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PREFACE

Multi-phase flow with and without heat transfer has proved to be a true interdiscipli-
nary science of paramount importance in industrial application such as power, refriger-
ation, process, petroleum, and environmental technologies. In general, any economical
and ecological industrial development will benefit from improvements of understanding
and proper utilization of multi-phase flow phenomena.

The first German-Japanese Symposium on Multi-phase Flow has been organized to
provide a forum for experts of the two highly industrialized countries to discuss recent
experimental and theoretical investigations and to exchange informations and opinions
about further developments and research requirements in this wide field of engineering
application of ever growing importance. Moreover, the meeting is intended to renew and
to initiate personal contacts among the participants of both countries which in turn may
form a basis for future co-operations or even research agreements. The 44 invited con-
tributions to the symposium mainly focus on the measuring, understanding, and modeling
of phenomena in gas-liquid two-phase flow and gas-liquid-solid three-phase flow. In par-
ticular the following aspects are addressed: Fundamental experiments in two-phase flow,
instrumentation and measuring technique in two-phase flow, boiling and critical heat flux,
stability of two-phase flow, condensation and evaporation phenomena, two-phase flow in
pumps and cavitation, multi-component and three-phase flow, multi-phase flow modeling,
and multi-phase flow in light water reactors. Actually, the sessions of the symposium are
arranged under these topics within the proceedings.

Mr. Klaus Rust took all the responsibility for the technical organization of the meeting
program and the handling of the papers to produce the proceedings. He did it do with
scientific competence and enthusiasm. Mrs. Doris Kéhler arranged lecture rooms and
accommodations for the participants and organized special events such as technical and
sightseeing tours as well as the social program. It is our particular desire to thank both
of them for their invaluable help.

The conference fee could be kept at a modest level due to the generous financial
funding provided by the Kernforschungszentrum Karlsruhe (KfK) which we gratefully ac-
knowledge. The Japan Society for the Promotion of Science (JSPS) and the Deutsche
Forschungsgemeinschaft (DFG) provided financial support for some research work re-
ported in the proceedings and co-sponsored this meeting by reimbursing the travel ex-
penses of several participants. This assistance is also appreciated.

Karisruhe, August 22nd, 1994

Ulrich Muller Takamoto Saito
Kernforschungszentrum Karlsruhe The University of Tokyo
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Heat and Mass Transfer from a Single one- and multi-component

Droplet to a gas flowing at low Reynolds number

Daidzi¢ N., Domnick J., Durst F.

Lehrstuhl fiir Stromungsmechanik, Universitit Erlangen-Niirnberg,
Cauerstr. 4, D-91058 Erlangen, Germany

ABSTRACT

A film theory of heat and mass transfer during single- and multi component droplet evaporation is
- presented. Single droplet evaporation measurements are performed in an acoustic levitator. With
this levitator, a stable levitation of liquid droplets within a limited range of levitation power and
spheroidal aspect ratio is possible under terrestrial conditions. As a result of the periodic acoustic
power distribution the levitated droplet is surrounded by induced convection currents, called outer
acoustic streaming, which may be represented by an effective Reynolds number. Enhanced heat and
mass transfer rates are represented with effective Nufelt and Sherwood numbers. A second additional
enhancement of heat and mass transfer is caused by droplet shape oscillations. Oscillatory motion
of the air in the immediate neighborhood of droplet is characterized by an oscillation Reynolds num-
ber. Both effects, acoustic streaming and droplet shape oscillations, may significantly improve heat
and mass transfer rates. Instantaneous droplet sizes and oscillation amplitudes in a standing-wave-
levitator were measured with a so-called laser-shadow extinction method and with a CCD camera.
Measurements of evaporation rates of single droplets show that pure liquids follow perfectly the D2-
law of evaporation, whereas water-ethyl-sucrose and other mixtures exhibit the expected non-linear
behavior.

1 INTRODUCTION

Numerous applications of spray technologies are related to the process of droplet evaporation, e.g.
spray drying and cooling, spray combustion or spray painting. Achievable overall heat and mass
transfer rates can be exceptionally high due to the high area to volume ratio of the droplet ensemble
forming the spray. The technical reason to let droplets evaporate may be quite different. In spray
drying, also in some painting processes, different evaporation velocities of certain components are
used to change the properties of the droplets in a well defined manner, while in combustion processes
evaporating liquid fuel droplets represent one step to achieve a uniform distribution of burning gases.
Although these processes are governed by the evaporation of single droplets, reliable measurements
of single droplet evaporation rates are rare. This is mainly because such measurements require to
suspend droplets and keep them fixed in a certain position. This was not possible until different
levitating techniques were developed, of which the most important are: electrodynamic levitation,
radiation levitation and acoustic levitation.

The acoustic levitation, which will be treated in the present investigation, has been mainly used
in space processing and, more recently, under terrestrial conditions for the levitation of droplets
immersed in another liquid, (see Marston and Apfel[12]). Due to the small density differences between

_homogeneous and dispersed phase, droplets reached sizes up toa few centimeters-at relatively low

levitation power. Experimental investigations in gas-liquid systems were performed by Trink and Hsu
Chaur-Jian [15]. However, these investigations focused on droplet oscillations and stability.

Downing [6] measured the evaporation of droplets suspended in a free jet of dry, vapour-free air
flowing at 1 m/s in upward direction. For hexan droplets, he obtained a linear decay of the square
of the droplet diameter as a function of time. This result was confirmed by the measurements of
Ravindran et al. [13], in which evaporation rates of single submicron droplets suspended in an electric
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field were determined. Also, a perfect linearity between the droplet surface decrease versus time was
found by Davis and Ray [5] for dibutyl sebacate (DBS) in nitrogen and by Zhang and Davis [16]
for n-hexadecane droplets in helium and nitrogen. More recently Renz et al. [14] measured droplet
evaporation in stagnant and flowing gases. For the stagnant case the D?-law of evaporation was
approved using different n-heptane and n-decane mixtures. In contrast to these previous results,
which were obtained for very small droplets in the size range between 1 and 100 pm, the present
investigation focuses on droplet sizes between 0.5 and 2 mm.

As a result of the periodic excitation in the standing-wave-levitator the levitated droplet experiences
certain enhanced convective flows, which result in improved heat and mass transfer. It is well known
that for pure molecular transport of species and thermal energy Sherwood and Nufelt number equals
two. Even when the surrounding fluid moves relative to the droplet at a sufficiently low Reynolds
number (Re < 1), the Sherwood number is approx. two. At somewhat higher Reynolds numbers or,
more appropriately, at higher Peclet numbers, the Sherwood number depends on Pe. There exists
fairly reliable data for the limiting cases of Pe — 0 and Pe — oo, but for Pe = O(1), few data exists
[16]. In addition, an influence of droplet oscillations on enhanced heat and mass transfer rates has
been studied as well.

An additional problem which exists in acoustic levitation is the occurrence of a spheroidal shape of
levitated droplets. In acoustic levitation this shape represents the equilibrium state resulting from the
axial acoustic radiation pressure and the radial Bernoull: force [10]. Stable terrestrial drop levitation
is possible just bellow the pressure nodes of an acoustic standing wave within a limited range of
levitation power and spheroidal aspect ratios. Deformed droplets have a somewhat larger surface area
which results in increased heat and mass transfer rates.

The aim of this work is to demonstrate the use of acoustic levitation for the investigation of sin-
gle droplet evaporation rates and to present basic results of the influence of the acoustic streaming
(micro-convection) and droplet oscillations on measured evaporation rates. A new on-line technique,
the so-called laser-shadow extinction method for droplet size, oscillation amplitude and frequency
measurements is introduced.

2 EXPERIMENTAL SETUP AND INSTRUMENTATION

In Fig. 1 the test-rig for the droplet evaporation and oscillation measurements is shown. It consists
of the ultrasonic levitator for stable terrestrial droplet positioning, the laser-shadow extinction layout
for droplet size, eigenfrequency and deformation measurements, the CCD and high-speed cameras
for visualization of droplet oscillations, deformations, break-up and internal circulation and the data
acquisition unit consisting of a PC computer, A/D converters, oscilloscope, signal generator, etc.

2.1 Acoustic levitation

An acoustic (ultrasonic) radiation-pressure is used to trap a droplet at a stable position and to drive
it into oscillations. A detailed description of the method and the apparatus has been given in Daidzié
et al. [3]. A body placed in a acoustic field will experience a force on it owing to the relative motion of
the body and the fluid elements in the medium. This force arises from the scattering of the sound wave
from the body and is equal to the rate of change of momentum through any surface enclosing the body.
The acoustic radiation pressure is defined as the time-averaged momentum flux at any point. The

- Force on small isolated droplets in an ultrasonic standing wave is large enough to. levitate them against

the gravitational acceleration. For the case of a plane standing wave where v = Umaz sin(kz) cos(wt)
and p = Pmaz cos(kz)sin(wt), the force on a small liquid droplet in gaseous medium is [10, 11]

5 . . 27 w
F(Az,R):g-k-povfnax-Vz-fl(z)-sm(2kAz)::szzg k:—/—\—:-c— (1)

Under zero gravity conditions the liquid sample will be positioned exactly at the pressure node of
the standing ultrasonic wave (Az = 0), while under terrestrial conditions the droplet weight will be



ULTRASONIC
LEVITATOR

€D Camera

[e)
=4

1=}

Stroboscope

/

/
l Signal Generator

et Conttol Unit

Figure 1: Experimental setup for droplet evaporation and oscillation measurements
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The influence of the droplet size on acoustic force is considered in two force factors
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where fi(z) = 0 indicates that droplets with D > 0.715A cannot be levitated [10]. The optimal
positioning range, with the smallest acoustic power requirement exists for D = A/3 and is obtained
by minimizing Eq. (1). Note that lim; ¢ fi(z) = 1.

A periodic acoustic power distribution in a standing wave will induce micro-convection around a
levitated droplet. A time modulation of the acoustic pressure intensity will provide a periodic squeezing
action to drive steady-state shape oscillations. The acoustic levitator used in this work, operating with
a carrier frequency of 56 kHz, was supplied by Battelle-Frankfurt. The distance between the two plates
could be adjusted to achieve a standing ultrasonic wave with 3 to 5 force-free velocity anti-nodes
between them. After optimizing the settings of the levitator for a given droplet size, the droplets
were placed manually into these velocity anti-nodes by a ul-syringe. With this levitator it was not
difficult to distort a spherical droplet into an oblate spheroid as the acoustic pressure is increased. The
prolate-biased initial deformation was however not obtainable with current levitator. An amplitude-
modulation of the carrier ultrasonic frequency was used in order to excite droplet oscillations.

2.2 Droplet size and deformation measurements with a CCD camera

The straightforward way to obtain droplet sizes is visualization. Due to its relatively large size it
was easy to visualize droplets while levitating. Due to the acoustic radiation pressure, the shape of
the droplets in the levitator was always oblate. The acoustic radiation pressure (levitation power)

was adjusted to the minimum in order to minimize the spheroidal deformation, while still having a
stable position. It can be assumed that the equilibrium spheroid is an ellipsoid of revolution with
two main axis equal A = C and A > B. This should be a good estimate for the oblate spheroid
shape. The equivalent diameter of the droplet is accordingly D = /A% - B. The relation between the
nondimensional squared diameter and an elapsed time was fitted with the linear curve D*? = g2— K*-t,
(D%-law), where a® < 1 is an initial nondimensional diameter squared which does not influence the

value of K. Note that a? is obtained from fitting and not from initial measurements.
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2.3 Laser-shadow extinction method

Measurements of droplet frequency, size, and amplitude of oscillations were performed by means of
the laser-shadow extinction method, as shown schematically in Fig 2. The suspended isolated droplet
is placed in the path of a collimated He-Ne laser beam. The initial laser beam diameter (0.6 mm)
was expanded through a Galilean telescope yielding a Rayleigh range of about 2.5 m and a spot size
of 3.8 mm. The laser light is collected in a direct forward scattering arrangement and collimated
through a 3.3 mm aperture to a PIN diode with an active rectangular surface of 41 mm?. Due to the
highly stabilized droplet position in the levitator, it is possible to obtain a ‘shadow’ of the droplet
in the forward direction. This shadow, which is causing an intensity deficit due to the light that
is scattered and absorbed by the droplet, is detected by a PIN diode. Due to the high bandwidth
of the PIN-diode, its output signal represents an instantaneous measure for the light intensity. The
PIN diode is connected to an oscilloscope and to a PC computer with an A/D converter. Changes
of the voltage obtained from the PIN diode are related to the droplet sizes and oscillations as shown
by Daid#ié et al. [3, 4]. A soft quadratic nonlinearity between detected laser light intensity and the
surface deformation is found. However, for deformations smaller then (e < 0.4) linear relation gives
good approximation. Since only the signal amplitude is available it is not possible to simultaneously
measure spherical droplet size and initial deformation. However, using a calibration, a unique relation
between droplet size, deformation and detected intensity could be established.

ULTRASONIC
Galilean telescope LEVITATOR

PIN Diode
[

He-Ne Laser
/

/ =532.8nm

Droplet  Aperture

f=1cm f=16cm

Figure 2: Laser-shadow extinction method

It is assumed that the laser possesses a proper gaussian intensity distribution (T E Moo mode). Since
the droplets are very large compared to the wavelength of the laser light, diffraction effects could
be neglected. Furthermore, measurements showed that the contribution of laser light going directly
through the center of the droplet is less than 0.5 % of the total intensity. Since droplets were always
oblate deformed a spherical mean droplet radius Ro can be determined from the following implicit

equation [3]

2
* _ —202 /w2 —2a2fuw?} __ ___ __}_?_q . —2R2 Jw?
[I (1 e >+e ] {1 (Wd) 62] e “fol% = 0 (3)
where ) 1 /2
_ — € ¢ _ 1%~
€2—-22€+1S0 e—-b—‘z_*_1 >1

and a and b are the half-axis of the oblate spheroid. It was found, that the agreement between the
droplet sizes determined through the laser-shadow method, the visualization technique and the liquid
volume injected by the ul-syringe always stayed within + 3 % for droplet diameters exceeding 1 mm.
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3 THEORETICAL CONSIDERATIONS

The evaporation of droplets can be generally described with heat and mass balance equations. In the
present analysis the infinite conductivity model of droplet evaporation was used. This approach is valid
if the Biot number is very small (say Bi < 0.1). In such a case we may use lumped parameter analysis
and avoid the use of partial differential equations. We may write the mass conservation equation in
an integral form

d—d];l- = dit(gfrrfpz) = —-m [kg/s] (4)

where 7, is the actual droplet radius and 7n is the evaporation mass rate. Measurements of the
evaporation rates of liquids, burning of droplets, sublimation of solids, etc., have shown that the
droplet diameter, after an initial transient period (heat-up), diminishes with time according to the
relationship [1, 7, 8]

D?*=Di-K-t (5)

where Dy is the initial droplet diameter, and K the evaporation constant. Such a steady-state analysis
facilitates the study of droplet evaporation. In order to derive this relation we shall perform a further
reduction of the mass conservation equation. Manipulation of Eq. (4) leads to

d(D%) 4.1

~-K h ( =
7 { where K Do

[m?/s] (6)

if m o« Dy, as it was usually observed in the measurements. This is the well known D2-law, with the
solution given by Eq. (5). The D2-law is the simplest possible model describing droplet evaporation.
Basic assumptions built into this theory are given elsewhere [7, 8]. In dimensionless form the D2-law

yields
D,\? t
R i =]1-K*t=1— —~
D ( DO) - K™t ()
where K* = K /D% has the dimension [s~!] and the droplet lifetime 7 is defined for D, = D* = 0, as

r=D2/K =1/K".

3.1 Film theory of droplet evaporation

The mass transfer between a droplet and the surrounding gas occurs due to a certain concentration
gradient. In order to explain simultaneous heat and mass transfer the so-called film [1] theory will be
employed. The film theory assumes that the heat and mass transfer resistance between the surface and
the gas is concentrated within a fictional gas film of constant thickness. The temperature and species
composition along the surface, as well as at the external boundary of the film, are uniform. Formally,
this requires very large Peclet numbers, which, for most practical situations, means very large Schmidt
numbers for any finite Reynolds number. Surprisingly, this approximation is often reasonable down to
Schmidt numbers in the order of unity [2]. The thickness of the film is determined from the requirement
that the rates of a purely molecular transport by thermal conduction or diffusion through the film
must be equal to the actual intensity of the convective heat or mass transfer between the surface and
the surrounding. However, it should be noted that the Stefan flow results in the thickening of the film.
In such sense we may define fictional external radii for heat and mass transfer of the spherical droplet

as [1]

_ rsNup _ TsSho 8

I = Nug=2)) M T Ghe= 2 (8)
where Mug and Shy are the standard Nufelt and Sherwood number for a solid nonevaporating sphere
which can be calculated from the standard correlations for the sphere in the convective field. It follows
that the film thickness becomes infinite for Nug and Shy numbers close to 2. If there is no convection,
neither natural nor forced, the mass transfer is pure diffusional in the radial direction only giving

Sh =212, 3].
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To include the effects of Stefan flow, we introduce some modified values of the Nufelt and Sherwood
numbers, i.e. Nu* and Sh*, which are substituted in Eq. (8) to provide the correct values of the film

radii
R e Ne _rsSh” (9)
IT= Nur = 2) IM = (Sh = 2)
Note that Mu* and Sh* should not be confused with the actual Nufelt and Sherwood numbers of an
evaporating droplet which will be designated as Nu and Sh. To take into consideration the effects
of Stefan flow, i.e. surface blowing due to the convective mass transfer, we introduce the correction
factors [3]
F_f_g‘__Nuo—Q_F(B) F__éM__Sho——2_F(B)
T—5TO—NU*—2— T M—éMo—Sh*-—Q—- M
which represent the relative change of the film thickness due to the Stefan flow. Br and By are heat
and mass transfer numbers. The modified Nufelt and Sherwood numbers may be expressed as

N’LL()—-2 -
o= Sh* = 2+ =~ (10)

Note that Mu* — ANug and Sh* — Shg as Fyr, Fr — 1. The expressions for Fr and Fys will be
considered later. The following relation between Sherwood and Nufelt numbers exists

Nu* =2+

Shg > Sh™ > Sh Nug > Nu* > Nu

The mass concentration of the vapour in the mixture is defined as

M; ~
Y; = =—+ with Y, =1 0<Y;, <1
Consider now the control spherical surface of radius r so that r, <7 < 7y. The mass flow of vapour
through this surface is given by [1, 7, 8]

; dY,
Jo = dnriin :4m2[—pmp"‘ dru+PmuT,va] (11)
diffusion convection

where jm = PmiUrm = Polry + Paling, 18 the specific mass flux of vapour/air mixture on the droplet
surface, Y, is the mass concentration of the vapour phase, u, ,, is the radial velocity of the mixture
(Stefan flow), pr, is the mixture density, D,, is the binary diffusion coefficient of vapour in air. Under
steady-state conditions in the gas phase, the total vapour mass flow rate equals the vaporization rate
(rh), what implies J,, = m = ATT2pmUrm. On the other hand, the vaporization rate, 7, is independent
of the radius 7s < 7 < s (the same mass rate leaving the surface at r, must go through the surface
at 7¢). Using the definition of the Spalding mass transfer number B,

By = % 0 < By < ©

The mass concentration of the vapour in a mixture is

Y, Py My =14 (P2 1) M“]—l
4

AL

- y M-u + {Pm — pv) fw’a L Py A7 oy
For water droplets in air the water-vapour pressure may be approximated with

po(T) = 602.63- RH - 1970-77315/T 97315 < T <32315K 0 < RH <1 [Pa)

After integrating Eq. (11), we obtain
m = 2775 Py Dm Sh™ In(1+ Buy) (12)




where p,, and D,, are the average values of the mixture density and the binary diffusion coefficient
throughout the film, respectively. The accuracy of the evaporation rate is heavily depending on the
choice of the values p,, and D,,. According to Abramzon et al. [1], the best results are obtained
using the one-third rule of Sparrow and Gregg, where average properties are evaluated at the following
reference temperature and species mass fraction

Too — T 2 1 Yoo - Y, 2 1
T.,. = Ts - s _Z Ts — Too Y;, _ Ys e s Y; -
+ 3 3 + 3 + 3 3 + 3 Yo
The mass flux of the evaporating species leaving the surface is
Jos = 2T7sP D Sh By = m (13)

where the actual Sherwood number is defined as (see ref. [3])

27, dY

Y, - Y, dr (14)

Sh = —

Combining Egs. (10), (12) and (13), we obtain the following relationship

oh— spn(L+ Bar) _ [2+5h0- ]ln(l-i-BM) (1 +By)  Sho—21n(1+ By) (15)

By F(Bum) By By F(Byr) Bp

In the case of pure diffusion the vapour mass flux is given by (Jy4ifs)s = 277 5P, D Sh(Y,s ~-Y)=m
where Sh = Sh* = Shg = 2 [3]. This means that for pure diffusion no Stefan flow exists. From the
point of view of film theory, the Stefan flow affects the transfer rate in two different ways. First, it
distorts the temperature and concentration profiles in the film leading to the appearance of the natural
logarithm In(1 4+ B) in the driving force of the process. Second, the film thickness increases in the
case of evaporation.

