Optical Methods applied to
Transient Heat Transfer and Two-Phase Flow

F. Mayinger, P. Gebhard

TU Mdirchen, Learsiuhl A fir Thermodynamik, 80290 Minchen. Germany

1. Introcuction

Optical methods have a long tradition in heat transfer, their application to two-phase
flow started much later. Their instant signals make tkem specially suited to transient
situations provided tha: the registration method is quick enough and has a high sampling
frequency.

A further berefit of optical methods is their non-invasive mode of operation, not inter-
acting with the material to be investigated and by this not affecting the physical process
uncer study.

Optical methods are using changes of light waves as sensoric signals, which are due to

interaction between the light and the material. Such changes and interaction consequences

can be
1
- attenuation, .
.. - scattering, ' : ' -
- defiection or
v reflection.

Depending or the mode of registration we distinguish between '
. H '

T ixnzigbférming and
non~iﬁ1_age—fox::1iug
methods T he latter ones allow onily a spotwise record of the events zmQ the first one 1s
L regIsieninyg, :x_ﬁ:ﬁ:xll_v a ‘two-dimensional picture of situations or processes on a surface or
an o volumne as weil-known from photography. Since approximately twenty years a new
imé‘gq)for;xu‘ug method is in use, the holography, which found admission to measuring

techniques in heat znd mass transfer and two-phase flow in the last ten years. This

‘bolography 1s using two-dimensional registration tools, namely photographic plates, from

wipels bowever three-dimensional information can be reconstructed. This has special
! ’ .

L nivgutages for studies of transient two-phase flow.
Hologruphy combined with the well-known mterferometry using the phase-shift « 7 the
agnt wave adows the registration of temperature- and concentration fields. and by this

decalue a very valuable toel 1n hest and mass transfer.
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rom the spotwise working mettods the Phase- Doxﬂeru nemoresy, a :nom'zcaz.c,. of
‘the Laser-Doppler-Anemoretry is best known from tke Lterature for .wo-phase fow
application in dispersed flow. Mie-scattering is another method used in two-phase fiow
for example to detect spray characteristics.

[t is not possible to present all optical methods being used in heat transfer and two-phase
flow within a given time and a iimited space. Even the concentration of such a survey
on optical methods being applicable to transient conditions would cover a wide field of
dxﬁerem techmqucs Therelore, the author apologises for restricting this presentation on
optical methods with which he has a longer experience and to which he contributed to
their dew?elépment to a certain extent.
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2., Phot’ography

Usua.lly p}iqtographs are. ta.ken rectangular to the flow direction through a transparent
wa.ll ma.de, df glass, for pxample. With this special technique, however, disturbances and
even falsxﬁcatlons have to be expected by the liquid film ﬂowmg along the wall. Therefore,
Arnold and Hewﬂ:t / 1/ proposed a.nother method which takes photographs of two-phase
rmxture coaxz&ly to the fiow. This method is the only one of the techniques known which
allows also'to make clea.rly outlined pictures of very hxghly transient processes. A sketch ‘
lof the optlcal arrangement is shown in Fig.la. Langner /2/ &tered this arrangement in .
some detmls as shown in Fig.1b.

At the end of an electnca..lv heated tube a flow splitter is placed which allows a separation
of the liquid film at the wall and the gas core in the center entrained with droplets. At
the top of the flow separator a lense is placed through which the flow can be observed,

- photographed or filmed in axial dxrectlon The lense must be manufactured very precxsely

by using glass of hxgh qua.hty to avoid reflections. Followmg the heated test scction a
short glass tube1s arranged through whxch the fluid can be xllummated from outside. The
transition between heated steel tube and glass tube has to be smoothed very. carefully to
avoid dxsturbanc& of the fiow.

The advantage of this sp~cxal technique versus the usual methods photographmg rectan-
gular to the flow is demenstrated in Fig.2. The view from the top into the tube offers
clear information about the radial droplet distribution and droplet form.

As “registration apparatus” a usual camera or any high-speed movie-camera can be used.

- Both types of cameras, however, need a focussing screen in the form of a ground glass to

coutrof the range within tke tube in which a visual observation is inteaded. Missing this
ground screen, a very complicated calculation for metering the focussing distance would

ne needed. mvolving the exact knowledge of the geometrical-optical data of the camera
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Fig. 1: Optical arrangement for azial measurements in two-phase flow

© w0 Y'“Fig. 2: Photograph of flow pattern in two-phase flow
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| i::md 'its'! lenses. Telelensa of iong focﬁssing disia.rice show great advantages because they
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are foriping an image with clear and well defined outlines within only a very narrow range.
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3. Highspeed cinematography

The usual arrangements and methods of high-speed cicematography using z hizh e
quency Sash or stroboscope and a £lm camera or a drum-camera are weZ known. These
devices ard methods are usually good up to exposure frequences of 10 o 20 kEz with
exposure times of approximately 107 Ss. If shorter expos w= tirmes znd shozzer oeriods
between two exposures are neeaea, a special arrangemext ch‘ec Cranz-Scha-din-ramera

can bé used as shown in Fig. 3. This device allows exposure times dowa to 107%s with
mtqrvals between two exposures variable from several seconds to some micro-seconds.
However, the number of pictures taken in one series is limited, depending on the aumber

of electrodes producing the flashes.

