.e. when the veloclty gradient G = 0.
Thus those points in the field of view will be dark where the
velocity gradient is zero. By analogy with the terminology
used in photoelasticimetry, these p01nts can be called singular
points or possibly lines.

The condition sin €/2 = 0 can also be satisfied according
to (35) when

[4 .
AN = ix, i=1,235, ...
S Sl where &
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The points in the fluid flow where such condition is satisfied
appear as dark only when observed in monochromatic light. In
white 1light, these fringes resultlng from interference at a
particular wavelength become a bundle of colored interference
fringes corresponding to the wavelenths of the white light
components. These fringes are called lsochromatlc lines. Since
they satisfy An = 1(A/t) = const, they are actually the locus

of the points in the plane of flow at which An has the same
value,

Assuming that relations (33) and (34), which are found
experimentally in the case when the veloclty gradient is per-
pendicular to the direction ©f" the flow (see p. 76) can be used
for the general case of flow, it is possible to determine from
the isocliniec lines with the aid of the orientation angle ¥y
the direction of the flow.

If we select a fluid for which An = kG, where k is a con-
stant, the isochromatiec lines connect the points with a
constant velocity gradient G, since in this case G = i(A/kt)
= const along the isochromatic line. 1 = 1 is associated
with the isochromatic line which is closest to the singular
line; therefore, it 1s called a first-order isochromatic line
and the velocity gradient has the same magnitude G = 1(Xx/kt) =
= A/kt at all points on the line; 1 = 2 15 associated with the
next isochromatic line (second-order isochromatic llne), and
the magnitude of the velocity gradient at its points is

= 2(A/kt).

Thus, for example, for a completely developed laminar flow
between parallel plane plates, we obtain the image of the
isochromatic lines in the form of a system of parallel dark
fringes at equal distances from one another (see Fig. 58 a)
which corresponds to a parabolic velocity profile. In the
subsequent photographs (Fig. 58 b, ¢) are interference images /
obtained during the flow around a cylinder between parallel
walls at a very low Reynclds number [1447,

Since the magnitudes of the gradient can be determined on the .
perimeter of the streamlined bodies, the magnitudes of the
frictional resistance can also be determined. During turbulent
flow, the sharpness and connectedness of the fringes disappears,
so that although they cannot be used to determine quantitatively
the characteristics of the flow in the sense that was mentioned,
they can be used to analyze transition phenomens [142].

The photographs of the interference images that are presented
were made with the ald of equipment whose basic hydraulie unit
consists of a simple gravitational tunnel. The channel is bounded /89
by parallel walls. The passage from the reservoir to the
channel 1s deslgned contlinuously by bending these walls. The
sldes of the transverse rectangular cross section of the channel
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Fig. 58. Interference images obtained using the
birefringence method during the flow [1447: a) flow
between parallel plane plates; b}, ¢) flow around

a cylinder at a very low Reynolds number,

are: width 2 cm, depth. t = 1% cm.
tc the width is 7.5. The selescted
high to suppress the effect of the
parent walls of the channel on the

Hence, the ratic of the depth
ratio must be sufficiently
forces exerted by the trans-
fluid. These walls are

perpendicular to the direction of the rays of the light used
and parallel to the plane of the model of the two-dimensiocnal
flow which must be obtalned. However, a high value of thils ratio
leads to difficulties during photography. The fluid that was
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used was a gelatin. solution in the initial gelatinized state.
Hence, the motion of the gel in the channel was very slow [144].

3.2. Methods in Group 3 Which Are Suitable to Visualize the Flow
of Gases

Some methods from group 3 are very often used to visualize
the flow of gases, since they provide quantitative data in
certain cases and are also sultable for studylng flows with
high (supersonic) velocities. The compressibility of gases
is the property without which these methods could not be used.
When these methods are used, advantage 1s taken of the changes
in the refractive index of the gas flow caused by pressure
changes and thus also changes in the density or possibly temperature.
Since tThese changes in the refractive index cannot be seen by
the naked eye, in most cases various optlcal apparatus is used
for their visualization, and the assoclated methods can be
classified into several main groups. In the first three groups,
light refraction is the basic phenomenon which makes wvisualization
possible. Therefore, we will call all these methods refraction
methods. They are also call schlieren methods (from the German
word "die Schliere"). The next two groups take alvantage. of light
interference. Filnally, the last groups include methods
based on taking advantage of the dependence of the attenuation
of various types of electromagnetic and corpuscular radiation
on the density of the gas through which this radiation passes.

Hence, in 8ecticn 3.2 we will discuss the following methods
or groups of methods:

l. the shadow method

diaphragm schlieren methods

diaphragm schlieren method with a colored image
interferometric methods

phase contrast method

methods based on taking advantge of the attenuation of
electromagnetiec or corpuscular radiation during passage
through the gas flow.

VU1 o o
. ¢ o+ e a

These methods will be discussed in detail in Sectlons 3.2.1
through 3.2.6, and whenever necessary, these numbers wlll also
be used to describe them, l.e. for example, diaphragm schlleren
methodswith a colored image will be called methods in group
3.2.3, ete.

In all methods from group 3.2 the information about the flow /90
is basically obtained from the local changes in the illumination
of the field of view of the observation equipment, for example,
from the changes in the state when the medium 1s at rest, When
we observe a ray of light passing through the gas layer that is
analyzed (see Fig. 59) we find that if the layer is homogeneous
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the particle is incident to the screen S at the point P at the
instant t in the direction © (characterized, for example, by the
three corresponding direction cosines), whereas if there are
inhomogenelties in the layer, the ray is incident at a point

P¥ gt the instant t¥* in the direction ©¥%, which results 1n a
local change in the illumination of the screen. Using optical
apparatus, it 1s possible to obtain on the screen elther a
record of the phase shift corresponding to the time difference

T = t* - t (methods in group 3.2.4) or a record of the deviatlon
£ = 0% - © {methods 1n group 3.2.2) or a record of the

displacement of the track AP = P¥P (methods in group 3.2.1)

or possibly a combination of these records. The corresponding
t, € and AP must then be found from the records, and from these
the local values of the absolute refractive index n = n(x,y,z)
of the object through which the rays pass. From the values

n that were found, the local density values of the oblect can
be calculated, and from these, subsequently, other data.

To obtain results which will aid in evaluating quantitatively
the images of the flow obtained by the methods in group 3.2,
we will use the following arguments.

Suppose that a bundle of parallel rays passes through a
medium which 1s bounded by the two parallel planes 1 and 2 at
a distance x» - x] from one another. The incldenf rays are
perpendicular to plane 1, which is closer to the light
source, and they are parallel to the direction of the X axls
of a rectangular Cartesian coordinate system. The optical
properties of the medium are characterized by the absolute
refractive index n of the light used. Suppose that the medium
has such inhomogeneities that n changes continucusly in the
planes which are perpendicular to the X axis and does not change
in the directlons which are parallel to the X axls, hence,
we have a plane field, i.e. n = f(y,z). The shape of the
ray of light in such a2 medlum 1is described by the Fermat prin-
eciple, according to which the optical path of the ray is
extremal. The optical path covered by the rays between two
points which will be denoted by 1 and 2 since concretely we /91
assumedthat the first point lies in the plane 1 and the
second in the plane 2,is given by the expression

Jmds, (37)
where ds is an elementary arc of the trajectory of the ray. This

expression is a functional, 1l.e. generally 1t takes on
different values on each curve. connecting the points 1 and 2.
According to Fermat's principle, the actual trajectory 1s the
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curve on which- the functional (37)

has an extremum, . Since the necessary
condition for the extremum of the
functional is that its first variation
vanish [20], the relation

6fnds={). (38)
1
Fig. 59. must hold on the actual fTrajectory.
Expressing the trajectory of the
the ray as the intersection of
cylindrical surfaces
(39)
y=f1(x)! z_.fz(x)s
we have
/ dy 2 dz\2 e
7 = 2 g2 2 = 4= ) =1ty —z2ar
ds = da? — dy* + dz dey(dm) +(dx) Ty a
Hence relation (38) can be written in the form
2 bl
6!% 1»—1—-‘y“+ z2dzx = 0. (40)

It has been proved in the calculus of varlatlons[20] that the
function (39) for which the functional (37) has an extremum,
i.e. the functlon satisfying condition (40}, must be the solution
of a system of so~called Euler differential equations. In
our case, the Euler equations have the form:

w2

Il

tn — d !
7—]/1+y'2+z'2—— i —.__) 0,
ay dw Vl + oyt 7
(41}

&n d z'
— Y1 + 5%+ 2% - — ([ —————— .
oz : dx 1/1 + oy 2t :

L
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The expresslons y' = d{/dx z!' = dgz/dx are the angular
deflections of the passing igh% from the origlnal direction, which
was parallel to the direction of the X axis. These deflections

are very small in the usual c¢ases that will be dlscussed,

so that their squares can be ignored in comparilson with unity.

(This and additional simplifications lead to errors in the quan- /92
titative evaluation, since they do not take into account the already
existing deflectionof the ray from the original direction

in the layer that 1s studied. This is further compounded b{

the effect of the glass covers of the measurement space on the
flow. The boundary layer on thege walls is responsible for the

fact that in concrete cases the flow in the tunnel 1s not

exactly planar. If very accurate results must be obtained in

the evaluation, these errors must be limited by means of various

corrections which complicates the calculation [146, 1héa]).

Ignoring y'2 and z'2 compared to one, equations (41)
take on the form

Bn_ d (ny’

5y dz ¥,

on d (42)
oz ds

In these equations n is independent of x, since we assumeda
plane field n = n(y,z), and consequently the partial derivatives
on/3y and 3n/dz are also independent of x. However, the quan-
tities y' and z' depend on x. Integrating each equation in

(42) with respect to the variable x from x = x4 to x = Xp, we
obtain: -

;'(‘r2 - xl) = n[y' ("Ugs%z) - ‘9" (951,3!,5)],

(43)

— (%g — x,) =0 [:' (x‘lsy:z) — 2" {®yg, y:z)] .

The relations that were obtained can be further simplified
formally. As a consequence of the assumption that the incident,
rays are perpendicular to plane- 1 - (the plane x = x7),
y'(x1,¥,2) = 0, 2'(x1,y,2) = 0. Therefore, without making an
error we will write henceforth, for brevity, y' instead of
y'(x2,¥,2) and similarly z' instead of z'(xp,¥,z). Of course,
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we must remember that y', z' now mean the angular deflections
of the ray passing through plane 2 (the plane x = x2) at the
point with the coordinates x5, ¥y, 2z, from the direction of the
X axis.

Using the notation that was just introduced, from equations
{(43) we obtain the relations

in ny'
—_— N
Gy Ty — Xy
(hb)
rn nzf
cz o Ty — ¥y ’

from which the 8n/3y , 9n/8z can be determined, 1.e. the y-th
and z-th component of the gradients of the refractive index

(the x-th component 1s zero, since by assumption n is independent
of x) at any point of the field, provided we know from the ex-
periment the angular deflectlons. of the rays when they leave
the layer whose thickness 1s xp» - x7. Although theoretically

we must always substitute the local value n = n(y,z) of the
refractive index whiech 1s unknown and for which we try to prove
that it can be determined at least approximately), we can sub-
stitute the refractive index ng instead of n (in cases that
will be discussed below) of the substance forming the medium
flow in the case when the flow does not cause inhomogeneities
in it. Hence, for example, the refractive index of the medium
flow outside the inhomogeneous region that i1s examined can be
substituted. This procedure can be justified by the fact that
the value of the refractive index varies insignificantly from
point to point in comparison with the change 1n the gradient of
the refractive index.

If ng is the refractive index of the medium flow at the
point with coordinates x, yo, zZg, i.e. ng = n(yp,zg), the
relations .

¥ on
n(yszo)=n0+f E‘;dy’
¥

. (45)
n(Yg, 2) = Ry +f —a“gdzr

hold, since by assumptlon the refractive index is independent of

/93

Xx. These relations are derived without any physical considerations,

only on the basis of a simple mathematical argument. The
relations show that if the components of the gradient of the
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refractive index have already been determined. (on the basis of
experimental data) according to (44), by integrating them the
values of the refractive index can be determined at any point
of the field. In practice, of course, the corresponding
integration must be a numerical or graphical integration, slnce
the components 3n/3y, 9n/az of the gradilent of the refractive
index determined from the experimental data are obviously only
known numerlically, not analytically.

In was already mentioned that the corresponding local changes
in the density of the medium flow can be inferred from the
local changes in its refractive 1ndex. The relation

nt—1 1

m—z = const (46)

is valid, where n 1s the absolute refractive index and p is the
density of the transparent medium under consideration. This

relatlion expresses the fact that, durlng a change in the density

of the transparent medium caused, for example, by the effect of
pressure, the specific refraction does not change (the Lorenz-

Lorentz law). Further if the absolute index of the medium

under consideratlion differs very little from one, for example, /94
as in air, the left member in equation (46) can be modified
approximately as follows:

n*— 1 (n--1){n —1) 2(n — 1)
. _ ~
w2 |- 2 nt+ 2 3

2

- L\ AN

80 that (46) takes on, 1n this case, the form:

- K, (47)

b~

where K 1s a constant, giving the Gladstone-Dale relation.

. The value of the constant XK can be determined by substituting
the corresponding values for p and n. Thus, for example, under
normal conditions (0°C, 760 torr) for sodium light at wavelength

A = 0.589 pum,air has a refractive index ng = 1.000292, and the
density of the air is pg = 1.293 kg.m™3, hence for air the value
of the constant K 1s Ky = 2.26-10" *i-m

Equation (47) implies:
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oy ay ’

& a

MLy iy (48)
Jz oz

hence it is obvious that using equatilons (48) and (L&) the
density gradient or the density at an arbitrary point of the
field can be determined directly from the values of y', z!'

that were determined experimentally[4, 5, 5a, 147, 156, 162].

Let np be the refractive index of air (or another gas) in
the layer whose thickness is x» - Xysand let pg be the density.
If the density of the air in the layer changes to the value
g, the refractive index of air changes to the value n. ITf
n 1s greater than ng, the time needed for the passage of the
ray through the layer in the second case (for the refractive
index n) 1is greater than in the first case (for the refractive
index ng) by the time

T=:U2:371 (n — n,), (L9)

where ¢ 1is the veloelty of 1light in a vacuum. After it leaves
the layer, the ray enters 1n both cases the same surrounding
medium in which the velocity of the light is ¢', its density
is p,and the absolute refractive index is n' = ¢/e¢'. In this
surrounding medium, the displacement

" — i,

; {xy — ). ' (50)

n

As=¢'v =

along the trajectory corresponds to the time shift t. If we /95
determine T or As from the results of the experiment, we can

determine the difference between the change in the refractive
index n of air, for example, during flow, and the original
refractive index ng of air, for example, when it was quiescent
in the layer studied.

The necessary experimental data are obtained with the aid of

various optical devices which will now be described together
with a more detalled analysis of the individual methods.
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3.2.1. Shadow Method

The simple refractive methed uses the simplest equipment.
This method 1s based on a phenomenon which was observed during
the passage of 1light through transparent objects (glass
objects, gas layers) with local inhomogeneities [161]. 'The
pencil of rays entering the object at all points of 1ts cross
section with the same Intenslity impinges after the passage
through the object on the screen with local changes 1in the
intensity, and subsequently points wlth greater and smaller
illumination corresponding to the inhomogenelties on the
object appear on the screen (turbidities, Schlieren, from the
German "die Schlieren"). Certain characteristics of the flow
can be determined on the basis of similar changes in the screen
illuminated by the pencil of rays that passed through
an airflow layer (or another gas).  For
example, the region occupied by the wake, the shape and type
of shock wave, the local Mach number, the region of turbulent
flow, etc. can be determined from their image on the screen.

The local relative change AA/A in the illumination A of
the screen corresponding to the inhomogeneities in the air
layer depends on the changes in the gradlent of the refractive
index at the corresponding points of the layer. This
relation can be expressed approximately by expression (57)
below which is derived using the following argument:

We introduce 1n the plane of the screen whose distance
from the layer is L rectangular Cartesian coordinates y, z
(we are still using the same coordlnate systems and the same
notation as on pages 84— 89). The illumination A of the screen
by the light rays passing through a layer without inhomo-
geneities will be described by the function A= A(y,z).
Now let us study the ray (Fig. 59) which is incident to the screen
the point P(y,z) (when there are nc inhomogeneities in the
layer)}. If there are inhomogeneities in the layer, the same
ray will be incident at some point P¥ with the coordinates

=g = alya). (51)

Assuming that the functions ¢1, ¢2 are continuous, all rays
which after passage through the layer without inhomogeneities
were incident at an element of area 4S8 of the screen which
includes the point P, will be incident after passage through an
inhomogeneous layer at a certaln element of area dS¥ of the
screen, which includes the point P¥. Hence, by the definition

of 11lumination we will havey  for the ratio of the illumination,
A% (y¥* g#*) by the rays passing through the

.
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inhomogeneous layer at the point P¥ (on the area dS¥) of the
screen to the original illumination A(x,y) at the point P
(on the area ds)

A¥(y*,z%)  d8§
Ay, z)  dA8* (52)

The ratio dS/d3* can be expressed, as is well known, with
the ald of the Jacobian of the image (51). During its
calculation we will apply similar simplifying assumptions
as on p. 85, i.e. we will assume that the differences
Ay = y¥ -y, Az = z¥ - z are small, and that their first deriva-
tives are small compared ‘. to 1, so that the products of
these derivatlives can be ignored. 1In this case we obtaln, for
the Jacobian J, using the identlities y*¥ = y + Ay, z¥ = z + Az

gy* ez* (. é{dy) (A2
p p T —

7 cy oy B oy ¥ : - o(Ay)  @(Az)

T Y I PUPNEY B T e (53)
cy* oz c(Ay) [ ¢(Az) | ) oz 23
éz 0z cz ¢z i

The expression that we obtained is obviously positive, since
we assumed that the partial derivatives in it are small com-
pared to i, so that |J| = Jholds. Since d5/dS* = 1/|J| holds for
the ratio dS/dS¥ in relation (52), we can write (52) in the form

4 E(Ay) | #(A7)
— - f_ —:— . .
A% ! Yoy ez (54)
Finally, we also note that
Ay =1Ly, Az=1L7, | (55)

holds, where L 1s the distance of the screen from the layer,

and y', z' are interpreted as on p. 85, so that thelr expressions given
by equations (44) can be substituted for them. We will use

such an expression for y', z' but we will write it formally
differently. If, in the step from equations (42) to

equations (43), the integrals in the left members are only
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expressed symbolically,i.e. not evaluated, equations (44) can bewmritten/gy

formally somewhat differently, namely so that we obtain from
them the expresslons

I , T2
& 1 En
y":l _(ﬁdx’ [ A— —;(lm. (56)
n | &y n ) &
, . iy I

for y' andz'. If we also set in these relations n = ng, a
possibility we discussed on p. 88 and substitute these in re-
lations (55) which in turn are substituted again in (54),

we obtain finally the sought expression for the relative change
in the illumination (the so-called contrast)

A 1 [ )
AA:A_”A*zi—_i:le— =_LJ_)______:.__
A A* ae < e
o (57)
i &2
:i}— (Un_;_ﬂ)dm
Ay oy’ €2

where the first equality 1s valid by the definition of the
contrast.

