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The two-wavelengths technique was already used a couple of years ago by
Ross and El-Wakil (Refs. 1 and 2) for the study of a simulated drop of fuel,
but then dropped because of different difficulties involved. However, this
technique is so fascinating that we again tried to put the idea into practice
by means of using holographic interferometry, instead of Mach-Zehnder inter-
ferometry. We thought that both some further theoretical work concerning
the evaluation of the interferograms and some experimental improvements would
make this measuring technique fit for use.

A1l interference methods, both the classical ones - as there are
Michelson and Mach-Zehnder techniques - and holographic interference techniques
first allow only the measurement of refraction index changes in the test
section. Only if the reference field is known and if the refraction index
was changed only by temperature or concentration or pressure, the interfero-
grams can be evaluated without additional assumptions or measurements. In
chemical engineering and combustion research there are however many processes
where heat and mass transfer occur simultaneously. Since in all these cases
the refraction index is influenced by temperature and concentration changes
simultaneously, additional information is needed for the evaluation of the
interferograms. The combination of interferometry with conventional measuring
techniques using probes or thermocouples has severe drawbacks. The devices
can disturb the process, are often not fast enough for the measurement of
rapid events, or they are too big to allow examinations in thin boundary layers

It is therefore desirable to try to obtain the additional information
also by using optical techniques.

Since the refraction index is a function of the wavelength, the idea of
two-wavelengths technique is, to take two interferograms simultaneously in
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order to determine both temperature and concentrations of two-component systems
from the difference of the interferograms. This principle was already succes-
sfully used in plasma physics to determine the electron and ion density of a
plasma (Ref. 3).

The substances which one usually encounters in combined heat and mass
transfer, however, have a much smaller dependance of the refraction index on
the wavelength of 1ight as one finds when examining a plasma. Therefore the
optical set up, the measurement of the interference orders and the evaluation
of the interferograms requires much more accuracy than usually needed in one-
wavelength techniques. Holography provides much help to overcome the experi-
mental difficulties and thus enables many more problems to be examined by
using this technique. First the evaluation equations and the necessary cor-
rections of the interferograms shall be discussed. Then the experimental set
up will be explained and some applications will be given.

From the interferograms, which were made for example by using the double
exposure technique, one first gets the changes of the optical path along the
light beam {Ref. 1). S is the interference order in multiples of a wavelength
A. If we assume a straight light path and a constant field during the exposure
of the comparison field, the equation can be integrated if a two dimensional
field (constant in light beam direction) is provided. We then obtain Eq. 2
which is the equation of ideal interferometry. If gases are to be examined
the Gladstone Dale equation gives the relation between refraction index and
density. Using in addition the ideal gas law we obtain Eq. 3, where N is the
molar refractivity. This molar refractivity is the sum of the refractivities
of the pure components a and b in the mixture. Eq. 4 gives the relation between
fringe shift S temperature T and concentration C. Since N is a function of
wavelength, two interferograms taken at different wavelengths i; and X, allow
to eliminate one of the unknowns T or C. From Eq. 5 temperature T can be ob-
tained by evaluating both interferograms.

In Fig. 3 the principle of evaluation is demonstrated schematically. Two
interferograms with fringe shifts ijj and sy i, are recorded.

o
The difference of the product st is a value for — The concentration C
can be found also by using the temperature and only one interferogram.

The picture already indicates that the measuring effect is very small.
It mainly depends on the optical properties of the system. In order to obtain
good measuring accuracies the deviations from ideal interferometry must there-
fore be taken into consideration. Three effects will be discussed.

First we consider the case that the boundary layer extends over the act-
ual test length. Therefore the light beam receives an additional fringe shift
A S. This correction term can be calculated by representing the measured
fringe shift curve by a polynominal of e.g. 5th order and integrating Eq. 1
in Fig. 4. In two wavelength interferometry the differences of the two inter-

ferograms give the measuring value. The ratio of aS;A; and aS,a, ~ depends on
whether the fringe shift is mainly due to concentration or temﬁekature changes.
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This can be determined using an iterative way of solution, by neglecting first
all the correction terms.

An additional fringe shift is due to the fact that the light beam is de-
flected towards the denser optical fluid. If we assume that within this region
of deflection the refraction index can be represented by Eq. 1 the additional
fringe shift is calculated by using Eq. 2. In this case we have, focussed onto
the middle of the test section. The ratio of the correction terms is now pro-
portional to

2 2
Nagy or (P.i)
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Connected with the light deflection is a displacement A, of the inter-
ference lines. The beam which enters the test section at ¥y, is photographed
at the position y.. This is dependent on the focusing 1engt8 1. If the re-
fraction index is described by Eq. 2, the general equation for ghe 1ight beam
can be solved (Ref. 4, 5) and we get the exit values. The correction term 3
gives us the displacement error as a function of focusing length. Focusing
onto the middle of the section gives the minimum displacement, which is a

function of n' and n". The additional fringe shift is now proportional to
3 3
Naj D+
— -1
(W or G2

A more refined analysis is given in (Ref. 6) where the third order terms
are also applied to the calculation of fringe shift ASx in Fig. 5. The final
result then is that _the overall correction term is a minimum for 1f = 1/3,
with aSx = n'2 n" 25 1/30. The distribution of this correction term is shown
schematically in Fig. 7.

From the smooth temperature and concentration profiles a smooth fringe
shift curve S results. The correction term is however proportional to the
product of s' and s", and results in relatively strong local deviations of
the measured values, which can lead to considerable errors in the final eval-
uation procedure. This was confirmed experimentally.