8:{ lash electrodés

o tens aperture RE <\
,i } ‘iL : ' i ' 8 pnsm / ia-

“

| o Fig. 3 Cranz-Schardin-camém'for ultra shori-time cinematography

L !
The electrodes are 1gmted in the desired mtervals and each ﬂash is producmg an xmagc
via the parabolic or spheric mirror and a prism. The electrodes are arranged in one plane,
however. displaced horizontally and vertically. Due to this -rrangemem also the pictures
produced by the series of flashes are displaced and all pxct :& can be registered on one
photographic plate The shutter of this Cranz- Scha.rdm-camera is open until 2ll flashes
are ignited. By this method it is possible to register even very tiny particles flowing with

\an extremely high velocity, as Fig.4 demonstrates. The photograph in Fig.4 shows two

e exposures tzken in a time distance of 10755 of 2 small liquid membrane in the nozzle of a

veuturi-scrubber ﬁowmg v/ith a velocity of 80 m/s. From the two exposures registered on

one photographic plate not only the velocity and its dire tien but also the deformation
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Fig. 4: ‘Déub:l,erez‘;;;slure photograph ?fJa liéiz’idyim'e'mbrhr’ze ifi'achi:turi}-‘sérybber /3/
of the mgnbra,ne can be easily and exactly evaluated _ ,
1 The optical methods discussed up to now a.llow to 1mprove the comprehensxon of the
. phcvxomcnology of gas-liquid-flow and also to evaluate the velocity and its direcuon. In
many cases,! however, the flow of gas-hquxd— or vapour-liquid-mixtures is affected by the
heat transfer. In these cases also the temperatux;e distribution near the heated wall or
near the phase interface zre of interest. In single-j)hasc Aow opt.'ic:ﬂ i;x;erfcrcucé methods
for registering the tem'pe';a.tu.re fields in fluids are in use since a long time, as for exam-
ple the Mach-Zehnder-irzerferometer. All these methods, however, demand a so-called
-._comparison-object in which all ﬁmddynaxmc phenomena are xdentxcal with that in the
*test area, with the only exception that the compa.nson—cb;ect is not affected by heat
: t.ransport For vapour-hqmd-mxxtur&s such companson oondxtxons being exactly in phase -
th.h the’ process in the tested area cannot be produced or verified. ‘Therefore, another

method - the so-called hologra.phxc interferometry - is used :

4. Higil—Spqed Holography

In 1949 Gabor 4/ invented a new optical recording technique which he called "ho-
‘ Tography™. In contrast to photography by which only the two-dimensional irradiance
distibution of an object is recorded, holography allows the recording and reconstruction
not’ duly of the amplitude but also of the phase distribution of the wave-fronts. Making

use of this unique property, completely new interference methods could be developed. As
Qngue Drof 3 :
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hologrzzny lercands a nighly coherent Lgh: sousce it can be snlv performed DY

msing a
iaser. : |

Tke gerzeral theory of i holograpby 1s very comprehensive and o a detziled descripiion oze
must refer o the literature /3-7/. Here only the principals zecessary for understandizg
the holographic measurement techniques can be mentioned. In Fig. 5 the holographic
two-step image-iorming process of recording and reconstructizg of an arbitrary was -e-front

is dlustrated.

recording
object s\ P /) 0

T | e . _
reference | i T\/ | microscopic
X jeees RN interference
Wave N";/ R ‘
photographic plate
1 ) .
reconstruction
e real image
: 1 i N : /-
' virtualimage: p .- >
- i . P,"'l:;--. /

r—

co 0l reconstruction |/
e wave /

| Fig. 5: Holographic two-stcp image forming process

The object is illuminated by a monochromatic light source and the reflected, scattered
Lght falit directly onto a photographic plate. This object wave usually has a very ccm-
p.xcaied wave-front. According to the principal of Huygens cne can, however, regard it

to be the superposition of many elementory spherical waves. In order to simplify the

matter, only one wave is drawn in Fig. 5. This wave is superimposed by a second one