However, the use of expression (57) for a quantitative
evaluation of the density field is laborious and 1t is not used 1n
practice except in a few exceptional cases. See also the
remarks about the results obtained using the simple refraction
method on p. 96.

It follows from equation (57) that the change in the
1lilumination on the screen ocecurs at those points which corres-
pond to the points of the layer at which [(32n/3y2) + (32n/8z2)]
is different from zero. To simplify the discussion, let us
assume for a moment that n 1s only a function of y, 1i.e.

. 84 L [ on
n = f(y). Then fz~—~zg "

£

da s 50 that a change in the

illumination will not occur when 32n/3y° = 0, i.e. when the
gradient of the refractive. Index 1s either 0 (homogeneous field)
or constant [(9n/3y) = const]. In the first case the rays will
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not change their directlon, and in the second case all rays of
the pencil will be deflected from the original direction which
they had before the layer when they leave the layer, but

always by the same angle, so that the illumination on the screen
will again be uniform. If,at some point of the layer, the
relative change in the gradlent of the refractive index is
positive [(32n/3y2) > 0], the rays passing through the layer at
the paint corresponding to the larger y are more deflected

when they leave the layer than the rays passing through the
point corresponding to the smaller y, and the illumination in

the correspondlnﬁ region of the screen will be smaller than
in the case when the layer has no inhomogeneities. Conversely, if the /98

relative change in the gradient of the refractive index'is negative

[(32n/8y2) < 0] the illumination at the corresponding point on
the screen will be increased (see Fig. 60) [5, 5al. When we take into
account equations (48)
1t is obvlious that

dark points correspond

to a positive relative
change in the density
gradient (an ilncreasing
density gradient) and
lighter points to a
negative relative change
in the gradient. Thus,
for example, the image
of a shock wave (for a
comparison with the
previous argument we
assume that the wawve
propagates in the direc-
tion of the positive

y axis, see also Fig. 61)
obtained by this method,
is formed by two fringes,
a dark fringe in the
front part of the wave
and a light fringe in
the rear part of the
wave.

Fig. 60.

Fig. 61.
The changes in the

iliumination are naturally

greater during greater relative changes in the density gradient.

Therefore, this method can be used advantageously for high

subsonic and supersonic velocities when relatively great

changes in the density gradient induced by observable changes

in the illumination can occur.

The optical equipment needed to apply the method is usually

arranged in two ways: a) with a divergent pencil of rays in the
measurement space, b)with a parallel pencil of rays.
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The first method does not reguire any lenses or mirrors.
In the simplest case it consists  of a high intensity point
light source, a screen or possibly a camera (Fig. 62),
The light sourcesused most often.are high-pressure, high-
performance dlscharge tubes. Optically, a spark discharge was used as the
sourceswhich was obtalned by discharging the condenser through
the spark gap, which 1s still used successfully (therefore this method
is also called the spark method and the photographs that are
obtained, spark .photographs). This method was used to ob-
tain images of the flow around projectiles in  flight [162].
Spark illumination is still the most convenient means for
the study of projectililes in flight, and it can also be used to
study the motion of unstable pressure waves. Other light
sources can also be used, such as arc lamps, bulbs and discharge
tubes [146, 146a, 154, 1557.

When a divergent beam of light is used, a magnified image
is obtained. The best results were achieved with enlargements
not exceeding 1.5 [153]. For small objects, for /99

' example, bullets - from a rifle, &
satisfactory distance of the screen
or the film from the object 1s
15 em, and of the spark, the light
souce, from the object,it is 1.2 m,
However, the last distance can be up to
5 m when relatively large NMeasurement
spaces in ftunneld are 71i¢ through.
Beslides the advantages that can be
obtained with the aid of enlargement,
1t 18 1limited in all respects by the
divergent rays, only to the use on
- objects and a field with a small span

Fig. 62. Schematie in the direction of the rays (pro-
diagram of simplest Jectiles, girplane bodies, propeller
equipment for shadow tips, etec. Whose longer side is
method with diver- . ‘perpendicular to the direction of
gent beam of light the rays).

(1. light source;

2. analyzed gas To cbtain images of the two-
layer; 3. screen). dimensional flow, the observed layer

of air must be 1it through by a

. parallel pencil of rays. To the
previous version, one lens or concave mirror is added (Fig. 63)
and the light source is placed &t thelr focus, The selected
focal length should be as short as possibles to obtain with the
given light source a high illumination oh the screen. However,
this must be done without detriment to the uniformity of the
initial illumination on the screen and the sharpness of the images of the
inhomogeneities. A reduction in the sharpneks depends indirectly
on the focal length fj,directly on the distance L of the
inhomogeneity from the secreen or film, and also directly on the
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diameter 4@ of the light souce [174]. The sensltivity depends
directly on the distance L. Since d cannot be reduced without
limit, f1 must be selected taking into consideration these
factors. In some cases, it is advantageous to focus on the
screen or the photographic plate (f1lm) some plane inside the
measurement spacé with the ald of another lens.

The lenses or mirrors used must be of first-class quality
and defects in them must be corrected to prevent nonuniform
illumination of the screen. Nevertheless, an instrument with
cheap Fresnel lenses pressed from organic glass has been constructed.
In some special cases, satisfactory results were obtained
with the aid of this instrument [150].

Figs. 64 through 67 show photographs that were obtained
by the shadow method.

This method was used sub- /100
sequently to study the shape of
three-dimensional shock waves
and to obtain data about the
processes that occur in them [165].
It 1s also used together with
the so-called method of hot
wires and other similar methods
(see pp. 46 and 59). It was
also used to obtain images of
the flow around parts of an
airplane during flight [168] and
also to determine the state of
the boundary layer and of the
transition regions [159, 164].
Sometimes a very thin layer of
volatile o0il is applied to the
surface of the streamlined body
for this purpose [146a]. The
0ll vaporilzes faster in the
region of turbulent fiow than in the laminar flow region, and
the vaporized oil changes the refractive index more sub-
stantially in the turbulent boundary layer whose Image is
therefore clearer.

Pig. 63. Schematic diagram
of equipment for shadow
method with parallel 1ight
beam (1. light source;

2. lens; 3. analyzed gas
layer; 4. screen).

The osclllations of shock waves can be studied with the aid
of an interrupted light source (stroboscope) [154, 158]. Al-
though obtaining quantitative data about the distribution of
the density in the observed fileld on the basis of photographic
measurements or photographs is not sufficiently reliable and
requires a great deal of care and caution during the techniecal
photographic work, data about the distribution of the density
near the front of a shock wave can be obtained [146, 162, 156].
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Fig. 64. Photograph obtained -
using shadow method during
flow around a wing [5].

Fig. 65. Shadow image ob-
tained during the study of
the flow field around a
projectile [146].

In other experiments that
were carried out to obtain
gquantitative data about the
density distribution in the
entire observed layer a two-
dimensional mesh (wilth square
openings) is placed in front of
the observed- ocbject in the direc-
tion of the 1light rays
and the dilstortion in its
image on the screen behind the
observed object 1s used as
the baslis to determine the
inhomogeneities in the object
[162].

The shadow method can
also yleld certain guantitative
data about turbulence. When
the turbulent layer is 1lit
through, the local changes
in the density have a similar
effect on the passing,
originally parallel rays as
small converging and di-
verging lenses. The field
with the local differences in
the illumination is obtained
on the screen placed immediately
behind the layer in this
manner (Fig. 68). The
continuity of this 1lluminatiocn
field and the density field
have been described by
mathematical relations, whose
analysis makes it possible
to determine certalin statistical
properties of the fluctuations
in the density in the layer
that is examined {146, 1667].

A method for the study
of three-~dimensional flow has
also been developed [170, 165].

3.2.2. Diaphragm Schlieren Methods

In addition to the qualitative data similar to those obtained
by the previous method, it is possible to obtain more easily
and better gquantitative data about the distribution of the
density in the entire reglon under consideration, i.e. for
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Fig. 66, Shadow image of flow field in cascade.
The photographs were included with the kind
permission of the author [164].

example, to determine the density field in a two-dimensional gas /103
flow layer, by using various versions of diaphragm schlieren
methods. The method used most frequently to set up the optical
apparatus 1s evident from Figs. 69 and 70. It 1is the so-called
Toepler principle [173]. From the photographs obtained with

the aid of diaphragm schlieren methods, it 1s possible to deter-
mine y' and z' by measuring the blackening (see p. 85) and
subsequently from this the density gradient and the density

field. However, diaphragm methods are used more frequently
onlyto obtain basic data about the flow, malnly about shock waves,
expansion and wake regions,and about the boundary layer.

A high-~intensity light source, whose dimensions are small,
is used. The source 1s placed in the focal plane of the first
lens or - mirror (Fig. 69), (or the source 1s 1lit through
by the condenser at the slit at the focus of the first lens,
in which case the light area of the slit is considered as the
source).
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Fig. 67. Effect of exposure time
during the shadow method [1]:

a) exposure time 1/300 sec;

b) exposure time 10-5 sec.

The unstable oscillating
character of the shock waves can
be inferred from the sharper
images of the shock waves in

b) (during a very low exposure
time).

If the layer is homo- /104
geneous a pencil of
straight parallel rays
passes through the layer
that is examined (the

nmeasurement space in the

tunnel). Then the second
lens placed behind the
measurement space forma the
image of the light source
in it s own focal plane and
the image of the measurement
space which contains,

for example, the studied
model 1is obtained on the
screen or the camera
film. Lens C2 is used to
form the image. If the
source has the same
luminance at any point,

the illumination on the
screen where the rays
impinge will be the same

at all points. Now if,

for example, a knife
diaphragm (a dlaphragm
with a straight edge) is
placed in the focal plane
of the second lens in

such a way that it inter-
Cepts a part of the rays

incident to the screen

or film, their illumination
is reduced, but is again
the same at all points on
the illuminated area of the

screen. The reductlon in the illumination depends on how large
the part of the Image of the light source 1s shaded by the
diaphragm, i.e. (see Fig. 69) on the distance a of the edge of
the diaphragm from the vertical axis of the equipment.

If the examined layer has inhomogeneities, the rays passing
through these points are bent, and the corresponding part of
the image of the source is displaced from the original point

through a distance As.
at the corresponding point

This of course changes the illumination
on the screen.

~
I.._I
L)
(8|

We will now analyze,

with the ald of Fig. 69, this case in greater detail [171, 174].

We will consider a light source with a slit whose width is
b, whose height is h with luminance E, placed in the foecal plane

of the lens Cj .with focal length 3.

If the area of the lens

C1 1lluminated by the source 1s S, we derive easily, on the basis
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of the definition of the lumi-~
nance of the source for the
approximate value ¢ of the luminous
flux incident at the lens Cq

the expression

_ EbhS
R (58)

If we ignore the effect of the
losses and take . into con-
slderation that the rays
arrive from the socurce to the
screen only with small angular
deflections  from the direction
of the optical axis of the
entire equipment, then in the
case when the dlaphragm is
outside the pencil of rays.
the same luminous flux ¢ also
impinges on the screen. The
initial illumination of the
screen, whose illuminated area
ik 1s S' is therefore

Fig. 68. Shadow image of
wake [1467.

@

b=3 (59)

Denoting the linear
enlargement obtained using
the optiecal system that
was described by m,
we have S'/3 = m2, so that
using (58) and (59), we

obtain
_ \ Bin
- A0=—'.__ (60)
Fig. 69. Schematic diagram of mif,2
equipment for diaphragm schlleren
metheoed.

The image of the source with
the slit in the feeal

plane of the lens Cp has

the dimensions h' = h(fp/f1), b' = b(fp/fy), where fp 1s the
focal length of lens C».

Suppose that the center of one of the longer sides of the
(rectangular) source with the slit lies &% the focus F1 of the
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Fig. 70. Simplified schematic diagram
of apparatus for diaphragm schlieren
method: a) with mirrors; b) with one
principal lens (1. light source; 2

and 2'. mirrorsor possibly lens; 3. ana-
lyzed layer; 4. knife diaphragm;

5. screen).

At the bottom of the diagram is
the schematic diagram of the light
source in the case when a spark
discharge 1s not used (as for example
in Fig. 72 a, b), but an arc lamp or
discharge tube 1s used (6. arc lamp
or discharge tube; 7. condenser
projecting the lumlnous discharge in-
to the siit 1', 1' slit-at the first
focal point of the first mirror or
lens; the light area of the slit 1is
conslidered as the light source for the
equipment). The objective 1s in-
serted between diaphragm 4 and screen
5, with the aid of which the image
of the selected plane in the analyzed
layer is - formed " on the screen
or photographic plate.

lens C1+ Then the
center of the longer
side of the image of
the source lies at
the focus Fp of lens
C>, and the image

is on the side of the
optical axls opposite
to the source with
the slit. Both

sides that were mentioned
are parallel.

Now if we shade
a part of the image
of the source by the
knife dlaphragm in
such a way that the
height of the image is
equal along the entlre
length to the distance
a of the edge of the
diaphgram from the
optical axis of the entire
equipment (the edge
of the diaphragmn. is
parallel to the width
b of the source with
the slit!) the
1llumination on the
screen 1s reduced from
the value Ag to the
value A for which the

relation

A . a_afl

A, B hfy
holds, so that in view

of (60), we have

E;ba

4= 200
mif, f,

(61)

If the layer ex-

/106
amined hassuch inhomogeneli-

ties. that at certain points of the layer the component of the
gradient of the refractive index which is perpendicular to the

[}
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edge of the diaphgram exists and is different from zero (if the
edge of the diaphragm is parallel to the Z axis it 1s the
component on/3y # 0), the rays passing through these points

will be curved. The rays which leave the iayer then are deflected
from the original direction by the angle ¢ whose tangent 1s
equal to the quantity y', which can be expressed either using the
first equation in (44) or with the aid of the first equation

in (56), obtaining:

, 1 on
tane=y =— | —du,
: Mg oy

where n = n(y,z) 1s the local refractive index in the layer

and ng is interpreted as on p. 88, i.e. ng is the refractive
index of the substance forming the flow medium in the case

when the flow does not cause inhomogeneities in 1t. With regard
to the direction of the Y axis it is considered to be the

same, so that it is perpendicular %o the edge of the diaphragm,
i.e. perpendicular to the width @ of the 1ight source with

the slit to which the edge of the diaphragm is parallel by
hypothesis.

The displacement of the ray that has just been considered,
which corresponds to a deflectionof the ray by the angle
¢ from the original directlion takes place in the plane perpen-
dicular to the edge of the diaphragm, so that the corresponding
parts of the image of the source in the focal plane of lens Cp
are shifted in the direction of the Y axis through the distance
As = f»y'. This, of course, changes the illumination at the
corresponding points on the image of the layer of the screen
by the amount

_ Bby
f T omif, 62
2y m. I ( )

where the last equality is valid because of (60). The changes
in the illumination will agaln, as before {see p. 93) be
evaluated by the relative change in the illumination, the
contrast, which we now denote by the symbol B. Using relations
(62) and (61) we obtain for the contrast the expression

B=——m—— = —. (63)
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The change in the contrast caused by a unit deflection of
the ray is the so~called sensitivity of the equipment C.
Hence, according to (63), 1t is

Y

c=88 _ 1
dy 73 (64)

where the first equality holds on the basls of the definition of /107
the sensitivity C that was gilven. The possibility of increasing
the sensitivity by changing the distance of the edge of the
diaphragm from the optical axis of the entire equipment which
follows from the above 1s limited due to diffraction phenomena
causing changes in the illumination of the screen which do not
correspond to the inhomogeneities in the examined layer and

also do not correspond to the arguments tHet have been

. presentgd which are based on ray optics. The effect of the
diffraction phenomena does not matter during opservations of a
qualitative nature, so that for these purposes highly sen-
gitive deVvices can be used; however, the fidelity (accuracy)
of the quantitative measurements 1s reduced (especilally those
based on the measurement of changes in the:illumination) which
limits their use to cases in which a lower sensitivity 1is
sufficient [162, 175, 1801. -

Equation (62) is no longer valid when the image of the
source (formed by the lenses C3 and Co in the focal plane of
the second lens) or a part of it is shifted entirely outside
the diaphragm,or if the entire image is on the diaphragm. If
this occurs, the image of the observed field (or a part of it) on
the screen will have the i1llumination Ag given by equatlon (60)
or the illumination will be zero. This will also occur during
larger deflections gbout which additional information cannot
be obtained from the image on the sereen. The largest possible
shift of the image of the light source (or a part of it)
which does not lead to a loss in sensitivity is, for a = h',
equal to the height of the image h' = (fo/f1)h (Fig. 69).