The total heat flux through the control surface (from surrounding to droplet) is expressed with [1, 3]

4%, o = {QL +[/(T3) + T (T - T)J} (16)

where 7(T,) = h,(Ts) — h,(Ts) is the latent heat of evaporation. If we introduce an effective latent
heat of evaporation L(T,) = r(Ts) + Q1 /m, and integrating Eq. (16) within the limits of the thermal
film thickness, we obtain (see ref. [3])

m = « Dy (;Xm>Nu*-ln(l+BT) (17)

Cp,v

where the Spalding heat transfer number [1, 8], defined as

T (Too = Ts) _ Tpo (Too = Ty) _ Tpo (Too = T)
r(Ts) + Q1 r(T,) + 9L L(T,)

Br =

represents the ratio between the heat necessary to superheat the vapour and the total heat supplied
to the droplet surface. Comparing the right hand sides of Eqs (12) and (17), we obtain the following

—Trelation between the heat and mass transfer mumber
Br = (1+BM)¢—1

where

CpoPmDm  Sh* Ty Sh*

1
= Y Nut T Ty Nut Te and

N

I
3%l

I

I
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In the case of steady-state evaporation (no heat-up) the heat flux into the droplet interior equals zero
Qr = 0. If we use Eq. (17), the heat transfer rate to a droplet per unit surface area and per unit
time, is

mr  1r(T) zf_".

7= D2 D, (cp,u) Aut-In(1+ Br)

and after some reductions and the help of Eq. (10) the actual Nufelt number becomes

Nu = a_DS gD, :Nu*ln(l—{-BT) _ 21n(1+BT)+Nu0—21n(1+BT)

Y Ao (Too — Ts) Br Br F(Br)  Br

3.2 Evaporation rate calculations

To find the correction factors Fys, Fy for the film thickness Abramzon et al. [1] considered the model
problem of the laminar boundary layer flow past a vaporizing wedge. In the case of isothermal surface
and constant physical properties of the fluid, the problem has a self similar solution and the correction
factors do not depend on the local Reynolds number. It was found that values of F, Fr are practically
insensitive to the Schmidt and Prandtl numbers. Abramzon et al. assumed that this solution may be
applied also to the spherical film around the evaporating droplet. The relative change of the diffusional
film thickness is expressed as

In(1+ B)

F(B) = (1+ B)*7 3

= (1+0.2B)+0(B? (18)
where F(B) is an universal function. As Abramzon et al. stated, F(B) increases from 1 to 1.279 as B
grows from B = 0 to B = 8. In the interval 8 < B < 20, the values of F(B) remain practically con-
stant. Faeth [7] argued that the actual Sherwood number can be written as Sh = [2In (1 + Bm)/Bum].
However, for finite By this expression leads to Sherwood numbers which are smaller than 2. Moreover,
for very large By, it predicts Sh — 0. This relation can be obtained as a limiting case of Eq. (15),
when Sho = 2 (Re = 0). Strictly speaking this relation is correct only for vanishing Bjps. Before, we
learned that the smallest Sherwood number is reached by pure diffusion and has a minimum value of
two. On the other hand, it was already pointed out that the logarithmic nature of the driving poten-
tial for the mass and/or heat transfer is a direct consequence of the Stefan flow (blowing). Blowing
of the surface may occur by evaporation processes. In case of very small mass transfer number, we
have limp,,—o[ln (1 + By)/Bum] = 1 and Fi — 1, and the expected result for pure diffusion, Sh = 2
is obtained. Indeed, diffusion is represented by the infinitesimal mass transfer number, B — 0 (dY
is the driving potential). The same analysis is valid for the Nufelt number. This means that for
higher mass/heat transfer numbers B, the Stefan flow induces a small-scale motion in the immediate
surrounding of droplet with an effective Reynolds number larger than zero and Shg, Nug > 2. The
actual Sherwood number can be written in a different form

Sh = [Sho + 2(Fu — 1)]- (14 Bur)™®" = [Sho - (1 — 0.7Bar) + 0.4 Bu] + O(B3y) (19)

A similar equation may be obtained for the actual Nufelt number. Substituting the modified Sherwood
number defined by Eq. (10) into Eq. (12), the vaporization rate or the mass flux of the evaporating
species could be written as

r Sho - 2] 1.1

m = 7D Py, Dm lz+ For In (1% Bar)

or for small By, ™ = DB, DmShoBu, to the second order in By and Sho = O(1). The most
simple models of evaporation assume the values of heat and mass transfer numbers to be equal, i.e.
Bpys = Br = B. This assumption is valid only if ¢ = 1. For averaged Lewis numbers equal one, we
have €p,/Cpm - SK*/Nu* = 1. If additionally, the heat capacities of mixture and vapour are approx.
equal, then Sh* = Nwu*, which shows the equivalency of the heat and mass transport.




We have proved that the mass flux of the evaporating liquid is proportional to the droplet diameter
(th < D,), see Eq. (12). In this case the D?-law, Eq. (5), is valid and the droplet surface decreases
proportionally with elapsed time. Using the assumption that By = Br = B and Egs. (6), (10), (12)
and (15), then the evaporation constant could be expressed as
Bd 1+ B+ 2 (Wue—2)- B (14 B0 (20)
Cpw Pl Cp,v Pl

K =

In the case of stagnant droplets in an environment without natural or forced convection, (Re =

0, Nug, Sho = 2), a naive substitution will give the evaporation constant as K = %’\vﬂ;l— -In(1+ B),
(7, 8]. However, this leads to erroneous results. For small B < 1 and Nug, Sho = O(1) the second
term in Eq. (20) is of the same order as the first term and, therefore, it cannot be neglected. In
addition, we already have shown that for pure diffusion no Stefan flow exists and the logarithmic
nature of the mass/heat transfer potential vanishes. Expanding the expression for K in Eq. (20) in
absolutely convergent series for small driving potentials B < 1, in terms of B, we may write with the

second-order accuracy

:M."_O’\_"}..B_}_O(B?) or K:M-B+O(B2) B<l

Cp,v Pl 14

K

We could also use Shg instead of AMug. The mass transfer number B < 1, if Y, < 0.5+ Y. Since B
is a constant at the wet bulb state, it is indicated that K is constant as well. The effective Sherwood
(or Nufelt) number can be now calculated as

Cpo Pl . pi ' .
Sho = Nug = 2Pt g = Pl B<1, Sho, Nup >2 =O0(1
0 Y =13 B 4p, DnB 0, /o (1)

and using Eq. (19), the actual Sherwood number becomes

Sh = [f{f\_ﬁ%.]{-(l —0.7B) + 0.4 B] +0(B?) = 0(1) (21)

We can now formulate D2-law, Eq. (6), over Sh number as

dD}) _ o _ _4%n-B-(Sh-04B)

di "~ Cw-pi-(1-0.7B)

[m?/s] (22)

With Eq. (21) a method of determining Sherwood or Nufelt numbers from measured evaporation
constants and known material properties is presented. The average mixture properties for the reference
conditions are calculated according to the standard additive rules. Reference temperature and species
mass fraction are obtained from the one-third rule of Sparrow and Gregg [1].

3.3 Acoustic streaming

The scattering of acoustic waves on droplet surfaces induces a motion of the surrounding fluid. Such a
small-scale motion is called acoustic streaming. The theory of acoustic streaming is treated by Lee [9].
In our study, we focus on the representation of such a small-scale motion with an effective Reynolds
number. However, the question appears how to correlate such micro-convections with the standard

relations for the convective heat and mass transfer coefficients. Several analysis of mass transfer to
or from spheres at higher Reynolds numbers have been made using either the potential flow theory or
boundary layer theory (Fréssling, Ranz and Marshall) [2]. The potential flow theory yields expressions
for Sh involving Pel/?, while boundary layer theory involves Rel/28c1/3,

The convective heat and mass transfer (Mug, Sho) between a solid nonvaporizing spherical particle
and a flowing fluid may be estimated according to Clift et al. [1, 2, 3]. Kronig and Bruijsten (1951)
used singular perturbation methods to obtain solutions for Sho valid up to Pe = O(1), Sho = 2 +



%Pe + %2137362 +- .-, where ReSc or RePr are Peclet numbers Pe for mass and heat transfer. Schmidt
numbers for water, ethyl and n-decane are in the order of one, S¢ = O(1), (0.612 for water, 1.29 for
ethyl and 2.574 for n-decane). Zhang and Davis [16] proposed the following relation for intermediate

Peclet numbers

Sho = 2+ (23)

1 1 ~1/n
(0.5Pe + 0.3026Pe?)" + (1.008’Pe1/3)"]
where the best fit of experimental data is obtained for n = 3, although n = 2 fits almost as well.
Zhang and Davis [16] performed evaporation measurements of single droplets suspended freely in
an electrodynamic chamber. Convective transfer was established with the laminar jet flow of either
nitrogen or helium. They found that for Pe = 10, Sherwood number does not exceed 4.

As a result of the acoustic energy distribution around the levitated droplet its equilibrium temperature
will rise slightly above the environmental temperature Teo [11]. In our levitation device droplets
experience temperature increase of 0.45°C. Lierke [11] found an empirical correlation for enhanced
heat and mass transfer of levitating water droplets in air

0.95Nu = Sh = 2+0.172Re for Re < 2.5 (24)
0.95Nu = Sh = 1.56 +0.55v/Re  for Re > 2.5 (25)

Lee [9] defined the acoustic streaming Reynolds number as Re = D v v = 20%,,/(w - V), where
the effective flow velocity around the levitated droplet is defined with vey = 2/(k - D) - 92, /c =
202 /(D -w). The velocity amplitude is dmee = 122.1- D/ f2(z) where D is in meters. After
some substitutions the acoustic streaming Reynolds number becomes Re = 4746 - D/[f -v - fo(2)). H
droplets around the optimal size are levitated it follows that f(z) ~ 1 and Re =~ 11.1 (f = 57.2 kHz,
v = 1.57-10~5 m?/s) which leads to Sh = 3.4. In this case the effective velocity is vey ~ 8.3 cm/s
and the velocity amplitude is 9z & 5.5 m/s. If we apply Eq. (23) of Zhang and Davis for a water
droplet with Pe = 6.8, the Sherwood number becomes approximately 3.9 which is about 15% higher

than predicted above. The actual Sherwood number is somewhat smaller.

To determine augmented Sherwood and Nufelt numbers by the method developed here, we will start
with Eq. (21). Measuring K in an ultrasonic levitator and estimating mass/heat transfer numbers
and the physical properties of the liquids used will give the prediction of the augmented Sherwood
and/or Nufelt number. Then, an effective Reynolds number can be found from Eq. (23), assuming
that Schmidt and/or Prandtl numbers are known. The film theory developed here gives Sh = 3.31
for K = 1.75 - 10~° m?/s, (¢,, = 1865 J/kgK, A = 0.0245 J/smK, B = 0.01, p; = 10° kg/m?,
M, = 28.96, M, = 18, p,, = 101.33 kPa, RH = 0.3, T = 293.15 K, ¥, = 0.0144), which is only
9.7% less then the result obtained by Lierke. The method given in Eq. (21) is very sensitive to an
accurate estimate of the physical properties. For many materials these properties are very difficult to
find or still non-existing. However, this method has the major advantage that it is based on theoretical
analysis of evaporation processes where only the evaporation constant K has to be measured.

3.4 Enhanced evaporation due to droplet oscillations

During droplet oscillations the host fluid is also set in motion which additionally improves heat and
mass transfer. The micro-convection effect produced by droplet shape oscillations is very similar to one
produced by acoustic streaming, since in both cases a host fluid is set in oscillatory motion resulting
in increased Sherwood and Nufelt numbers. We will now present a simple model for estimation of an
effective oscillatory Reynolds number. The Sherwood and/or Nufelt number can be than calculated

according to Eq. (25) or directly with our method by measuring the evaporation constant of oscillating
droplets. If we assume the oscillations are harmonic with amplitudes 2 = len| R cos(wnt+ @) Pn(cosb),
then the characteristic velocity of oscillations becomes v = & = —|en| Rwy, sin(wnt+@) Pr(cos 6). After
an appropriate averaging over time (RMS) and over zonal Legendre polynomials, we can define the
mean Reynolds number

T-T 4wy, - len)? - R? _ 8- |en|? - R?

Re = v v 2
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where §; = (2v/w)'/? is the characteristic length of the oscillatory flow and represents the penetration
depth of oscillations. It is usually called the Stokes layer. If we use the Rayleigh-Lamb equation for
inviscid, incompressible droplet oscillations [3],

wnz\/n(n—l)(n-f-Q)pz;S (n=2,3,..)
the Reynolds number of oscillatory motion becomes after some reductions
- 2 (O R\ -
Re = 4 |eq]” - <p1-1/2) - Zy, where Zn = \/n(n—l)(n+2) (26)

For a 1 mm water droplet oscillating in the second mode (n=2) with €2 = 0.1 (¢ = 0.072 N/m,
pi = 10% kg/m3, v = 15.7-107% m?/s), we obtain a Reynolds number of 1.92 and, according to Eq.
24, a Sherwood number of 2.33. This short analysis showed that the mass transfer rate is increased
by 16.5% in the case of oscillating compared to stagnant droplets. As one can see from Eq. 26, the
oscillating Reynolds number increases with the square of the oscillation amplitude |¢,| and with n3/2.
For the same data as before but for droplets oscillating in the fourth mode the Reynolds number will
be three times larger (Re = 5.48), and the Sherwood number, according to Eq. 25, would increase
to Sh = 2.85 which represents a 42.4 % higher evaporation rate. A possible droplet rotation in the
ultrasonic levitator and the consequent evaporation enhancement, which could not be controlled, can
be treated in a similar manner as droplet oscillations. However, the effect of rotation was found to be
small compared to other effects due to a relatively low rotation frequency (5-10 Hz).

Still unresolved remains the question how joint acoustic streaming and droplet oscillations influence
the evaporation process. Probably there is some coupling between these phenomena yielding a complex
estimate of the effective Reynolds number and consequently the enhanced heat and mass transfer rates.
However, we can measure its joint influence and, with the film theory developed herein, the Sherwood
number may be estimated.

4 EXPERIMENTAL RESULTS

In this section, we will present experimental results of droplet evaporation rates. This will include
single- and multi-component droplets. In addition the effects of acoustic streaming and droplet oscilla-
tions will be presented. The liquids used in this study vary from highly volatile n-octane and ethyl to
low-volatile n-hexadecane. The theoretical considerations derived before will be discussed here. The
verification of the experimental results will be made whenever it is possible but, in many cases, it was
not possible to find all necessary material properties. Two different acquisition techniques have been
used to obtain discrete droplet diameters in time, i.e. the evaporation history; the flow visualization
with CCD camera and the newly developed laser-shadow extinction method.

4.1 Evaporation measurements

In Fig. 3 the evaporation histories of 5 ul water and n-decane droplets are shown. These measurements
were performed with the laser-shadow method. Although the sizes differ by one order of magnitude
the evaporation rates for n-Decane are in good agreement with the results obtained by Renz et al. [14].
The evaporation constant for water was K = 1.498-107° m?/s at ¢t = 22°C and RH = 0.26. For n-

decane, K = 0.949-107° m?/s at ¢ = 22°C was measured. Of course the measurements were repeated
many times in order to get statistically averaged values. Care must be taken in analysing evaporation
rates of water droplets since they strongly depend on the relative humidity.

In Fig. 4 the evaporation histories of water, ethyl and different sucrose-mixtures are compared. Clearly,
the evaporation histories for the sucrose mixtures can be divided into three different stages. In a first
stage, the evaporation rates of the sucrose-water (LSG 4 and 9) and sucrose-ethyl (LSG 13) mixtures
are almost identical to those of pure water and ethyl, respectively. This is followed by a second stage,
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Figure 3: Evaporation history of 5 ul water and n-decane droplet.

where the curves start to deviate from the straight line, connecting to stage three, where almost linear
curves can be recognized again, but on a lower level. Especially for water-sucrose solutions the final
evaporation rates are very low. Here, crystallization of sugar occurs. For these measurements, the CCD
camera visualization technique was used. The surface area decrease with time for mixtures may be
written as D? = D3 — K(t)-t, where K(t) is very complex function depending on the mutual nonlinear
interactions between the components of the mixture.A theoretical analysis of the evaporation of multi-
component liquids is actually under progress, consisting of a perturbation analysis of the nonlinear
interaction between different mixture components.

@
®

) s 18 15 20
Time [min]

Figure 4: Evaporation rates of water, ethyl and sucrose-mixtures droplets (LSG).

In Fig. 5 the dependence of the evaporation constant on the acoustic power (which is proportional
to the acoustic radiation pressure) is shown. The point of zero power was obtained by extrapolating
measured data with a linear fit, i.e. K -10° = 0.393 4+ 0.458 - P for a 2 pl n-decane droplet. In
the same figure the similar dependence for 2 ul water droplet is shown, yielding the linear relation
K -10° = 0.563+0.155- P, where P is in Watts and K in m?/s. If we use Eq. (22) and put Sh =2 for
“RH., =06 (A, = 0.0215,¢,, = 1865, B = 0.0065), we obtain a vatue of & =-0.603-10=2-m? /s which———
is about 6.6% higher than the experimental result for pure diffusion. For the case of pure diffusion
Sh = 2 of water droplets in air with relative humidity RH = 0.3 the evaporation constant becomes
K = 1.221-10"% m?/s. As we already pointed out the accurate calculation of evaporation rates is very
sensitive to a correct use of the physical properties of the water-vapour/air mixture. The moisture
control was not used which additionally influences the uncertainty of the measurements.

In Fig. 6 the dependence of the initial oblate-biased static deformation on the acoustic power measured
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Figure 5: Dependence of the evaporation constant on the acoustic power measured for a 2 ul n-decane
and water droplet (RH = 0.6)

for a 2 ul n-decane and water droplet is presented. Due to these static deformations the droplet
surface area increases and, hence, higher evaporation rates follow. However, enhanced evaporation is
only with smaller part influenced by larger surface area. Dominant part comes from more developed
velocity profiles around a droplet. The experimental results were fitted with a second-order polynom
yielding a/b = 0.9991 4 0.00487 - P + 0.1039 - P?, with P in [W]. For 2 ul water droplet, we obtained
a/b = 0.9995+0.03586- P+0.0449- P2. Initial deformation aspect ratio a/b can be calculated according
to Trinh et al. [15]
o n(x/2)  l+gs R PEBo[l+ H(kR)]

b (01— R-P2fo 1+ L(kR)]

For these calculations the RMS pressure amplitude P; measurements with a probe microphone would
have been necessaru, which however, have not been performed within this study.
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Figure 6: Dependence of the initial oblate-biased static deformation on the acoustic power measured
for a 2 ul n-decane and water droplet

Let us now show the results of mass transfer rates for oscillating droplets. In Fig. 7 the evaporation

histories for 2 ul n-decane droplets and enhancement of Sherwood numbers due to oscillations are
presented. It is a remarkable result to notice how much the the evaporation rates are influenced
by droplet shape oscillations. In the case of a 0.8 mm n-decane droplet (V = 2 pul) oscillating in
second mode with |ez] = 0.1, the experimental value yields 12.6 % higher evaporation rate than in
case of no oscillations. Calculations gives Re = 1.17 and Sh = 2.2, and a relative increase in mass
transfer of about 10 %. As one can see the agreement with the experimental result is good. For
same droplet size but, oscillating in fourth mode with |es| = 0.13 the experimental value yields 42 %
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higher Sherwood number than no oscillations case. Calculations gives Reynolds number of 5.93 and
Sherwood number 2.89 presenting a relative increase of ~ 45 %. This result is in good agreement with
the experimental result as well. During the measurements the resonance frequency increases due to
droplet size decrease caused by evaporation. The frequency change due to evaporation was thoroughly
investigated by Daidzié [3, 4].
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Figure 7: Evaporation rates for 2 ul n-decane droplets in case of axial symmetric oscillations and
Sherwood numbers ratios

5 CONCLUSIONS

Theoretical considerations of the film theory showed previous erroneous conclusions based on the fact
that pure diffusion and Stefan flow can co-exist with the consequence that the actual Sherwood number
becomes smaller than two. It is shown that in the limiting case for stagnant droplet, with negligible
Stefan flow effect, the convective transfer numbers must vanish as well and that.

By means of an ultrasonic levitator, first evaporation measurements of single droplets have been
performed. The measurements have been made by either a laser-shadow extinction method or a
visualization technique. With pure liquids the measurements are in perfect agreement with the well
known D2-law, i.e. the surface of the droplets decreases linearly with time. For water-ethyl-sucrose
mixtures the expected non-linear behaviour was found, characterized by a fast evaporation of the high-
volatile components and a final slow or even diminishing evaporation due to starting crystallization of
the sucrose. Mutual interaction between different components evaporation rates is responsible for this
nonlinearity. A perturbation analysis for mixtures with small amount of second component should
give a reliable agreement with the experimental results. This will be the subject of further theoretical
investigations on multi-component droplet evaporation.