6



called “reference wave”. I both waves are muteally ccherent they will form a siable
interfersnce paitern when they meel on the photogrzphic pizte. This system of fringes
cas be recorded on the photographic ermulsion. After the chemical processiag of the plate
_in a developing bath and in a fixer-. 1t is called "hologrzm”. The zmplitude is recorded
in the form of different contrast of the fringes and the phase in the spatial variations of
rhe pattern.
I the plate is subsequently illuminated by a light beam similar to the original reference
wave the microscopic patcern acts like a diffraction grating with variable grating constant.
The light transmitted consists of a zero-order wave, travelling in the direction of the
reconstructing beam plus two first-order waves. One of these first-order waves travels in
the same direction as the original object wave and has the same amplitude and phase-
distributjon. Thus a virtual image is obtained. The other wave goes in the opposite
direction and creates 2 real image of the object. The virtual image can be looked at with
the na.ked eye and the real image can be studied with reconstruction devices for example
with a mxcroscope. '
This holographic technique can be used instead of the photographv for example for record-

ing a swarm of droplets produced in an injection nozzle. The holograhic set-up for such
a study is shown in Fig. 6.
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Fig: 6: Optical arrangement for the recording of pulsed laser holograms
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It consists of a pulsed ruby laser emitting pulses of a period of 30 ns and 2 lens- and
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cprrroT-systein: for expancing, cividing adsuicing tie fuser boist through the tneasuring,
object and onto tae holograpric plate. The laser beam is frs expended by means of
‘he leas AL and tken divided in the bewn spiitzer ST to produce the object beam and
-he reference bear:. The ob jccr, beam travels via a collecting lens. two mirrors and a
screer through the oblect - in this case the spray coming cut 37 z zmozi.e - nd passes
ter the object a0 imaging lens before it falls onto the holographic plate. There it is
superimpoged by the reference wave whick is splitted of by the beam splitter ST and
falls via the collecting lens SL and a mirror onto the photographic plate by-passing the
object. So an instantzneous picture of the situation in the spray can be registered. If the
electronic svstem of the ruby laser allows to emit more than one laser pulse within a very
short period of time sequences of the spray behaviour can be stored on the photographic
plate from which the velocity of the droplets with respect to amount and direction as
well as changes in the size and geometrical form of the droplets can be evaluated. This
evaiuation. however, needs a very sophisticated and computerised procedure.

For evaluating the hologram it first has to be reconstructed as demonstrated in Fig. 7.
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Fic 7. Optical crrengement for the reconstuction of puised leser holograms
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To co this for tne special anniicéniOf of studying & nozzie :pr 7, tne holograpnic plate is
repiaced to the old position after ckemical processing and is now Hluminated by a con-
tincousiy light emitting helium-reor-laser, seading its light via the path of the reference
bezm described in Fig. 6. This new beam is now czlleé reconstruction beam. If the holo-

caohic plate is replaced o the same orientation as i+ sto0¢ when the exposure ceeurrec

<

oy

one can look at it with the naked eyes and can see a virtual image of the droplet spray
exactly at the place where it was produced before by the injecting nozzle. For a quan-
titative evaluation one needs a closer examination by a camera, for example by a video
camera. To'do this the holographic plate has to be turned by 180°, when positioning
to the ofd place and by illuminating with reconstruction beam a real image of the spray
ie p:’()duu’d howev , on the other side of the holographic plate. This real image has a
'hxct*-dxmensxonal extension and the video camera can be focussed to any plane within
the image. For technical evaluation the camera, fixed at a certain position, is focussed
to the mid-planie and then for getting information from other planes of the spray the
camera 1S MOve ~d forward or backward with fixed focus of the lens. So plane by plane of
the spray cloud can be evaluated. The virtual plcture one would see with the naked eye
ts ‘demonstrated iu Fig. 8. _

It 1001 <3 like a ‘photographxc picture of a spray with a veil near the nozzle orifice and a
swarin of (,lruplvtx separating from this veil whux it breaks up. The qu.uxtxt.xtwc evaluation
works via the above-mentioned video camera and a computer system as shown in Fig.
9 and uses the real pxcture. Main components of this evaluating systems are a digitiser,
a graphxc momtor, a video camera and a PC. The video camera is scanmng the real
image of the reco*xstructed hologram O and sends its information to the digitiser D. It
cha.ng&c the électrical °1gnal from a analogue chamcter to a digital one and stores it in a
frame memofy i\ow the computer C ca.u use the dxgxtaused information for perfr-ning
the 1mag,e reproc&esxng The digitiser sunultaneously produces an analogue picture in a
false-colour (red-green—blue) reproductxon.

The procedure going on In the computer is briefly outlined in Fig. 10. After a first
positioning of the camera, noise- sxgnals are eliminated without suppressing the gradients
of the grey-cdlour. By this a first “clean” picture (with a minimum of noisy signals) is
arising. Then the rest of pixels still originating from noisy signals is filtered out.

i’ the next step gradients out of the less or more intensive grey- -colours of the pixels
cux"zc)u.ndmg the holographic reproduction of the droplets or of the contour of the veil are
evaluated. So it can be distinguished between well focused parts and such ones which
are ont of tocus. Then adl pxels having a grey-colour below a certain pre-defined value

are trented ws zero By othis reproductions of droplets which are out of the interesting

9



Fig. 8: Photography of a reconstruction of a pulsed laser hologram. *
g ‘Object: Spray of ¢ hollowed cone sp"x:ral nozle.
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focus-pla.ne can be ehxmnated and a "picture” is electromca]ly produced contammg only
reproductions of droplets which were within a very narrow tolerance within the focussing

plan of interest.