This corresponds to the deflection of the ray

N (65)
ylmax = =
] h
since -
: fa
2 max —h=N
f2¥; 7
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Similarly, for a < h', the largest shift of the image of the
source (or apart of it)in the direction away from the optical
axis toward the edge of the knife diaphragm jig a, which corresponds
tog . the ray deflection

(¥'max?towara the edge %"
_ ge T,
since
1 =
f2(y max)toward the edge s
and the largest possible shift in the direction away from

the edge toward the coptical axis inh'-a, which corresponds to a
the ray deflection

_ a
) R A o

(v
max’from edge fl

since

) | J—— - = LI
f2(y max)from edge fl h a h a.

If the same maximum range must be achleved for both these
deflection directions, the diaphragm must be set
s0 that it intercepts exactly one-half of the image of the
light source, i.e. we must have a = h'/2, or, taking into
consideration (65),

LMy 1
=3 5 F2¥nax- (66)

Yoz : (67)

From the above 1t follows that the maximum sensitivity that can
be achieved for the given . deflection range. is inversely
proportional to this deflection range --and that it does not
depend, for example, on the intensity of the source, etec.

The feasible deflection range c¢an be increased by increasing
the height h of the light scurce with the slit or by reducing the
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focal length f] of the first lens C3 (or mirror), which follows
from equation (65). '

Now, substituting z from equation (66) in equation (61) we
obtain for the illumination ohh the screen the relation

Eo¥pe. 1
T, T (68)

The guidelines for the design of the necessary optical
equipment follow from the considerations of an approxi-
mate character that were given above. The most important
parts are the two lenses C) and Co or the corresponding mirrors.
From an optical standpoint, thelr quality must be high so that
the 1naccuracies arising during the refraction of light
(or reflection in the case when mirrors are used) should not
cause deflections of a smaller order of magnitude than the
deflections caused by the inhomogeneities that are examined.
The spherical and chromatic aberrations in the lens must be
corrected as much as possible. The glass must be free of
inhomogeneities, since all its local imperfections are observed
on the screen. The objective of an astronomical telescope
is most sultable for this purpose.

Compared to lenses the advantages of mirrrors are that they
do not have a chromatic aberration, that the lnhomogeneities
inside the glass do not matter and that mirrors with relatively
large diameters are cheaper than lenses with the same dlameter,
since only one surface is treated in a mirror. An aluminum
metal plating on the surface of the mirror is better than a
gsilver plating, slince it is more durable and the oxidized
aluminum layers are transparent.

The focal length of the lens C; must be as small as possible,
since this increases not only the feasible range, which is
evident from equation (65), but also for the given enlargement
the inltial illumination o¥ the screen, as shown by equations
(60) and (68). This will also make 1t possible to use a
large enlargement for the given illumination, which improves
observation by the naked eye and facilitates a more precise
adjustment of the apparatus. However, the selection of the
smallest f1 is limited by the reguirement that a homogeneous
“pencil of parallel rays be cbtained behind the lens C7;. To
obtain uniform illumination of the image of the source _
within 1% limits, the rays must enter the lens C] at a vertex
angle which 1s smaller thang8® [1713. A similar limitation also
applies to the use of mirrors. This requirement must also be
satisfied by the second lens or mirror., A large focal length
of the lens Co will increase the sensitivity of the equipment as
shown by equation (64); however, when the equipment 1s adjusted
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for the maximum possible range it has no effect, according to
(68), on the illumination, according to (65) on the range, and
according to (67) on the sensitivity. The above glves the
conditions for the seélection of the lenses (mirrcrs).

Next, the propertles of the light source must be selected
so that the necessary enlargement 1s obtalned without exceeding
the feasible range. TFor this purpcse, the maximum values of the
.deflections y', z' whilch occur in various inhomogeneities in
the gas flow must be known. It was established [174~176] that
deflections greater than 0.005 rad occur very seldom. This
means that if we take the value that was given as a bound,
the height h of the source can be calculated from equation (65},
since y'max and f7 have already been selected. The initial
illumination on this sc¢reen can then be increased by widening
the source and also by choosing the smallest enlargement m
at which details can still be distinguished.

The requirement of a high value of the initial illumination
on the screen is justifled by the fact that the observer'seye
works In the maximum sensitivity range where it observes the
relative changes in the illumination, the contrast. The eye
actually reacts to changes in the brightness on the screen
and when the baslc value of the brightness on the screen is
on an order of magnitude less than 3 nt [sic], the sensitivity of
the eye to discriminating the contrast drops [174]. Hence,
the minimum value of the 1nitial (basie) illumination of this
screen will be about 32 lux [174]. From these data and from
the previously selected values, the necessary luminous power
of the source can be determined, see equations (58) and (61).

‘When mirrors are used instead of lenses, the fact must be
taken into account that both the source and the diaphragm are
located outside the optical axis, so that the surface of che
mirror should be taken, strictly speaking,as the surface obtained
by rotating a parabola about an axis which is not identical
with the axis of the parabola. However, normal parabolic and
spherical mirrors are alsco used {(with a focal length to
aperture ratio greater than 10), since they can be obtained more
easily arid cheaper. To reduce the defects in the optical
equipment when these mirrors are used, the angles o and 8 are
selected as small as possible and egqual or nearly equal
(see Fig. T0a).

The source and the diaphragm are on opposite sides of the
optical axis (of course, very close to it or in its lmmedlate
vieinity). This reduces both the astigmatism and the coma.

It 1s advantageous if the equipment is adjusted so that the
image of the source 1s deformed, as a result of the effect of
the astigmatism, only in the direction parallel to the edge
of the diaphragm.
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The distance between the mlrrors (or lenses) should be as
small as possible to limit as much as possible the effect of
the inhomogeneltles of the surrounding medium between the
mirrors. When mirrors are used, 1t 1ls oficourse difficult from
a design standpolnt to reduce this distance, as 1in the case
of lenses, s0 that the value of the distance between the mirrors
fluctuates around twice the focal length of the mirror.

Thellight source must be placed exactly in the focal
plane of the first mirror or lens. This can be achieved either
by measuring the diameter of the pencil of rays between the
lenses (mirrors) or the reflected image of the source on the
screen placed for this purpose in the immediate vicinity of
the source. A plane mirror is used for the reflection,which
1s inserted between the lenses (mirrors). The diaphragm must
also be placed exactly in the focal plane of the second lens
(mirror) and it must be positioned so that it can be adjusted
exactly with the ald of micrometer screws and the distance a
can be measured exactly. The edge of the diaphragm and the
edges of the opening (source) must have the smallest possible
unevennesses. Simllarly, the lens of mirrors must be mounted
on suspensions so that their position can be adjusted exactly,
and the suspensions must be sufficiently rigid. This entire optical
system as a whole must be as rigid as possible to prevent
spontaneous changes in the position of 1ts parts. In addition,
the possible rotation of the entire optlical system or the
source together with the diaphragm about the optical axis must
be kept in mlind. Thisg requlrement occurs in certain methods
used to obtain quantitative data.

The activity of the tunnel can affect the adjustment of
the equipment. Therefore, it 1s sometimes necessary toc make
the final adjustment under normal operating conditions in the
tunnel [5, 5a].

It 1s important that the axes of the source with the siit
and of the diaphragm be parallel. To achieve this, for example,
a microscope can be used and the image of the source on the
screen can be observed through it, or the image of the source
and the diaphragm can be focused with the aid of the modified
lens C3 on the screen (by exchangingiit). The normal task of
the lens C3 is to form the 1mage of the inhomogeneity
on - the screen or the photographic
plate or film. In the last two cases, the lens U3 i1s the
obJective of the camera which is focused on the plane which
is perpendicular to the light rays and cuts the measurement
space 1n half.

Fig. 71 gives an outline of the equipment that was used

successfully, which consists of two systems, a lens and mirror
system [174], so that the practical adjustment of the optical
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equipment for the diaphragm refraction method can be well illustrated
on it. The largest linear dimension of the observatilon field

in the tunnel is 22.5 cm. The mirror system has two spherical
mirrors wlth a 23.75 cm diameter and a focal length of 2.7 m,

so that the apex angle of the conical pencil of rays is approxi-
mately 12°. The lens system which is used to observe detalls

has two lenses with a 5 cm diameter and a focal length of

35 em and it is mounted on a carriage 5o that its axis can be
adjusted in any position along the measurement space possibly so
that the functioning of the mirror system is not disturbed.

Both sets of equipment can also be used to obtain photographs
with the aid of the shadow method on a photographie plate inserted behind
the measurement space in the direction away from the source. The
light source used for visual observation is the filament of the
projector. bulb, and for photography the electrlc spark discharge
with a duration on the order of 10“6 sec, obtained by discharging
a condenser with a capacity of 0.01 u¥F charged to 20 kV.

Using two different electrode arrangements, a slit and circular
(approximately point) light source can be obtained. In the

first case, two plane {metal sheet) 1 mm thick electrodes were
clamped between two glass plates so that the ends of the
electrodes were at a distance of 7 mm from one another, glving
the 1 x 7 mm source with the slit drawn in Fig. 72. The
arrangement of the electrcdes for the point source used to obtailn
photographs with ithe 41d of the simple refraction method is
analogous. This arrangement provides a scurce with greater
~luminance than the source with a slit. It 1s also sultable, when
greater sensitivity is required, but mainly for high quality
observation, since the width of the image of the source changes
during the displacement along the diaphragm,and hence also the
sensitivity changes. The possibility of using as the light
source a laser 1s discussed briefly on p. 1U47. '

The equipment used widely in Czechoslovakia is a product
of the Zeiss-Jena plant (Schlieren aufnahmegerat 80 [schlieren
camera-80)) which can also be used to carry out the measurements
using the 8rid  and dye method (see pp. 114 and 119). /112
Here the maximum diameter of the observed field is 80 mm
[204] (Fig. 73 a). However, equipment for which the diameter
of the observed fleld is 10 times as large 1s also being
designed [194].

In addition to such types of optlcal equipment of a basic
character, systems which furnish stereocoscoplc records have
also been deslgned [183, 184]. Such a system consists of two
basic mirror systems by means of which the corresponding rays
intersect inside the measurement space. The axes of the two systems
deviate by a small angle from the perpendicular.to the cover
glass of the measurement space of the tunnel and lie in the same
plane containing this perpendicular. The two corresponding
cameras are focused on the plane where the rays from the two
systems intersect. Another modification of the basic system
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Fig. 71.
for the diaphragm method, consisting of

Schematic diagram of equipment

two systems: a mirror system for the
study of the entire 8ross section of the
measurement space, and a smaller system
attached to a displaceable optical
bench, which is used for the study of
detalls. When the independent mirror
system is used, the equipment can also
be used for the shadow method, by in-
serting the screen in the position
marked in the diagram by the line 5

makes 1t possible to
determine the measure-
ments in the selected
planes of the measurement
space through exact
focusing [177].

To increase the
sensitivity, the
instruments were
modified for two
passages of the
rays. It 1s particu-
larly important to
increase the gensi-
tivity of the method
during measurements
at low pressures.
However, 1t was
observed In nitrogen
at a density of
1.5:1073 kg.m~3 that
even at such extremely
low values, the

(1. light source of mirror system; shock wave can still

2. light source of small instrument; be determined by
3. screen, focusing screen or photo- the dlaphragm method.

graphic instrument; 4. measurement space). At pressures-equal to
' several percent of an

atmosphere at which
the equipment that was
described can no longer
be used, the sensitivity
can be increased by
adding sodium vapors
to the air flow [197].

/113

Offen it is necessary
to obtaln simultaneously
a pecord using two
cameras Or possibly a motion
pleture camera and also
to study theiimage of the
observed field on ithe
screen. This can be
achieved not only by
Splitting ¢he rays
immedlately behind the 1light
source, but alsd by
having a mirrored surface

Fig. 72. Schematic diagram qf the

arrangement of electrodes for spark
(discharge) sources of light (1, 2.
electrodes).
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Fig. 73a. Schematic diagram of instrument manufac-
tured by the firm Zeiss-Jena, GDR (Schlierenaufnahme-
gerat-80 [schlieren camera-80]) used in dlaphragm
methods [204]. 1. arc lamp or high-pressure mercury
discharge tube; 2. condenser; 3. slit at focus of
first principal lens; 4, 5. analyzed layer; 6. second
principal lens; 7. image focal plane of second
principal lens; 8. knife diaphragm; 9 and 10. objec-
tives forming the image of the selected plane 5
in the analyzed layer on the focusing screen 11 of the
camera built into the instrument; 12. folding
mirror which can be used to reflect the rays through
the objective 13 to the screen 14 for visual
observation.

The U-shaped arrangement of the optical axis
of the instrument with the ald of the plane mirror
is of no basic significance. However,much smaller
dimensions of the instrument and greater rigidity
of the frame are obtained in this manner.

on the knife diaphragm. Additional images are obtained taking
advantage of the reflection on the diaphragm [198, 199].

In addition to this more complex equipment, instruments
are also used with one principal lens or mirror, in which the
rays of the pencil passing through the medium that is examlned
are not parallel. The light source, its image and alsc the
diaphragm are not in the focal planes (Fig. 73 b). An instrument

110



based on a similar principle with a single mirror has also been
used 1in Czechoslovakia [209].

When we determlinedquantitatively the requirements on the
design of the optical equipment and evaluated the properties of
such equipment, we only consldered a light source with a slit
with a constant height h and a constant width b, which was
parallel to the stralght line edge of the knife diaphragm.

This arrangement by means of whilch we want to obtain the quan-
titatlive data is most suitable for the measurements and therefore
has been used most frequently. However, any other shape of

the source can be used provided a diaphragm with a corresponding
shape 1s used at the same time, for example, a circular source
and a circular diaphragm having the shape of a small opaque

disk.

One possible source is a source given by the shape of a
filament in a bulb. The corresponding diaphragm for the source
is obtalined by inserting the photographlc plate at the place
where the image of the source is formed, i.e. in the focal
pPlane of the second lens or mirror, where it is exposed and,
after 1t is developed, inserted in the same plate where it serves as
a diaphragm. Hence this is a procedure with an initial dark
field (the dark fleld on the screen) since only those rays
which were not ¢curved 1n the observed medium pass through the
diaphragm (if we ignore diffraction phenomena).

Circular shaped sources and diaphragms with a circular
aperture with the same diameter as that of the image of the
source at the point of the diaphragm have also been used.
Hence, during the initial adjustment, the illumination on the
screen was at a maximum.

When irregularly shaped sources and the corresponding dia-~
phragms are used, the records obtained on the screen do not
correspond to the deflections of the rays only in one direction
(as in the case when a light source with a slit and a knife
diaphragm are used), but the rays are deflected in different
directlons when they are formed. Therefore, the evaluation of
such recerds is laboricus and difficult. In addition to this,
the effect of the astigmatism of the system cannot be eliminated
as in a source with a slit.

Durlng the observation of objJects with large gradients of
the refractive index , & low sensitivity of the equipment must be
selected which, however, may not be adequate R
to record the small gradients that can occur simultanecusly in
the observed object, Or a greater sensitivity can be selected,
but on the other hand, the feasible range can be exceeded so
that information about points with large gradients is not
obtained. The solution (with certaln exceptions) can be ob-
tained either on the basis of two photographs obtained with .a low
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Schematic diagram of instru-

Fig. 73b.
ment manufactured by the firm Ditwyler,
Switzerland used in the diaphragm method
(147, 209]. (1. discharge tube; 2. con-

denser; 3. slit .in first focal plane of
mirror 10; 4. prism reflecting beam of
rays through analyzed layer 13 to
spherical mirror 10; the reflected rays
again pass the measured layer and are
shifted by prism 5 to the original
direction of the optical axis; 6. knife
diaphragm placed near image focal plane
of the mirror 10; rotary prism re-
flectlng rays either through -
objective 8 and plane mirror 11

to the screen 12, or through -ob-
jective 9 to the projection screen).

and high sensitivity,
where the observed
cbject must have

the same character in
both cases, or with
the aid of an ex-
ponentially expanding
s8lit placed in =such

a way that the

axls of symmetry

of i1ts image in the
plane of the knife
diaphragm is per-
pendlicular to the
edge of this diaphragm, or
possibly a wedge filter
can be usged 1nstead
of the diaphragm

(see p. 122) [178].
An L-shaped source
with a slit 1s also
used {(two mutually
perpendicular slits)
and a corresponding
L-shaped diaphragm
[175]. However,

in this case, 1t is
necessary to take
into account the

fact that sharp
images of each arm

of the source (for
example, the horizontal
and vertical arm) are

obtained at different distances from the source as a result of
the effect of the astigmatism, and therefore the dlaphragm must

be arranged accordingly.

The mutual distance between the two

images that were mentioned 1s on the order of several tenths

to 1 mm in the commonly used systems.
is replaced by a grid

Sometimes, the diaphragm
or only a single filament.

Two basic methods can be used to obtain the numerical
values of the local refractive index and the local density in
the layer that 1s analyzed with the aild of various types of

diaphragm schlieren methods.

In the first method, primarily

equipment with a source with a slit and a knife diaphragm 1is
used and the calculations are based on equations (#4), (48), and

(63).