It was found that acoustic streaming and droplet shape oscillations may significantly improve heat
and mass transfer rates. This is specialy interesting for models of spraying systems where turbulence
effects and droplet oscillations may play important role in the final droplet size distributions. So far,

the combination of the ultrasonic levitation principle with new measuring techniquesfor instantaneous——

droplet sizes has proven to deliver reliable results of the evaporation rates. Even an acoustic levitation
influence convective mass transfer it can still be used for pure diffusion measurements by extrapolating
measured data for different acoustic powers to zero power case. Such data on pure diffusion make then
possible to extract binary diffusion constant for different mixtures and combinations of liquids and
gaseous hosts. Evaporation measurements in controlled environmental conditions will be the subject
of future investigations which is of special interest for levitation of water droplets.
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ABSTRACT

Several mean void fraction correlations have been proposed in the past. Indeed, they differ with
respect to the physical parameters included, the underlying data basis, the model assumptions
etc. Their predictions also considerably deviate from each other. Thus, the rational choice of
an appropriate model is not straightforward.

On the basis of a large mean void fraction data bank, containing experimental results for
vertical upward and horizontal pipe flow, some specific correlations have been checked for
their predictive accuracy in relation to each other and in view of a generally accepted level of
permissible inaccuracy.

The selection of the correlations for the relative ranking is based on the definition of a set of
physically indispensable equation variables and the inclusion of some theoretical limits, which
have to be met by the relationships.

The authoritative criteria for the ranking are dimensionless statistical parameters describing
the scatter of the differences between the measured and the calculated values of the mean
void fraction and of the two-phase mixture density. In detail, the standard deviations of the
logarithmic and absolute deviations are used with the same weight.

The comparison confirmed that most of the void fraction correlations either reproduce the
mean void fraction or the mean density with a rather acceptable accuracy. All in all, Rouhani’s
first correlation and the older HTFS-Alpha model are the only ones meriting a general recom-
mendation in the case of horizontal and vertical upward flow.

INTRODUCTION

The mean void fraction is—amongst others—necessary for predicting the gravitational and
the momentum pressure change, the latter if using a heterogeneous flow model. Several mean
void fraction correlations are described in the literature, which—again amongst others—differ

—with-respect-to-the physical model-assumptions; the-underlying-databasis-and-the physical

parameters included. As a consequence, their predictions also considerably deviate from each
other and the choice of an appropriate model is, therefore, very often a matter of feeling.

In this study the merits of several well known mean void fraction correlations, if used for
reproducing measured mean void fraction and mean mixture density data during horizontal
flow and vertical upflow, are checked. In this respect, the separate evaluation of the predictive
accuracy for mean void fraction and mean mixture density seems to be necessary, since it can
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not be expected that a correlation correctly predicting mean void fraction data provides the
same accuracy regarding the mean mixture density. In view of the vast amount of correlations
advocated in the literature the methods finally considered emerged from a pre-examination;
only those including certain authoritative independent parameters as equation variables and
mathematically the (in practice) most significant limiting values of the mean void fraction
have been selected.

First, the interactions between the independent parameters and the mean void fraction are
defined and, thereby, the limiting conditions for the maximum and minimum mean void frac-
tion to be fullfilled by the correlations are delineated and the correlations are selected. Next,
the database is described in global terms and the statistical dimensionless numbers used for
characterization of the average predictive accuracy are justified. Finally, the average predic-
tive accuracy of the selected void fraction correlations are given on the basis of the values of
the statistical numbers. Therewith, it is discerned between their merits, if reproducing mean
void fraction and mean mixture density data respectively.

1. DEFINITIONS AND VALIDITY RANGES

The definitions used in the following read: The mean void fraction is the ratio between the
flow area occupied by gas or vapour ! and that of the total flow area. It is a time and area
average of the distribution across the flow cross section.

Ag

£ = ————
Ac + Ar

Differentiation is made between the (self adjusting) mean void fraction and the (intentionally
adjustable) volumetric flow quality as on average the (mean) phase velocities differ. The lat-
ter is defined as the ratio of the vapour volume flow rate to the total volume flow rate of the
two-phase mixture.

: Vo
E = "
Ve + VF
Analogously, the ratio of the corresponding mass flow rates can be defined as the mass flow
quality. _
. Mg
T = g
Mg + Mp
With these parameters the (graphic but non measurable) slip as the ratio of the mean velocities
of both phases reads

wg € 1 —c¢ z 1—-€pF

wWr 1—¢ ¢ 1—2 € pg

The void fraction-and both-qualities-are defined within the limits of zero for liquid flow and
unity for vapour flow respectively. In the case of a so-called homogeneous flow the mean void
fraction and the volumetric flow quality are identical. With respect to a definition of the
attainable magnitude of the slip, the starting point of the assessment is the pressure difference
forcing the mixture through a horizontal flow channel. By assuming equal local pressure in

1n following the expression “vapour” will be used instead of “gas or vapour”. Moreover, “mass flow quality”
and “mean mixture density” will often be replaced by “quality” and “mean density”.




both phases at any flow position the vapour phase must flow with a higher average velocity
than the liquid because of its smaller specific weight and lower specific phase friction. In
vertical upward flow this tendency will be amplified by the buoyancy. Thereby, the slip can
only take values in excess of or equal to unity for vertical upward flow and horizontal flow.

S>1

The mean mixture density is obtained by the void fraction weighted density of both phases.
For an infinite short tube length it is calculated by

p=c-pe+(l—¢) pr
The limits of the mean density are given by the densities of vapour and liquid phase.

pc < p < pF

2. INDEPENDENT PARAMETERS FOR THE MEAN VOID FRACTION

It is well accepted that the authoritative independent parameters influencing the mean void
fraction are flow direction, mass flow rates of both phases, macroscopic phase state properties
as density, dynamic viscosity and surface tension, characteristic dimensions of the flow cross
section and gravitational acceleration [1]. Depending on the combination of these parameters
different flow patterns adjust themselves, for instance bubble, slug and annular flow. Indeed,
here the flow patterns are not considered as independent parameters as they set automatically
in as a function of these. Additionally, the effects of mean wall roughness or physicochemical
properties of the mixture as well as of the type of generation of the two phase flow should
be negligibly small in view of the large pipe flow velocities usually prevailing and, thus, they
remain secondary parameters.

The effect of the flow direction on the mean void fraction also seems to be negligibly small. In
horizontally directed two-phase flow neither the buoyancy of the vapour phase nor the gravity
of the liquid phase influence the global motion of the mixture, because in each case no force
component 1s acting in flow direction. Only the vertical arrangement of the phases can be
influenced in case of low (mean) velocities. In vertical upward flow the velocity of the lighter
phase is increased due to the effect of buoyancy and, as a consequence, the mean void fraction
is lower than in the case of horizontal flow at equal flow and operation conditions. However,
the deviations diminish with higher velocities and pressures, in detail, as soon as the ascending
velocity of a single bubble or of a bubble bulk in proportion to the transport velocity will be
negligibly small.

Subsequently, the effect on the mean void fraction by changing only one independent parameter
and keeping the others constant is analysed. With respect to an intentional restriction of the
number of correlations to be checked, it is necessary to weight the individual importance

of the remaining, not yet classified parameters. However, this can only be carried out on
the basis of narrow parameter ranges, due to the complicated interactions between the two
phases, which can only be overlooked or be valid within a specific flow regime. Herewith, for a
simplification of the analysis the mass flow rates of the phases are replaced by the total mass
flux and the quality. With this usual artificial comprehension, the specific effect of the total
mass flow rate on the mean void fraction will be greatly reduced, while the flow quality as a
not directly measurable and, thus, defined quantity, though very illustrative, will become a




dominant primary parameter. Furthermore, the densities and viscosities of both phases are
summarized in the density and viscosity ratio, pr/pg and nr /6.

Disregarding in the following the flow direction, the quality and the density ratio remain as
primary parameters considerably affecting the mean void fraction. With increasing quality
a greater amount of vapour flows through the tube cross section, whereas the liquid volume
flow is correspondingly reduced and the mean void fraction rises. Due to the same reason an
increasing density ratio, for instance as a consequence of a pressure reduction, causes higher
mean void fractions, too. At a constant quality, a higher mass flux contributes to a more
homogeneous flow due to a more intensive momentum exchange between the phases and,
thus, a moderately higher mean void fraction.

As long as the tube diameter is assumed to be an order of magnitude larger than the maximum
bubble diameter, an increase in tube diameter would promote phase separation and, hence,
smaller mean void fractions would be obtained.

At common operating conditions the dynamic viscosity of the vapour phase varies in very
small ranges, so that the mean void fraction should not be affected to a considerable degree by
changing this property. For this reason, only the change of the liquid phase dynamic viscosity
will be considered. A higher liquid viscosity effects larger friction forces between liquid and
tube wall as well as higher drag forces between the phases. As a consequence, the friction
forces prevailing in the first case lead to a lower liquid velocity gradient at the wall boundary
layer and simultaneously to a higher liquid velocity in the core allowing, thus, for a higher
vapour velocity, too. The mean void fraction then adjusts itself to lower values. In parallel,
higher drag forces occurring between the phases cause a decrease of slip, which now would
reduce the mean void fraction. The dominance of one of these tendencies depends—amongst
others—on the degree of wetting of the tube wall with liquid and on the size of the interface
between liquid and vapour phase. Usually, it is assumed that the increasing friction forces
at the wall are the dominant forces so that the mean void fraction would be lowered by the
increase of the liquid viscosity. However, in mist or bubble flow containing a large amount
of small particles it can be assumed that the drag forces between the phases dominate. As a
result, the mean void fraction would then increase with higher liquid viscosity.

The influence of the surface tension will be first considered on the basis of a single bubble in a
stationary system. Its volume will grow with increasing surface tension, at the same time the
equatorial bubble area decreases in relation to the bubble volume with increasing bubble size.
If this tendency is also valid in a first approximation in flowing two-phase mixtures, then with
increasing bubble size or surface tension the number of bubbles would reduce and the mean
void fraction should slightly decrease.

All in all, as a rule the mass flow quality and the density ratio should influence the mean
void fraction to a higher extent than the mass flux or the viscosity ratio. Both latter men-
tioned parameters, however, are considered to be more important than the surface tension,
the hydraulic diameter or the—here not defined—physicochemical properties.

In the following selection of the correlations only the quality and the density ratio are con-
sidered as indispensable equation variables. Subsequently, the maximum attainable values of
the void fraction as a function of these primary parameters are discussed.




3. LIMITING VALUES OF THE MEAN VOID FRACTION

The mean void fraction approaches to zero, if the two-phase flow changes to single-phase
liquid flow and correspondingly it approaches unity in case of single-phase vapour flow:

lime =0 and lime=1

z—0 r—1

The density ratio can only assume values between unity, if reaching the thermodynamic critical
pressure, and infinity for instance under vacuum conditions. In the first case, the flow can be
considered as homogeneous or single fluid flow. Moreover, the volumetric flow quality then
equals to the mass flow quality. With this condition, also the mean void fraction will assume
the value of the quality. If, on the contrary, the density ratio approaches an infinite value,
then the volumetric vapour flow rate reaches a value of nearly unity. Since the vapour phase
velocity is first restricted by the speed of sound, the slip can not grow unrestrictedly and,
therefore, the mean void fraction approaches unity, too:

lime=¢é=z and im e=¢=1
PE_y PE o
PG PG

On the basis of these limiting conditions and assuming that the slip can take only values
greater than or equal to unity during horizontal and vertical upward flow the allowable range
of the mean void fraction can be defined in dependence of the mass flow quality and the
volumetric flow quality. For horizontal and vertical upward flow the values of the mean void
fraction range between the limiting conditions of the quality and the volumetric flow quality,

Fig. 1.

The final selection of the correlations is based on the incorporation of the limits of single-
phase liquid and vapour flow into the void fraction correlation. The consideration of the
density ratio as equation variable is regarded as further, but secondary criterion, because
seldom pressure conditions like vacuum or near critical pressure occur in technical practice.

4. MODEL SELECTION

In the following, the most often used and cited correlations in the literature are checked in
view of the implementation of the limiting conditions of a void fraction of zero and unity,
Tab. 1. Out of these 26 models only 13 correlations were selected for further consideration.
According to the fullfilling of the limiting conditions at least within a range of + 0.005 these
were proposed by HTFS [2,3], Chexal et al. [4], Nabizadeh [5], Premoli et al. [6], Huq [7],
Melber [8], Loscher and Reinhardt [9], Kowalczewski [10], Smith [11], Sonnenburg [12] and
Rouhani [13,14]. Herewith, the methods developed by Chexal et al., Nabizadeh, Sonnenburg
—and-Rouhani-are based—on-the-drift flux -model developed by Zuber-and Findlay [15]-and
Behringer [16] respectively. The models proposed by Kowalczewski, Loscher and Reinhardst,
Premoli et al., Smith, Melber and HTFS do not base on a specific flow model, they resemble
more to a mathematically optimized correlation. Huq’s correlation is analytically derived by
considering the limiting conditions applied to the slip.

The specific parameters considered in the 13 correlations can be taken from Tab. 2. All
models include mass flow quality and alternatively the density ratio or the critical pressure



ratio and the overwhelming majority also considers for mass flow rate and diameter. The drift
fux correlations and the model of Premoli et al. account for the surface tension, too, the
viscosity ratio is only included in the models of HTFS and in the correlation of Premoli et al.
Obviously, only the correlations of Sonnenburg and Premoli et al. take all of the authoritative
parameters into consideration, whereas the equation developed by Huq and the model of Smith
only respect for the density ratio and the quality.

5. MEAN VOID FRACTION DATA BANK

A data bank with more than 24000 experimental results was used for the evaluation of the
predictive accuracy. These data largely cover the most important parameter ranges. The vari-
ances of the governing parameters are listed in Tab. 3. The data consist of single-component
systems, whereby measurements in water and refrigerant R12 two-phase flow dominate, and
two-component systems, mostly consisting of water/air data. In the case of the two-component
mixtures the ranges of mass flow rate, density and viscosity ratio as well as of the diameter
are more spread than for single-component mixtures.

6. PREDICTIVE ACCURACY

The average predictive accuracy of the selected correlations is based on the values obtained
for the scatter of the logarithmic ratios and the scatter of the absolute deviations between the
experimental and calculated values, Tab. 4. Moreover, the average of the logarithmic ratios
characterizing the average under- or overprediction of the experimental values is depicted for
the sake of completeness. The advantages of using these parameters are already discussed
by Friedel [17], Govan [18] and Schmidt [19] and showed in the past to allow for a balanced

description of the merits of each correlation.

At first, the predictive accuracy of mean void fraction correlations for water/steam and wa-
ter/air mixtures was investigated, Tab. 5a and b. This was carried out separately, because
the correlations developed by Chexal et al., Kowalczewski and Loscher and Reinhardt in their
original version are not suitable for predicting the mean void fraction and the mean densities
in any two-phase system. Altogether, the prediction of water /air void data is marginally not
as exact possible as for water/steam mixtures, but in total satisfying with an average accuracy
of about 20%. The small difference may be attributed to the larger parameter ranges exhib-
ited during water/air flow. All in all, both correlations proposed by Rouhani and the (older)
correlation of HTFS-Alpha predict the measured mean void fraction distinctly better than
the others. On considering the mean density, again, the models developed by Rouhani, both
HTFS correlations as well as the methods developed by Chexal et al., Nabizadeh and Premoli
et al. perform rather well. However, in the case of water/air flow no correlation provides
really satisfactory results. The logarithmic scatter of the best correlation still amounts to non
acceptable 60%.

In the following assessment of the correlations, if coping with the whole data material, the
methods developed by Melber and Smith, which do not provide comparatively accurate predic-
tions for the mean void fraction and the mean density, and the models proposed by Chexal et
al., Kowalczewski and Loscher and Reinhardt, the use of which—as stated above—is restricted
to specific two-phase mixtures, no longer are considered.

On comparing Tab. 6a, b and ¢ exhibiting the mean values for the characteristic numbers, if




the (remaining) correlations are applied to the whole data in single-component systems, the
models developed by HTFS provide the best predictions for the mean void fraction as well
as for the mean density, whereat the HTFS-Alpha equation is more accurate than the newer
HTFS correlation. This correlation also allows for adequate good prediction, if applied to
two-component mixtures, although Rouhani’s first correlation is in the prediction of the mean
density really—on average—slightly more accurate. The accuracy of the mean void fraction
predictions of the other model developed by Rouhani is comparable to this obtained by using
HTFS-Alpha regarding its logarithmic scatter, but the absolute scatter is considerably higher.
This indicates that mainly the relative high mean void fraction data will be inaccurately
reproduced. As a consequence, the prediction of the mean density is rather uncertain. The
reason for the difference between the quality of the predictions of the calculated mean void
fractions and the mean densities is discussed in the appendix.

Considering only experimental data of two-component mixtures with mass fluxes higher than
100 kg/(m?s), then Rouhani’s second model provides the best predictions for the mean void
fraction. From this follows that the comparatively large absolute scatter, which results if all
data are considered in the evaluation, can be attributed to a systematic underprediction of
the mean void fraction by this correlation, if data with low mass fluxes and high qualities are
included. Rouhani’s second model is the only one here taking into consideration the influence
of the diameter, so it could be expected to give relative good predictions in parameter ranges
with great variation of the diameter. However, these data exist only for small mass fluxes
(<100 kg/(m?s)), which are not separately discussed here. All in all, the logarithmic scatter by
using Rouhani’s second correlation obtained under low mass flux conditions is not considerably
lower than that produced with the first Rouhani model. Therefore, it can be argued that the
influence of the diameter will be overpredicted by using the second method of Rouhani, at
least in conjunction with small mass flux conditions.

The model developed by Huq provides as accurate predictions as those obtained by using
the correlations of HTFS and Rouhani for measured data with mass fluxes in excess of
100 kg/(m?2s). In case of mass fluxes lower than 50 kg/(m?s), this model yields results, which
are overpredicted by an order of magnitude. This is due to the fact that the mass flux is not
included in this model as equation variable. For purpose of demonstration in Fig. 2 the mean
void fraction for two-component systems, at mass fluxes of less than 50 kg/(m?s) and in ex-
cess of 2000 kg/(m?s), are plotted against the predictions obtained by using HTFS-Alpha and
Huq’s model. This plot reveals the marginal differences in predicting the void fraction under
high mass flux conditions and the obviously considerable differences in accuracy, if predicting
mean void fraction in cases where the mass fluxes are smaller than 50 kg/(m?s).

All in all, in the standard case of predicting the mean void fraction or the mean two phase
mixture density the HTFS-Alpha model should be preferred. In case that this correlation
is not accessible the next most general and accurate equation is Rouhani’s first, which leads
under certain parameter combinations to slightly superior but also to distinctly less accurate
predictions.

CONCLUSIONS

The average predictive accuracy of 13 out of 26 well known mean void fraction correlations
has been checked on the basis of a data bank with about 24000 experimental results obtained
with single- and two-component mixtures. The HTFS-Alpha correlation and Rouhani’s first
version provide the most accurate predictions for the mean void fraction and the mean density.
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NOMENCLATURE
A Flow cross section
Co Distribution parameter
d Diameter
g Acceleration of gravity
f Number of equation variables
m Mass flux Greek Symbols
n Number of measurements
p Pressure ¢ Mean void fraction
perit  Critical pressure ¢  Volumetric flow quality
S Slip n  Dynamic viscosity
Sabs Absolute scatter p Density
Sin Logarithmic scatter o Surface tension
V Volumetric flow rate
w Mean velocity Indices
wg.pr Drift velocity
T Mass flow quality F  Liquid
Xin Average of logarithmic ratios G Gas or vapour
Xiabs Absolute deviation between measured

and predicted value

X:m  Logarithmic ratio between measured

and predicted value
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APPENDIX

Mathematical derivation for the explanation of the differences in the predictive
accuracies of the mean void fraction and mean density data

As a rule the mean void fraction correlations are optimized in order to give the most accurate
prediction of the mean void fraction. According to the magnitude of the mean void fraction
and the density ratio the deviation of the predicted mean mixture density from the experi-
mental value will be differently affected by an error of the mean void fraction prediction. With
the definition of the mean mixture density and the assumption that the deviations dpr and
dpc are comparatively small to that of the mean void fraction, the relative deviation of the
mean mixture density reads in dependence of the relative deviation of the mean void fraction
as:

Ap  Ac 1 ( 1 ))‘1
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For a constant density ratio and small void fractions it follows
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whereas for a high void fraction it is valid
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This implies that the prediction of the mean mixture density can be very inaccurate in the
case of two-phase flow with a high quality and a high mean void fraction respectively.

Correlations proposed by S.Z. Rouhani
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Rouhani I: Co=14+0,2-(1-2)

Rouhani II: Co=1+0,2-(1-%)-(g-d)°% (pp/m)*®




|  Limiting condition

Author lme=20 lime=1
z—0 z—1
Ahmad + -
Armand/Treschev + -
Bankhoff - -
Baroczy - -
Chawla - -
Chexal et al. + +
Dix - -
v. Glahn - +
Grieb + -
HTFS-ALPHA + +
HTFS -+ +
Hughmark - -
Huq + +
Jones + -
Kowalczewski + +
Lockhart/Martinelli + -
Léscher/Reinhardt + +
Nabizadeh + +
Marchaterre/Hoglund - -
Melber + -+
Rouhani I -+ +
Rouhani II + +
Premoli et al. + -+
Sonnenburg + +
Smith + +
Zuber/Findlay + .