By this procedure it ha.ppens that the contours of some droplets do not have a closed
and continuous outline, heca.use pixels may have been extmgmshed spotwise during the
gradient checking procedure. Therefore a next step follows in which the open contours
are filled thh colour to. produce closed outlines of the droplet reproductions. To be

sure fiot erronmusly to ireate new spots by this process which could be interpreted as

qropiet reproductions, the situation after the contouring is compared with that which’

wisted before reproductions of droplets out of focus were eliminated. A “droplet” in
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Fig. 9: Digital image processing system for the evaluation of pulsed laser holograms

the new picture is only acéepted if it existed already before in the old picture. Finally
the remaining droplet-reproductions are filled with colour and now the evaluation with
respect to droplet-size, -form and -concentration can go on.
After this pl(uw it the holographxc pxcturc has been cvalua.tcd the video-camera is moved
: thhm a sm‘dl stcp and the whole procedurc starts agam So plane by pla.nc of a spray-
ciqud can'be evaluated and a three-dimensional picture of the two-phase flow situation
18 lrising) whi¢h was fixed on the holographic plate within a few nanoseconds. For more
degailed inforination reference is made to the work by Chévez and Mayinger /8, S/.
More dn.vmzremr of the nozzle only droplet clouds can be observed. By evaluating 2
ered ixumba of such dropxet clouds with the above-mentioned procedure information
zan be ex;racted with respact to the dependency of the droplet diameter from the mass-

flow-r: e thrqugh the nozzie and the pressure of the atmosphere into which the spray is

injected. An L\Ample of suck an evaluation gives Fig. 11.

[f two exposures of a dropiet spray are illuminated onto the same holographic plate within

il




Fig. 10: Evaluation of a single pulsed hologram
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srory pesiod of time alsn the velocity of the droplets car be ¢ termined Irom suct an

nolegram, nowever, with 3 much more complicatec procecure which is descoibed in cetall

n /9/ The data produced by this opto-electrenic process are cf high accurecy as Fig. 12

I dersonstrates. Especially the suspicion that the computeriseC processing of the double

exposure hologram prodrces a large scattering in the velocity-data is misproved by this

figure. Even the infuence of the pressure of the atmosphere n which the droplets are

travelling is clearly brought out.

If the droplets are moving in a vapour atmosphere of the same substance as the liquid
and 1f the temperamre of the liquid is below the saturation temperature condensation
occurs at the phasemterface which makes the volume of the droplet growing. By using 2
;xmple en,ergy bala.nce the condensation heat transfer can be calculated from this growth of
volume versqs time. ’I‘he accuracy and the reproducibility of the described opto-electronic

mcasunng techmque are good enough to determine these heat transfer coefficients at the
 veil and at the droplet-cloud as Fig. 13 demonstrates. The heat transfer data are averaged

values from a.ll drop!ets, being reproduced in a hologram,
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5. Holographic Interfercmetry
I~ ‘
For convective heat :ransfer processes the temperature gradient in the boundary layer near

the heat emifting or absorbing wall is of special interest because from the temperature

gradient a1 the wall, supposing a laminar sublayer the heat transfer coeflicier.t
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can be chrectly denved if, m addmon, the temperatmé of t'hé wall or of the bulk and the
th?rmal conductivity of the fluid are known. This temperature gradient can be measured
by interferometric optxcal methods, like the Mach-Zehnder interferometry, as well-known
‘ from the literature. ) " :
] A new interferometry method is the combmatxon of holography and interferometry. A
~ most commonly used arrangement of optical set-ups for this holographic interferometry
~ is shown in Fig. 14.
A heliam—neon-laser or an argon-laser serves as a light source emitting continuously mono-
.. gramatic and coherent light. By means of a beam splitter the laser beam is divided into
_an obj Ject— and a rexerence-beam ina sxrmlar way as we learnt before Both beams are then
expanded to parallel waves by a telescope which consists of a xmc'oscope ob jectwe and a
collimating lens. The object-wave passes through the test section in which the temper-
ature is to be examided whereas the reference-wave directly falls onto the photographic
plate. There are many possibilities for arranging the optical set-ups to form a holographic

interferometer which canno® be discussed here in detail. Reference is, therefore, made to

the literature for example ;’10, 11/.

i

Seve*ai proredures exist to produce interferograms; here only a sophxs icated one will
e expliined. “lm h ¢an be uwd for high-spead cnemate graphy and by which transient

heat transfer p!n nomena can be examined. It is called "real-time-method”  because 1t
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F i?. 14: Optical set-up for holographic interferometry
allov:r:, to oh:erve la process to be mv&stlgated contxnuously in real time. The method is
diustrated in Flg 15.