The following relations for the relative change in fthe

1illumination (AA/A)y caused by the deflection of the ray in the
direction of the Y axis and for the relative change in the 1il- /115
lumination (AA/A)y caused by the deflection of the ray in the
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direction of the Z axis are obtained from these equations:

(f&i)=:iifijlflﬁﬁq=knj£:=kd{f9 g 2
Aty w g £y e ey iy
. ' . ) , , (69)
(ﬁi) _hmoman o 0n kLo 2
4 a g 6z &z ez iz
where K is the constant from -equation (47) and
fo ®y— 2 ‘
hy=22" " -} K+ arealsoconstants. Equations (69) imply that

o i,

the contrast, 1.e. the local relative change in the illumination
on the screen or photographic plate is proportional to the
component of the gradient of the refractive index or the
density gradient at the corresponding point of the layer which
18 perpendicular to the edge of the diaphragm. Hence, if the
edge of the diaphragm is parallel to the Z axis, the contrast
(AA/A)y appears on the screen or photographic plate, from which
we can determine the y-th component of the gradient of the
refractive index and the density gradient, i.e. 3n/3y and 3p/3y.
Now if we rotate the entire optical system about 1ts optical
axis through a 90° angle, we will record the contrast (AA/A),
from which we determine the z-—th component of the two gradients, and
from the y-th and z-th components of the gradient we can determine
the final value of the gradient of the refractive index and

the density gradientsand from these, according to equation (45),
the fleld of the refractive index and, from analogous equations
for the density, the density field.

When the contrast AA/A is determined, the change in the
illumination can be measured point by polnt with the aid of a
modified luxmeter. The disadvantage of this method is that
the same luminance of the source must be malntained throughout
the entire photometric measurement time,and that the flow
studied must be the same, which 1s almost impossible.

A better solution is to carry out photometric measurements
on photographs. Of course, two photographs must be taken for
two mutually perpendicular directions of the edge of the
diaphragm (the scurce with the slit 1s always parallel to the
edge of the dlaphragm). When these are obtalned, the flow
need not be exactly the same., For this reason, equipment was
built in which the beam from the slit of the source
is optically split (through reflection) into two beams which
behave like beams which emanated from two mutually perpendlcular
sources with slits. These two beams pass through the measured
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layer {(the tunnel), and after passage are separated over a
greater distance by the mirrors and form in one camera on the
same film at the same instant, two separated images. However,
before that, each of the two beams passeéd through one of the
two knife diaphragms whose edges are mutually perpendicular
L1791].

However, 1t is difficult to obtain photographs on which the
blackened contrast is the same as the contrast when the film or /116
photographic plate is 1lluminated during exposure. This is
due to shortcomings in the quality of the photographic materisal
and the imperfections of the photographlc technological processes.
Therefore, the procedure used introduces into the observed
field greference inhomogeneity (in German: "die Normalschllere")
[162, 171]. For example, when the flow around a profile is
photographed, a transparent objJect is inserted at the edge of
the light beam at points through which the rays that were not
affected by the inhomogeneities in the tunnel pass, whose effect
1s the same as that of an inhomogenelty with a known gradient
of the refractive index (a change in the direction of the rays).
Such an obJect may be, for example, a glass wedge with a very
small refractifl® angle whose effect 1s the same as that of an
inhomogeneity with a constant gradient of the refractive index,
or a plane-concave lens with a small curvature of the conecave
side whose effect is the same as that of an inhomogenelty in
which the gradient of the refractive index varies in a certain
range. Then in the photograph at the point where the ravs
that pass through such reference- inhomogenelty impinge in a
small area whose blackening corresponds to the known gradient
of the refractive index in the reference inhomogenity that is
used for the comparison.. By comparing photometrically the
- blackening at individual polnts on the photograph with the
blackening on this area, we can then determine the gradients of
the refractive index arcund the streamlined bodv. It is maére
convenient to use a lens as the reference inhomogeneity,
provided we select its curvature so that it behaves like an
inhomogenelty in which the gradient of the refractive index
varies in the range of values which apply to the problem under
consideration.

Another method of obtalning quantitative data may be called
the filament or possibly the grid . method. Also here the
source has a slit, which 1s as narrow as possible, and instead
of a knife diaphragm either a thin filament or several parallel
filaments (grid) are inserted in the focal plane of the
second lens, and in both cases the filaments are parallel to the
axls of the slit. We will first consider only one filament
which is placed at the distance a from the optical axis of the
equipment in such a way that 1t is outslde the Image of the
source with the slit, so that if the observed layer has no
‘inhomgenelties, the screen is uniformly illuminated. However, if
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‘inhomogeneities are formed in the layer, the rays are deflected from their
originaldirection,andthoserayswhoseangulardeflection:hlthedirection
perpendicular to the filament 1s such that 1lts tangent y,;' has the
value yy' = a/f2 are intercepted by the fllament (we used the

subscript a since we assumed that the filament was at the distance

a from the optical axis). Hence, shadows are formed on the

screen at those polnts which correspond to the polnts 1n the

layer at which, as a result of inhomogeneities, the rays were

deflected by yz'. From equations (44) and (48) it is obvious

that the density gradient has at these points the value

) 1 é&n Ny 1 My

1 4
- Yo = —
A ox,— K o, —a

L4
T K &y E:k @, (70)
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we took in equations (44) n = ng, a possibility we discussed o
already on p. 90, =

where I is a constant. During the calculations |

If we displace the filament through the distance a' from the /117
optical axis, the dark shadows on the sereen will now correspond
to those points in the studied layer at which the component
of the density gradient which is perpendicular to the direction
of the filament has the value (3p/3y) = k'a'. Hence, when the
filament method is used, the dark 5hadows on the screen denote
those polints in the layer that is examined at which the angular
deflection of the rays deflected . in the direction perpendicular
to the filament is the same, and at which the density gradient
and the gradient of the refractive index have a constant
component in this direction. These dark shadows or lines are
called, according to Schardin, isophotes. A narrow slit can
also be used instead of a filament. In this case, light
shadows are obtained on a light field instead of dark shadows
on a dark field.

By connecting several filaments into a grid  or by using
a special grid, isophotes of several orders are obtained in
the same photograph. Since the image of the source has a
width which 1s not zero and the shadows obtained are wide, this
method does not yield sufficiently accurate results. In
addition to this, to obtain a sufficient sensitivity, the grid
must be very dense, 1.e. the grid spacing must be small, which
would lead to diffraction phenomena, which distort the image. Two
photographs obtained by the filament or  -grid method are
given in Fig. 74 [1, 174, 180, 181].

The work is more accurate when an arrangement 1s used where
the grid is shifted in front of the image focal plane of
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lens C,, see Fig. 75 [186, 147, 191, 175]. If there are no
inhomogeneities in this region that 1ls examined, the ray passing
through the point P is parallel to the optlcal axis until the
point Q, and then after refraction by lens Cp, impinges at the
point S of the image of the slit of the source {of course,
pefore the grid G is inserted) and 1s then projected through the
lens C3 (projectlon 1ens, — the objective of the camera) onto
the scfeen T at the point P'. If an opaque 8trip . of the

grid @ that was inserted intercepts thils ray, the point P!

and similarly other such points will be dark. Hence the screen
will be covered by alternating dark and light lines.

Fig. 74. Samples of Images obtained using
the filament method [1, 2, 1811.

Let us assume now that the layer that is studiled has in-~ /118
homogeneities, so that the ray passing througb the point P
will now be deflected, say, upward by a  small angle

ep whose tangent has the value tan €p ="y'p (the subscript P

for the point P). This ray wlll arrive at the point Q' and

then, after refractlon by lens Co, at the point R, where :

RS = fp.yp', which can be determined with the ald of the lens
equation. Hence, 1t 1s obvious that the ray will not pass
through the same point of the grid as before, but will be incldent
on the screen again at the point P', since D and T are

conjugate planes which change the illumination on the screen,

i.e. in our case, the dark shadow wlll dilsappear at -the point P!
and will be shifted elsewhere. We can find out €asily immediately
where it is shifted to.

Let M denote another point in the 1nhomogeneous layer that
is examined, and let us assume that the ray passing through the
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point M, which in the case of a homogeneous layer was paraliel
to the optical axis is deflected from the direction of the

optical axis by the small angle em and passes through the points’ N',

A, and V, where VS = fp-ey. When is is intercepted _ .
at the point A by an opaque strip . of the grld which originally
intercepted the ray passing through the point P which was not
deflected, this means that the dark shadow which originally
passed through the point P' was dlsplaced so that 1t now passes
through the point M' where the distance P'M' 1s equal to the
product of the distance PM and the enlargement m of the

optical system formed by the lenses Cp and C3, 1.e.

P'™M'" = m-PM.

The distance PM which we do not know for the time beilng

will be calculated as follows: from the simlilarity of the
triangles QN'A and SVA, we obtain

SR S
QN =277,

-

where VS = fo-ey, as already stated, so that

and we obtain for PM (Fig. 75),

ST

£ —1 2
PN =QN =N + N'N=f2 7 fabar — Aoy = &y (f_:"+d—'f2)'

.
With regard to the enlargement m of the system of lenses C,, 03,
it is MR

Rk M@ b

d_.f2 f’.’z

where b is now the distance of the focal plane of the projection
lens Cs; from its second principal plane. Hence, we finally
obtain for the shift P'M' = m-PM of the dark shadow ungder
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consideration

b f22 )
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where k*EEj%-—F—i—?—Eﬁ‘ is a constant for a particular N
2

optical system which does not_depend on the characteristics of
the grid. The displacement P'M' of the dark shadow (more
precisely, the displacement of the shadow at_a given point)

is proportional to the error in the angle € ~ y' at the polnt
in the examined layer which corresponds to the displaced point
of the shadow, )

Although at first sight a dense grid should improve the
accuracy (a grid with a small grid spaclng), this is not the case,
since diffraction phenomena interfere conslderably. A sensible
bound is four opagque strip® per 1 mm [146]. The opaque and
transparent sStrips between them usually have the same width;
however, 1t is more advantageous if all opaque 8trips are
narrower than the transparent strips. The same number of
strips » in the observatlion field of the screen can be achieved
with a sparser grid by inereasing theé distance I (Fig. 75),
which however reduces the sensitivity of the equipment. Hence,
the selection of the properties of the equipment must be a
compromise between these standpoints [175, 186, 147]. 1In
addition to a source with a slit and a grid formed by parallel
stralght filaments, a circular source and a circular grid can
be used, i1.e. a grid in which the transparent and opaque
strips  have the form of concentric circles.

The use of diaphragm schlieren methods imposes an important
requirement on the design of the tunnel, namely tThat the
transparent glasses be plane parallel, wlthout defects and internal
strains.

Among all methods in group 3.2 diaphragm schlieren methods = /121
are used most frequently, since in comparison with the shadow
method, they provide relatively reliable quantltative data
about the density fields and, in comparison with interferometer
methods, the required equipment is simpler, less sensltive
and expensive and musch easier to work with.

Figs. 77 through 80 give samples of photographs obtalned
using the dilaphragm schlieren methods. Fig. 81 is a sample of
the visualization of a boundary layer, in this case a
turbulent boundary layer.
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Fig. 75. Diagram illustrating grid schlieren
method. ’

Fig. 76. Sample of images obtained by the grid
method with the grld placed in front of the focus

of the second lens Cp» (see Fig. 75), a) without
flow, b) during flow. The photographs were included

with the kind vermission of the VZLU [expansion unknown]
and the author [147].

3.2.3. Diaphragm Schlieren Methods with a Colored Image

The methods that were described in the previous two
sections, 3.2.1 and 3.2.2, provide information in the form of
white and black phtographs. Hence,in these cases, the eye must
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react to changes in the i1llumi-
nation (unless grid methods

are used), an activity for

which the eye is not particularly
sensitive. A healthy eye
records much more easily

changes in coler s0 that the
observer can observe much

more convenlently in the field of
view of the appropriate -
equipment changes in the color
of the basic field rather

than changes in the illumina-
tion. The proposal for and
application of the method which
iz used in thils way are not

new [162], even though this
method has only heen used
recently in the study of flow
[211, 210, 147, 1911].

Fig:'77. Photograph obtained
using diaphragm method. Flow
around a rhombic profile [5].

The principle of the method
is such that the normal equip-
ment for the diaphragm schlieren
method is used, but a decom-
posing prism is inserted behind
the s8l1it of the white light
source {(for example, a direct /123
vision prism), which decomposes
the whilte 1ight, and the optical
system forms in the plane of the
image of the source a spectrum
whose image can be intercepted
on the secreen (Fig. 82). However,
if a slit (a slit diaphragm) is
Inserted 1n the focal plane of
the second lens C» (the plane
of the image of the source)
which is parallel to the spectral
K lines, the screen will be

= o - i1lluminated only by a part of the
Fig. 78. Front pressure’ spectrum and by choosing

wave visualized by diaphragm appropriately the height of the
method [1467]. slilt diaphragm and the dimensions

of the spectrum, the illumination

on the screen will have the same
color shade ewcrywhere. This basic color of the illumination
ol the screen can be selected by choosing the position of this
slit and it can also be changed by shifting the slit diaphragm
across the spectrum in the direction perpendicular to the width
of this slit. When the decomposed lighf passes through a
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Fig. 79. Images of pressure . waves obtained

in sterecoscopic equipment. The light beams of

two independent systems for the diaphragm

method intersect at a small angle in the measurement

space [183].

Fig. 80. Image obtalned by
diaphragm method during the
study of flow through a
cascade [10].

medium with a density gradient,
the rays are deflected from the
original direction, from the
direction they would have if

the denslty of the medium were
constant. The deflected rays
are intercepted by the slit
diaphragm (i.e. they do not

pass through its slit)}, so

that the corresponding point

on the screen willl be 1lluminated
by rays of g different color.

To each color corresponds a
gcertain value of the component
of the density gradient which is
perpendicular to the slit, which
follows from equations (44) and

(48).

The dimension (length) of the
spectrum must be selected taklng
into consideration the magnitudes
of the density gradient in the
medium that is studied and the
dimensions of the optical
equipment. If the length of the
spectrum 1s too large, the change

in the colors is not very noticeable and the sensitivity of the
equipment is small. On the bther hand, when the length of the
spectrum is small, the measurement range of the equipment may be
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exceeded and those points
on the screen which
correspond to the points
in the medium that is
studied at which the
‘magnitude of the gradient
: o bt T exceeds the measurement
Fig. 81. Visualization of boundary range are dark. When the
layer with the ald of the dlaphragm length of the spectrum
method. 1s properly selected for
the study of a particular
case, all colors of the spectrum are represented in the image
on the screen and no dark unilluminasted peints must appear on
it. This means that the requirements on the design of the
parts of the equipment and the manner in which it is constructed
are baslically the same as those used in the diaphragm schlieren
method 3.2.2.

For example, if the basic illumination on the screen when
this method is used has a green color, thedeflections of the
rays in one direction (these deflections lead to an increase in
the illumination in the normal diaphragm schlieren method)
cause & change in the green cclor to a color which lies cloger
to the red end of the spectrum, 1l.e. depending on the magnitude
of the deflection that 1s considered, the green color changes
through yellow to red, and starting with a certain magnitude
of thedeflectiona dark spot appears at the corresponding
points on the screen., Deflections in the opposite direction
fdeflections which in the diaphragm schlieren method lead to a
drop in the illumination)result, depending on their magnitude,
In a change from the green color through blue to violet.

In addition to a white light source,a source yielding a line
spectrum (for example, an iron spectrum) can be used. In this
cdse, both in the spectrum and in the image of the field,
lines - of wvarious colors separated from one another by dark
strips are formed instead of the continuous colored transitions.
Images which are similar to those obtained when the diaphragm
schlieren method with a grid is used are obtalned; however,
they are coloreds which simplifies considerably their evaluatlon.

Light sources ylelding a system of luminous colored
strips . obtained by decomposing the light can be replaced by a
colored filter "strips with selected  color strips, which
is inserted into the slit of any light source that passes
through the filter. The filter can be obtained by photographing
the chosen colored sample made from colored paper or by '
photographing the spectrum on a color print fillm or plate, t

The method that was described only takes advantage of a
single color change cycle, which limits either the range or the
sensitivity of the method. Several color change cycles :

L
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can be used when the slit
diaphragm is replaced by a
grid, i.e. by several slits,
which increases the range while
retaining sufficient sensivity.
The width of the transparent
and opaque 8$trips in the

grid is the same and the

Fig. 82. Schematic diagram of grid spacing, in this case,
equipment for diaphragm method twice the width of a strip

with colored image (1. light in the grid, is approximately
source; 2. decomposing straight equal to the effectlive width
vision prism; 3 and 5. prin- of the Image of the source,
cipal lenses; 4. analyzed the spectrum.

layer; 6. diaphragm;

7. objective; 8. focusing Suppose that the image of
screen or . camera. the source falls onto an

opaque 8trip of the grid so

that on both sides of the
gtrip - an equal part of the width extends past the edge of the
strip, l.e. the red and blue end of the spectrum, In thils
case, the screen is simultaneocusly illuminated by red and blue
light and apgears as a purple color. Now if the beam of light
is deflecte in the layer that is studied, the image of the
source (the spectrum)on the grid is also displaced and more
light, for example, from the blue end of the spectrum, will
impinge on the screen than from the red end. As the rays are
further deflected in the same direction, this relation will
continue to change, so that as the deflections of the rays con-
sidered increase, the illumination on the screen will change
the color from purple through blue, green, yellow, orange, and
red, back to purple, which will appear again as soon as the
displacement of the image of the source is equal to the grid
spacing. Larger deflections will cause additional color change
cycles in the 1llumination on the screen.  Deflectlions of the
rays in the direction opposite to that considered until now
will cause an alternation of colors in the opposite sequence.