Tab. 1: Some void fraction correlations for horizontal and vertical upward flow
from the literature and the state of implementation of the limiting condi-
tions (+ indicates void fraction is at least within + 0.005 of the limiting
condition)

Basis Author Parameter

d ni/n, o flow
direction
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Tab. 2: Parameters of the selected correlations



Parameter System
Single-component Two-component
Quality -] 0-1 0-1
Mass flux [kg/(m?s)] | 8 - 4115 1 - 9087
Pressure [bar] 1-180 1-197
Density ratio ] 2 - 24708 5- 10712
Viscosity ratio [-] 2-28 6 - 3115
Diameter [1073m] 2-60 9 - 1067
Surface tension [107*N/m] | 2 - 405 21 - 469
Two phase mixtures H,O Hg/N2
D,0O H,O/Air
R113 Hydrocarbon/Air
R12.R22 H,0/Gas
Na.K.Hg Alcohol/Gas
Number of data 9827 14521

Tab. 3: Parameter ranges of the void fraction data and two-phase systems

Statistical number Definition
Z?:l X?ln
Scatter of logarithmic ratios S, = € AL |
Ve }/l CIE
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Scatter of absolute deviations Sabs = ‘n‘_’f__'l" :

Average of logarithmic ratios
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Tab. 4: Definition of dimensionless statistical numbers used to characterize the

average predictive accuracy of the models




Mean void fraction Mean density
Author X S Sabs Xim  Sin Sabs

] %] [-] (%] (%] [kg/m?]
HTFS -5.2  21.3  0.074 -0.3 287 57
HTFS-Alpha -3.9 20.6 0.068 -1.9  26.6 53
Rouhani I -9.0 22.8 0.080 3.8 325 63
Rouhani 11 -7.5 219 0.080 -0.6 46.5 64
Sonnenburg -54 228 0.085 2.2 53.1 68
Hugq -5.6 244  0.083 -2.5  31.8 64
Nabizadeh 6.0 224 0.075 -6.7 24.3 58
Premoli et al. -11.1 26.3  0.088 6.3 30.2 67
Smith -7.1 25.1  0.085 -0.5  30.1 65
Chexal et al. -3.6 26.3 0.078 4.2 24.7 59
Kowalczewski 4.6 229 0.082 -9.8 315 64
Loscher/Reinhardt -7.2 263 0.088 -3.5 313 67
Melber -13.8  28.1 0.109 339 61.1 86

Tab. 5a: Average accuracy of mean void fraction and mixture density prediction
for water/steam mixtures on the basis of 4471 data points

Mean void fraction Mean density
Author Xln Sln Sabs Xl'n Sln Sabs

(% 1% [-] (%] (%] [kg/m?]
HTFS 3.8 423 0.114 -114 783 114
HTFS-Alpha 2.0 279 0.107 1.3 744 108
Rouhani I -6.9 23.8 0.102 7.1 59.6 102
Rouhani I1 52 269 0.126 -26.7 1294 126
Sonnenburg -34 330 0.121 59.6 216.8 121
Huq -16.1 66.9 0.160 33.8 83.1 160
Nabizadeh 214 335 0.136 8.9 78.7 137
Premoli et al. -11.8  57.5 0.137 114 659 137
Smith -20.1 76.5 0.168 325 724 168
Chexal et al. 5.3 554 0.118 18.5  85.4 118
Melber -24.6  79.4 0.217 185.4 337.2 217

Tab. 5b: Average accuracy of mean void fraction and mixture density prediction
for water/air mixtures on the basis of 10991 data points



Mean void fraction Mean density
Author Xln Sln Sabs Xln Sl'n, Sabs

% (%] -] (%) [%] [kg/m?]
HTFS -5.8 229 0.096 94 39.8 150
HTFS-Alpha -5.3  22.2 0.092 0.7 36.1 144
Rouhani I -8.1  24.8 0.102 11.3  43.9 180
Rouhani II -5.9 23.6 0.104 3.9 52.2 118
Sonnenburg -4.8 23.7 0.106 15.6  74.7 138
Hug -6.3  25.7 0.111 10.6  55.3 229
Nabizadeh 2.6 257 0.111 3.8 67.7 156
Premoli et al. -10.5  26.9 0.150 21.3  50.2 202

Tab. 6a: Average predictive accuracy for single-component mixtures on the basis
of 9827 data points

Mean void fraction Mean density
Model Xln Sln Sabs Xln Sln Sabs

(%] %] [-] %] (%) [kg/m?]
HTFS 0.5 37.7 0.109 -129  79.1 161
HTFS-Alpha -6.1 31.8 0.107 1.3 739 216
Rouhani 1 -10.5 31.7 0.112 7.7 61.7 281
Rouhani 11 0.5 31.9 0.131 -29.1 144.7 190
Sonnenburg -6.2 356 0.131 60.9 210.6 165
Huq -13.5 50.8 0.144 34.7 86.9 413
Nabizadeh 14.4 46.4 0.129 9.6 75.3 184
Premoli et al. -11.6 46.1  0.129 15.2 709 283

Tab. 6b: Average predictive accuracy for two-component mixtures on the basis of
14521 data points

Mean void fraction Mean density
Author Xln Sln Sabs Xln Sln Sabs

% %] [ (%) (%] [kg/m]
HTFS -0.5 30.2 0.101 1.6 50.2 168
HTFS-Alpha -6.9 315 0.104 14.7  56.5 236
Rouhani [ -10.3 30.4 0.110 15.7  50.9 310
Rouhani [I -4.5 28.9 0.100 -5.7  57.9 186
Hugq -89 316 0.108 14.5 55.3 451

Tab. 6¢c: Average predictive accuracy for two-component mixtures and mass fluxes
in excess of 100kg/m?3s on the basis of 11394 data points
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EFFECT OF BUBBLE SIZE
ON PHASE DISTRIBUTION IN VERTICAL BUBBLE FLOW

G. Matsui and H. Monji

Institute of Engineering Mechanics
University of Tsukuba
Tsukuba 305, Japan

ABSTRACT

Structural characteristics of bubble flow have been studied by experimenting with ni-
trogen gas-water bubble flow in a square duct and a round tube. It was found that coring,
sliding, or uniform bubble flow in the vertical test section under the same flow condition
exhibits characteristic behavior of phase distribution, turbulence, and bubble motion de-
pending on the size and distribution of bubbles. In order to investigate still more phase
distribution characteristics in detail, the effect of mixing methods on the phase distrib-
ution was experimentally investigated with upward nitrogen gas-water bubble flow under
the condition of fixed flow rates using a laser Doppler anemometer and a double-sensor
conductance probe system. The effect of bubble size on the phase distribution was able
to be investigated by changing the injection method. The experimental results show that
the diameter of the gas injection hole influences the phase distribution through the bubble
size. The location of the injection hole and the direction of injection do not influence the
phase distribution of fully developed bubble flow. The transitive equivalent bubble size
from the coring bubble flow to the sliding bubble flow corresponds to the bubble shape
transition. The analytical results show that the phase distribution may be predictable if the
phase profile is judged from the bubbie size.

NOTE: This paper had not been received before the Proceedings were assembled. If re-
ceived on or before August 23, 1994, handouts will be given to each participant of

the Symposium.






STATISTICAL PARAMETER CHARACTERISTICS
OF GAS-PHASE FLUCTUATIONS IN GAS-LIQUID TWO-PHASE FLOW

G. Matsui and H. Monji

Institute of Engineering Mechanics
University of Tsukuba
Tsukuba 305, Japan

ABSTRACT

The gas-phase fluctuations or the corresponding quantity, such as the differential
pressure fluctuations, are often used to in the statistical methods of gas-liquid two-phase
flow pattern identification. It was success in experiments to identify the flow patterns us-
ing statistical parameters of the differential pressure fluctuations. The statistical parame-
ters (the average, the standard deviation, the coefficient of skewness, and the coefficient
of excess) of the gas-phase fluctuations characterized the flow patterns. However, the
characteristics of the statistical parameters are not well known analytically. Therefore, the
purpose of this study is to show the relation between the flow pattern and the statistical
parameters and to make the characteristics of the statistical parameters clear. The wave
forms of the gas-phase fluctuations are assumed on the basis of the experimental data to
calculate the statistical parameters. The statistical parameters are able to be obtained
analytically and the functional relations between two statistical parameters are given. The
functions of statistical parameters show the specific forms corresponding to the idealized
gas-phase fluctuations, i.e., the idealized flow patterns. For example, the relation of the
average to the standard deviation is a circle equation and the relation between the coef-
ficients of the skewness and the excess is a quadratic equation. The obtained functions
of the parameters have the similar characteristics of the statistical parameters to the ex-
perimental results. The results show that the gas-phase fluctuations characterize the sta-
tistical parameters.

NOTE: This paper had not been received before the Proceedings were assembled. If re-
ceived on or before August 23, 1994, handouts will be given to each participant of
the Symposium.







A PROPOSAL FOR TREATMENT OF TURBULENT MIXING
IN A TWO-PHASE SUBCHANNEL FLOW

Y. Sato, A. Kawahara and M. Sadatomi

Kumamoto University, Department of Mechanical Engineering
Kurokami 2-39, Kumamoto 860, Japan
Telephone:(96)344-2111, Facsimile:(96)345-1598

ABSTRACT

We propose a practical method for the treatment of turbulent mixing rate in a two-phase
subchannel flow. Based on the assumption that the fundamental modes of the inter—subchannel
fluid transfer are turbulent mixing, void drift and diversion cross flow, the turbulent mixing rate is
considered to be equal to that in the equilibrium state that the flow will attain. The applicability
of the method is examined by experiments concerning the axial variation of tracer concentration in
a non—equilibrium flow. A good agreement is seen between the calculations and the measurements.

1. INTRODUCTION

Subchannel analysis is a practical method for predicting local densities of coolant and a safety
margin against critical heat flux in a water cooled nuclear reactor. In this analysis, the flow passage
is divided into a number of subchannels, formed between fuel rods or between rods and the wall
of the shroud tube, and then the flow rate, void fraction and enthalpy in each subchannel are
computed from the conservation equations of mass, momentum and energy. In writing each
equation, the inter-subchannel fluid transfer is taken into account.

The inter-subchannel fluid transfer therefore plays an important role in a subchannel analysis.
On the early stage, it was expressed by two mechanisms, the turbulent mixing and the cross flow,
both of which were separable ones, e.g., the COBRA [1] and the HAMBO [2,3]. Since Lahey and
Schraub [4] reported phenomena of non—uniform distribution of flow parameters in a rod bundle
even in the absence of lateral pressure gradient, the cross flow in two—phase flow conditions has
further been subdivided into void drift and diversion cross flow. If the turbulent mixing, the void
drift and the diversion cross flow are the basic inter-subchannel fluid transfer mechanisms and
independent of each other, a reasonable subchannel analysis becomes promising. In reality,
however, such subdivision is still a hypothesis which has not been supported satisfactorily by
experiments.

A subchannel experiment in a rod bundle system is unsuitable for observation of the inter-
subchannel fluid transfer mechanisms, because a two—phase flow within such a system is so
complicated that the local flow behavior can not be specified. On the other hand, it is effective to
perform experiments by use of a channel in much simpler geometry than a rod bundle, focussing
on a specific mechanism. And, flow parameters such as mass velocities and void fraction in such
a channel can be varied easily in relatively wider ranges. So, basic knowledge of two—phase
subchannel flow characteristics have been increased by such experiments [5-10].

Based on the assumption that the basic modes of the inter—subchannel fluid transfer in a two-

phase subchannel flow are turbulent mixing, void drift and diversion cross flow, we propose a
practical method which permits the turbulent mixing to be treated independently of other cross
flows, and examine its applicability by an experiment in this study. The experiment has been
performed in a geometrically simple channel consisting of two subchannels, under the condition that
there was no pressure difference between the subchannels. The turbulent mixing and the cross flow
due to void drift alone were, as a result, coexistent in a flow observed. In the experiment, axial
variations in material concentration for both gas and liquid phases were determined by use of a



tracer method. The obtained data are presented, and comparisons between the data and the
calculations based on the proposal are made in this paper.

2. FLOW CONDITIONS AND MODES OF INTER-SUBCHANNEL FLUID TRANSFER

Two—phase subchannel flows can be classified into equilibrium flows and non-equilibrium
flows. In an equilibrium flow, no net volume exchange takes place across the subchannel boundary
for each phase. The flow rates of both gas and liquid phases in each subchannel then do not vary
in the axial direction. In a non—equilibrium flow, on the contrary, flow redistributions occur along
the channel axis so as for the flow to approach the equilibrium state. The inter—subchannel fluid
transfer causes such subchannel flow conditions and vice versa.

As mentioned in the Introduction, turbulent mixing, void drift and diversion cross flow have
been used as an explanation for the inter—subchannel fluid transfer in the literature, for example,
Lahey and Moody [11]. The definitions of the respective terms are as follows.

— Turbulent mixing is mass and volume exchanges of the respective phases across a subchannel
boundary due to turbulent fluctuations. By this mixing, neither net mass transfer nor net volume
transfer results between the subchannels.

- Void drift is a phenomenon of the cross flow resulting from the tendency of a two—phase flow
inan attempt to attain an equilibrium state [12]. This cross flow can occur even in the absence of
a lateral pressure gradient, in the sense of a time—averaged value, and causes net transport of the
fluids from one subchannel to an adjacent one.

_ Diversion cross flow is a cross flow in a non-equilibrium flow arising from lateral pressure
gradients. Such pressure gradients are induced by a change in the subchannel geometry or by
obstructions such as spacers.

If the turbulent mixing, the void drift and the diversion cross flow are considered to be
independent modes, the inter—subchannel fluid transfer can be described simply by linear
superimposition of their effects. However, there has been no evidence to support the above
statement. This is because the determination of turbulent mixing rate in a non-equilibrium flow is
far the most difficult. The turbulent mixing rate is defined as the fluid mass flux exchanged at a
subchannel boundary or the rate of the fluid mass exchanged between subchannels per unit axial
length. Here, we propose a practical method which enable us to give the turbulent mixing rate in
a non—equilibrium flow. The method is stated below using Table I in which the relation between
flow conditions and the modes of the inter-subchannel fluid transfer is shown:

(1) In an equilibrium flow, the inter-subchannel fluid transfer is the turbulent mixing itself, and
hence a direct determination of turbulent mixing rate is experimentally possible only for an
equilibrium flow.

Table I Relation between flow conditions and modes of
inter-subchannel fluid transfer

Flow conditions ISFT ! modes
(1) Equilibrium flow (Turbulent mixing)
(2) - Non=equitibrium-flow- - -~ | -(Furbulent.mixing). +(Void drift)

without lateral pressure gradient

(3) Non-equilibrium flow (Turbulent mixing) + (Void drift)
with lateral pressure gradient + (Diversion cross flow)

*) ‘|SFT’ is an abbreviation for Yinter-subchannel fluid transfer’.



(2) In a non—equilibrium flow without lateral pressure gradient, it can be considered as the inter—
subchannel fluid transfer that void drift and turbulent mixing are coexistent, being superimposed on
each other. In addition, we assume that the turbulent mixing rate is equal to the value in the
equilibrium state that the flow under consideration reaches. The turbulent mixing rate can thus be
provided even such a non—equilibrium flow.

(3) In a non-equilibrium flow with lateral pressure gradient, it is also considered that the
turbulent mixing, the void drift and the diversion cross flow are coexistent. Similarly to the above
treatment (2), the turbulent mixing rate is assumed to be equal to that in the equilibrium flow
condition.

3. EXPERIMENT
3.1 Outline

We conducted an experirnent to see whether the proposal stated above is acceptable, laying
emphasis on the turbulent mixing and the void drift alone. The experiment was performed in non-
equilibrium flows in the absence of lateral pressure gradient, and the study was made by comparing
the calculation with the experiment about the axial variation of tracer concentration.

Assumptions made for the present calculation are as follows.
1. A flow is one—-dimensional, steady, two—component flow in each subchannel.
2. The cross—sectional area of each subchannel is constant in the axial direction.
3. A time-mean pressure differential between the adjacent subchannels does not exist. The

diversion cross flow is then absent.
4. The turbulent mixing rate in a non-equilibrium flow is equal to the value in the equilibrium
state that the flow attains (the present proposal).

Consider the tracer mass conservation in the control volume shown in Fig.1. Subchannel-i is
interconnected to subchannel-j through a gap of S; in clearance. The axial node distance of the
control volume is AZ. For subchannel—i, the discretized form of mass conservation equation for the
tracer in the k—phase is expressed by

A, Gy (n) Cpy(0) (G )yp S AZ Cyyp
! 1 1 _
-G,S5,;4 z{c,u.(m;) - ckj(n+-2-)} ~A,G,,(n+1) C,(n+1) =0 o
Ch. i ch. j

Cki(n+1) Ckj(n+1)
Gki(n+1) | Ggj(n+1)
4

: 4 n+1
| ,
e —— Gk

: 42

. (a,

| T ki 'VD

b "

Gki(n) ! Gki(n)

Cki (n) Cki(n)

Fig.1 Control volume
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where G and C are the mass flux and the tracer concentration, respectively. The second term on
the left hand side is the contribution of void drift. The subscript "VD" denotes void drift. Since
the cross flow due to void drift is unidirectional, Cyy, is given as

Comp = Cu®+3)  when (Giyp > 0 ie. outward flow )
and

Civp ij(”*%) when (Gyyp <0 ;ie. inward flow 3)

The third term of Eq.(1) expresses the contribution of turbulent mixing. G is the mass flux
exchanged between the subchannels. When the concentration is reduced with respect to the mean
concentration C,, C"(n)=C,(n)/C,, Eq.(1) can be rearranged as

A,G,, () C(m) - (G )y S, AZChyp - G,;SUAZ{C,;.(M%) - c,;(m.;.)}

C,(n+1) = Y 4
: ) A,G,(n+1) “
The mean concentration is the value averaged over the entire flow, and is then defined as

_ CumA, G () + C,;(mA, G, (n) -

¢ AG,(m) +A,G(n)

(Gyg;)vp- the lateral mass flux due to void drift from subchannel-i to subchannel—j, can be correlated
with the change in mass flow rate in subchannel-1,

A,G,;(n) -A,G(n+1)

(Gedvp = S AZ ©)
ij

Turbulent mixing
experiment in Gy

equilibrium flows
(Shiga, 1993)

Treatment of
\ Present
O— ] e turbulent
| experiment .
mixing rate

Void Drift experiment
in the absence of G (Z)

diversion cross flow
(Sadatomi et al., 1992)

Fig.2 Relation between the previous experiments and the present experiment
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Equation (4) together with Egs.(2),(3),(5) and (6) gives a variation of the tracer concentration along
the channel, if the mass flow distribution and the turbulent mixing rate are known.

In the experiment, variations of the tracer concentration for both phases were measured
simultaneously in the absence of the diversion cross flow, using a two component two—phase air-
water system. The test section was a geometrically simple channel made up of two subchannels
alone. Prior to the present experiment, we had made two experiments on turbulent mixing and void
drift using the same system. First, turbulent mixing rates for both air and water had been measured
in equilibrium flows [13]. And second, for several chumn-turbulent flows, data on the flow
redistributions due to void drift had been obtained [14]. Such experimental information were used
in this study as shown in Fig.2.

3.2 Test channels

Figure 3 shows the cross section of the two test channels used in the series of our studies. One
is referred to as Ch.E—F in which the two circular subchannels of different diameter, 20.0 mm and
16.0 mm, are interconnected through a gap of 1.0 mm in clearance and 3.0 mm in width. The other
is referred to as Ch.F-F made up of two identical circular subchannels of 16.0 mm L.D. The gap
size is 1.0 mm in clearance and 3.0 mm in width. These two test channels were machined from
transparent acrylic slabs, and polished to get smooth inner walls. There were two reasons for
choosing a circular cross section as the subchannel geometry. First, fabrication of the channel is
easy. And second, it is expected that, since the flows in the subchannels may become similar to
those in a circular pipe, the void fraction and the pressure drop in each subchannel would be
predicted by the respective correlations proposed so far for a circular pipe flow.

3.3 Test rig and experimental procedure

An essential part of the test rig is shown in Fig.4. The test channel was divided into three
sections from the bottom to the top; a entry section (#4), a test section (#5), and a discharge section
(#6). The cross-sectional shape of the three sections was the same except for the gap portion. In
the entry and the discharge sections, there was no gap between the subchannels to avoid the lateral
movement of the fluids. After metering the inlet flow rates by calibrated turbine flowmeters and
rotameters, we introduced water and air to the mixers (#3) located at the bottom end of the
respective subchannels. The flow rates of water and air introduced in each subchannel were set so
that no lateral pressure difference between subchannels occurred in the test section. A water—air
mixture flowed upward in the entry section, 2 m in length, and then entered the test section, 2 m
in length. In the test section, the flow rates of both phases in each subchannel varied in the axial
direction due to void drift. Such flow redistributions had already been determined in the previous
experiment [14].

3 mm 3 mm

(A) ///é:%\ (B) W\<
N N A

Ch. E-F Diameter: 20, 16 mm Ch. F-F Diameter: 16 mm
Gap clearance: Gap clearance:
Sgr= 1.0 mm Sgr= 1.0 mm

Fig.3 Cross section of the test channel
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In order to prevent the diversion cross flow due to lateral pressure difference between the
subchannels, the following two conditions were imposed:
(1) In the entry section, the pressure gradient in each subchannel had to be the same.