After the ﬁrst exposure, by which the comparison-wave is recorded and during which
there is no heat transfer in the test section —for two-phase flow experiments, even only
single- phase flow may exist- the hologram is developed and fixed. Remaining at its
place or repositioned accurately, the comparison-wave is reconstructed continuously by
xllununatm&, the hologram with the reference-wave. This reconstructed wave can now be
’ *superposed onto the momentary object-wave. If the object-wave is not changed and the
lxulog,r am s pre cisely re positioned, no interference frmgt s will be seen at first (mﬁmte-
rfnnge-ﬁeld adjus*ment) ' ;
Now, the heat transfer process which is to be exammed and for two-phase flow for cxa.mple '
the boxlmg with bubble formation, or the condensatxon can be started Due to the heat'
transport process a temperature field is formed i in the fluid and t.he object-wave receives

an addmonal phase shift passing through this t.em;xzrature field. Behind the hologram

both wave> 1nterfere 'with each other and the changes of the interference pattern can be

contmuouslv ouserved or photographed on still or moving film.

The real-time-method demands an accurate reconstruction of the comparison-wave; there-

fore. the hologram must be repositioned precisely at its original place. This can be done

by usmg a well- ad‘usta.ble plate-holder, which, nowadays, can be purchased from the mar-

Lt is recommended 59 use a plate-holder where the final adjustment can be done via
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Fig. 15: Real time method for holographic interferometry

W remote Lontrol for example with quartz crystals. The adjustient of the repositioned
i holo“rap*uc plate gets its feed- back control signals on an optical basis because *he ad-
, juatmcnt has to be done in such 2 way that the interference fringes —at first visible due to
. nom; prea§e position of the plate- disappear dunng this procedure. This, certainly, has to
bée dqne ,mthqut the' hea.. transfer process hzmng started, however, the prasure and the
§ tenp;:rature are e;astmg under which the system is opeta.ted during the expenments

A series of holographxc interferograms. taken with this method is 111ustra£ed in Fxg 16,
where the bubble forma*lon at a heated surface in water with slow horizontal flow was
studied. The water is shightly subcooled, i.e. the bulk temperature of the water was below
' the saturation temperature and, therefore, the bubble is condensing again after dctachmg
fron the heated erface and departing from the superheated boundary layer as one can
ouserve by followmg the holographic interferograms versus a period of 7 ms in Fig. 16.
The horzontal black and white fringes in Fig. 16 represent Jines of constant temperature

i 2 first approximation.
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Fig. 16: Interferogram of subcooled 6q‘iling on ¢ heated wall
Frorx; this figure, however, we can also learn something about the limitation with which
this and all other mterferometnc methods are afflicted. The temperature field near the
 heated wall in the fluid is not only shifting the phase of the light-wave, it is also deﬁectmg
the lzghx. beam whc;n travelling through it. This deflection has the consequence that with
vcrv hi gh gradlents at the wall -as 1t is the case in subcooled boiling- the zone 1mmed1ately
adj JaC(,nt to the wall co,nno‘ be seen. With lower hca,t, fluxes this deflection is ot a problem
in mterferometr) '
For learning the procedurc of evalnating such an mtcrferogram a more simple example
shall be used as that in Fig. 16. Fig. 17 shows the interference fringesin a subchannel of
a tubc shell heat exchanger formed by three heat ezhitting tubes. The interference fringes
- here repr resent exactly isotherms in the fluid around the tubes and it can be clearly seen
* that the spac;ng of these isotherms is differnt at positions of narrow and of wider gap-size
in the sibchannel, Wide-spreading of the isotherms means a low temperature gradient
- 2ud as we know from experience a low heat transfer coefficient. |
Thy lﬁmui?;:zture- eld in the subchannel is of two-dimensional nature with good ap-

 proximation.  For the sake of simplicity only the evaluation of the simple case of 2
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; Fig. 17: Terhperature field between three heated tubes with coarial flow

: two-dimensional temperature field will be discussed here. It is also assumed.tha'. the

2 holographic interferogram is produced with parallel object-waves. The evaluation of ihe
interference patterns is than quite similar to that of 2 Mach-Zehnder-interferometer /11,
Therefore, here only the basic equations will be given. In the holographic interferometry

_the object-waves passing through the test section at different ‘time are superposed and.
therefore, reveal the changesin optical path-length between the two ex;(x)sure‘sv. Expressed
in multiples S of a wave-length A, this change is calculated to

i

" .
v S{x,y) A= [ ["(51!1)2 - n(I!y)l l (2)
13
where 1 is the l-ngth of *he test section in which the refractive index nis varied because of
feziperafure changes. The refractive index distribution n{z, y) during the recording of the
we, waves is -as mentioned above- assumed to be two-dimensional (no variation in light
direction ). Equation (2) shows that initially only local variaticns can be determined. Only

i the distribution of the refractive index n{z.y) during the recording of the comparison




ve is ,;now:ﬁ. ansolute +alves cun be obtained. Thercicre. o€ ssualy estalishes &

~onstant refractive index deld {constant temperature) while recording the CoIpArison

-

Sy d = 1 [n(z.y)2 — ne]

.