In some cases 1t 1s desirable to replace a grid with equally
wide parallel strips by a grid in which the transmissive
strips widen (Fig. 84), i.e. the width of the stripsg changes
along their length). When such a grid is used °The deflections
of the rays (components of the density gradient) appear with
the color changes on the screen which are perpendicular to
the axes of the Btrips of the grid, whereas the deflections
of the rays in the direction of the strips will manifest
themselves in changes in the illumination as in the normal
diaphgram schlieren method. A further improvement canbe obtained
with the aid of a grid which has several rcws of grid systems
with widening strips (Fig. 84). This increases the sensitivity
?f g?e equipment to deflections in the direction of the strips

176].
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A colored image of /125
the inhomogeneities can T
also be obtained by
other methods. The
method in which the
same equipment is used
as in the grid diaphragm
schlieren method (see
p. 114) 1is suitable
for large inhomogeneities,
where the normal grid,
located in the focal
plane of the second lens,
is replaced by a colored
grid [162, 1917 (see
Fig. 85). The principle
for other suitable
equipment is given in
Fig. 86. The middle
strip of the plate D
which is not cross-
hatched radiates white
light and the other
strips glow in various
colors. The size of the
Flg. 84. Grid with widening strips. layer that 1s studied
must be such that it does /126
not extend past the
pencil of rays whichradlates from the surface as luminous
white light and enters the aperture of diaphram C. If at some
point 1in the layer there is an lnhomogeneity deflecting the
rays by the angle € (1ts tangent was denoted in equation (44) and
elsewhere by y'), in the observation fleld the point illuminated
by the light of the =ame color at which the strip marked in Fig. 8 b
by the letter b glows corresponds to this point. Hence, '
in thls method, a certain deflection ¢ (a particular interval
of values of the deflection &) corresponds to each colored
Strip » The method is only suitable for large deflections e and
small dimensions of the layer that 1s studied, since otherwise
the distance denoted by 7 in Fig. 86 is too large [162].

The methods that were described in this chapter are used
very seldom even though they yield good results. The reasons
are the difficulties which arise when colored photographs are
taken and reproduced, since the inaccuracies in the reproduction
of the colors in this method reduce considerably the accuracy
of the results in the case when the density field is determined
guantitatively.
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Fig. 85. Photograph obtained during flow through
a cascade using colored grid placed in the image
foecal plane of second lens. The photograph was in-
cluded with the kind permission of the VZILU
[expansion unknown; probably Aviation Research
Institute], and the author [191].

ot

3.2.4., Interferometriec Methods

The interferometric method requires in comparison with the
methods in group 3.2 that were presented much more complex
and expensive equipment, and the requirements on the service
are also greater. Nevertheless, recently it has been used
more and more frequently. The reason for thls is that among
all the methods in group 3.2 that were presented, it furnlshes
the most accurate data about the density field in the layer
that is studied. These data can also be obtained from the
interference images without particular difficulties, even
though laboriously, without 'special Iinstruments.

On p. 8% it was mentioned that if the refractive index of
the layer that is studied whose thickness will henceforth be
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denoted by I (until now in

most cases this thickness

was denoted by x3 - x1)

changes from the original

value ng to the value n,

in each of these two cases

the ray will leave the

layer with a different phase.

Hence the phase shift of

the passing rays corresponds

_ . to a change of the refractive
= ; > index in the layer, and

Flg. 86. Schematle diagram of to 1t, in the surrounding

equipment used to obtaln colored medium with the refractive
images of pronounced inhomo- index n', corresponds the
geneities (M -- focusing screen; displacement As along the
D -- colored grid filter; trajectory given by the
V -- analyzedlayer; C -- dia- relation
phragm; 0 -- cbJective;
T -- focusing screen). _

T Py

As = n' ’ (72)

which was given as (50) on p. 989.

When the change in the refractive index in the layer that
is studied is not the same everywhere, i.e. if n = n(y,2), the
bPhase and trajectory shlft will be a function of the coordinates
¥, Z. This means that by determining the dlsplacement As along
the trajectories at various points of the inhomogeneous layer,
it is possible to obtain data for determining the local values
of the refractive index, from which in turn the local values
of the density can be determined on the basis of the relation

no— 1 fy — 1

== zK,
PR (73)

which we presented as (47) on p. 89.

The shift along the trajectory can be measured uslng
inteference, for example, in the following manner. Two rays
are obtained from the same light source, one of which passes
through the inhomogeneous layer in which we determine the
field of the refractive index, and the other passes through
the layer used for the comparison (for example, a layer with
the same properties which the layer that is studied had when
it had no inhomogeneities, and therefore had the same refractive
index ng everywhere). If, after passage through the layers,
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the rays are combined again, they Interfere, provided they are
coherent. If the trajectory difference at the point where the
rays meet agaln is equal to an odd multiple of half the
wavelength A' of the light used (A' is the wavelength of the
light used in the medlum in which interference occurs, which
here is the medium whichwe called the surrounding medium with
respect to the layer examlned; and whose refractive index we
denoted by n'), 1.e. if at that point

(74)

0,1,2,

[ 251
&

A’ .
As= (2k + 1)__2_, where i

the light will be attenuated at this point, and if the intensities
of the two rays are the same the light will vanish. Con-

versely, the light will be intensified at points where the
trajectory difference of the interfering particles is equal to

an even multiple of the wavelength, 1.,e. where

‘$S=2k%=k-i’, where k=0 123 .. (747)

The dark and light fringes that are formed are called inter-
ference fringes. The record, a photograph of these inter-
ference fringes, serves as the basls for determining the

fleld of the local values of the refractive index in the layer
that is examined. This means that the data about the layer
that is examined are determined from the shape and grouping of
the interference fringes or possibly from their changes.

The images of the phase shifts of the rays, the interference
images, are obtained with the aid of interferometers. Hence,
in principle, the Michelson (Fig. 87) or Jamin (Fig. 88)
interferometers that are known from physics can be used [15,
167]. However, the Michelson interferometer has the disadvantage
that the rays in it pass through the layer that is examined
twice, which may cause inaccuracies when the records are
evaluated. The difficulty 1in the Jamin interferometer is the
small distance of the two separateéd beams which later interfere
with one another, so that its use 1s limited to cases when one
of the transverse dimensions, the dimensions in the directions
perpendicular to the directlion of the rays of the layer
examined, is sufficiently small, as, for example, 1In the study
of a boundary layer. The improper position of the plane in
which the 1Interference fringes are..formed in another shortcoming
in both instruments. The Interferometer proposed by Mach,
the Mach-Zehnder Interferometer, 1s used exclusively for experi-
mental aercdynamic purposes [223]. A sketch of this equipment

.
|
(A%}
o
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Fig. 87. Schematic diagram
of the Michelson interferom-
eter [15, 16]. (1. 1light
source; 2. lens forming
parallel pencil of rays;

3. plane parallel glass
plate with reflecting
semipermeable layer;

4. plane parallel glass
plate like 3 without
reflecting layer; 5. fixed
mirror; 6. displaceable
mirror; 7. observation
telescope 1nto which
luminous rays reflected

by the mirrors 5 and 6
enter and. interfere

8. image plane of
reflecting surface of
mirror 6). '

(in physics, similar equipment is
assoclated with the name
Rozhdestvenskly)} is given in

Fig. 89. Compared to the two types
that were described, it has the
advantage that the light passes
through the examined layer only
once, and that the separate beams
can be separated from one another.
over a sufficiently large distance
80 that if necessary, only

one beam passes through the
measurement space and the other 1s
completely outside this space.

The basic parts in a Mach-
Zehnder interferometer are
two plane mirrors Sj and S»o
(Fig. 89) and two plane parallel
semipermeable glass plates Pj
and P, (a semipermeable plate
is a plate which reflects halfl
the incident 1light and lets
the other half through). These
four basic parts are located in
the instrument in such a way that
when their centers are connected a
rectangke or square or possibly
another parallelogram is formed.
The mirrors and glass plates
during the measurements are either
exactly parallel and subtend with
the sides of the rectangle that
was mentioned 45° angles, or at
least one of these four elements
is slightly deflected from the
position that was mentioned as a
result of a small rotation about
the axis that passes through its

center, for example, perpendicularly

to the plane of the rectangle
that was mentioned (for additional
details,see p. 133) [226].

Another part cf the Mach-Zehnder interferometer ig a polint
source of monochromatic light placed at the focus S of the
collimator objective,or possibly the source is projected by the
condenser onto the collimator slit which lles at the focus of its
objective. Each light ray R emanating from the source S impinges
on the plate Py which is semipermeable, i.e. 1t splits the ray R
into two parts: the reflected and passing ray, whose intensities
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of Jamin interferometer

[15, 16] (Z -- light source;

A and B -- plane parallel
glass plates; 1 and 2 ~--
rays which interfere with

one another after reflection

on plate B).

Fig. 89. Schematic
diagram of Mach-Zehnder
interfercometer.

Fig. 88. Schematic diagram

are approximately one-half of
the intensity of the incident
ray R. If the plate and mirrors
are mounted so that they are
parallel, the trajectory of the
passing ray is determined

by the points ABCD1 and the
trajecotry of the reflected

ray by the polints AEFDI1.

A part of the luminous ray is
also reflected at the point B,
80 that it follows the ftrajec-
tory ABGMLKZ2, or, possibly,

due to the subsequent reflec-
tion at peint G, the trajectory
ABGHIK2. The refléction may
also occur at the point D, so
that a part of the original

ray may also have the
trajectory AEFDLEKZ2. All rays
which finally arrive at point 1
will have the same phase at
this point, whiech alsc appliles
to the rays arriving at point 2, both
of whiech follow from the assumption
that the mirrors and plates are
parallel and exactly planar, that

the two plates have the same
properties and are exactly plane
parallel, and that the medium between
the plates and mirrors 1s completely
homogeneous. The rays, lncident at
point 2 (and all similar rays)} even
though they have, in comparison

with the rays arriving at point 1,

a very small intensity, can never- /130
theless have a disturbing effect,
since the common value of the phase
of the rays at point 2 differs from
the common value of the phase of the
rays at point 1. Therefore, anti-
reflexive layers on the plates

are used to prevent them from impinging
on the screen. Hence, we may con-
sider conly rays which are analogous
to the rays passing through point 1
which will illuminate the screen
uniformly. Thls satlisfiles to a certain
extent all the assumptions and

requirements made on the properties of the parts of the inter-
ferometer which will be discussed later (see p. 140),
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Now if in one branch (for example, in the branch AEFD1,
see Fig. 89) of the interferometer inhomogeneities are fdérmed
as a result of the flow in the alr layer that 1s examined through
which the rays from the branch pass, then, for example, the
ray of the branch under consideration passing through point 1 will have
at the point D a different phase than before. If this phase
shift corresponds to a trajectory displacement which is equal
to an odd multiple of half the wavelength, a dark spot is formed
as a result of interference with the ray ABCD1 at the point D
{(and also at the point 1 and all points on the segment D1);
since the ray ABCD1 is incident at D with the original phase.
Similar pairs of rays will form additional dark spots. On
the whole, dark fringes will be formed on the screen (or
possibly dark regions which do not have exactly the form of
fringes), and at each point of a particular fringe, the phase
and hence also the trajectory difference of two rays whlch at
that point are disturbed by interference will have the same
value. For various k (k = 0, 1, 2, ...; see equation (74)
dark fringes of various orders will be formed.

We will now use (as before in most cases) the following
notation:

a) n and p are the refractive index and the density at the
point of the layer with the inhomogenelties that 1s examined
through which the ray AEFD1 passes; ¢ and A are the veloclty
and wavelength of the monochromatic 1ight used during the
passage through the layer that is examined;

b) ng, pPos Cgs, and Ag are the symbols for the analogous
magnitudes in the homogeneous layer used for the comparilson
which is located in the second branch of the interferometer,
through which the ray ABCDl passed;

¢) n', p', ¢' and A' will denote the analogous magnitudes
in the surrounding medium.

The difference of the optical paths of the rays AEFD1 and
and ABCD1 (and similar pairs of rays) 1s

Asoptz(n_nojl, (75)

since the layer that 1s examined and the layer used for the
comparison have the same thickness 7. In the surrounding medium
the path difference glven by relation (72) corresponds to the
above difference. From equatlons(72) and (74), we obtain for
the changes in the refractive index at which the dark inter-
ference fringes are formed the relation -
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R, 1 LA .
' p :“T(2k7"1}3" where E=10,1,2,3,...; (76}

=

i

in which we can take, on the basls of (73),

n— Ny = — fa)>
0 %6 (9 0) (77)
30 that we obtaln for p
g A 2k
g_nu—l_l 2 T (78)
0 Ao 2k+1 :
Twg—11¢ 2 %  where k=01,23 ..
in which the second equality holds because n' = cy/c' = Ay/A',

where Ay is the wavelength of the monchromatic light used in
vacuum and cy 1ls the veloecity of light in vacuum. Since

Ay and 7 are known and pg/{(ng - 1) = 1/K, according to (73),
this fraction has a constant value which we can easily determine
in advance (for example, for alr we already calculated

K on p. 89 and denoted the value by Kgs, so that for air.the

the fraction under consideration will have the value 1/Kg),

and it suffices, obviously, if we determine the density pg of
the layer used for the comparison and determine the order k

of the interference fringe. After substitution in (78), we
obtain the density along the line in the measurement space, which
corresponds to the given interference fringe and hence indicates
the peointgwhere the density p is the same. When the local
density is known, additional data can be calculated, data

about the local veloclty, pressure, the Mach number and
temperature [for example, 215, 217, 212, 239, 240, 242 and
others]. '

A procedure which i1s often used 1s {0 determine the density
at a point of the layer which corresponds to some point through
which the interference fringe in the interference image passes
on the basls of the measured static pressure at that point in
the layer. This 1s'usually done at several polnts In the
layer. If the observed layer 1is bounded by glass walls, holes
are drilled into them at selected points which are used for
measurement of the static pressure. The images of these holes
are in the field of view (Fig. 90), so that we can find the
interference fringes passing through the centers of these
images. If the interference fringe passes through the center
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of a particular hole, the pressure at these polnts of the layer
which correspond to the interference fringe under consideration

may be consldered to be equal to the static pressure measured

at the point where the hole 1s located. However, since the
pressure is measured at the point where the opening is the

inlet into the measurement space, i.e. near the wall of the measurement
space, and this pressure is not identical with the pressure

at those points in the layer which lle on the line through the
center of the opening across the layer, i.e. on the line
perpendicular to the walls (cover glasses) of the measurement space,
the accuracy of the data that were obtained in affected. How-

even, any other method of measuring the pressure would disturb

the flow.

Fig. 90. Interferogram with images of openings
used for measurement of static pressure [2].
(Interferometer adjusted for infinite width of
fringe.)

The densities corresponding to two neighboring interference /132
fringes differ according to (78) by

(Ag) - R

ny — L1 (79)

I

so that 1f we know the density corresponding to a particular
interference fringe, we can easily determine the densities
corresponding to other 1nterference fringes. Of course, we must
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know on which side of the interference fringe that was identified
the density increases. When k 1s the order of the ldentified
interference fringe, the fringes whose order 1is higher than

k, and to which, according to (78), correspond higher values of
the density are distributed from the fringe that was identified,
in the direction toward the point where the velocity on the
streamlined body is gzero, since, at this point, the pressure is
higher than at the polnts corresponding to the ldentified

fringe. Fringes whose order is lower than k are distributed

in the direction from the identified fringe toward the point where
the velocity is a maximum (Figs. 91 and 92).

The plotting of interference images in the form of drawings
which are later evaluated causes sometimes difficulties
because of the great wldth of the interference fringes. This
difficulty can be surmounted by subjecting the photographs to
a special photographlc process called equidensitometry [21],
by means of which two very narrow lines are obtained from one
wide fringe.

A Mach-Zehnder interferometer can also be used for the
study of inhomogeneous layers in a different manner. By
turning a mirror or plate, for example, by rotating the plate
P> about the axis which passes through 1ts center perpendicularlybo /134
the plane given by the centers of the plates and mirrors (the
plane in FPig. 89), we obtain a case which is similar to the
case in which the light passes through a wedge, in this case
an air wedge. We will analyze what happens in such a case.
The surrounding medium is considered to be entlrely homogeneous
and its refractive index is agaln denoted by n'.

The optical paths of the rays in both branches of the
interferometer will now no longer be the same (even though, for
the time being, we do not consider the insertion of the examined
inhomogeneous layer 1n one branch of the interferometer and
the layer used for the comparison in the other branch!). Their
difference depends on the angle of rotation of the platé and on the
distance of the ray from the axis about which the plate was
.rotated. Hence, we may assume that the pencil of rays passing
through one branch of the interferometer (for example, the branch
in whlchthenmasurement5pacew1llbe:rmerted must, in comparison
with the rays in the other branch, alsc pass perpendicularly
through a wedge with a small refracting angle o, which has a
refractlive Index that will be denocted by no). The rays in this
branch, unlike the rays 1n the other branch, will have a
trajectory displacement which, in the surrouding medium with
refractive index n', has the value

f
: fig Ry .
A = md —— ]
s=0d =, (80)
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where d is the thickness of the wedge at the point where the
ray . studied passes through the wedge and e is the dlstance of
this point from the edge of the wedge.

It is obvious that for some e, conditions (74) will be satis-
fied after the light disappears. According to (74) and (80),
the light wlll disappear when

A' ’
e=(2k+1)T-—"’—:(2k+1)2’°ﬂ, where k=0,1,235 .. (81)
. <~  ofy KTy

and where Ay = A'n' is the wavelength of the light that was

used in vacuum. Hence, dark interference fringes will be formed
in the fleld of view of the interferometer (Fig. 93) which are
parallel to the edge of the wedge (i.e. to the axis about which
the plate was turned). The distance b between two neighboring
fringes will be the same everwhere and equal to

b= B kgt — 2k 1) = i
—ekﬂ_ek_%cno e - ) (82)

(If the plate and mirrors are in mutually parallel positions,
i.e. if a = 0, according to (82), the distance b between the
nelghboring interference fringes {(and their widths) will increase
without 1limit. Therefore, in this case, which we already
discussed on pp.-128-132, we talk about adjusting the inter-
ferometer to an infinite width of the fringe.)