In Fig. 8 the measured fringe width b is plotted for the wall next bound-
ary layer. The deviations from the theoretical straight curve lead to mis-
takes when the gradient near the wall is to be determined. Since both inter-
ferograms are affected, the resultant mistake can be kept small by careful
interpolation between the fringes.

The experimental holographic set up is shown schematically in Fig. 9.

It differs from conventional arrangements only by using two lasers simultane-
ously. The beams of a He-Ne-Laser and an Argon Laser are superposed in a beam
splitter S. Then the beams are divided into reference wave RW and object wave
OW, both with two wavelengths. The object beam passes through the test section
TS and both waves interfere on the hologram H. When a double exposure is made,
having a constant field first and introducing the heat and mass transfer before
the second exposure, the hologram can be reconstructed afterwards. The two
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resultant negatives. This is usually done by means of a microscope or photo-
meter.

This procedure is easy, has however an important drawback. It is nearly
impossible to get an exact reference line for the two interferograms. This
problem was already encountered by Ross (Ref. 1). It can lead to a displace-
ment of the two fringe shift curves to one another, resulting in enormous
mistakes.

Therefore a modified holographic set up was developed and tested.

The two interferograms are projected in this set up onto the hologram by
placing the camera lens between test section and hologram. The step of taking
sharp pictures by using the lens was thus combined with the recording of the
hologram. The hologram itself can now be used for measuring the fringe posi-
tions. This is done by illuminating it under a photometer alternately with
the two reference beams. This guarantees an exact correspondence of the fringe
shifts and improves considerably the obtainable accuracy.

It may be mentioned that both techniques result in interferograms which
are as crisp and sharp as in classical Mach Zehnder interferometry. All one
has to do is to carefully allign the optical set up and to eliminate inter-
ference patterns due to dust particles by using a pin hole in the focus of the
beam expanding lenses. Recent results show that interference lines with a
fringe width of less than 30u can be recorded and evaluated (Ref. 7).

In Fig. 11 the resultant interferograms of a heat and mass transfer boun-
dary layer are shown. The model consisted of a heated horizontal cylinder
covered by a thin layer of subliming naphtalene. Many of such interferograms
as well as interferograms obtained for heat and mass transfer on a vertical
plate were evaluated. One typical example is given in Fig. 12 where the re-
sulting temperature and concentration profiles correspond exactly to the wall
values, which were determined by extra measurements. Experimentally determined
Sherwood and Nusselt Numbers are given in Fig. 13. The values are in good
agreement with theoretical investigations as e.g. by Wilcox (Ref. 8). The de-
viations are mainly due to the fact that for obtaining the Nu and Sh-numbers
the gradient of the temperature and concentration profiles had to be determined
near the wall, which can lead to some errors. The evaluation technigue was not
the iterative way, proposed by Ross (Ref. 1) but the simultaneous solution of
the two interferograms.

When we got the invitation to this workshop we had only few time to apply
the two wavelength technique to the study of combustion phenomena. However the
results obtained within this short period may indicate how well this technique
works. The technique was used for the investigation of temperature and fuel
vapour concentration in a simulateddropof fuel, as earlier done by Ross.

Fig. 14 shows the dual interferograms of a burning n-Hexan cylinder. The
model consisted of a porous bronze cylinder of 9 mm ¢ and 50 mm length, through
which the fuel evaporated. Since the light beam near the surface is deflected
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into the surface (dashed circle) only outside of this region the boundary layer
could be studied.

The fuel n-Hexan is not well suited for the two wavelength technique be-
cause of the very low dependance of the refraction index on the wavelength.
Nevertheless the evaluation of the dual interferograms showed that the concen-
tration of fuel vapour reached nearly zero at the distance 1.5 mm from the wall
at the position 00 and about 3 mm from the wall at position 135°. Therefore
within this reaction zone the temperature was obtained by using one interfero-
gram only. The fringe shift could be determined until near the wall where the
fringe density is about 50 lines per mm which is an improvement compared to the
results of Ross.

Additional thermocouple measurements confirmed the interferometric results.
The region of fuel vapour can be estimated roughly by determining the fringe
width curve. The beginning of the reaction zone is connected with the beginning
of heat production and thus with a sudden change of the temperature and concen-
tration gradient. This results in a sudden change of fringe density too, which
can be seen in picture 14B indicated by the dotted curve.

First evaluations indicate that the fuel vapour concentration along this
curve reaches values of about 0,2. The results obtained so far are in good
agreement with measurements of Ross and the results reported in this workshop
by E1-Wakil who used gas chromatography as measuring technique.

The final picture may indicate some more applications of holography. A
double exposure hologram is compared to a single exposure hologram. This was
obtained by using a relatively long exposure time (1/50 sec). The interference
lines which are seen in the right picture are lines due to the changing of the
wavefront during the exposure time. The fringe density is proportional to wave-
front gradient and the velocity of change. Further theoretical work in this
very new field might reveal this to be a powerful technique for the study of
flame front velocities and instationary reaction zones.

The use of two wavelength holography turned out to be a fine measuring
technique for the study of simultaneous heat and mass transfer. The refined
evaluation techniques and the better experimental arrangement allow the in-
vestigation even of mixtures whose optical properties do not vary much with
the wavelength. This was confirmed by investigating air naphtalene and air-n-
Hexan mixtures.

The development of tunable gas-lasers which allow a farther spread of
wavelength, and the use of pulsed ruby lasers with frequency doubling promises
an even larger field of applications of holographic two-wavelength interfero-
metry. In this report only holographic two-wavelength technique was spoken
about. As a participant of the workshop I think that all the other applica-
tions of holographic interferometry as well as holographic particle determina-
tion techniques were not discussed sufficiently enough.

We may therefore refer to some more of our own applications and experiences
which were published in (Ref. 9, 10, 11).
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