P
(%)
—~—

To obtain absolute velues for the temperature field. the temperature at one point in the
dmd has to be determined by thermocouple measurements. This is usually done in the |
yndisturbed region or at the wall of the test chamber. Equ. (3) is the equation of ideal
i%;uerferometry. It is assumed that the light beam propagates in a straight line. Passing
tzhrough r;,_ boundary layer, the light beams, however, are deflected because of refractive |
,'igxdex gradieﬁt,s. Tbis deflection is used for the various Schlieren- and shadowgraph-
;f;:uethods. The light deflection can be converted into an additional phase shift S, i a

Jiriear distribution of the refractive index is assumed to be within this small area.

noAI -
125 @

AS =

In this equation b is the fringe width and ng is the average refractive index.

in many applicationsan ideal, two-dimensional field cannot be found. Often the boundary
::'iaye;r extends over the ends of the heated wall, or.there are entrance effects or t.err'xperature
;;variations along the path of the light beam (axial flow in the test section). Therefore,
only integrate values arc obtained. Having corrected the interferogram, the obtained
;E;refractivc index field can be converted into a density field The relation is given by the

Lorentz-Lorenz-formula where N is the molar refractivity znd M the molecular mass.
B \ . .

o

nt—-11 N~ S
- = — b]
n2+2p M | ; )

If there is only one compeaent in the test section and the pressure is kept constant, the
dcxxsit_w} vaf:i:itions caii onl; be caused by temperature changes. If the fluid 'xs‘_i':x‘gzxs,.thc
situutic.n.i is very simple beeause its refractive index is very near to 1, which reduces EQu.
{H) f‘-fhﬂiﬂf (}i:xfiﬁuxﬁvi): le equation: -

i

' ; 2 1 ] . 6
5(71‘-1),—)—37 | (6)

With: the simple Royle-Mariotte law and R as the gas constant we then obtain the fol-

towing tormula, which refates the fringe shift to the temperature:
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For lmucs the procedure is 2 htde more complicated because we have to take in account

£he real behaviour of the thermecdynamic properties as a functior of temperature. There-

rc we have L0 use an cquetion of state for the refractive index n or we have to a&.e *he
fracuve index from tables interpolating the date with simple equations. Fortunately,
theré are good data banks available in the literature for most of the fluids. However, it
1s also not dxfﬁcult. *o measure the refractive index in a simple optical set-up.

Wxth an equé.txon for the refractive index as functxon of the temperature we then can use
Eq {2) and we get the connection between the pattern of the interference fringes and
the temperature field, as shown in Equ. (8):

| S(z,y) A = j—% (T(z,y) - To] (8)

Ofnexx local heat transf- coefficients are of special mter&st. In this case the temperatﬁre
grndlem at the wall is determined and assuming a laminar bounda.r} layer next to the
wall or the phase-interfuce the heat transfer coefficient is obtained by using Equ. (1).

The assumption that the temperature field is twa-dzmensxonal and constant along the
ya.t.h of the beam trav;.lmg through the fluid i is not valid in case of temperature fields -
‘around curved surfaces, like bubbles. The refractive index n is then a function of the

rudius r, and we have to use Equ. (2) in its differential {orm

1 .
= / (n—no) dz (9)
0

i
i

and we write it in spherical or cylindrical co-ordinates:

»

s = [l)-nalds OO

Fon spherical and cylindrical symmetry Eqﬁ (10) can be solved and integ/rated’a.s de-

scnbed for example, in /15/ after transforming it in the form

i oy
* &

N-1

Ct s =2 Y am|ha - N S i IR € )

- * . k=1

P

n remperature fields with very high gradients the deflection of the laser beam, which

- aemonstrated in Fig. 18, toc. cannot be neglected, as it is done in the evaluating

20




rocedure Gescribed in 13/ Eizh temperziure graliecis arc espect izly fourd in the
Equid boundary layer around vepour bubdbles, in pan -icuizr if condensation occurs. In

\mch a case a complicated correction procedure for this delecton has to be used which

i is described by Nordmarn and Mayinger /14/ and by Cken /15/. With the equations
f?wd corrections described there, even temperature fields arounc very tiny bubbles can be

-evaluated.

0edl

\85¢!