(%)E (%) )

(2) At both the inlet and outlet ends of the test section, the time averaged pressures in each
subchannel had to be identical.

PL(0) = P(0), Py (D) = P(2) 6))

In order to check that the flow satisfies these conditions, we monitored a pressure differential
between the subchannels by differential pressure transducers, and confirmed that the time averaged
pressure difference was within =30 Pa in the entry section and within +20 Pa in the test section.

After setting a flow in a required condition, each tracer was injected continuously into one
subchannel at a far upstream location of the mixer, and the axial variations of the tracer
concentration in both subchannels were determined by sampling the respective fluids (Fig.4). In
each run, a tracer was injected alternately in each subchannel in order to examine the cross flow in
detail. Methane and aqueous solution of acid orange II were used as the tracers for air and water,
respectively. Four sampling points were arranged along the channel. A schematic of the fluid
sampling system is shown in Fig.5. Water was sampled from the wall region, while air from the
core region, and the tracer concentrations were determined with a spectrophotometer and with a gas
chromatograph, respectively. From the previous experiment [13] it had been confirmed that a tracer
concentration at the above sampling points for both phases was nearly equal to the cross-sectional
averaged value in each subchannel.

Table II shows the experimental conditions for two test runs. Data listed are : the gap clearance
between the subchannels, Sy, the volumetric fluxes of gas and liquid for the channel as a whole, jg
and j;, the ratio of volume flow rate of the gas phase in subchannel-E (or in subchannel-F1 of
Ch.F-F) to that in the whole channel at the inlet of the test section, Qgg(0)/Qg (or Qg (0)/Qg), the
turbulent mixing rates of gas and liquid phases if the flow is in equilibrium, W’=G’gS; and
W’ =G’.S;;, and the system pressure, P, . The data on W' and W’ were obtained experimentally
for the equilibrium flows [13].

In addition, the flow redistribution data in each run, Qg(Z)/Qg and Q;(Z)/Q,, which will be
displayed as the curves in Figs.6 and 7 along with the results, were determined in advance [14], as
mentioned previously.

Table I Experimental conditions

Run | Ch. | §; i Jo | Qs;(0)/Qg W/ 1774 P
mm | m/s m/s kg/(m-s) | kg/(m-s) | kPa
x107®

1 E-F | 1.0 1.50 4.0 0.50 0.157 1.07 127

2 F-F | 1.0 ] 1.00 3.3 0.70 0.103 | 1.06 122
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4. RESULTS AND DISCUSSION

Figures 6(A) and 6(B) are the results for Run 1, showing the axial variations of tracer
concentration of the liquid phase and the gas phase, respectively. The test channel used was Ch.E-
F, the volumetric fluxes were j;=1.5 m/s and j;=4.0 m/s, the average void fraction for the whole
channel was nearly equal to 0.58, and the flow pattern was churn flow.

Attention is first directed to the uppermost graph of Fig.6(A), in which the flow redistributions
of both phases are plotted as the axial variation of volume flow rate ratio, Qg(Z)/Q. Circular and
triangular symbols indicate the gas phase and the liquid phase, respectively. [Each line drawn
through data points is the best fitted curve, from which the distributions of lateral mass flux due to
void drift and tracer concentrations have been calculated. We can see that the flow rate for both
phases tended to approach the respective equilibrium values when going downstream, and that, in
this run, the cross flow due to void drift took place from subchannel-F to subchannel-E for the gas
phase and vice versa for the liquid phase.

The axial tracer concentration profiles of the liquid phase are presented in the middle graph and
the lowermost graph in Fig.6(A). The former corresponds to a case where the tracer was injected
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into subchannel-F, whereas the latter to the other case where the tracer was injected into
subchannel-E. The ordinate of these graphs is the reduced concentration, C';(Z). The solid line
and the dashed line represent the calculated values considering and neglecting turbulent mixing,
respectively. Immediately after the inlet of the test section, there was a entry region of a subchannel
flow of this system. Its axial length was about 0.5 m in this flow. Thus, the data was obtained in
the region beyond such the entry region. Figure 6(B) displays the axial profiles of tracer
concentration for the gas phase in the same flow. The experimental errors of C'; and C'y; were
estimated to be within *5% and *9%, respectively.

In the same way, Figs.7(A) and (B) show the results obtained for Ch.F-F under the flow rate
conditions of j;=1.0 m/s and j5=3.3 m/s, at Qg;(0)/Qs=0.7. The flow redistribution process
approaching Q,/Q=0.5 can be seen for both phases, since the two subchannels are identical. The
axial length of a entry region was about 0.3 m in this flow.

Consideration is given to comparisons between the measurements and the calculations of the
axial tracer concentration. In each figure, solid lines correspond to the calculated values with taking
account of turbulent mixing, while dashed lines correspond to the value without taking account of
turbulent mixing (W;=0). The calculations have been made by Eq.(4) together with Egs.(2),(3) and
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(6). A large disparity between a dashed line and the corresponding data points indicates the decisive
effect of turbulent mixing on the fluid transfer across the subchannel boundary. Regarding the
treatment of turbulent mixing in the calculation, the turbulent mixing rate has been taken to be the
value in the equilibrium flow condition that the flow would attain. Every solid line is seen to be
in good agreement with the experimental data for both phases and for both Ch.E-F and Ch.F-F,
irrespective of the side of subchannels into which a tracer was injected.

From the comparisons, we conclude that the turbulent mixing and the void drift can be treated
as independently coexistent, and that the turbulent mixing rate in a non—equilibrium flow can be
considered to be equal to the value in the equilibrium state that the flow under consideration will
attain.

5. SUMMARY

Based on the assumption that the basic modes of the inter—subchannel fluid transfer in a two—
phase subchannel flow are turbulent mixing, void drift and diversion cross flow, we have proposed
a method for the treatment of the turbulent mixing rate in a non-equilibrium flow. That is, the
turbulent mixing rate in such a flow is considered to be equal to the value in the equilibrium state
that the flow will attain.

The applicability of the proposed method was examined by experiments using a simple vertical
channel consisting of two subchannels. The experiments were performed for chumn flows in a
vertical two—phase air-water system. The observed flows were non-equilibrium chum flows in the
absence of diversion cross flow. Variations of tracer concentration along the channel were
measured, and comparisons were made between the measurements and the calculations about the
axial variation of the tracer concentration. The calculated values were in close agreement with the
measurements. As a result, we conclude that the proposed method is applicable to a flow in which
the diversion cross flow is absent. As to whether the method is practical and reasonable also in a
flow with diversion cross flow, further studies are necessary. Models to predict the turbulent mixing
rate in an equilibrium two-phase subchannel flow need to be developed.

NOMENCLATURE

H

flow area, m>

tracer concentration, kg of tracer / kg of fluid

reduced concentration

diameter, m

mass flux, kg/m*s

mass flux exchanged between subchannels due to turbulent mixing, kg/m*s
lateral mass flux due to cross flow from subchannel-i to subchannel-j, kg/m*s
volumetric flux (= Q/A), m/s

pressure, Pa

volume flow rate, m%/s

gap clearance, m

turbulent mixing rate, kg/m-s

axial length, m

*

oo

~

Qoauan»

-
[

nn

I

~

» Ng®roT

ubscripts

, F, 1,3 subchannel identifiers

T

EQ = equilibrium flow

G = gas phase

k = index of phase, k=G or k=1L
L liquid phase

i

VD void drift
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PHASE DISTRIBUTION IN INCLINED TUBE BUNDLE GEOMETRIES

A. Serizawa!l, K. Huda!, I. Kataoka?, O. Takahashi!, and Z. Kawara!
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Yoshida, Sakyo-ku, Kyoto 6086, Japan
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ABSTRACT

It is now believed that the local structure of a gas-liquid two-phase flow around in-
verted U-tube bundle is a primary cause of the mechanical vibration of the tube bundle
which happened some years ago in the PWR steam generator at the Mihama-2 nuclear
power reactor in Japan, followed by a serious tube break accident. However, up to now,
our knowledge of the external flows over the inverted U-tube bundie is quite limited both
experimentally and theoretically, which prevents us from an accurate prediction of such
two-phase flow induced vibration.

The present work is therefore concerned with systematic measurements of local flow
structures of air-water two-phase flow such as phase distribution, bubble number density
and bubble velocity, and also with visual observation of the interactions between the
bubbles and vortex sheddings, mainly in bubbly and churn turbulent flow regions, in in-
clined tube bundle geometries which simulate the inverted U-tube bundle in PWR steam
generator. One of the purposes is to obtain the comprehensive data base with which we
can discuss some important phenomena to clarify the mechanisms involved. The meas-
urements were carried out both in in-line and staggered tube arrangements of 26 rods of
10 mm in outer diameter in vertical upward flow in a 220 x 220 mm? x 1040 mm long
acrylic square duct. The inclination angle was varied from horizontal to 75 degrees from
horizontal. The results indicated a significant difference between the cases of in-line and
staggered tube arrangements. Detailed results will be presented at the Symposium,

NOTE: This paper had not been received before the Proceedings were assembled. If re-
ceived on or before August 23, 1994, handouts will be given to each participant of
the Symposium.
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NON-INTRUSIVE MEASUREMENT
OF DYNAMIC BEHAVIOR OF A LIQUID FILM FLOW

A. Serizawa, K. Nagane, T. Kamei, O. Takahashi, and Z. Kawara

Department of Nuclear Engineering
Kyoto University
Yoshida, Sakyo-ku, Kyoto 606, Japan

ABSTRACT

Dynamic behavior of the liquid films formed on nuclear fuel rods is a key parameter
to determine the CHF during postulated loss-of-coolant accidents in boiling water reac-
tors. Specifically, the effects of the spacers on film and liquid droplets behavior are one
of the unknows which are relevant in numerical prediction of core channel thermal hy-
draulics. With these held in mind, we developed non-intrusive techniques to measure the
dynamic behavior of the liquid film thickness, the surface characteristics, and in particular
the behavior of the liquid droplets.

Firstly, we developed a pulse-echo technique using a 200 MHz ultrasonic wave ap-
plied to an air-water stratified flow in a horizontal square channel. The results indicated
an excellent agreement with those obtained with a laser displacement gauge. However,
this method inevitably includes some application limits in spatial resolution such as the
minimum sensitive area, time resolution such as the minimum measurable film thickness,
and in the reflection angle at the film surface. Discussions will be presented based on our
results concerning its applicability for practical uses.

Secondly, we will mention the results obtained using computer aided fluorescence
technique for visualization. In this technique, we used a fluorescence-water solution flow
which is excited by a sheetwise argon-laser. The cross-sectional views taken by a video
camera was analyzed by a personal computer to obtain three-dimensional images. This
technique is more appropriate to measure the local flow structures of an annular-dis-
persed flow caused by an obstacle in the flow.

NOTE: This paper had not been received before the Proceedings were assembled. If re-
ceived on or before August 23, 1994, handouts will be given to each participant of
the Symposium.
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ABSTRACT

The aeration of liquids by gases is of great importance for a number of technological pro-
cesses in industry. For this reason, the mass transfer and the coalescence behaviour of fine
bubbles with diameters of about 0.5mm was studied in tap water and in the presence of diffe-
rent surfactants. For the production of gas bubbles, a novel, microporous membrane was used.
The experiments were performed using a bubble column with a diameter of 14cm and a height
of 70cm. For measuring the mass transfer of oxygen from the air bubbles into the surrounding
water, oxygen probes were used. The application of Phase-Doppler Anemometry (PDA) allo-
wed for the registration of coalescence behaviour, bubble size distribution, and corresponding
bubble velocity. In combination with results obtained from single bubble measurements, very
good agreement between mass transfer coefficients could be found. The knowledge of bubble
velocity was very important and had to be taken into consideration because the velocity of
bubbles was more than double within the bubble swarm compared to that of a free rising
bubble.

1. INTRODUCTION

The aeration of liquids by gases is of great importance for a number of processes in tech-
nological industries. Therefore gas-liquid contacting equipments are gaining in importance

for many production processes. such as oxidations with air or pure oxygen, absorptions, de-
sorptions and biochemical processes (fermentation, waste-water treatment). In most of these
processes an adequate mass transfer rate from the gas to liquid phase must be obtained. Much
of the performance of such gas-liquid reactors is mainly influenced by the specific interfaci-
al area, which in turn is determined by the bubble size distribution and the gas hold-up.
Moreover, bubble coalescence has a strong influence on both parameters.



Many of the described processes take place in the presence of surfactants which can con-
siderably influence the mass transfer process. These substances can be formed by the process
itself or by pollution of the mulitphase system and are known to be concentrated at the sur-
face of the gas bubbles (Meijboom and Vogtlander, 1974). Thus. the rise velocity (Godbole
et al., 1984; Koide et al., 1976). the mass transfer coefficient (Bischof et al., 1991; Nitsch and
Weber, 1976: Caskey et al.. 1973), and the coalescence behaviour of gas bubbles (Drogaris
and Weiland. 1983; Liepe. 1938) are altered in comparison to a clean fluid. The knowledge
of the coalescence process is therefore of great importance. Traditionally, bubble coalescence
phenomena have been studied in two ways. Either for a swarm of bubbles in a gas-liquid
contacting equipment (i.e. Sztatecsny et al.. 1977; Zlokarnik, 1973) or considering only a pair
of bubbles (Lessard and Zieminski, 1971; Sagert and Quinn, 1976). Attempts to describe the
coalescence process with a mathematical model have vielded only limited success (Marrucel,

1969).

The present study considers the influence of anionic and non-ionic surfactant concentration
on the interfacial area and. hence, the coalescence behaviour and the mass transfer charac-
teristics in a bubble column which is aerated with very fine bubbles in the range of about
0.2mm to 0.7mm.

2. EXPERIMENTAL FACILITY

The experiments concerning the mass transfer were performed using a bubble column with
a diameter of 14cm and a height of 70cm (see Fig. 1). A microporous membrane was used in
the present study to produce the bubbles. The membrane was mounted into a special aeration
device between two perforated plates. Recent developments showed that by using elastic and
microporous membranes, very small bubbles in the range of 0.2 to 0.7mm can be produced
(Bischof and Sommerfeld, 1991). This aerator with an area of 30% of the bubble column
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Figure 1: Schematic diagram of experimental facility
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Figure 2: Schematic diagram of PDA-system for measuring bubble size and rise velocity of

bubbles

cross-sectional area was placed at the bottom of the bubble column. The bubble colunm was
filled with tap water where surfactants were added at different concentrations.

For the measurement of oxygen concentrations dissolved in the water, a device for sampling
test water and feeding it to an oxygen probe was installed directly on the column wall at a
height of 35cm. The oxygen probe was connected to a computer by an A/D converter and the
results were processed by a software-program and the time dependent oxygen concentration
of the test liquid was recorded. Furthermore, the oxygen input was measured, whereby the
ratio of oxygen to water volume and aeration time was obtained. Additionally, the aeration
constant, i.e. the product of specific mass transfer area and mass transfer coefficient was

calculated.

For a complete characterization of the mass transfer as well as the gas hold-up, the gas-
liquid interfacial area, the temperature, and the surface tension were measured. For the
determination of the interfacial area a PDA-system was used and simultaneously bubble sizes
and rise velocity of bubbles were measured (Durst and Zare, 1975). The optical and electronic
components of the PDA-system are shown in Fig. 2. The characteristics of the PDA-system
are given in Tab. 1.

At eight different heights above the aerator data were sampled. Because of the construction

of the aerator, it was not possible to set the first measuring point directly above the aerotor:
Thus the first measuring location was at a distance of 3mm above the aerator, and was defined
to be reference location. For the evaluation of the data 5000 single bubbles were recorded
for each measuring point. This led according to a data rate of 2 Hz to a measuring period
of about 7 hours for one experimental condition. The gas flow rates were choosen to be the
same as those used for the investigations of the mass transfer (Bischof et al., 1993). To study



Sending side:

Wave length of laser 632.8 nm
Beamdiameter 1.1 mm
Focal length 365 mm
Beam distance 21 mm
Diameter of measuring volume 391 pm
Length of measuring volume 12.6 mm
Shift frequency 0.2 MHz
Conversion factor 11.0 m/s / MHz

Recieving side:

Off-axis angle 76°
Focal length 1000 mm
Distance between detectors (APD) 20 mm
Pinhole 200 pm
Transformation ratio 6.23:1
Conversion factor 0.2 1/um

Table 1: Characteristic data of the PDA-system

the influence of surfactants on mass transfer an ionic surfactant. namely Marlophor, was used
with a concentration of 2.5ppm. 5.0ppm and 10.0 ppm. As a non-ionic surfactant ‘Rewomid’
was used with a concentration of 5.0ppm. Both surfactants are expected to be found in the
influent of a sewage water treatment plant.

2.1 Evaluation procedure

In the following figures 3 and 4 original results are given. The information about different
bubble sizes (D10, D20, D30) charaterizes the bubble size related to lenght, arae, and volume.
The value for ‘Sauter Mean® represents the Sauter-diameter and gives the ratio of D30%/D20%.
Deviations of the number mean values for bubble size and bubble velocity are represented by
DRMS and RMS. Both investigations were taken within a time period of 2 months and
show the stability of bubble production over a long time period. and the high accuracy of
PDA-measurements.

Fig. 4 shows, that there is an insignificant larger bubble size and bubble velocity for the
non—ionic surfactant Rewomid at a height of z=100mm above the aerator. Fig. 3 demonstrats,
that the bubble size ranges between 60pm and 985um, whereby most of the bubbles have a
size between 155um and 450um. The rise velocity of the bubbles corresponding to their size
is given as a black line and indicates a strongly increase with increasing bubble size.

The interfacial area a resulted from the mean Sauter—diameter ds; together with the gas
hold—up ¢, according to the following equation:

6- ¢
a= 1
dall =€) S

£ 2 g7

The height of water level before and during aeration was measured to yield the gas hold-up ¢,.
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PDA ANALYSIS

Samples Validated: 5000 depress ESC to stop after next data block
X =: 30 (mm) Mean Diameters (microns)
Y =: 0 {mm) D10 : 403 DRMS : 217
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Figure 3: PDA-result with gas flow rate of 10 1/h; 5ppm Marlophor; z=100 mm
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Figure 4: PDA-result with gas flow rate of 10 1/h: 5ppm Rewomid; z=100 mm



3. RESULTS

3.1 Coalescence Phenomena

To allow a direct comparison of the present study with measurements carried out for different
sized single bubbles (see Bischof, 1994) we have choosen the bubble diameter D10. The
results of the measurements in tap water give the change in bubble size and rise velocity in
dependence of gas flow rate and height above the aerator (see Fig. 5). With increasing gas
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Figure 5: Mean values of bubble size and rise velocity for different gas flow rates

flow rate an increase in bubble size can be observed; additionally, the rise velocity is increased.
Moreover, the comparison between the both diagrams in Fig. 5 indicate the strong correlation
between bubble size and bubble velocity. Close to the aerator the coalescence between the
bubbles takes place, hence the strongest change in bubble size is observed up to a height of
900mm. Thereafter, the coalescence probability becomes very small and an almost constant
bubble size and bubble velocity is observed. In the case of surfactans, which were dissolved
in the liquid, coalescence occures only within the first 100mm above the aerator. To have a
better resolution of the range near the aerator the following diagramms give data only up to
a height of z=100mm. In tap water, within the first 20mm coalescence results in a strong
increase of bubble size (Fig. 6). At a gas flow rate of 101/h the initially produced bubble size
is enlarged for 13%; at 201/h enlargement of 17% takes place, and about 16% of enlargement
is found at a gas flow rate of 301/h (always related to the initially produced bubble size).

The results for the presence of surfactants are given comprehensively in Fig. 7. Similar
to the results for tap water, the bubble size and velocity strongly increase just above the

aerator. within the first 200mm. In general. the maximum bubble size is reduced with an
increase of surfactant concentration. This implies that the coalescence probability is reduced
with increasing surfactant concentration.

The mean values of the Sauter—diameter. resulting from all the measurements are given
in Fig. 8. At higher gas flow rates a larger Sauter-diameter is obtained within the bubble
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Figure 6: Mean bubble size and rise velocity for different gas flow rates; higher resolution of
coalescence phenomena nearby the aerator

column. This is related to the larger initial bubble size obtained with increasing gas flow
rate for the most types of aerators. But clearly, it can be seen. that there is a reduction in
bubble size in the presence of surfactants. This reduction of bubble size is correlated with the
concentration of the surfactant. and has a maximum of about 6% for a gas flow rate of 201/h
and a surfactant concentration of 10ppm.
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Figure 7: Influence of surfactant concentration on bubble size (left column) and bubble rise

velocity (right column)
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3.2 Interfacial Area

The gas-liquid interfacial area represents the total surface area of all gas bubbles contained
per unit volume of liquid. Therefore, this value and the mass transfer coefficient are the most
relevant parameters for an optimization of the mass transfer. The influence of an increased
air flow rate on the interfacial area in a bubble column aerated by a pouros membrane can
be described as follows:

o A large air flow rate increases the void fraction and, therefore, also the interfacial area.

e Since the increase of air flow rate is achieved by applying higher aeration pressures,
larger bubbles are usually produced which yield a lower interfacial area compared to
small bubbles.

e For an increasing air flow rate, the number of bubbles per unit volume 1s increased
whereby also the probability of coalescence is rising. This results again in a reduction
of the interfacial area.