Now if the inhomogenecous layer wilith refractive index n
and thickness I is inserted in one branch (for example, the
branch EF) of the interferometer, the trajectory difference (80)
changesby a value which corresponds to the change in the
refractive index from the value ng to the value n (we assume
that in the place where the layer is inserted, the ailr was
originally still, and therefore we use for the original re-
fractive index the same notation as for the refractive lndex in /135
the wedge considered above, which is also formed in still air).
This change in the surrounding medium with refractive 1index
n! is given by the expression [(n - ng)/n'll, so that the
total displacement along the trajectory of the ray passing
through the branch containing the inhomogeneous layer that is
examined, unlike the ray that passes through the second branch
of the interferometer, in the surrounding medium with refractive
index n', will now be given by the expression

Ny n— g

As=T0g 4t NG ED
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instead of expression (80). However, this means that the
position of the original dark Interference fringes will also
change (i.e. those that were formed before the inhomogeneous
layer that is examined was inserted in one branch of the Inter-
ferometer, as a result of turning the plate Pp; see p. 133),
since, due to the change in the trajectory difference of the
rays, the condition for the vanishing of the light will now

be satisfied for a different thickness d' of the wedge, i.e. at a
different point e'. From equation (74) and equation (83),

in which we will write d' instead of d on the basis of what

has just been sald, we find that the light will disappear as a
result of interference when the condition

n— 1, gy n— : :
’ I= —ré’.\DC—'— ; OZ, where k=0! 1’2"- VI o
n i3 Tt

2k +1) = =220
2 n

is satlsfied, where the second equality holds on the basis of
the relation d' = oe', where a is the refracting angle of the
wedge. From the above, we obtain for e' which gives the new
position of the dark interference fringe, using the relation
A'n' = Ay, the expression

~
1_.I
[
(@)

Ay no— Hy

N R | — s . 3 Q
¢ =2k )ano X7l where k=012.3 ... (84)

When we compare the expression that was just obtained with
expression (81) for e which gives the original position of the
dark fringe, i.e. its position before the inhomogeneous layer
that 1s examined was inserted in one branch of the inter-
ferometer, and also when we compare equations (80) and (83),
we find that if n - np is positive, the original displacement
along the trajectory is lncreased and the change Ae = ¢ - e
in the position of the original interference fringe is in the
direction of smaller d, i.e. in the direction toward the edge
‘the wedge (to the axis about which the plate P, was turned;
see p. 132) and the converse will hold when n - ng is negative.
According to (81) and (84)

n— f,

Ae=e—¢ = pog l, : (85)

so that we obtain, for the ratic of the change in the position
of the fringe to the original distance b between the Interference
fringes with the aid of equation (82), first
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1
éﬁ: (n — ng) —

b Ay (86)

and, taking into account (77),

1 —1
Ao _ZTT (g — oo

b Ay g (87)

This equation determines the relation between the change in the
position of the interference fringe and the change in the
density. From the above we obtain, for the unknown density,

Ae 2o }'v , .
o= TRt T e Gheta (88)
where
D _}*_v_
Oo==nn__1bz is a constant; hence for Ap = p - pg
wesobtaln )
AQ = C‘)AB.
| (89)

On the basis of expresslion (88), the density can be deter-
mined at any point of the layer that 1s examined provided we
measure. the change Ae in the position of the interference
fringe as discussed In the next section. The unknown density
p however 1s determined, according to (88), as a function of
the density pp in the homogeneous reference layersfor which the
surrounding medium can also be used. The original interference
image formed by the parallel equidistant fringes with thespacing
b given by relation (82) belongs to this reference layer. The
reference medium for the density pp is the surroundind un-
disturbed atmosphere in the case when the flow around bodies
in flight (projectiles, etec.) 1n the free atmosphere is studied,
or during the study of axisymmetric outflow of alr from a nozzle
inte the free atmosphere. During the observation of flow in
funnels, the reference medium is the air in the so-called
compensation chamber which 1s inserted in the branch BC of the
interferometer (the measurement space in the tunnel is in-
serted according to the previous prerequisite in the branch EF)
or the undisturbed flow 1n the tunnel before the part of the
measurement space that is examined [212]. In the last case, the
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rays from both branches
of the interferometer
pass through the
measurement space,
i.e. through the

same cover glasses.
This method is
predominately sultable
only for supersconic
flow when the flow
before the shock wave
or the front wave

of the streamlined
body 1s not dlsturbed.
The compensation
chamber is a sealed
vessel, whose walls
which are perpendicular
to the direction of
the rays in branch

BC, form two parallel
glass plates with the
same properties as

the cover glass of

the measurement space.
The ailr inslde the
chamber is either
constantly maintalned
in the same state,

or the chamber 1is
connected by a tube
with the opening used
for the measurement of
the static pressure

of the undisturbed
flow In the tunnel.

Fig. 91. Interferogram of flow fleld
in a cascade [10]. (Interferometer
adjusted to infinite width of fringe.)

The interference fringes are usually evaluated from photo-
graphs. To facllitate this operation, various preparations or
apparatus and useful techniques can be used. The basic
measurement is the measurement of the distance Ae at the
required points. If we want to determine the density p at
a point M of the layer that is examined, the Ae, which,
according to equation (88), must be known, is determined as
follows: we find (the shifted) interference fringe which
passes in the field of view through the image M' of the point
M, and next we find the original position of the same fringe
(1n this original position the fringe was stralght, whereas
in the shifted position it i1s usually not stralght), and flnally
we determine Ae as the perpendicular distance of the point M' on
the shifted fringe from the original position of this fringe
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(Figs. 94 and 95). The original
position of the fringe is the
position which it occupied in
the case when the examilned layer
was either not yet inseérted in
one of the branches of the
interferometer, or when 1t was
inserted there but was not yet
homogeneous (for example,
because the alir did not yet
clrculate in it or clirculated
in such a way that the flow
field was homogeneous) and had
the same density pp everywhere.
For example, a comparator with

a reading microscope with a
capability for mutually perpen-
dicular shifts is used for the
measurement of Ae.

Fig. 92. Interferogram of
flow around cylindrical
body with conical front
part [146]. (Inteferometer
adjustdd to infinite width
of fringe.)

Since, to deftermine Ae, the
original position of the inter-
ference fringes must also be known,
the original fringes are copied
in thin cutouts on the photograph
that is evaluated to facilitate
the evaluation, or the original positions of the fringes are
obtained through extrapolation on the basis of the known behavior
of shifted fringes at points (regions) where 1t can be assumed
that the original :state did not change, so that the fringes were

Fig. 93. Interference fringes obfained with the
aid of the Mach-Zehnder interferometer adJusted
for an infinite width of the fringe. The
measurement space 1s free of inhomogeneitiles [101.
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not shifted at those points. However, thls second method may
lead to 1inaccuracles, since the assumptlon that was made need
not be satlsfled exactly in the reglons under consideration.
Although a similar assumption is alsc used in the mutual
pairing of the shifted and orlglinal fringes 1In the first method,
the danger of errors is smaller since the original (straight) /138
fringes are copled (in cutouts) on the photograph that is
evaluated, so that their directfion and positions are known.
Another procedure that can be used is that the corresponding
grid is prepared in accordance with the original interference
image (which was obtained, for example, when the medium in the
measurement space was qulescent, the tunnel was blocked),

which i1s copied fogether with the photograph, or is photographed
simultaneously with the flow that i1s examined (Fig. 96). When
photographs of flow flelds with large changes in their
refractive index are evaluated (for example, at points through
which a shock wave passes) the high concentration of the

fringes caused by thelr large shift over a small width causes
difficulties. Since, for purposes of accuracy, it is advantageous
to adjust the interferometer for very dense interference fringes,
in some cages it is not possible to study the interference
fringes during the transition through such regions. However,
when light which 1s not perfectly moncchromatic i1s used, usually
not all fringes have the same intensity, so that their behavior
can be traced more easglly in these cages. Mathematical machines,
for example, a mechanical analyzer, which calculagte and

record the pressure distribution from interference images have
also been constructed [230].

Fig. 94, Interferogram of flow around wing with inter-
ferometer adjusted for a finite width of the fringe [5].
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At first sight, the interfero- /139
metric method of studying the flow
seems o be rather simple. In fact,
when the assumed 1deal properties
off the optical parts are not satisfied
and when the disturblng surrounding
effects manifest themselves, its use,
especlally during the adjustment and

3 eliminatlon of disturbing effects
Fig. 95. Diagram for by means of various corrections is
discussion on p. 136, very laborlous and time consuming,
which also reduces the accuracy. The
inaccuracy of the method itself,
when used as described, is sufficiently small when the density
is determlined and it depends on the type of the flow field that
ls studied. 1In the usual cases, 1t can be held below 3% up to
a Mach number 6 [146, 212]. However, the inaccuracies in the
equipment and the devliations from the assumptions that were made
in the analysis of the method have a substantial effect on the
measurement error. Thus, for example, the glass plates and the
cover glasses of the measurement space are not exactly plane
parallel, homogeneous, and they do not have the same refractilve
index; hence, they are not completely identical, for instance,
also, due to the effect of the temporary birefringence of the
glass caused by mechanical stress. Mirrors are never exactly
planar. The uneven temperature in the surrounding air through which the

Fig. 96. Interferogram of flow around a wing
and grid with original distribution of inter-
ference fringes [212].
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rays pass, the nonunlform temperature dlstribution in the glass
plates, the vibrations in the entire equipment_ . and the
acoustical waves 1in the tunnel, the effect of the cover glasses
of the measurement space on which the exlsting boundary layer
changes the two-dimensicnal character of the flow, ete. are

the disturbing effects which coccur most frequently.

Other problems are introduced by the light source which is
not exactly monochromatic, The finlte width of 1ts spectrum
limits the maximum number of fringes that can be cobtained, since
it limits the smallest possible width of the fringe for which
the entire field of view is covered by fringes. For one end /140
of the spectrum of the light that is used (which is roughly,
but not exactly, monochromatic) a dark fringe is formed at a
certain point, but, for example, a light fringe from the light
at the Wavelength belonging to the other end of the spectrum
of the source is formed at the same point which disterts the
interference image. Another limitation on the number of
fringes that can be obtained follows from the fact that the light
source 1s not exactly a point source. Therefore, not all
rays pass through the glass plates at the same angle, theilr
paths in the plates are not the same, and undesirable phase
ghifts in the rays are formed.

Light refraction causes difficulties during the cbservaticn
of strong inhomogeneities in the layer that 1s examined [215, 219,
239]. The path of the ray ls curved during the passage through
such a region (see p. 84), which changes the interference image,
the fringes cross one another, spread, and sometimes the
photographs at such points become unreadable and the data that
are obtalned (provided that in thls case they can be obtained
from the photographs) are inaccurate. Hence, on the whole, it
is desirable to now discuss the requirements which must be
imposed on the properties that will ensure the best functioning
of the irildividual parts of the equipment and of the equipment
as a whole.

The typlcal method used to assemble the equipment 1is
illustrated in the drawing in Fig. 97, and the photograph is
given in Fig. 98. The light beam emanating from the source
must be converted by the lens Cy, the objective of the colli-
mator, into a parallel pencil of rays which passes through the
interferometer and then through the lenses C, and C3 which
focus the selected plane U in the measuremen% space- (the examined
layer) simultaneously with the interference fringes on the
photographic plate or screen (focusilng screen). Hence, the
mirrors and plates must be adjusted so that the penclls of rays
passing through the two branches leave the interferometer at /141
such angles that the unreal image of the interference fringes
is formed in the desired plane U of the layer that is studied.
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Fig. 97. Schematic diagram

of Mach-Zehnder interferom-
eter, (3 - light source; Cy-
objective ¢ f collimator; Py
and P» - semipermeable glass
plates; 37 and S, - mirrors;

M - measurement space; R - com-
pensation chamber; C3 and Cpo -
lenses forming the image of
the plane selected in the
measurement space and sirul-
taneously the inferference
fringes on the screen,sfo-
cuslng screen or photographic
plate; T - screen). Other
version exist in which in-
stead of the lenses (C; and C3,
mirrors are used; see, for
example, Fig. 106. The right
part ofthe diagram gives the
drawing of a detall in the
schematic dilagram of the light
source (V - discharge tube;

K - condenser which prolJects the
glowing dischrage into the slit
S of the collimator; the lumi-
nous surface S' of the slit
represents the llight source

S of the interferometer).
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If the measurement space
1s covered by glass plates,
identlcal plates must also
be inserted 1n the second
branch of the interferometer,
of course, as long as the
beams In both branches do
not pass through the
measurement space [213]. This
igs-done ih order that the optical:
paths of the raysiin both
branches do not differ
much. Sometimes, instead of
the other plates, a com-
pensation chamber 1s also
used {see p. 136}. The
arrangement of the plates
and mirrors must not always
be such that thelr planes
subtend a 45° angle with
the direetlon of the rays.

A regulrement on the
interferometric equipment
which 1s not easlly satis-
fled is that parallel
interference fringes of the
same width be obtained during
the observatlon of a
homogeneous layer. Some
equlpment achleves this
with a dispersion which is
1/10 of the width of the
fringe. It is obvicus that
it 1s much more difficult
to retain thisidispersion
value in plates and
mirrors whose dimensions are
relatively large. It 1s
difficult to manufacture
homogeneous glass plates of
large dimensions. In
addition to this the flexural
deformation of the plate
has an unfavorable effect
in those cases when the
plates are not vertical.
Similarly as the plates,
the cover glasses of the
tunnel and the compensation
chambers must have excellent
optical properties. In order



Fig. 98. Mach-Zehner interferometer manufactured
in Czechoslovakia, based on a proposal of workers
at the VZLU [217]. (The photograph was included
with the kind permission of the VZLU management
and the author [217].

that the effect of these parts do not cause a distortion in the
interference images which 1s larger than 1/10 gf the width of
the fringe for green light at wavelength 5000 A, their
refractive indgx must be constant with a tolerance which 1is
equal to 2:10-0 for 2.5 cm thick plates. The thickness of the
plates whose dimensions are larger must of course be

greater, the ratio of the thickness to the width (in the case of
a clrcular plate to the diameter) which 1s required for

réasons of strength in operation and manufacturing lies between
1:7 to 1:10. The largest plates used until now had diameters
of approximately 30 cm [231].
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The thickness of the semipermeable glass plates must not
differ by more than 1/12 and the thickness of the cover glasses
of the measurement space and the_ coMpensation chamber by more than
1/3 of the wavelength of the light that is used. All surfaces
reflecting the remaining light must be worked with the same
precision. The effect of small local deviations from homo-
geneity or from a constant thickness of the plates (provided
they are not too irregular; hence, for example, in the case of
wedges) can be moderated by the mutual turning of the plates
about the axes which are perpendicular to thelr surface, or
also be changing very slightly the angle at which the rays are
incident to the glass of the compensation chamber, which,
in the basic adjustment, is 90°. It ailso helps when the
positives are obtalned from the plate or film to incline the
plane of the photographic paper so that a positive with
parallel fringes corresponding to the still air in the tunnel
is obtained. The same inclination must then also be presented
when the positives are obtained in the case of an airflow.

The front surface of the glass plates P; and Pp (Figs. 89
and 97) must have an appropriate coating which lets through
approximately 50% and also reflects approximately 50% of the
Intensity of the incident light (among other things, the
absorption in such a layer must be very small), and the rear
surfaces must have a layer which prevents the formation of un-
desgirable systems of interference fringes from the rays
reflected from the rear walls of the plates. The rear walls
of the cover glasses and of the lenses must also have such
antireflexive layer. Mirrors must reflect more than 90% of
the intensity of the incident 1light [16, 217]. Generally, the
absorption in all optical parts must be as small as possible.

Al]l optical parts, especially mirrors and plates must
be impeccably clean. Dust, fingerprints or grease spots diffract
the rays, whose interference may subsequently form disturbing
interference fringes. Thls danger is great mainly in laser
interferometers (see p. 147).

The adjustment of the Interferometer requires that it be
possible to turn each of the plates Pp and P2 about the
horizontal and vertical ax€s, both of which must lile in the
plane of the reflecting surface. In addition to this, one of the /143
plates (usually Pp) must be adjusted so that it can
move  in the direction of the rays, thus changing the
relation of the optical paths of the rays 1n both branches of
the interferometer. Therefore, the plates are Iinserted in
frames {(in a way which will prevent deformation of the plates
even when the inhomogeneities can be corrected by
controlling the deformation [213]) and suspended in gimbal
suspensions, and the plate Po is also mounfed on slides. The
plates are turned Via remote control, since the presence of
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a person servicing-the equipment would ralse the local temperature
in the equipment and in the alr, which are highly unfavorable
disturbing effects. Bowden . cables, clock electromotors,
selsyns, etc., which are connected with multliple gears and

can be adjusted so that the position 1s determined with an
accuracy of 1" are used (see Fig. 99) [217, 212, 213, =232].

For a more perfect adjustment (during the setting of a larger
initial path difference; see below p. 145), one of the cover
plates of the compensation chamber was also turned [215].

Suitable ! 1light source are high-performance, high-
pressure mercury discharge tubes with input powers raised for a
short period up to 10 kW, and spark discharges (see p. 108)

Fig. i72). The baslc requirements are that the dimensions of the
source be small, a high intensity of the light,and

the exposure times must be very short, on the order of

several microseconds, because of the instability of the flow
(especially at high veloclties). A certain part of the intensity
of the source 'is lost to the monochromatic filter which 1is
indispensible durirg the normal use of the method. Recently,
experiments were made using a laser as a light source for

interferometers. Through the use of lasers, certain difficulties
which follows from the fact that classical light sources are

not perfect point and monchromatic sources "and the the coherence
of their rays 1s only limited to small path differences, roughly
to ten wavelengths of the light used, can be- . .
eliminated almost completely. All this facllitates considerably
the adjustment of the interferometer [237].

s
l—l
=
I~

The entire optical equlipment from the source té the
camera must be firmly secured on a sufficlently rigid frame to
prevent vibrationsof the partsand of the entire equipment. For
these reasons, the grips on the frame in the supporting struc-
ture are supplemented by vibration dampers (in smaller
equipment, by rubber blocks) or possibly suspensions on rubber
ropes [215].