Anlr)

- Z

| bubble surface S
outer boundary layer

Fig. 18: Beam deflection and optical conditions in a temperature fleld

around a spherical bubble

With high heat transfer coefficients the boundary layers at the phase-interface are usually
"very thin —in the order of a few hundredth of a millimeter— and it is difficult to investi-
gate them with the interferometric procedure described up to now, because only a few
interference fringes would be observed within this narrow area. Therefore, here another
interference method has to be used, the so-called "finite fringe method™. In this method,
after the reference hologram was produced, a pattern of parallel interference fringes is
credtd by tilting the mirror in the reference-wave of Fig. 19, or by moving the hologram
"‘71:’ there wathin a few wave- lengths. The direction of the pattern can be selected as one
tikes dnd Bt is only depending on the direction of the moverent of the mirror or of the

. holographie plate.
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Fig: 19: Arrangement for holographic interferometry wzth finite fnnge method
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This pattern of parallel interference fringes is then distorted by the temperature ficld due
t,o the heat 'transfer process. The distortion or deflection of each fringe from its original
-parallel diréction is, in a first rough apprommatxon the temperature gradient and gives
by usmg Equ.(1) the heat transfer coefficient. A short description how these interference
patterns are evaluated is given in Fig. 20. This figure also demonstrates for the example
~.of a tcmpérature field aro:nd a burning flame how these distorted interference fringes look
like, dencndxng on the onginal orientation of the parallel patterr A detailed descnpuon
of the mathemancal proc;dure how to eva.luate these pattern of finite fnnges and how to

determxne the teinperatu gradients from it, is given in (11) and \19)

Fig. 71 demonstrates the possxbxhtxes of using these tecluuqucs in a flow with a bubble
Eondensxng in a liquid. By combining this method with the high-speed cinematography
it allows an mertxaless and precise evaluation of the heat transfer coefficient at the phase-
interface of a condensmg bubble. Holographic mterferometry certainly can only be used if
the flow situation is not too comphcated and if the bubble population is not too numerous,
s that individual bubbles can be identified. It is not possible to look inside the bubbles,
vecause the hght is totally reflected at the pliase-interface.

As explained in the Equs. 2 - 5 the phase shift is a function of the change in the density
of the Huid. In pure substances the density is a function of temperature and pressure. In

nmlti-corponent systems also the concentration infuences the density. In our evaluation
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around a flame) and their evaluation

procedures up to now we worked on the agsumption that the alteration of the density '
is affected by a temperature change only and, therefore, the variations in the refractive
index within the test section could be treated as temperature distributions. When the
va;rint'tmxs i L};c rcfra;'tive index are caused not only by a temperatures, but also by
a concentration- or pressure-change these simple evaluation of the interference pattern,

{ d(‘scrige(i up to now is not possible any more. Therefore, coupled heat and mass transfer

i pmce‘séfes can be examined by interferometric methods only if one of the two fields is

' gbtained by an additional measuring method. Only by assuming identical profilés of
theitenlgeyature and of the concentration the interferograms can be evaluated without
sdditional measurements as El-Wakil /16/ did. |
There'is, ‘h'oih'(:vé:, one method to detérmine the _tgzxxllperature‘and the concentration field
by opgitai Vm‘eansl 'a..lone., which is called thc “two-wave lengths interferometry”. This
i= dotte by aéplyi'rxg their dependencc" of the refractive index on the wave-length of the
light to Qeterminetthe temperature- and concentration-fields by means of sepa.rat'e’in-
torferograms. taken at different wave-lengths. ‘Ross and El-Wakil /17/ used this two
winve- leagths interferoutetry n a modified Mach-Zehnder-interferometer for the study of

. i . . . . .
the evaporation and cosibustion of fuels. Panknin and Mayinger / 10, 11/ used this basic
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- Pig. 21: High speed cinematography of interferograms around a condensing bﬁbblc
and the evaluated heat transfer at the phase interface /14/

t
t

idea and devcloped a t.wi;'rwa‘ve lengths method for the holographic interferometry. The
pprlq}n with ithc 'gwo—wz.v&iengths interferometry is that the t‘i'o 'xmerferograms have to
‘be su{;eriinposec,i very a(":curately. Here, the peculiarity of the holography aliowing the
recording, of different m: srference pattern on one and the swne plate is a greal help to
sverconie these di!ﬁculzi:s. A simple set-up for the holographic wwo-wave lengths inter-
teroteetry s showa in Fig 220 It resembles very much the arrangement of Fig. 14 and
actually the ouly difference is that two lusers are used as light sources in Fig. 22. The

beams of the He-Ne-laser (A, = 6.3284) and of the Argon laser (Ay = 1.5704) intersect
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| anc.

.nerefore. ornly one chuster is needed anc eque expostre “imes at both wavz lengths
' ,re guarantged. The bezms are tzen superimposec by mezns i 2 beam splitter. By this

. one gets two object - and two relerence-waves at the different wave-lengths.