The calculated interfacial mass transfer area according to equation (1) gives the results shown
in Fig. 9. In the case of tap water the interfacial area remains almost constant with increasing
gas flow rate. This implies that, although the gas hold-up is increasing, coalscence effects
result in larger bubbles and a decreasing bubble number density. Hence, the interfacial area

+

is not-entarged-with-gas-flow rate:

For the surfactant solutions the interfacial area remains larger compared to that in tap
water at all gas flow rates. This is a result of the reduced coalescence probability in surfactant
solutions. With increasing gas flow rates, a strong increase of the interfacial area, compared
to that for tap water, can be observed for the ionic surfactant Marlophor. Already a concen-
tration of 10ppm surfactant leads to an enlargement of the interfacial area of 20% at only
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Figure 9: Variation of interfacial area a by gas flow rate and concentration of surfactants (left:
interfacial area; right: normalized interfacial area

101/h. The enlargement of the interfacial area is strongly dependent on the concentration
of the surfactants, and Fig. 9 shows that with higher concentration of surfactants, a higher
‘nterfacial area can be obtained. The right diagram in Fig. 9 shows the relative enlargement
of interfacial area compared to the situation in tap water. It is obvious from this figure that
there is an enlargement of 80% at a gas flow rate of 301/h, and for a concentration of 10ppm
Marlophor.

3.3 Mass Transfer Studies

In general, the mass transfer from gas bubbles into the surrounding water can be described
as: y

Z% =kia-(cs — a)

This equation states that the temporal increase of the oxygen concentration within a liquid
is directly proportional to the interfacial area a, to a concentration difference in the water (c,
represents the saturation concentration of oxygen, ¢; represents the the oxygen concentration
in the liquid) and to a mass transfer coefficient k; denoting the mass transfer velocity. The
product of kja was measured with our oxgen probe and Fig. 10 gives the results where the
ratio of the kja—value in the surfactant solution to the kja-value in tap water is plotted.
With increasing flow rate the kja—values increase for all considered surfactant concentrations.

Similarto-the-trends-observed for the interfacial area, the behaviour for the ki a-values can

be described in the case of the ionic surfactant (Fig. 10). For low surfactant concentration
(i.e. 2.5ppm Marlophor) the kja-values are smaller than those in tap water for all flow rates.
At a flow rate of 51/h the kja—values are reduced with increasing surfactant concentration while
for higher flow rates the opposite is the case. Moreover, at higher surfactant concentrations
the kja—values become larger than those in tap water at a certain flow rate. The non-ionic
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Figure 10: Influence of surfactants Marlophor (left) and Rewomid (right) on mass transfer

surfactant Rewomid shows a similar behaviour, but there is no enlargement of the total mass
transfer compared to that in tap water.

Based on experimental data obtained from different sized single bubbles (see Bischof,
1994), the above result can be explained as follows. Due to the accumulation of surfactant
molecules on the bubble surface the mass transfer coefficient k; is in a similar way for both
surfactants. This leads to the conclusion that the increase of interfacial area in the presence
of a non-ionic surfactant is much smaller than for an ionic surfactant. Additionally, the mean
Sauter—diameter for the non-ionic surfactants was smaller.

Taking into consideration the interfacial area a that was measured with the PDA-system,
and the integral mass transfer coefficient kja that was measured with oxygen probes, it is now
possible. to calculate the mass transfer coefficient k; for a single bubble. Additionally, we have
to provide the average rise velocity of the corresponding bubble size. ascending in the bubble
swarm. This information is necessary to compare the mass transfer coefficient of a freely rising
single bubble with that of a bubble rising in a swarm. An accurate determination of bubble
size and rise velocity is only possible by the use of PDA. Fig. 11 shows the correlation between
the mean rise velocity of a bubble in the bubble swarm to that of a free rising bubble. The rise
velocity of a bubble in a swarm is more than twice as much as that of a single bubble. This
increase is also obvious from Fig. 11 (left diagram), showing the increase of the rise velocity
with increasing gas hold-up. Furthermore, this result demonstrates the enlargement of the
gas hold-up from 5% to 11% for a surfactant concentration of 10ppm in the water. Taking
into consideration the rise velocity for the average diameter of bubbles in the bubble swarm,

“this value has to be multiplied -with the k-value, which was evaluated from the measured

kja-values. This procedure leads to the result shown in Fig. 12. This figure also contains
a theoretical result obtained according to Brauer. (1971), which is valid for the considered
bubble size range:

Sh=2+9.45-107*Re! 75>

The calculated values for the mass transfer coefficient k; show very good agreement with the
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Figure 11: Increase of rise velocity of a bubble ascending in a bubble swarm compared to rise

velocity of a freely rising single bubble

theoretical approach with consideration of the mean rise velocity in the bubble swarm. Good
agreement between the experimental data from single bubble measurements (Bischof, 1994)
and the measurements in the bubble column is also obtained. The mass transfer behaviour of
a single bubbles. therefore, does not change in a swarm of fine bubbles. Difficulties of former
experimental works can be explained by the missing knowledge of rise velocity of bubbles in
a bubble swarm. Hence, the non intrusive PDA measuring technique allows for novel appli-
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Figure 12: Comparison of experimentally investigated kj-values for a free rising bubble (Bi-
schof. 1994) with a bubble ascending in a bubble swarm for tap water



cations to basic research in the field of mass transfer from bubbles.

4. Conclusion

Measurements of bubble size distributions with PDA at different heights above the aera-
tor yielded a deep insight into coalescence phenomena. It was demonstrated that coalescence
occurs near the aeration system. The presence of surfactants, however, changes the behaviour
of the bubble swarm. The PDA-measurement showed that the mean Sauter-diameter of the
bubbles decreased with increasing surfactant concentration. In addition, the gas hold-up was
enlarged. and the resulting interfacial avea increased largely depending on the gas volume flow
rate. The results revealed a strong influence of the molecular form of the surfactant where
the ionic build—-up surfactant showed generally a larger influence compared to the nonionic

surfactant.

The experimental studies presented in this paper revealed that two effects determine the
effectiveness of the mass transfer. On the one hand the accumulation of the surfactants mole-
cules reduces the mass transfer coefficient and on the other hand. the reduction of coalescence
probability increases the resulting mass transfer area (interfacial area) and, hence, the overall
mass transfer. It could be demonstrated that these two competing effects result in completely
different mass transfer characteristics for different surfactants. For certain flow conditions the
overall mass transfer of oxygen was higher in the presence of surfactants compared to that in
pure tap water. Furthermore, the results of these investigations showed clearly that it is not
sufficient to carry out measurements with only one gas flow rate for studying the influence of
surfactants on the efficiency of an aeration system.
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ABSTRACT

The development of phase Doppler anemometry for multiphase flows at the Lehrstuhl fiir Stromungs-
mechanik aims to improve the accuracy of size measurements of particles (or bubbles) and to permit
measurements with particles of unknown refractive index.

With the conventional PDA, the Gaussian beam defect can cause erroneous measurements if a par-
ticle of size comparable to the probe volume penetrates the half probe volume opposite the detectors,
where non-uniform illumination of the particle induces mixing of the refracted and the reflected rays
on the detectors. A new PDA system, which combines a planar optical layout with a phase difference
estimation only from the centre of the burst signals, enables a complete elimination of the Gaussian
beam defect.

In three-phase flows of gas bubbles and solid (transparent) particles in a liquid, signals from the
gas and solid phases with widely separated refractive indices are readily distinguishable. Linear signal
phase shift-size relationships with slopes of opposite sign are obtainable for each discrete phase of the
mixture. Where the refractive indices are rather close, e.g. in interacting sprays of two different fluids,
an extended PDA with a second receiving optics is used to measure a second phase shift. The phase
shift ratio is ideally a function of refractive index only, but in practice a refined evaluation method is
needed to extract the refractive index accurately and to distinguish between signals from the different
fluids.

1 INTRODUCTION

The principles of phase Doppler anemometry for determining velocity and size distributions of suspen-
ded spherical particles were first presented in [1]. Subsequent contributions, for example [2, 3, 4], have
assisted the development of commercial instruments from four manufacturers. For many significant
applications, such instruments provide reliable measurements for spherical particles of known refractive
index and diameters exceeding about 5 pym. Improvements to the phase Doppler anemometer are
nevertheless desirable to increase the accuracy of particle size determination under certain conditions,
for application with particles of unknown refractive index or in multiphase flows, and for accurate
determination of particle concentration. This paper presents contributions to improvements in the

first two of these respects. Following a brief description of a standard PDA system in section2; the———

planar phase Doppler anemometer and its advantages in reducing the particle trajectory effect on
the accuracy of particle sizing are discussed in section 3. The extended phase Doppler anemometer
(EPDA) and its application for particle sizing and the identification of particles of differing refractive
index are then described in section 4. Concluding remarks are given in section 5.
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2 CONVENTIONAL PHASE DOPPLER ANEMOMETER

The principles of the conventional phase Doppler anemometer have been described in several papers,
for example those cited in section 1. For this paper it suffices to characterize the conventional optical
system (Fig. 1) by three angles, namely the half-angle o between the incident laser beams in the z — 2
plane, the off-axis angle ¢ of the receiving optics in the y — 2 plane, and the elevation angles %, and

X

\

N

Figure 1: Conventional PDA optical layout and the coordinate system used.

g of the two detectors. The detectors are normally located symmetrically above and below the y — 2
plane, i.e. 1, = ¥g = . In the conventional arrangement, therefore, the off-axis and elevation angles
lie in mutually perpendicular planes.

When a particle passes through the measuring volume, the incident light is split into reflected,
refracted and higher-order refracted rays. For purely reflecting and purely refracting particles which
are larger than the wavelength of light, the phase shift ® between two signals collected at the receiving
optics may be given as follows:

& = F(m)d, (1)

where d, is the particle diameter.
Under the geometrical approximation of scattering from a spherical particle, the transfer function

F may be expressed by the following relations [4) which are simple, yet accurate enough for most
practical applications.

For refracting particles,



2km sin a sin 9

F=-—
\/2(1 + cos a cos 9 cos @) {1 + m? - m/2(1 + cosacosz,bcosqﬁ)]

(2)

For reflecting particles,

_ 2k sin ¢ sin 9 ,
"~ V2(1-cosacosycosd) (3)

Since the phase shifts have opposite signs for the two types of particles, this sign can be utilized
to distinguish refracting from reflecting particles. For measurements in a mixture of reflecting and re-
fracting particles, the optical system should be so designed that the reflecting particles produce phase
signals within the range (0, 180°) and the refracting particles exhibit a phase in the range (0, —180°).
This subdivision of the complete period of phase (0°,360°) necessarily reduces the sensitivity of indi-
vidual measurements by one-half.

Since Egs. (2) and (3) are independent of the particle diameter, Eq. (1) illustrates the essential
linearity of the phase shift-particle diameter relation for the phase Doppler anemometer for suitably
selected optical parameters. Most commercial PDA systems have 3 detectors rather than 2, in order
to eliminate possible 27 ambiguity for large particles in Eq. (1). In this paper attention will be
directed to two-detector receiving optics, in order to emphasize the essential differences between the
conventional PDA and the planar and extended PDAs in sections 3 and 4 respectively.

3 PLANAR PHASE DOPPLER ANEMOMETER

3.1 Theoretical Analysis

A major uncertainty of the conventional PDA is the Gaussian beam defect (trajectory effect) described
in [5]. If a large particle penetrates the half probe volume opposite from the detectors, the Gaussian
intensity profile of the incident beams causes a non-uniform illumination on the particle and induces
reflected and refracted rays with roughly equal intensities on the detectors. This effect can result
in a remarkable deviation of the diameter-phase difference relationship, Eq. (1), from linearity, thus
causing errors in size measurements. This deviation is both particle size and trajectory dependent,
so it is not possible to make corrections according to theoretical calculations of the trajectory effect
during signal processing.

Numerical studies of the Gaussian beam defect have been reported in [6, 7, 8]. Figure 2 presents
a numerical simulation result based on the generalized Lorenz-Mie theory for different locations of a
40pm water droplet in an 80um probe volume, presented as a phase difference map. There is almost
no phase difference dependence on the z location, since the iso-phase difference lines are parallel to
the z-axis, i.e. perpendicular to the LDA-fringes. The computed phase difference is also constant for
y > 0, but is strongly dependent on y for y < 0, i.e. in the half probe volume opposite from the
detectors.

Based on these studies a new planar PDA optical set-up (Fig. 3) was proposed in [5], aimed at a
complete elimination of the Gaussian beam defect. The two laser beams, their electric vectors and
the two detectors are all in the z-z-plane. The off-axis angle ¢ is zero. The elevation angles %; and
2, of the detectors have about the same magnitude as the off-axis angle in a conventional layout.

A numerical investigation of this optical set-up, for a water drop of diameter 52 um crossing a
probe volume of 80 um diameter, is presented in Fig. 4a as a map of the phase difference between the

two elementary detectors in the detection unit. It is seen that the iso-phase difference lines are rotated
by 90° as compared with Fig. 2 and, hence, lie parallel to the LDA-fringes. The signal phase is no
longer a function of location y but becomes a function of location z, when z > 0. The Gaussian beam
effect has not been removed, but its influencing zone has been moved from the half probe volume y < 0
to the half £ > 0. When a particle crosses the LDA-fringes along a trajectory parallel to the z-axis in
the positive z-direction the front part of the burst comes from the half probe volume z < 0 where the
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intensity gradient of the incident Gaussian beams has no influence on the signal phase. By processing
this part of the signal only, the phase measurement can be free of the Gaussian beam defect.

Figure 4b presents the relevant iso-signal intensity lines. Corresponding to the amplitude of the
filtered signal, the signal intensity is defined as the product of the pedestal value and the visibility [9].
Note that the particle position for the maximum intensity is not at the geometrical centre of the probe
volume but is displaced about 20um towards the negative z side on which the detector is placed. The
peak of a burst thus appears in the “front half” of the signal with respect to the particle position in
the probe volume, if the particle is moving towards the positive z direction. Due to this feature, it
is enough to process a part of the signal around the peak of the burst to obtain the phase difference
expected from the predominant refractive scattering process.

3.2 Experimental Verification

Experimental verifications of the numerical results were made with monodisperse water droplets using
a TSI-3450 aerosol generator. A transmitting optics consisting of a 12mW He-Ne laser, a collimator, a
TSI beam splitter, two polarization rotators, a beam spacer and a front lens was set up and arranged
with an INVENT receiving optics unit as in Figure 3. The optical parameters of this set-up are
those given in Table 1. The PDA signals, filtered with an INVENT PDA filter, were digitized with

Table 1: Optical parameters used in the experiment.

Wavelength of laser A 0.6328 um
Half-angle of beams o 2.04°

Beam-waist radius wp 64pm
Elevation angle ¥, 33.69°
Elevation angle ¥2 26.31°

Receiving-cone half-angle | 2.77°

a LeCroy-9400 digital oscilloscope and processed by using the zero-crossing method which enables an
analysis of the phase difference variation inside a burst. The accuracy of the analysis was ensured in
the experiments by sampling at a frequency about 130 times higher than the Doppler frequency.

A typical recorded Doppler burst and the corresponding instantaneous phase difference are pre-
sented in Fig. 5. This burst signal was produced by a 95um droplet moving towards the positive
direction along the z-axis through a probe volume of diameter 128 ym. The burst signal presented in
Fig. 5a is a filtered signal from the detector placed at the elevation angle 33.69°. The signal from the
other detector (3 = 26.31°) was very similar except for a slightly larger amplitude and is not presented
here. Together with the experimental results for the signal intensity and the phase difference, results
of a simulation are also plotted in Fig. 5 for comparison. The simulations were made for different
locations along the z-axis using a computer code based on the generalized Lorenz-Mie theory.

As theoretically predicted, the phase difference evolution in the burst can be roughly split into two
parts: (i) nearly constant phase difference for 0 <t < 2.2 % 10~%s and (ii) strongly varying phase for
t > 2.2 x 10~5%s. Part (i) corresponds to the particle in the probe volume region that is close to the
detector (z < 25um) and is slightly larger than half of the probe volume. The peak of the recorded
burst appears in this part, and it is seen in Fig. 5 that the recorded signal envelope is in very good
agreement with the numerical prediction. Around the peak, the measured phase difference is 188°. By

—using-a phasefactor-of 2:044°/pm; based-on- geemetrical,o,ptics,,,,,the,,,c,orr,es,pqn,ding,,dr,opl,e,t,,,,di,@m,e&,ﬁl,,,,, S

is 92um, close to the nominal diameter 95um for the TSI-3450 aerosol generator. The numerical
computation predicts a slight increase of the phase difference with time, from 192° at ¢ = 0 to 196°
at t = 2 X 10~5. In the experiment, however, around the peak of the burst, the phase difference is
rather constant.

Part (ii) corresponds to the particle in the probe volume region z > 25um, where the phase
difference evolution shows the Gaussian beam effect. Although in this region there are differences
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between the experimental results and the numerical computations, there exist two important commmon
features. Firstly, both of the curves show that the rapid evolution in the phase difference begins
approximately at the time ¢ = 2.2 X 10-5s, corresponding to the particle location 25um. Secondly,
the signal intensity in part (ii) is low and decreases rapidly with time. The influence of the Gaussian
intensity profile is in fact limited to the last cycles of the detectable part of the burst.

Experimental studies for the evolution of phase difference and signal intensity were made for
various droplet sizes in the range of 43um to 168um, i.e. wo/3 to 1.3 wo, where wo is the radius of the
probe volume at the 1/e? intensity level. It was confirmed for all these droplet sizes that the phase
difference curves always have a long constant part followed by a short rapidly varying part as in the
95um droplet case. Fig. 6 shows a comparison of the measured diameter with the diameter calculated
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Figure 6: Comparison of measured droplet size with theoretical values.

from the oscillation frequency and liquid flow rate of the TSI aerosol generator. Each point in the plot
corresponds to the measurement of a single droplet. The scatter, attributable to uncertainty in the
droplet sizes from the TSI aerosol generator and to error in the PDA measurements, is within £10%
for all tests.

The numerical results given in Fig. 4 illustrate the most important characteristic of the planar
optical layout, namely that for all particle trajectories with the maximum intensity inside the region
z < 0, the measured particle sizes are the same. Although the simulations were made only for
particles in the z-y-plane, the z location of a particle should have no influence on the signal phase
because the intensity gradient along the length of the probe volume is low. This was confirmed
experimentally, using a 2-dimensional traversing system (resolution 10um) to position the droplet
trajectory at different y and z locations respectively, for 95um water droplets moving parallel to the

z-axis. The measurements were made over a range of £120um in the y direction and +0.8 mm in
the z direction with a stepwidth of 10um and 100um respectively, until the signal-to-noise ratio was
too low for signal processing. The results verified that there is no trajectory effect in either y or z
directions even for trajectories that are very far from the probe centre.




3.3 Alternative Operation Mode of Conventional PDA

It can be deduced from Fig. 2 that if a particle moves parallel to the y-axis instead of the z-axis in a
standard PDA optical configuration the signal phase difference inside the burst should vary with time
in the same manner as that in a planar optical layout. Around the signal intensity maximum the phase
difference should again be constant. With the incorporation of the signal processing method used for
planar PDA, the Gaussian beam defect could therefore be eliminated for a standard PDA. This PDA
optical layout, however, is suitable only for 2D-PDA systems with frequency shift because in this case
the main flow direction is parallel to the LDA-fringes. The concept has been experimentally verified
and a detailed analysis can be found in [10].

4 EXTENDED PHASE DOPPLER ANEMOMETER

4.1 EPDA Principles

Many multiphase flow applications involve the measuring problem that the refractive index of the light
scattering particles is not known. Flows of this type may occur in mixing sprays or in environments
with unknown temperature. In this case, with a normal PDA system particle diameters cannot be
determined, as the phase factor relating the measured phase shift to the particle diameter is a function
of the refractive index of the particle, if the light scattering is dominated by refraction.

In order to solve this problem, the extended PDA technique (EPDA) has been developed [4].
With an extended PDA, which typically is a four-detector system, Doppler signals are detected at
two different scattering angles simultaneously, thus giving two different phase shifts for each detected
sample droplet. A sketch of an EPDA setup is shown in Fig. 7.

Nozzle 1 Nozzie 2 Recelving Unlt 1

L

Receiving Unlt 2

Probe Volume

Laser  Transmitting Optics

Figure 7: EPDA set-up with receiving optics units at scattering angles of 60° and 30°. In the diagram
the plane of the nozzles is rotated by 90° for clarity.

The basic idea of the technique, making use of the laws of geometrical optics, is to generalize Eq.

(1) tothe form
q)i = E(m»aa"piﬂbi) * dp (4)

using detectors at the two different scattering (off-axis) angles ¢; and ¢; and to calculate the ratio of
the phase shifts. As the particle diameter d, cancels out, the obtained equation

&y _ singy (14 cosacosyscos gz) {1+ m? — m[2(1 + cosacos p; cos $2)]'/%} 7 (5)
®,  sinthy \ (1 + cosacostp cos ;) {1+ m2 — m[2(1 + cosa cos ¥y cos ¢1)]1/2}



gives the relation between the ratio of the measured phase shifts and a quantity depending only on
the refractive index of the scattering particle and the geometrical parameters of the EPDA setup. The
equation in the present form is only valid for symmetrical arrangements of the photodetectors with
respect to the plane ¥=0 and for sufficiently small angles o and .