These requirements are especially high on the seating of
the mirrors and plates in the interferometer 1tself. The
light source, the condenser, the collimator, the obJective,
and the camera are oftenlocated on an independent optical bench
which is separated from the frame of the interferometer.
This protects the interferometer from possible shocks that
arise during the manipulation of the components in the i1llumi-.
nation, image:forming or recording unit.

A . - pentaprism is used most often for the initial
adjustment of the interferometer when the plates and mirrors
subtend with the incident rays a 45° angle [225], although
other methods can also be used [146, 215, 217]. Then the
plates (or only one plate) are turned through a small angle until
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satisfactory lnterference
fringes are formed. De-
pending on the axls about
which the plates were
furned, the fringes that
are obtalned are either
parallel to the plane in
which the centers of the
plate lie, or the fringes
are perpendicular to this
rlane. Then the equipment
must be focused with the
aid of the lenses Cp and Cj
(Fig. 97) on the
selected plane in the
measurement space and the
sharpness and contrast of
the fringes must be
preserved by turning the
plates. The focusing is
facllitated by inserting a
wire mesh In the selected
plane. After the various
errors in the equipment,
mainly the errors due to
98 the refraction of the rays
in the inhomogeneitles in
the measurement space have been
moderated, it is advantageous
to focus on the plane in the
middle of the measurement space
[146, 215]. A monochromatic
scurce with a lower intensity than that used during the
measurement 1s used., Usually, it is a sodlum or cadmium lamp.
The additional measures that already have beeh deg¢ribed prove the
quality of the initial interference image, i.e. the parallelism
of the fringes.

Fig. 99, Plate in gimbal suspen-
gion. It is a part in the

interferometer in Fig.
(the photograph was included
with the kind permission of the
VZLU and the author [217]).

The adjustment of the interferometer to an infinite width
of the interference fringes (see p. 133) is even more
laborious. The white light (from the bulb) passes through the
interferometer with the plates and mirrors adjusted at a 45°
angleyand the zero-th order interference fringe (which has the
highest intensity) must be spread over the entire field of view
until the illumination in the field of view is uniform. This
is achieved by shifting the plate P, in the direction of one of the
light beamswithout turning the mirrors or planes. Using this
method, the result which must be achieved is that the
beams in the two branches of the interferometer have the same
optical path., After this basle adjustment of the lnterferometer
to an Infinite wildth of the fringe, it 1s convenlent to set a
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certain selected Initial trajectory difference before the

measurement. This difference {(which is constant over the

entire field) must be such that it is roughly compensated by the
trajectory difference formed in the flow region which 1s of

greatest interest to us during the measurement. We then ob-

tain in this reglion much clearer interference fringes than we /145
would have without setfing the initial trajectory differencey

which is especially evident when a source of light that . is not
suf?iciently monochromatic 1s used [213, 224, 230, 233, 217, 215,

1571,

Hence, three different types of interferometric images of
the same flow filield can be obtalned by different basic ad-
justments of the interferometer. This is evident from the
drawing in Fig. 100. The adjustment method yielding an image of
type B' is usually preferred over B", since more data
about the shift of the fringes in the vicinity of the leading
edge of the profile can be obtained from B', because in the case
B' the fringes at this point are denser than in the case B".

Interference images (Fig. 101 ¢) which are similar to type B
in Fig. 100 can also be obtained photographically, by copying
on one paper the positive of the image 101 a and the negative
of the image 101 b. A photograph of the same flow field
obtained with the aid of an interferometer adjusted to an
infinite width of the fringe is given in Fig. 101 4 for a
comparison.

The functioning of the entire equipment depends on the
proper choice of the type of tunnel and 1ts dimensions to be
used together with the interferometer. For two-dimensional
studies, the measurement space should have a rectangular cross
section and for the study of flow around axisymmetric bodies,
the measurement space should be cylindrical. The tunnel and the
measurenent space must be adjusted so that the flow in the measurenent
space is not disturbed. The selection of an open or closed /1h7
circuit in the tunnel must be considered from several points of
view. nIn a closed circuit it is malnly the dlsturbing effect
of the air which is heated during the flow, and in the
measurenent space, the disturbing sound waves which propagate
from the blower in the direction of the flow or posslibly against 1t.
The first unfavorable property of closed circuits can be
moderated sufficiently well by cooling; however, the second
cannot be moderated easily; the design of the tunnel nust be
changed. In an open tunnel, these effects are eliminated;
however, the condensed vapors in the air have a very unfavorable
effect.

The suspension of the model in the tunnel must not dlsturb
the flow. Recently, the ONRA [expansion unknown] magnretic
suspension has been used advantageously [202]. When the model
is mounted on the pins in the openings of the cover plate of the
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Fig. 100. Principle for various methods used to
adjust the Mach-Zehnder interferometer:

B - adjustment to infinite width of fringe:

B', B" - adjustment to finite widths of fringe;
A - investigated layer; C - screen.

measurement space or glued to them, the plates must not be bent

as a result of stress. The depth of the measurement space must
be selected taking into consideration the processes that will
be istudled, so that the refracted light does not distort the
interference fringes at a great depth. Since the number of
fringes also depends on the density in the measurement space, it
1s convenient to vary the density (tunnels with a
variable density of air).

Interferometric methods can be used for the study of a
large number of different cases of flows in a wide range of
Mach numbers from M = 0.2 up to highly supersonic cases. They
can also be used at very low pressures [236], for example,

a shock wave was determined in nitrogen already at a density of
1.5-10-3 kg/m3. Some 1llustrations which indicate their use

have already been presented earlier,and several other 1llustratilons
are given in Figs. 102 through 104. Although the boundary

layer is very clear in Fig. 104 ¢, the quantitative evaluation
caused problems, since the effect of temperature changes caused
by friction also contrlbutes to the shift in the interference
fringes. The method is also very sultable for the study of
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Fig. 101. a) Interferogram of quiescent field (flow
field without inhomogeneities). Interferometer adjusted
to finite width of fringe. b) Inteferogram of flow field
with inhomogeneities (adjusted to finite width of fringe).
¢) Moaré image resulting from superposition of interfero-
grams of type 101 a and 101 b. 4) Inteferogram of the
same flow field obtained with the aild of an Interferometer
adjusted to an infinite width of the fringe [146].
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unstable processes. Photographs obtained by the shadow method
can also be obtained with interferometric equipment (see p. 154)
by stopping down the branch of the interferometer which contains
the compensation chamber. Equipment which makes it possible to
obtain from the same measurement space simultaneously photographs
using the interference method and the diaphragm schlieren

method has also been deslgned (see p. 153). Drawings of these
modifications are given in Figs. 105, 106 [146, 159, 218, 219,
220, 221, 238, 242 and others].

The method taklng advantage of the interferometric method that
was described 1s used most frequently and ylelds the best
results. In spite of this several attempts were made to use
other types of interferometers [227, 228, 230].

In the last few years a laser has been used as the light
source for interferometers. Due to the the differences between
the properties of a laser 1light source and the propertles of
classical sources, the basés for new designs of interferometers
for use in the mechanics of flulds have been obtalned. For
example, a ruby laser can be used for these purposes, which
gives single light pulses whose duration 1s 0.1 microsecond.

The coherence of its rays is adequate for use in interferometers;
however, the energy of the pulse must be limited =0 that the
optical parts of the interferometer are not damaged during
strong pulses, and there is also the danger of injury to the
eyes.

The advantages of using a laser are primarily that the
time coherence 1s preserved sufficlently well even when the
differences in the trajectory of the particles are large, on the ordsr
of several to several tens of centimeters. This eliminates the
requirement that the mirrors and plates in the individual
branches of the interferometer have the same thicknesses.  This
fact together with the good spatial coherence of the )
rays manifests itself 1n a substantial reduction of the
laboriousness with which the Mach-Zehnder interferometer is
adjusted. In addition, it also facilitates the assembly of new
types of Interferometers. In addition to using a laser as the
light source in a Mach-Zehnder interferometer when the necessary
light beam 1s formed from the narrow pencil of parallel
light rays emanating from the laser with the aid of the lens,
simpler interfercometric devices can be assembled with the aid
of a laser. Advantage 1s taken of the fact that the ray
passing through the second branch of the interferometer can
remaln very narrow, so that 1t can pass through the measursment
space at a suitably chosen point,, or péssibly through a certailn

point in a separate part of the measurement space which represents

the compensation chamber. From the narrow  beam
emanating from the laser, using, for example, a double prism!
and a diverging lens (Fig. 107), a thin reference ray and a

150



Fig. 102 a, b. Interferograms obtained with interferometer
manufactured by the firm Novotechnika, FRG, a) flow through
cascade; b) flow through nozzle.




Fig. 103. Interferometer manufactured by the firm Novotechnik,
FRG. a) Interferometer in position for basic adjustement.

b) Schematic dlagram of Interferometer. The meaning of the
symbols is the same as in Fig. 97. 83 and S8y are accessory
mirrors forming a periscope whose use is of no essential
importance. It 1s used to achieve the result that the axis

of the emanating beam is 1dentical with the axis of
the entering beam so that the illuminating and
image~forming parts have colinear optical axes.

152



Fig. 103. Interferometer manufactured by the firm
Novotechnik, FRG. c¢) Relatively large type of
interferometer manufactured by the firm Novotechnik
in ogeratin% @osition near wind tunnel at the

Instltute o hermodynamics of the Czechoslovak
Academy of Scilences,.

diverging  beam are formed from which a beam - which

fills the entire cross section of the measurement space is obtained/ys /353
by a converging lens. The reference ray must pass through the

image focal plane of the second lens, outside the area occupied

by the principal  beam in thils plane. The reference

beam '~ 1is spread on the screen (the focusing screen

of the camera) with the aid of a small diverging or converging

lens placed in this plane so that the areas illuminated by

the two Dbeamss on the screen cover one another (Fig. 108).

If the reference ray.cannot pass through the measurement
space, 1t can be gulded outside the measurement space with the aid of
of a periscope consisting of four small mirrors or prisms,

- taking advantage of fiber optics. If, as a result of thils measure,
the trajecotry difference is large so that,

after the two rays are combined, coherence is not preserved,

the optical path of the measurement beam  must be lengthened
and the equipment must be adjusted similarly as the Mach-Zehnder

153



Fig. 104, Interferograms obtained wilth Interferometer ad-
justed to a finite width of the fringe: a) flow around
a projectile [146]; b) flow through cascade.
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interferometer. . Very
small mirrors can be

used in the branch of
the reference ray in

the process.

Hence, interferometers
with a laser light source
have many advantages.

In addition to those

that were already men-
tioned, the additional
advantages are the
simplicity of the optical
equipment requiring a
substantially smaller
Fig. 104. Interferograms obtailned number of high precision

with interferometer adjusted to a cptical parts than the
finlte wildth of fringe: ¢) flow Mach~Zehnder interferometer

~around plate with & sharp gdge [146]. and also the smaller
: : ' sensitivity to vibrations.

On the other hand, however,
complications arise during

the operation and when the laser is adjusted. The possibility

that disturbing interference fringes caused by the interference /154

of the rays reflected from the optical parts or posslbly

diffracted on the impurities (dust, grease and fingerprints on

the optical parts) are also a disadvantage. The possibllity

that this may happen isconsiderable due to the high spatial and

time coherence of the light from the laser [237].

Attempts were also made to apply a procedure used in
holography. The principle of this procedure during the
analysis of the density field in the measurement space is as
follows: a coherent beam of  light with the required
cross sectlion 1s obtained from the laser, for example, with the
aid of a lens. It is split by diaphragms into two beams,
one of which, the . measurement beam . passes -through the
measurement space, and the second, the reference beam
passes outslde the measurement space. Using a wedge or mirror,
etc., the result 1s achieved that the two beams are mutually incident at
some small angle at the photographic plate 1n whese plane they sub-
sequently interfere. Thls arrangement represents a simple
laser interferometer (Fig. 109).

In the case when both beams consist of parallel rays
and there is no inhomogeneity in the measurement space, equidis-
tant interference fringes are formed on the photographic plate /155
after it is developed similarly as in the Mach-Zehnder
interferometer adjusted to a finite width of the fringe. IF
there is an inhomogeneity in the measurement space, we obtain,
as a result of interferenge, an image which records the changes that
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occurred in the measurement
space,  The photographs that
are obtalned are called
holograms, which are analogous
to the 1lnterference photo-
graphs from the Mach-Zehnder
Interferometer with the
exception that no plane in

the measurement space is focused
on the photographic plate,

and also that the maximum
density of the 1lnterference
fringes (the number of inter-
section points per unit

length of the orthogonal)

is mueh higher, up to

100 fringes per 1 mm.

Such a hologram is now
inserted 1in the path of the
light beam (the so-called
reconstruction beam),
which must have the same
propertlies as the reference
beam, the same wavelength,
the same shape, the same
incidence direction as during

Fig. 105. Schematic diagram of the hologram exposure (this
‘equipment layout for obtaining means that when the hologram
simultaneously photographs by was obtalined and the reference

' beam isted of
diaphra and interference consis
methodngZ - light source; parallel rays, the rays of the

K - compensation plate; reconstruction hbeam must
M - measurement space; C - knife be parallel, whereas when the
diaphragm; T - plane of reference Deam wwas divergent,
image; the permeability Py of the reconstruction beam must
the plate is 70%). have the same divergence).
The hologram represents an
optical grid on which the rays
of the reconstruction beam
diffract and form diffraction maxima. Only first-order maxima
can be observed clearly which are given by two images,
one real and the second unreal. . ’
The wave fronts é¢fboth maxima are the same as the wave fronts
of the measurement beam during the hologram exposure, so that
the original wave front of the measurement beam is reconstructéd.

Two exposures are made on the same photographic plate
(f1lm) produced by two identilecal light pulses from the laser when
the interferograms are obtained from the holograms of the
flow flelds, the first without the flow field, .produced by the
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Fig. 106. Schematic dilagram of layout for simulta-

neous analysls by diaphragm and interference methods
(1. position of image obtained by interferometer;

2. position of image obtained by dlaphragm method).

Fig, 107. Schematic

dlagram for forming
the thin reference
beam . 1. and the
diverging beam

2 from beams from
the laser 3. o

.

measurement and reference beam, which
gives a system of equidistant parallel
interference fringes, and the second
with the flow field in the measurement
space also produced by the reference
and measur ement beam.  After development
of the photographic plates that were
exposed twice, we obtained the hologram.

Next, by, lnserting the_hologram 1in
the recondtruction beam of light, we

reconstruct the wave front which would
impinge on the photographle plate
during-the simultaneous action of

the measurement beams from

both exposures. After .

circling out the zero order maximum, we
obtain on the next photographic plate

(possibly with the aid of a camera) placed behind the hologram
the interferogram whose fringes denote the polnts with the
same difference in the optical paths of the rays during both
exposures, l.e. an interferogram which is analogous to that
which we would obtain from a Mach-Zehnder interferometer when
it 1s adjusted to an infinite width of the fringe.

If the first and second hologram exposureshave fringes
corresponding to the same inhomogeneity, this inhomogeneity will
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Fig. 108. Schematic diagram of la

interferometer [237] (1. beam from
laser; 2. reference beam;

ment beam; 4. measurement space;
5. plane of image).

109.
of two simple laser inter-
ferometers for holography

Fig. Schematic diagram

N
4

[244] (1 angd 2. two T
ccherent. beams obtained through
separation by diaphragms 3 and

by 1. reference beam; 2. measure-
ment beam; 5. measurement

space). ‘

R
b

standpoint of adjusting the apparatus,

fectiveness, lles between the two ¢
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3. measure-

not appear on the
interferogram obtalned
by reconstruction
from the hologram,
since here only the
differences 1n the
optical paths which
cccurred between the
two exposures will
appear. This 1s the
~great advantage of

this method, since

the errors in the optil-
cal paths which do not
change do not appear on the
final interferogram. It 1s
obvious that the configuration
of the optical equipment must
not change between the two
exposures.,

s5er

Another advantage follows
directly from the basic

‘prineiple of holography.

This procedure makes 1t
possible to obtain from the
same hologram images of the
flow field from different
observation directions (in
accordance with the position
of the photographic plate or
camera). The data for an
analysis of three-dimensional
flow fields can be obtailned
in thils manner [243, 2447.

The Method of Phase
Contrast

3.2.5.

In addition to such
classical methods as the
diaphragm schlieren method and
interferometric methods which
have been commonly used for
a relatively long period in
large aerodynamle laboratories,
another new method should also
be mentioned, which from the
its substance and ef-
lassiecal methods that were



mentioned. This method uses the phase contrast and other modi-
fications of this principle " [245, 246, 247, 16].

In this method, which requires the same basic equlpment as
the dilaphragm schlieren method, the differences in the phases
of the rays, i.e. the phase differenceiin the rays passing
through undisturbed points in the layer that ls examined, and the
phases of the rays passing through invisible lnhomogeneous
layers, 1.e. points with a different refractive index than that
in their vicinity, are converted inte amplitude differences,
i,e. for example, into changes in the illumination on the
sereen. The conversion of the phase differences into differences
in the illumination (i.e. contrast) is achieved by the inter-
ference of the rays that were deflected by the inhomogeneities
in thé layer that is examined with the rays that were not
deflected in the image plane of this layer. The phase differences
are converted into amplitude differences that can be well
observed by a phase plate or possibly another absorption plate
inserted at the polnt where the image of the source 1f formed.