/ | Ar-laser 2«
| __-.__“_{.------,. He - Ne laser 4;
; <>

' <=
N 7 \ /,
\ A

test section

Fig. 22: Optical set-up for holographic two-wavelength interferometry

It has to be mentioned that not only the object wave Aj is reconstructed by the reference-
wave ), but also a false objective-wave A is obtained and vice versa. These unwanted
waves, however; emerge at different angle from the hologram and can, therefbré, ééﬁily
be separated from the original waves. For the evaluation of the 'interfet‘ograms here only
some simple equations shall be presented. For a more detaiied study reference is made to
the work by' Panknin /11/. In gas we can use the Gladstone-Dale-equation, Equ. (6), and
the idg:a} gas law which relates the fringe shift to the temperature- and concentration-

distribution in a heat a1 d mass transfer boundary layer.

! 3pl . 1 1 ‘ ‘
S(z,y) A = SR Nm [m - i:} (12)

The wolar refractivity Nm for a mixture of two gaseous components is given by




Np = NaCo + N Co: with Ca + Ci =1 (13)

where Va and N, are the molar refractivities of the cgmpounents in iheir pure form and
C is the concentration of the component in the mixture. During the recorcing of tze
comparison wave the temperature distribution T in the test section is constant and there
are only two components of the mixture.

" Combinihg Equ. (12) and (13) we obtain for each wave-length

P

{ H 3 p l 1 . .'Va
A= I ; _N,) - ==
Sz 3= 3B [y (e + Gila) (6 = o 2l o
| eliminéting Ci(z,y). The temperature T(z,y) can be calculated:
) Aj Ar
2Si(z, 1 — Si(z, =
Silz.v) Ny; — Noj Wz y_) Nex — Nae
setf A 1) [ I (15
2R T(:r,y) Too Nb) - HNaj Nue — Nax )

After determining the temperature distribution only one interferogram is used to calculate
the concentration profile. . -
Equ. (15) shows that there is a diﬁ'erencr': between the phase shifts for the two wave-
lengths which is used for the measurement of the temperature. This difference is usually
very small. Therefore, the two wave-lengths used should be as far apart as possible. The
dependence of N(a;b) is also very small and gets larger proportions only in the vicinity
of an absorption line which, however, is usually not in the visible range. This limits the
choice of substances to those lengths used. Some test fluids suitable for this technique
are naphtalene, caz"bondig.ulphide, bencene and hexane. The position of the fringes has
to be determined very accurately at the same plate in the two interferograms.
A éimple application example of the two-wave-lengths technique is given in Fig. 23. In
order to demounstrate the differences in the phase shift only the upper and lower halfes
of each interferogram are shown and the evaluation is made at the intersection of the
pictures: The ‘interferograms show the heat and mass transfer boundary layer at a heated
| vc.r‘:i'cail wall "&‘x"ith free convection. The mass transferred was naphtalene into air.
- Hear and mass t{ansfér experiments were also performed in a burning flame with hexane
 ewing cot of o horizontal porous cylinder and oxidising after eveporation. Fig. 23 shows

the teo interferograms obtained with the two wave-lengthe as emitted by the He-Ne-leser
g : ¥
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Fiy. 23: Temperature and concentration profiles in a laminar boundary layer

Fig. 24: Finite fringe interferogram of a ﬁamé taken with two different laser beams

of the wavelength A; {Tight ) and Ac simultaneously

4

~and the :\rgou-lascrt 1In this interferograin the finite fringe method was used as described
Yefore, The temperature feld in this fame evaluated from the interferogramns in Fig.

L) RSO . : = . . o . .
2t gvenan Fig. 25, which clearly demonstrates the benefit «f this optical method by
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Evaluation of the temperature fieldin e flame from the

g'uierferugram of Fig. 24

6. Councluding Remarks

Optical metheds are expected to experience a powerfull revival due to three reasons: .

at- and mass transfer processes with large com-

Sophisticated theoretical treatment of he
ature- and concentration-fields

puter codes: needs very detailed information about temper

in the reas of interest like i boundary layers - for assessing and improving the physical

‘ .
%or verfying the code itsell. An optically determined pattern

‘models used m the code and
r the reliability and accuracy of the code.

{ isotherms is a very siringent touchstore fo
r and process engineering make transient situations more

res and safety deliberations. Op-

Modern developments in powe
wd mogé interesting, especially for controlling procedu

tical measuring techniques work inertialess.

A forrer draw-back of the image-forming optical measuring techniques, the laborious and

computer can evaluate

-

e cousumiug evaluation does 1ot exist anyimore. 3 persona!
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., hologram o7 &8 interferogram wnbm a few seconés whxc“ took ma.npowersof several
pefore. The cos®S of such an evaluating eqmpment are :elamely moderate
4 form a new p;.a»‘.nx for

~ hours
etical 2nalysis and optu:al measuring techniques coul

So theor
%; mxestxgatng heat and mass transfer processes.
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