Solving this equation with respect to the refractive index m, and dropping the physically irrelevant
solution of the second order equation, we obtain the solution

_zm+z\J(M>2_4

(6)

2 A-1 2 A-1
where
fi = 2(1+ cosacoscos 1) (7)
f2 = 2(1+ cosacos;cosds) (8)
B ?ilSin ¥2\? 1_1_
A= (‘1’2 sin ¢1> f2 ®)

This equation provides real solutions only for non-vanishing denominators and for positive square root
arguments, thus involving the validation criterion

V-2 & [}
\/; \/71—"2S‘I>2<\/f-1° (10)

4.2 Application of EPDA to Mixing Sprays

In a study of the mixing between two sprays, simulating the interaction which might occur between
neighbouring liquid jets from a multi-hole Diesel injector, the EPDA was used to identify the origin
(spray 1 or spray 2) of the detected droplets and to determine their sizes and velocities. The droplets
were coded according to their refractive indices m, using demineralized water (m = 1.334) and a
water-sucrose solution (m = 1.421) in the simulation for the two sprays. For these fluids, the angles of
the EPDA optical system were optimized as follows: half beam-crossing angle & = 1.69°, elevation
angle of the photodetectors ¢ = 3.69° and scattering angles ¢; = 60°, ¢ = 30°. With these
angles the limits for the allowable values of the phase shift ratio are

d
0.566 < — < 1.115 .
¢,

Before undertaking measurements with mixing sprays, the EPDA technique was used to measure
the refractive index of monodisperse droplets, i.e. droplets with known and constant diameter. This
test showed that the accuracy of the alignment of the receiving optics units, in particular the posi-
tioning of the four photodetectors, is the crucial point of the technique. The measured phase shifts for
each sample particle satisfy Eq. (5) and lead to the correct diameter measurement only if alignment
tolerances are kept very small. Misalignments lead to broad refractive index distributions - even for
one-component monodisperse droplet streams. A well aligned system gives results as shown in Fig. 8
for demineralized water droplets with a diameter of 71.8 pm. The correct refractive index measured
with a refractometer is m = 1.334. The deviation of the mean value of the refractive index distribu-
tion measured by EPDA from the correct value is —0.6 %. The normalized standard deviation of the

distribution is 7.8 - 10~3. Standard deviations down to 5.5 10=3 are achievable.

With an EPDA system adjusted according to the above mentioned criteria, the refractive index
distributions in polydisperse mixing sprays produced with domestic oil burner nozzles were measured.
The spray nozzles were arranged symmetrically with respect to the plane of the crossing laser beams
of the EPDA system and inclined at 7.5° each against the plane (Fig. 7). Measurements were carried
out at the 25 points of a square 5 x 5 grid. The refractive index distribution measured at a point 15
mm off the centre of the grid at a distance of 90 mm from the nozzle exits is shown in Fig. 9. The
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Figure 8: Refractive index distribution in a stream of monodispersed water droplets. The normalized
standard deviation of the distribution is 7.8 - 10~3, the mean value is 1.326.
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peaks of pure component droplets in the mixed case can clearly be seen.



distributions for the two pure single sprays have normalized standard deviations of about 5.0-1072.
The distribution for the mixed sprays case indicates the presence of pure water and pure sugar water
droplets in the mixing zone of the sprays, represented by the two peaks of the distribution. The pure
polydisperse sprays yield quite broad refractive index distributions which overlap. Mixed droplets
formed by the coalescence of droplets from each of the two sprays would have intermediate refractive
indices. It is, however, difficult to identify whether such droplets exist.

The measurements confirm the capability of the EPDA technique to detect particles with different
refractive index even in polydisperse sprays, but the resolution of the refractive index needs to be
improved.

5 CONCLUDING REMARKS

At LSTM Erlangen, research activities with phase Doppler anemometry include on the one hand
the application of state-of-the-art anemometers (either commercial products or instruments developed
in-house) to sprays, bubbly flows or the transport of particles. On the other hand, the further de-
velopment of the phase Doppler technique is a continuing objective. For both types of activity, the
analysis of the light scattering process using computer programs based on Mie scattering theory or
generalized Lorenz-Mie theory is an essential complement to the experiments, to ensure an optimized
choice of the instrument parameters and the operation of the PDA within the linear range of the phase
shift-particle diameter relationship.

In this paper, examples of this combined approach have been shown for the development of the
planar and extended versions of the phase Doppler anemometer. The advantage of this approach is
particularly clear for the planar PDA, where the theoretical analysis indicated the occurrence of the
Gaussian beam defect and suggested a method to avoid it. The effect and the remedy were then
confirmed experimentally. The application of the extended PDA was also supported by an analysis
of the scattering process, although in this case the geometrical optics approximation was adequate to
suggest an appropriate measuring procedure to identify various refractive indices.

The combined application of analysis and experimentation will continue to be used at LSTM,
both to achieve further improvements in the planar PDA and EPDA and to assist the development of
PDA techniques for accurate determination of particle concentration and the sizing of sub-micrometer

particles.
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ABSTRACT

A new measuring technique for the simultaneous measurement of the diameter of droplets and the
velocity of droplets is presented. The range of application is for droplet diameters d, > 1000 um and

droplet velocities v, < 5 m/s. The new measuring technique is based on the refraction of laser light

at the surfaces of the droplet. The intensity of the refracted light is recorded. The diameter of the
droplet can be derived from the intensity of the light by the laws of the geometrical optics. The
maximum margin of error of the droplet diameter measurement is less than 8%. A laser beam with a
tubular characteristic is used. So, the measurement of the droplet velocity by two characteristic time
intervals is possible. The maximum margin of error of the droplet velocity measurement is less than
4%. It is shown, that the simultaneous measurement of droplet sizes and velocities in a swarm by the
new measurement technique is working.

1. INTRODUCTION

In many technical applications of two-phase flows, dispersed flow regimes are observed. Know-
ing the distribution of the size and the velocity of the particles is important to determine the heat and
mass transfer in many processes. There is a need to have a measuring technique for velocities and
sizes of bubbles and droplets. In the literature, many techniques have been proposed [1,2]. They can
be divided in intrusive and non-intrusive techniques. The intrusive techniques are usually optical or
electrical probes. In combination with the cross correlation method, it is possible to derive the parti-
cle sizes and velocities by using two equal probes mounted in the two phase flow. Generally, only
chord lengths of the bubbles and droplets are measured and a statistical correction has to be carried
out to get the particle diameter distribution. In some applications intrusive measuring techniques are
not accessible. In this case the non-intrusive techniques have to be employed. Many non-intrusive
techniques are based on the Doppler-effect. Especially the Laser-Doppler-Anemometry (LDA) in
combination with blockage time or light barrier techniques is well established [3]. Just as the LDA
the Phase-Doppler-Anemometry, where the phase shift of the signal is used to determine the particle

_size, is employed in some technical or scientific applications [4,5].

Only a few techniques allow to measure particle sizes in the range greater than d, = 1000wn.
The measuring techniques not using the Doppler-effect can be distinguished between the photo-
graphic methods like Particle-Image-Velocimetry (PIV) or holography and those using the signals of
scattered or reflected light of a light beam. The use of PIV is limited to applications with good opti-
cal accessibility. There are also still problems with image processing and threshold definitions.
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Figure 1: The geometrical relations of the experimental set-up.

There have been some publications about new measuring techniques for the simultaneous meas-
urement of size and velocity of drops with diameters in the range of d, =1000mm up to
, =5000um [6]. Most of these techniques use the blockage time method and so there is always a

dependency between the measurement of particle velocity and particle size.

The new measuring technique is based on the refraction of laser light at the surface of droplets.
The intensity of the refracted light is recorded as a function of time. It has been tested for droplet
diameters in the range of d, = 1000um up to d;, = 6000 um and velocities up to v, =5 m/s.

2. THE MEASUREMENT OF DROPLET DIAMETERS

The geometrical relations of the set-up are shown in Fig. 1. A light beam is passing the droplet.
It is refracted two times at the surface of the droplet. Thus it is deflected and expanded. The light
beam is projected in a plane at the distance 1 and the height h. The height is a function of the droplet
diameter dp, the horizontal distance 1, the refraction indices n; of the phases and the distance x

between the centre of the droplet and the laser beam. The height h can be calculated by the laws of
the geometrical optics

h= x’—(l—y’)tan[Z(a——B)] §))
with
d . d
x'= —21 sin(2p-a) and y'= E"- cos(2B-a) . )

In Eq. (2), the angles o and B are



da=x-dp - dx
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dA=h-dy - dh
Figure 2: The expansion of an infinitesimal small element of the cross sectional area of the laser
beam.
o = arcsin 2 and P =arcsin 2xn , 3)
d, d, n,

where n; and n, are the refraction indices of the surrounding medium and the droplet. Using Eq.
(1), the expansion of the light beam in the x-y-plane is —:ﬁ If the expansion in the y-z-plane is g—t:,
X z

the 3-dimensional expansion of the laser beam is

dA _dn df

= —_— 4
da dx dz )

The expansion %f- can easily be calculated. In Fig. 2, the geometric relations of the projection of

the beam in the x-z-plane are shown. The infinitesimal distances dz and df can be written as

= . /2]
dz=x-dg

o~
~

and
df =h-de . (6)

This leads to
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The 3-dimensional expansion of the laser beam is
A dh h
dA _dh h , (8)

da dx x
Equation (8) can be derived analytically. It can't be solved for the diameter d, of the droplet. For

ratios 1” =-}—‘:— >> 1, simplifications are possible. The distance X becomes zero and the expansion of

the laser beam is symmetric to the y-axis. It can be rewritten as

dA _(dh) | o

da \dx

The derivation %}—1 becomes

X
x=0 dp n2

The ratio between the intensity in the laser beam I, and the measured intensity in the projection

plane I, is
2 2
_I.Q_z(g-ll) :.1_92..1_(&._) +_!.(.n_1__)+1 ) (11)
I, \dx d; \n, d, \n,

For ratios 1* >> 1, Eq. (11) results in

d, =Cy1, (12)

C=41(%- )Jll_ | (13)

C is a constant and has to be evaluated by a calibration of the measuring device.

dh
dx

with

3. MEASUREMENT OF THE DROPLET VELOCITY

If the diameter of the laser beam is known, the velocity of the droplet can be calculated by

— d0
P t, ’

(14)

v

with t, as the total time during which the droplet passes the laser beam and d, as the diameter of
the laser beam.
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Figure 3: The influence of the length I* on the measured intensity I*.

In practice, it can't be ensured, that the droplets pass the centreline of the laser beam with the
constant distance 1 to the photo transistor. If the droplet passes the laser beam beside the centreline,
the chord length d; of the intersection between the droplet's trajectory and the laser beam's cross
sectional area is smaller than the diameter of the laser beam. The duration of the signal at the photo
transistor t, is smaller and the calculated value of the velocity v, is higher than the real velocity.
Because the intensity distribution in the cross section of the laser geam corresponds to the Gaussian
distribution, the intensity decreases with increasing distance between the centreline and the trajectory
of the droplet. Due to this, the measured droplet diameters are smaller than the real diameters.

The distance | between the droplet and the photo transistor has a strong influence on the meas-
ured intensity, too. It is possible to eliminate these influences by suitable arrangements.

4. ADVANCED OPTICAL ARRANGEMENT

The influence of the distance | on the intensity of the laser light at the photo transistor is shown
in Fig. 3 for different droplet diameters. The related intensity I* = I/1_,, is shown as a function of the

related distance 1" =1/h. The measured values for different droplet diameters have a common

maximum at |” = 3.3. The maximum of the calculated function is at 1° = 1.9. The difference between
the measured and the calculated values can be explained by the simplifications made with respect to

- the’reﬂeCﬁon'Of'the’h'ghfat'the surface 'of'th’e*drcpl'e’t'st “For small ratios ’Ufll'!,""tﬁé’ fraction of reflected

light increases. Due to this, the maximum of the measured values is shifted to higher values of 1*.

The influence of the distance 1° on the intensity at the photo transistor is minimal at the maxi-
mum of I". By adequate measures, the influence can be minimised. If the length of the laser beam is
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Figure 4; The geometrical relations of the cross sectional area of the tubular beam.

limited and the photo transistor is placed in the distance of I* = 3.3, there is a range of I", in which
measurements with a suitable accuracy can be conducted.

As shown above, using a normal laser beam leads to problems in measuring diameters and ve-
locities of the droplets. For the new measuring technique, a tubular laser beam is formed by a system
of lenses and a special optical aperture with a dark spot in the centre. The cross sectional area of the
beam is annular and the intensity distribution is homogeneous. In Fig. 4, the cross section of the laser
beam, a trajectory of a droplet through the beam and the corresponding signal at the photo transistor
as a function of time are shown. The trajectory is beside the centreline of the laser beam. For the
calculation of the velocity of the droplet, it is essential to know the chord length I, <1. The signal at
the photo transistor has two characteristic periods: The time t,, during which the droplet passes the

whole laser beam and the time t,, during which the droplet passes the dark core of the laser beam.

The ratio of the times %- is equal to the ratio of the lengths %— at the trajectory of the droplet. Here,
t c

14 is the length of the chord through the dark core region of the laser beam. The length of the chord

through the whole laser beam can be calculated by

r’ -R?)

1. =2 |5 : (15)

—

¢ 14—)2—1

t

I
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In Eq. (15), R is the radius of the whole beam and r is the radius of the dark core of the beam.
The velocity of the droplet is
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v.=-& (16)

Because the intensity distribution in the annular cross section of the beam is homogeneous, the
measurement of the diameter of the droplet is independent of the location of the trajectory of the
droplet.

The experimental set-up used in this investigations is shown on principle in Fig. 5. The light of
the laser is expanded by a combination of lenses. With the optical aperture, the peripheral zones of
the beam are cut off. Only the centre region of the Gaussian beam, in which the intensity is nearly
constant, passes the aperture. Because of the dark spot in the middle of the aperture, the beam
becomes tubular. Interrupting the beam at the distance I, leads to a clearly defined measuring

volume. The application of the photo transistor at the distance | = 90mm and the height h = 27 mm

ensures the optimal geometric configuration of 1" = 3.3.
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Figure 6: The configuration of the trigger and the data acquisition photo transistor.



5. DATA ACQUISITION

The duration of the signal at the photo transistor is dependent on the velocity of the droplets and -
the diameter of the beam. In the special case, the new measuring technique is designed for, the
velocities are less than v, =5 m/s. The total time t, is expected to be t, =1 ms. The acquisition of

the signal is conducted by a standard A/D-converter board installed in a Personal Computer. The
sampling rate is f, = 62.5 kHz. The data acquisition is started by a trigger. The trigger photo transis-
tor is mounted above the data acquisition photo transistor. The geometrical configuration is shown in
Fig. 6. It can be seen, that the deflected light beam first passes the trigger photo transistor. If the
intensity measured at the trigger is higher than the threshold, the data acquisition starts.

The signal measured for a droplet passing the laser beam near the centreline is shown in Fig. 7.
The intensity of the laser light at the photo transistor is proportional to the voltage U measured at the
photo transistor. The course of the signal is similar to a double square wave. The times ty and t, can

be measured. The discrimination of the starting times t, ;and ty s and the ending times tg . and t,. is

done by the calculation of the points with maximal and minimal slope. So the time measurement is
independent of the intensity of the signal and due to this independent of the size of the droplets. The
criteria, the course of the signal has to fulfil for a consideration, are :

o There must be a period, in which the signal is less than 25% of the maximum value. This
corresponds to a droplet passing the dark core region of the laser beam.
tigs—t
o The ratio of the time differences t—dls———tt—’s must be in the range between 0.9 and 1.1. If this
te ‘de
criterion is not fulfilled, the signal is asymmetric due to partial screening of the laser light by
other droplets or the droplet is outside the measuring volume: The distance 1, between the

droplet and the photo transistor is less than (1- 17“‘).
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Figure 7: The signal of a droplet passing the dark core region of the laser beam.
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Figure 8: The signal of a droplet passing the beam beside the dark core region.

If one of these criteria is not fulfilled, the signal will not be considered to calculate the size and
the velocity of the droplet.

The signal of a droplet passing the laser beam beside the dark core region is shown in Fig. 8. The
course of the signal is similar to a single square wave. Already the first criterion is not fulfilled. The
trajectory of the droplet is identified to be beside the dark core region of the laser beam.

For the measurement of the droplet sizes, the intensity of the signal is averaged between the
times t sand ty  and the times tq and t.

6. EXPERIMENTAL RESULTS

To calibrate the new measuring technique, the results of the measurements of droplet diameters
and droplet sizes have to be compared with reliable data. This means, a second measuring technique
with a known high accuracy has to be available. Water and air are used as the two phases during the
calibration of the measuring technique.

Single droplets are generated by cannulas, which can be positioned in different heights above the
laser beam. The velocity of the droplets is dependent of the height of the cannulas. The cannulas are
moved by a simple construction to ensure, that the trajectories of the droplets are statistical
distributed across the cross section of the laser beam.

For the calibration of the droplet size measurement, the droplets are weighted. The diameter d,
of the droplet is

6M
d, = 3—> . a7n
TPw

In Eq. (17), M, is the mass of the droplet and py, is the density of water. In Eq. (12), it has been
shown, that the diameter of the droplet is proportional to the square root of the measured intensity at
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Figure 9: The device for the creation of a swarm of droplets.

the photo transistor for 1* >> 1. As shown above, in the experimental set-up I* is only in the range of
3.3. Equation (12) has to be rewritten with a second calibration factor:

d,=CHI, . (18)

In Eq. (18), the constant C and the exponent E have to be evaluated by calibration. From the
calibration data it can be seen, that the exponent E is strongly dependent on the ratio I*. The data
obtained for 1" = 3.3 are best fitted by E =2.35. The constant C has to be evaluated each time the

experimental set-up has been adjusted. The maximum margin of error of the measurement of droplet
sizes in the range of 1 mm < d, < 6 mm has found to be less than +8%.

It is not possible to measure the velocity of the droplets at the same time and same location with
a second, reliable measuring technique. So, the instationary equation of motion has been solved for
each droplet diameter and falling height used in the calibration. The maximum margin of error of the
measurement of droplet velocities in the range up to v, =5 m/s has found to be less than +4%.

To test the new optical measuring technique in a swarm of droplets, a simple device has been

built. It is shown on principle in Fig. 9. It consists of a blade wheel which-is driven by an-air-stream.——

A small amount of water is delivered on the wheel. At the circumference droplets with different sizes
are built. The droplets fall down and some of them pass the measuring volume of the laser beam. In
Fig. 10, the probability density of the droplet sizes is shown. The measured diameters of the droplets
are in the range of d, =1.5mm up to d, =8.5mm. The mean value is d; =3.4mm. The distribution

of the droplet sizes is Gaussian type.
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The probability density of the velocity of the droplets is shown in Fig. 11. The measured velocities
are in the small range of vp=1.9m/s up to v, =2.6m/s. The mean value is v, =2.15m/s. The

small range of the velocity of the droplets is due to the kind of droplet formation. The droplets are

6
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formed at the circumference of the blade wheel, where the velocity is nearly constant.
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7. CONCLUSIONS

A new measuring technique has been presented for the difficult task to measure droplet sizes in
the range above d, = 1mm. The simultaneous measurement of the velocity of the droplets is possi-

ble. It has been shown, that the new measuring technique is working. The main advantages are the
easy set-up, the non-expansive data acquisition, the independent measurement of sizes and velocities
of drops and the potentiality of the measuring technique. In a next step, the measurement of two
velocity components is available by measuring the time delay of the signals at the trigger photo
transistor and data acquisition photo transistor.

For a better optical accessibility, the measuring device will be miniaturised using semi conductor
lasers. The length of the whole device will be in the range of less than 200 mm. Using fibre optics is
the second possible step to expand the range of application.

NOMENCLATURE

area in the laser beam, m?
area in the projection plane, m
constant, mz/ W

diameter, m

constant, dimensionless
frequency, 1/s

height, m

intensity of the light, W/m?
length, m

length, dimensionless

= refraction index, dimensionless
probability density, 1/mm (s/m)
inner radius of the beam, m
outer radius of the beam, m
time, s

= velocity, m/s

x-coordinate, m

X-axis

y-coordinate, m

y-axis

z-coordinate, m

Z-axis

angle

= angle
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ABSTRACT

To determine local parameters of gas-liquid two-phase flow (i.e. local void fraction, bubble
frequency and velocity) an innovative measuring system, based on the idea of decentralized signal
processing, was developed. For demonstration purposes, up to six sensors (fiber-optical probes)
were applied simultaneously. Each sensor was connected to a high-performance microprocessor - a
transputer - via an analog to digital converter for on-line evaluation of the sensor signal and for
on-line correction of errors of measurement. Moreover, a self-adapting measuring system was
realized. The new system was utilized to determine radial profiles of local parameters of gas-liquid
two-phase flow in a vertically arranged sudden pipe expansion. Analysing the local phase function
with methods of fractal geometry, it could be shown that gas-liquid two-phase flow exhibits a
fractal character.