The phase plate has two fields whose optical thickness
differs, for example, by a quarter of a wavelength. The adjust-
ment of the plate and the form of the fleld are such that one
field exactly covers the basic image of the 1light source formed
by the - beam that was not deflected, and the second
field covers the remaining 1mages of the source, the images
formed by the beams diffracted by the inhomogeneity. This means
that the phase of the rays forming the basic image of the
source is shifted by 7/2 which corresponds to a displacement
along the trajectory equal to one-fourth of the wavelength of
the light used. The absorption plate is similar to the phase
plate, and it also has two fields. One of these, however,
does not cause a phase shift, but absorbs strongly the light
of the beam that was not deflected [16].

The interference images that are obtained provide data
about the density fleld of the object, since they contain
lines where the density is constant. (In this case, we have
the analogy of the Mach-Zehnder interferometer adjusted to an
infinite width of the fringe.) However, systems of fringes
can also be obtained along which a particular component of the
density gradient is constant, which is the analogy of the
diaphragm schlieren method with a grid diaphragm. Next, by
using clear diffraction fringes that are formed 1in the plane
of the image of the source when a very narrow source with a
s1it is used, a system of parallel fringes can be obtained on
the screen prov1ded the examined layer l1s homogeneous (similarly
as in the Mach-Zehnder interferometer adjusted to a finite
length of the fringes). The density field of the layer is
determined from the deformations of these fringes caused by the
inhomogeneitiles.
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The necessary equipment for the method of phase contrast
and the requirements on 1t are basidally the same as in the
diaphragm schlieren method. However, monochromatic light 1s
used. Hence, the equipment 1s less expensive and less sensitive
and it can be adjusted and serviced more easily than the
Mach-Zehnder interferometer. The advantage is that the method
of phase contrast also records weaker inhomogeneities than those
obtalned with the aid of the Mach-Zehnder Interferometer,
provided these are relatively small loecal inhomogeneities in the
center of the undlisturbed field. Another advantage compared
to the normal diaphragm schlieren method is that the evaluation
1s based on length measurements in the interference image, and
not on sensitlve photometric measurements. Finally, the fact
that the rays which ultimately interfere with one another are
separated directly (immediately) before the image is formed is
responsible for the fact that the accuracy of this method is
affected much less by the inhomogeneities in the surrounding
medium than 1n other sensitive methods used to determine the
Inhomogeneities 1n a transparent medium. Therefore, the
acoustical or mechanical vibrations to which the Mach-Zehnder
interferometer is very sensitive, do not affect considerably
the proper functioning of the equipment. However, compared to
the Mach-Zehnder interferometer, the disadvantage of the
apparatus that was described is the lower average illumination
of the observed field which is due to the use of an absorption
plate (Fig. 110).

This method is not widely used insofar as we can base our
judgment on the single available published study on this subject,
although 1t can be applied very successfully because of the
advantages that were already mentioned [245]. The results that
were obtained in this study merit a deeper analysis and a
comparison with measurements on a Mach-Zehnder interferometer.

Fig. 110. Visualization of flow in a nozgle using
the method of phase contrast [245].
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3.2.6. Methods Takilng Advantage of the Attenuation of the /158

Through the Gas Flow

' The shadow method, the dlaphragm schlieren method, and
interferometric methods have by now been developed to a high
degree of perfection so that very small differences in the
density of the gas in the measurement space of the usual type can
be determined by them. However, none of these methods can be
used at low density values of the gas that is studied. This
limitation becomes clearly evident at pressures below 10 torr,
when the optical thickness of the gas layer that is studied in
a tunnel with the usual dimensions 1s no longer adequate for
obtaining conclusive results. However, tunnels exist in which
the static pressure of the free flow is on the order of 10™1 torr.
New methods were developed for measurements under these condi-
tions. In addition to the methods that take advantage of
luminescence (see p. 56) these methods are mainly based on the
attenuation of the radiation passing through the gas flow that
is examined caused by the effect of absorption or possibly
dispersion. The following are used:

-- absorption of ultraviolet radiation by oxygen (for
wavelengths in the range 1400-1500 A,

-- absorption of ulgraviolet radiation by ozone (at
wavelength 2537 A),

-- attenuation of soft X-rays,

—— attenuation of corpuscular rays {(electrons, protons,
o particles, potassium atoms).

The attenuation of the radiation during the passage through
the measurement space can be described by the well-known relation

J(x) = Joexp [— [ pe()dz], (90)

where J(x) is the intensity of the rays after they have covered
the path x in the layer that is examined, Jg is the original
intensity of the rays when they enter the layer that is examined
(at the point x = 0), p(x) is the density of the gas examined
which is a function of x, since generally it varies along the
ray, and p is the attenuation factor which depends on the type
off gas, but is 1ndependent of the density of the gas and doces
not change along the ray, i.e. 1s independent of x.

Using the methods that were presented, the flow field can
be analyzed, i.e. the changes in the density p caused by the
flow. The baslc data about these methods are presented in the
following table [248].
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Type of radilation [Ultraviolet | Ultraviolet| X-ray Electron

- used. . | radiation | radiation | radlation |... beams
O

Properties of the | A = 1470 A | A = 2437 | o | Energy from

radiation (A = resonance rescnance A v 10 A 4 keV to

= wavelength line Xe . iine Hg | .. ... . .. 60 keV

Type of gas Only O Only © Any Any

examined O 3 i A S

H . 4 Y 4 145

Attenuation fac- 2.5-10 1.7+10 79 10°-10

tor 1n m2/kg

Density of un- _ _ L10-3

disturbed flow 7.7.107% | 1.2-1073 | 2.5.10-1) 2-10°

. 2+10

in kg/m T

Po

Static pressure

in measurement 0.46 0.7 150 1.2-0.12

space 1n torr , o

Fig. 11 gives the schematic diagram of the equipment for

the method taking advantage of the absorption of ultraviolet
radiation by oxygen. For example, the image of a shock wave in
oxygen 1in front of the apex of a cone wlth a 90° apex angle
at a Mach number approximately 3.9 was obtalned with the aid of
this equipment. The diameter of the field that is studied

in the measurement space was 3 em. The source of yltraviolet
radiation that was used was an oil-cooled xenon discharge tube
with a calclum difluoride window. A pressure below 10-4 torr must /159
be maintained in the entire optical equipment. Although the
shock wave can be seen on the photograph obtained with the aid
of this equipment, it is not possible to obtain conclusive
quantitative results by a photographic analysis because of the
nonuniformity of the photographic material., These results can -
be obtained during the study of the measurement space by a
narrow pencil of rays from point to point with the aid of a
photocell as long as it 1s possible to maintain a stationary
flow during the measurement period [250].

The attenuation of X-rays during the passage through the
measurement space wasg first used to measure the flow field point
by polnt with the aid of a narrow pencil of X-rays with a
0.05 mm diameter. An attempt has alsc been made to obtain a
photograph of the entire flow; however, here basic difficulties
arise and for the time being the results are meaningless. This
is due to the fact that the photographic film in comparison with

)
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chambers and counters is relatively insensitive to X-rays. Since
the attainable intensity of the soft rays which are suitable

for this method is small, the required phtographic time 1s

large, on the order of 1 min.

The basic scheme for the method which takes advantage of
the attenuation of soft X-rays is simple. The X-ray tube and
the intensity reader (detector) of the X-rays, hence, for
example, an ionization chamber or a (Geiger-Muller counter are
placed opp051te to one another at opposite sides of the measurement
space of the wind : tunnel., They are positloned so that /160
they can be jointly moved across and around the measurement part
of the tunnel. However, they can also be placed in a fixed
position and the model can be moved in the tunnel. The emlssion
from the X-ray tube must be high and the anode must have a

small surface [248, 252].

The attenuation of electron beams during the passage
through the measurement space was used to measure %he measurement
space first so that the measurements were made from point to
peoint. The density changes in the flow field were determined
on the basils of the intensity of the beam current of the
electron beams that passed through that were measured, for
example, wlth the aid of an electrometer or photomultiplier.

A numerical comparison of the discrimination boundaries
of the interferometric method and the method using the
attenuation of electron beams will demonstrate best the ad-
vantage of the second method durlng the study of gas flows
at low pressures. We will start out with equation (90) and
assume a constant density p = const along the ray. Slnce u
also does not vary, as already mentioned, along the ray, we
obtain from equation (90), the relaticn

J = Jyexp (—uel), (91)

where 7 1s the thickness of the layer that is examined. If
we carry out, for the same initial energy of the electrons
and the same initial intensity Jg of the electron beam,

two measurements durlng which we measured the intensity J;
of the electron beam after passage through the point with
denslty p1, and the intensity Jo, of the same beam after pas-
sage tThrough the point with density pp, we obtain, for the
difference Ap = py =~ po of these two densities from the
previcus equation, the relation

1 J, (92)
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~ from which we can clearlyl6l
~write from small changes

AJ

1 AT
ul T

—A» =

ﬁ (93)

=

Finally, after in-
troducing in this
relation the
so~called linear

attenuation

. - . coefflelent o
Fig. 111. Schematic diagram of equip- defined by the relation
ment for the visualization method a = pp, we obtain:
taklng advantage of the absorption of
ultraviolet radiation by oxygen [250]
(1. source of ultraviolet radiation; Ao 1
2. monochromator; 3. nozzle; 4. measure- == (94)
ment space; 5. plane of image). ¢ sl J

We will assume for

the numerical compari-
son that the thlickness of the layer that 1g examined is
1 =6 cm, its denslty 1s p = 4,7-10"3 kg/m2, which corresponds,
in the case of alr, to a pressure of 3 torr at a temperature of
25°C, an 1nitlal energy of the electrons of 5 keV and an
attenuation factor a = 0.9 em~i. Given the high sensitivity
of modern instruments for the measurement of electrical current,
current intensities on the order of 109 A can be measured
well with a 1% accuracy. Hence, we will determine AJ/J with
such accuracy. From eqguation (94%) it follows that 0.2%
changes in the degsity an be measured well, so that in our
case Ap = 9.4:10-0 kg/m°, which corresponds to a difference
in the pressures of 0.006 torr.

When we use the interferometer, we will distinguish the
shift of interference fringes which 1is 1/10 of the width of
the fringe. This shift 1s caused by a change in the optical
path of one of the interfering beams by 1/10 of the wavelength
A of the light that 1s used, to which corresponds the dirference
An = 0.1Xx/1 in the refractive indices. Now, usﬁng e%uation (B7)
and letting the constant in 1t be Kg = 2.26.10-% k m3 which
we calculated for air in the lines following equation (47), we
find that the difference Ap in the density which is equal to

0,12 LA

AQ = —
1K,
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corregponds to the difference An in the refractive indiceés that
was given. If we also fake 1nto consideration that green
light at wavelength A = 5:10~2 cm was used and let, as in the
preceding paragragh 7 =6 cm, we find that densities greater
than Ap = 6:10-3 kg/m3 can be measured interferometrically.
Hence, the methed which takes advantage of the attenuation of
electron beams 1s more sensitive by two orders of magnitude
than the interferometric method In the case under consideration.

A further substantial lncrease in the sensitivity of the
method taking advantage of the attenuation of electron beams
cannot be achieved sufficlently well by increasing the factor
al in equation (94), since the intensity of the measured
electron beam would drop sharply and could not be measured so
accurately. This difficulty cannot be eliminated by increasing
the input intensity of the beam current, since at higher
values of the input intensity of the beam current, the gas is
heated, ! Article [253] states that for an electron probe the
heating is negligible at an input intensity of the beam cur-
rent less than 10-7 4.

The equipment for the method which takes advantage of the
attenuation of electron beams consists of the source of the
narrow electron beam and the detector. Diaphragms are placed
in front of the detector which prevent the impinging of
electrons that were deflected from their original direction.

The entire equipment can be placed inside the measurement space
[247] where it must be shifted and turned, or the walls of the
measurement space must have_appropriate windows. Another. method
was used to record the behavior of the density across a shock
wave in the gas flow in a shock tube 4t a low pressure (0.5 torr)
when nelther the interferometrlic.method nor the X-ray method
could be used [254]. The windows in the shock tube had

openings with a 10-15 um diameter in a platinum foll which was
25 um thieck. The source of the electrons was meounted .on a
spherical suspension whose center of rotation was in the inlet
window, which made 1t possible to adjust correctly the direction
of the electron beam. Other types of corpuscular radiation can
be handled similarly.

.
|_I
(@Y
o

The disadvantage of the method that was deseribed. which takes ad-

vantage of the attenuation of the electron beam is that
it does not furnish simultaneously the entire image of the flow

field. However,since, in comparison with the method taking
advantage of the absorption of X-rays the reactlon time of the
detector is much shorter (on the order of several microseconds)
the image of the entire flow field can conceivably be cobtailned
with the aid of a special cathode ray tube.

However, in an attempt to obtain on the flucrescent screen
simultaneously the electron shadow image of the entire flow
field, experiments were also made with a bundle of diverging

165



electron beams with a larger cross-sectional area of the bundle
[254]. When a bundle of parallel electron beams enters a gas,
the electrons are deflected from the original direction of :
motion as a result of diffusion and the bundle widens,
acquiring the shape of a spindle,until it occuples roughly a
spherical space whose dlameter 1s approximately equal to the
range of the electron. The air in the region " which the
electrons enter has a bluish-vioclet glow.

The schematic diagram of the equipment that was used in
[254] to obtain the electron shadow image of the flow is gilven
in Fig. 112. It consists of an alr-tight chamber sealed at
one end with a glass window through which the screen is observed
or photographed from the outside. The gas flow which is
studied enters into the chamber from the sldes through a nozzle,
The required vacuum is maintained in the chamber with the aid of
a vacuum pump which is connected to the neck at the side
of the chamber. The source of the electron beams, the electron
gun, is inside the chamber. The transparent fluorescent
screen on which the bundle of impinging electrons forms a
circular luminous trace is placed at the distance sg from the
gun perpendicularly to the axis of the electron beam. When the
input energy of the electrons 1s in the range 3-25 keV, and the
pressure in the chamber in the range 1-20 torr, at a distance
sg = 65 mm the part of the luminous circular traee at any
polnt of which the luminance can be considered to be the same,
has roughly a 20 mm diameter. However, beyond this diameter,

the luminance of the trace is reduced considerably. Nevertheless,

shadow images can be observed under the conditions that were
described even when the diameter of the trace is 40 mm. During
visual observation, this attenuation of the luminance of the

periphery of the field of ¥lew does not cause great difficulties.

However, 1t makes the photography more difficult, since the
ratio of the luminance on the periphery of the trace to the
luminance at the center of the.trace is about 1:10. This
shortcoming can be eliminated by using an absorption equalizing
filter. It can be obtained by photographing the luminous trace
on the screen on a photographic plate on a 1:1 scale when the
gas whose flow is to be studied does not enter the chamber. The
energy of the electrons and the pressure inside the chamber

are adjusted to values at which the gas flow will he studied
later. The negative is then used as the base to which a
fluorescent layer 1= applied. A transparent fluorescent

screen 1s obtalned in this way which must be inserted in the
chamber 1nstead of the screen wilthout the filter.

A field of vliew with larger dimensions can be obtained by
using a magnetic lens which expands the originally narrow
‘bean. . From the published photographs of the shadow
electron image of an airflow from a cylindrical nozzle with a
1 mm diamter into a chamber in which the pressure was 3.2 torr
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Fig. 112. Schematic dia-
gram of equipment used

to obtain the electron
shadow image of the

flow [245] (1. source

of electrons; 2. nozzle;
3. connection for pump;
4. fluorescent screen;

5. glass window).

(the pressure drop on the nozzle
was 60Q torp) produced by an
electron  Dbeam with an initial
energy of 7.5 keV [254], it can

be seen that sufflclently

clear images cannot be obtained

by this method. Due to this and
also due to the entire character
of the method, the assertion of

the author of the method that
quantitative data about the flow
field can be obtained with 1ts aid
should be accepted wlth certain
reservations. The acquisition of
quantitative data would naturally
require-calibration equipment, i.e.
it would requlire that the relations
between the luminance of the

trace on the screen, the pressure
and the density of the gas layer

in the chamber, the thickness of
this layer and the deflection of the
electron beams fromthe original
direction be determined.
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Conclusion

From the survey of the methods that was presented, it follows /164
that the visualization possibililities are far-ranging and that
they can be used on a very wide scale. The sighificance of
visualization was already dlscussed in the introduction. The
great number of methods used until now makes it possible to
visuallze almost any case of flow. Thus, for example, airflow
can be visualized from the lowest velocities up to the highest
supersonic velocities, by using smoke up to velocities of
30 m/sec, aluminum powder up to velocities of 90 m/sec, and
with the aid of interferometric methods, or possibly diaphragm
schlieren methods starting with velocities of 60 m/sec, and,
finally,for high subsonic and supersonic flows, with the aid of
the shadow method. Images of the flow at very low pressures
(fractions of a torr) can be obtained, for example, by taking
advantage of luminescence exactly llke images of the flow of
highly viscous fluids by taking advantage of temporary birefringence.

With regard to the cost of the 1ndividual methods, the
conclusion can be made, on the basis of the survey, that the
requirement to obtain quantitative values entalls greater
expenditures on the equilpment. Certaln methods in group 3
(the interferometric method and the diaphragm schlieren method)
require the most expensive equipment. Further development
of methods in this group should be expected in conjunction with
the use of laser light sources.

The majority of the methods that were described have already
been used many times and in many cases the equipment required
for their use has been thoroughly elaborated. On the other
hand, very 1ittle is known about other newer methods. These
are mainly luminescence methods (see p. 560), the temporary
birefringence (see p. 75), and the phase contrast methods
(see p. 158). For the time being, these methods have not been
analyzed and worked out thoroughly, and thus cannot be used on
a wider scale.
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