1. INTRODUCTION

Local parameters of gas-liquid two-phase flow, e.g. local void fraction, local bubble
frequency and local bubble velocity, are very important for the improvement of two-phase flow
models (two-fluid models). Local parameters are often determined with small, needle-shaped
sensors, which are parts of a measuring system.

Conventional measuring systems exhibit various shortcomings. For example, they often
require supplementary devices for the on-line evaluation of the obtained data. Simultaneous
collection and processing of the signals of several sensors usually reduce the performance of a
conventional system. As an example, the sampling frequency normally drops with the number of
sensors in use. Also, on-line correction of errors of measurement is not possible but with
needle-sensors in general a variety of errors are introduced. Moreover, a conventional measuring
system is unable to identify a change of the operating conditions and it is not able to react
adequately.

2. TRANSPUTER-BASED MEASURING SYSTEM

A measuring system, which does not exhibit the shortcomings mentioned, was newly
developed [1]. For demonstration purposes several sensors were applied simultaneously. The
underlying idea of the system is to equip every sensor with separate computing power in order to
__realize an efficient and flexible decentralized signal processing. -

Therefore every sensor is associated with both, its own analog to d1g1ta1 converter (ADC)

and its own transputer. Transputers are high-performance microprocessors, which are capable of
parallel data processing due to special hard- and software features. The transputers were linked
together to a network.




Figure 1 depicts the basic idea of the so-called transputer-based measuring system. In a test
section "sudden expansion”, exemplarily synchronous processing of the signals of six sensors is
shown. The present hardware configuration of the system allows a maximum sampling frequency
of 125 kHz, independent of the actual number of sensors. This frequency could be increased by
using different ADCs.

3. TEST SECTION "SUDDEN EXPANSION" AND EXPERIMENTAL CONDITIONS

The new measuring system was applied to distinct gas-liquid two-phase flows of different
media (air/water, steam/water and gas/liquid refrigerant). The experiments summarized in this
paper primarily were conducted in an air-water loop under atmospheric conditions with a vertical
test section "sudden expansion"” as shown in Fig. 2. A maximum of six fiber-optical probes was in
use simultaneously. The sensors comprised two types, different in the orientation of the tip (see
next section).

Experiments for nine quasi-steady flow conditions (Fig. 3) are discussed here. Except flow
condition E; the flow patterns observed agreed with those shown in the flow map by [2]. This map
is based on the superficial velocities and was derived for a pipe diameter of d* = 0.05 m, while in
our case d = 0.04 m. In accordance with these authors, in the "bubble (I)"-flow regime occasionally
Taylor-type bubbles were observed. Those were spaced axially very regularly and reached lengths
up to 2d.

4. FIBER-OPTICAL SENSORS AND SIGNAL PROCESSING

The measuring principle of fiber-optical sensors is based upon the behaviour of light at an
interface of two media with different refractive indices (Fig. 4). It is expressed by Snell's or
Descartes' law [3]; [4]. A quartz step-index fiber is led inside a steel tube through a casing. At the
sensor-tip, the fiber and a capillary tube are glued together, grinded and polished. Wedge and cone
tips with an angle of 90° were used. The sensor-tip shown in Fig. 4 faces the main flow direction.
Such sensors are referenced as type-I, probes with their tip rectangular to that flow direction as

type-IL

A gaseous medium (in the scope of that paper: air) causes a higher signal in form of an
output voltage, a liquid medium (water) a lower (for details see [1]). Filming the physical situation
at and around the sensor-tip with a high-speed video system served as reference for the
interpretation of the signal delivered by the sensor.

In our case the sensor signal comprised two parts: The "base level” (tip fully immersed in
liquid) and deviations from that level that were termed "bubble-signals", understood to hold for all
kinds of bubbles. By using a single threshold technique (Fig. 5), the signal of each probe was
processed to determine the following local parameters (note however that besides the single
threshold technique any signal processing technique may be set up):

The local phase function [17] was obtained by comparing each digitalized signal with a
software-selectable threshold value: If the signal exceeded the threshold, it was presumed that gas
phase was detected, otherwise liquid phase. The local gas residence time Tg,-(r’), i=1,2,.., Ny

started when the signal delivered by the sensor exceeded the threshold value for the i th time. It
ended when the signal level fell below the threshold again. From the number of gas residence
times Ny(r) detected during a measurement of duration 7 the local bubble frequency was
determined:

Jo(r'y=Np(r’)/T. 1)



The local void fraction is given by [5]
Np
a(r')= Zngi(r’)/T- 2
=

These local parameters can be evaluated on-line with our system.

Here not further mentioned, the local bubble velocity can also be determined from the
signals of the two sensors before the expansion, using a cross-correlation technique.

The signal delivered by a fiber-optical probe was strongly influenced by the flow condition
as depicted from Fig. 6, showing time-traces of the output voltage. That dependence of the sensor
signal was supposed to relate on micro physical effects such as liquid films on the sensor-tip [1];
[4]. To interpret the sensor signal and to choose an appropriate threshold, calibration experiments
were conducted. Based on the results of these experiments, the threshold value was placed 0.5%
above the maximum value of the noise bandwidth of the base level.

5. RESULTS OF CALIBRATION EXPERIMENTS

The video system worked as reference system well for all flow conditions but those with
the highest superficial gas velocity where analysing video frames was impossible because of dense
bubble bulks. The main results obtained, especially for type-I sensors are (for details see [1]):

a) The fiber-optical probes used exhibit a "field of sensitivity" (also found by [6] and [7]).
This field axially extended at least two tip diameters (i.e. 1 mm) in front of the tip. While the
sensor signal mainly results from the phase of the medium at the surface of the tip, it can also be
influenced by other effects, e.g. like the approach of a reflecting interface. In case the sensor-tip
was immersed in liquid, in general a "pre-signal”, due to reflection, was measured which may (as
shown in Fig. 7) falsify the evaluation of local parameters.

b) Errors of measurement may also arise from other sensor-induced effects such as: the
tangential "scratching” of Taylor(-type) bubbles along a type-I sensor, at radial positions near the
wall; the formation of drops at the tip of a sensor type-I, which is hulled by a long Taylor bubble;
the low bubble-signals itselves e.g. at flow conditions E; and E,. It was found that these effects
depend on the flow condition. By means of the frequency function of the signal amplitude, groups
of conditions yielding the same effects could be identified.

¢) For most of the flow conditions examined, typical bubble-signals were detected.

d) The increasing slope of a bubble-signal qualitatively corresponded to the slope obtained
during "dewetting-experiments". In these experiments the remainder of a liquid film at the surface
of the sensor-tip was seen to be able to temporarily increase the optical quality of the tip,
presumably by evening out anomalies, resulting in a maximum of the rising signal slope.

6. APPLICATION OF THE TRANSPUTER-BASED MEASURING SYSTEM

To prove the performance and the flexibility of the new measuring system, the system was
applied to measure local parameters of two-phase flow under various circumstances. In that paper
three applications will be presented.

6.1 Measurement of Radial Profiles of the Local Void Fraction

The system was used to measure radial profiles of the local void fraction on-line, both
before and after the expansion (Fig. 8; only profiles measured with type-I sensors are shown). The
void-profiles in the lower part of that figure approximately are symmetrical with respect to the




centerline of the pipe and have the general form of a parabola for almost all the flow conditions
considered. Only for the flow condition E; (finely dispersed bubble (ID)), a maximum of the void-
profile was measured close to the pipe wall. The profiles in the upper part of Fig. 8 measured with
two different sensors (note that the superficial velocities apply to the area of the test section before
the expansion) are nearly identical for a given flow condition. Thus it was deduced that the results
obtained were independent of a special sensor.

The profiles presented here were discussed in detail by [1], who also shows local bubble
frequency profiles. It was found that the measured profiles of local parameters in general exhibit
deviations from the real situation due to errors of measurement, resulting from sensor-induced
effects as previously mentioned. The determination of the local bubble velocity experimentally was
also achieved. Moreover, the accuracy of the measuring system was determined. Integration of
radial void-profiles yielded a mean gas mass-flux that in an optimal case was accurate in the order
of a few percent.

6.2 On-line Correction of Errors of Measurement

The measuring system was used to correct on-line errors of measurement of local
parameters. A measurement at flow condition E is considered. From Fig. 9 radial profiles of local
parameters, obtained before the expansion, are depicted. On the left part of that figure standard
signal processing (single threshold technique see Section 4), was used. The local void fraction was
underestimated by sensor type-I for r'> 0.5. On the contrary the local bubble frequency was
overestimated by both sensors all over the cross-section, as was confirmed by reference
measurements. The errors for the type-I sensor were mainly due to the scratching of Taylor(-type)
bubbles along its tip and capillary tube. Besides, similar effects were detected for type-II sensor,
falsifying the bubble frequency profile obtained with that sensor.

A (selected) modified threshold method was set up to correct on-line the errors mentioned.
The underlying idea of this method is to connect all periods of the sensor signal that belong to the
same bubble. The algorithm is presented in detail by [1]. Its application (right part of Fig. 9) led to
a correct, uniform bubble frequency profile between 2 and 3 Hertz, independent of the sensor type.
However, in correcting the local void fraction measured with the sensor of type-I, only partial
progress was achieved, because a parameter to be chosen was not optimized.

For an effective correction of errors of measurement, an algorithm adapted to the flow
condition (also to the sensor type) should be used. The choice of an appropriate correction
algorithm could be achieved automatically by an adaptive measuring system, which identifies the
flow condition before setting up the algorithm.

6.3 Adaptive Measuring System

To prove that our system can be used to form an adaptive system, a simple example was
realized. An adaptive system is understood to be able to react on changing conditions that may take
part during experiments, under the scope of a well-defined measuring task.

In particular, the transputer-based measuring system was programmed to determine the
threshold for all fiber-optical sensors automatically. For this purpose, first the maximum of the
liquid level delivered by every probe was evaluated. The threshold was then adjusted according to
every maximum. So the system is able to react on a change of the liquid level value of every
sensor, which may be due to damage of or deposits on the sensitive sensor-tip. This realization of

an adaptive system was motivated by the experiences obtained in a large-scale experiment, where
an aggressive flow medium caused erosion of many sensor-tips used, but the threshold could not
be adapted during the experiment.



7. ANALYSIS WITH METHODS OF FRACTAL GEOMETRY

Data obtained with the new measuring system (and with a second, commercial system) was
further evaluated with methods of fractal geometry. The term fractal geometry was coined by [8]
and means "irregular or fragmented". Fractal geometry is closely related to the theory of nonlinear
dynamics and only in recent years was spread to broader public (see e.g. [9]). First applications of
fractal geometry to two-phase flow were reported by [10] and [11]. The former group examined
with it the length of liquid slugs in horizontal two-phase flow. The latter group examined the
pressure drop e.g. by evaluating fractal dimensions in phase space representation. [1] applied
methods of fractal geometry to the local phase function. That local parameter was measured in the
upstream part of the test section "sudden expansion” and in another pipe-test section of constant
diameter (d** = 0.01 m; also arranged vertically, upward air-water flow under atmospheric
conditions). Analysis was conducted in physical space representation [12]; [13].

From the time trace of the local phase function a set of points "M" was chosen (in Fig. 10
that set results from the gas phase), and the box-counting method was applied. By that method the
space in which the set of points is embedded (in our case a line segment) is completely covered
with boxes. For each box-radius / the number N(I/, M) is counted, which is needed to cover the set
of points. In the limit of vanishing box-radii the (infinite) set of generalized dimensions Dq [14] is
defined as

N(1, M)
=i =1[i - 9
D, llf.% log Z, /log | 111_1)7(1) [1/(q 1)]':log Ei P (l)}/log l,qg#1. 4)
The probabilities p;(l) are obtained from
pi(l)=n;/ny, (5)

nyy being the total number of the elements of the set M and n; the number of points covered by the
i th box.

Each realized flow condition (Table 1) corresponded to another flow regime. The flow
conditions in this table (C corresponding to the constant diameter pipe) are sorted from left to right
with respect to a rising local void fraction. This local parameter, like the local phase function, was
measured in the center of the test sections. The volume flux of the phases mostly was much better
than £2%. For each flow condition, at least 8000 bubble-signals were collected and appropriately
corrected.

Figure 11 illustrates the results of the box-counting method for flow condition E;. Two
distinct regions can be identified: The interval log / € [1, 4.5], in which the scaling-behaviour

clearly depends on the parameter g, and the subsequent interval (which extends to log [ = 7 not
shown in the figure) showing no such dependence. In the latter, the gradient common to all curves
is one. This means that e.g. in lapses of time twice as long, the gas phase is detected twice as often.
At flow condition E;, 1045 samples equal about 4 seconds.

A scaling behaviour depending on the parameter g is typical for (multi-) fractals. For all
flow conditions examined, these regions comprise at least two decades on the abscissa. The time
trace of the local phase function, evaluated with respect to the gas phase, for the flow conditions

investigated thus can be considered being a fractal. The same holds for its inverse, i.e. if instead of
the gas phase the liquid phase is utilized. Because of the embedding-theorem of nonlinear
dynamics [15], the (vertical) two-phase flows discussed are considered to be fractals. With the
results of [11] (horizontal two-phase flow) this is assumed to hold for two-phase flow generally.
The generalized dimensions D, were evaluated from the gradient of the curves log Z,
versus log [/ within subdomains of the regions showing fractal-like behaviour. Finally, the so-called

D,-curves were obtained by plotting the generalized dimensions D, vs g (Fig. 12). For each of the
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flow conditions examined, a distinct D -curve results. Particularly, the value of the fractal
dimension Dy varies with flow condition and thus for different flow patterns. With table 1 it is
evident that a higher value of the fractal dimension correlates with a higher value of the local void
fraction.

A two-phase flow whose D -curve has been derived, may be modelled by a simple multi-
fractal of known iteration rule, as it was reported by [16] and [13] for the rate of dissipation of
turbulent kinetic energy. Perhaps in the long range it is possible to develop new theoretical models
based on fractal geometry. [10] gave an example in describing the distribution of slug lengths.

8. CONCLUSION

The newly developed measuring system proved to be well suited for the determination of
local parameters of gas-liquid two-phase flow. Moreover, the new system is independent of the
type of sensors used and of the number of sensors. Also it is flexible in applying different methods
of signal processing. The system may be configured to fulfill best the needs of a measuring task.
The innovative idea of the transputer-based measuring system thus provides a flexible, efficient
tool for further application.

The results obtained with the methods of fractal geometry indicate that the generalized
dimensions (which were evaluated in physical space representation), especially the fractal
dimension Dy, may contribute to the characterization of flow conditions and the related flow
pattern. Additional examinations with methods of fractal geometry and nonlinear dynamics should
be conducted, to provide a broader data base. In particular it should be examined, whether an
intrinsic time-scale of two-phase flow is expressed by that box-radius where the curves log Z,
versus log / no longer depend on the parameter g (Fig. 11).

ACKNOWLEDGEMENT

This investigation was supported by the "Bundesminister fiir Forschung und Technologie" through
research project No. 1 500 885.




(1]

(2]

[3]
[4]
(5]

(6]
(7]
(8]

(9]
[10]

[11]
[12]

[13]

[14]

(15]
[16]

(17]

— 101 —

REFERENCES

Schmitt, A., "Untersuchungen zur Bestimmung lokaler Parameter von Fliissigkeits-Gas-
Zweiphasenstromungen mit einer neuentwickelten MeBkette", Dissertation TH Darmstadt (to
be published 1994).

Taitel Y., Bornea D. and Dukler A. E., "Modelling Flow Pattern Transitions for Steady
Upward Gas-Liquid Flow in Vertical Tubes", in: AIChE Journal 26, No. 3, pp. 345 - 354
(1980).

Galaup J.-P. and Delhaye J.-M., "Utilisation de sondes optiques miniatures en écoulement
diphasique gaz-liquide", in: la houille blanche 1, pp. 17 - 29 (1976).

Abuaf N., Jones O. C. and Zimmer G. A., "Optical probe for local void fraction and interface
velocity measurements”, in: Rev. Sci. Instrum. 49, No. 8, pp. 1090 - 1094 (1978).

Galaup J.-P., "Contribution to the study of methods for measuring two-phase flow", Diss.
Scientific and Medical University of Grenoble and National Polytechnic Institute of
Grenoble (1975).

Hinata, S., "A Study on the Measurement of the Local Void Fraction by the Optical Fiber
Glass Probe", in: Bulletin of JSME 15, pp. 1228 - 1235 (1972).

Cartellier A., "Optical Probes for local void fraction measurements: Characterization of
performance", in: Rev. Sci. Instrum. 61, No. 2, pp. 874 - 886 (1990).

Mandelbrot, B. B.: "Die fraktale Geometrie der Natur", Birkhduser-Verlag, Basel, Boston
(1987).

Takayasu, H.: "Fractals in the physical sciences”, Univ. Press, Manchester (1989).

Saether, G., Bendiksen, K., Miiller, J. and Froland, E., "The Fractal Statistics of Liquid Slug
Lengths", in: Int. J. Multiphase Flow 16, pp. 1117 - 1126 (1990).

Franca, F., Acikgoz, M., Lahey R. T. Jr. and Clausse, A., "The Use of Fractal Techniques for
Flow Regime Identification", in: Int. J. Multiphase Flow 17, pp. 445 - 522 (1991).

Prasad, R. R., Meneveau, C. and Sreenivasan, K. R., "Multifractal Nature of the Dissipation
Field of Passive Scalars in Fully Turbulent Flows", in: Phys. Rev. Lett. 61, No. 1, pp. 75 - 77
(1988).

Sreenivasan, K. R., "Fractals and Multifractals in Fluid Turbulence", in: Annu. Rev. Fluid
Mech. 23, pp. 539 - 600 (1991).

Procaccia, I., "The Characterization of Fractal Measures as Interwoven Sets of Singularities:
Global Universality at the Transition to Chaos", in: Dimensions and Entropies in Chaotic
Systems, edited by G. Meyer-Kress, Springer-Verlag, Berlin (1989).

Lauterborn, W. and Parlitz, U., "Methods of chaos physics and their application to
acoustics", in: J. Acoust. Soc. Am. 84 (6), pp. 1975 - 1993 (1988).

Meneveau, C. and Sreenivasan, K. R., "Simple Multifractal Cascade Model for Fully
Developed Turbulence", in: Phys. Rev. Lett. 59, No. 13, pp. 1424 - 1427 (1987).

Delhaye, J.-M.: "Contribution a 1’étude des écoulements diphasiques eau-air et eau-vapeur",
Theses, Université de Grenoble (1970).




— 102 —

DESCRIPTION OF THE FLOW CONDITIONS USED IN THE TESTS

Table I
Flow condition E, E; C Ej
diameter [m] 0.04 0.04 0.01 0.04
Usg [m/s] 0.02 0.02 0.08 4.0
ug [m/s] 1.3 0.002 0.04 1.5
flow pattern finely dispersed | bubble (I) only Taylor churn (IV)
bubble (II) bubbles
local void fraction o | 0.01 0.1 0.5 0.7
fractal dimension Dy |0.2 04 0.82 0.94
FIGURES
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Fig. | Transputer-based measuring system
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Fig. 3 Flow map for vertical air-water two-phase flow under atmospheric conditions

[2]; applied to the entrance of the test section "sudden expansion”
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HOLOGRAPHIC MEASURING METHODS
APPLIED TO TWO-PHASE FLOW

F. Mayinger, P. Gebhard
TU Minchen, Lehrstuhl A fir Thermodynamik, 80290 Munchen

ABSTRACT

In contrast to photography by which only the two-dimensional irradiance distribution
of an object is recorded, holography allows the recording and reconstruction not only
of the amplitude but also of the phase distribution of the wave-fronts. Since approxi-
mately twenty years this image-forming method has been in use, which found admission
to measuring techniques in heat and mass transfer and two-phase flow in the last ten
years. The holography uses two-dimensional registration tools, namely photographic pla-
tes, from which three-dimensional information can be reconstructed. This has special
advantages in studies of transient two-phase flow. Holography combined with the well-
known interferometry using the phase-shift of the light-wave allows the registration of
temperature and concentration fields, and became a very valuable tool in heat and mass
transfer. After a short discussion of the basic optical set-ups Examples of measurements
taken in two-phase flow with condensing bubbles demonstrate the practical application.

The pulsed laser holography represents one of the more suitable non invasive measure-
ments methods for the study of the injection of liquids into a transparent environment.
With one single hologram, taken in a very short time (about 30 ns), it is possible to record
— to freeze — the three dimensional scene of what is happening in the control volume for
later analysis. The method can be applied in the range of drop sizes from 20 um up
to some millimeters. From this holograms the shape of the spray, the spray angle, the
droplet size and the distribution can be evaluated.

By taking double pulsed holograms two sucessive scences of the spray are recorded on
the same holographic plate at an pulse interval of 0.2 to 0.8 ms. This kind of holograms
are used to determine the drop velocities in value and direction. The large amount of
information contained in these holograms is evaluated by digital image processing.

1. INTRODUCTION

Optical methods have many advantages over other measuring techniques. They are non-
invasive and do not interact with the material to be investigated and by this not affecting
the process under study. Their instant signals make them specially suited to transient
situations provided that the registration method is quick enough and has a high sampling
frequency. Furthermore, during the measurement with most optical methods it is possible
to visualize the process in the test section on-line. Increasing possibilities of computer-
aided data processing have caused a new revival of optical techniques in many areas
of mechanical and chemical engineering. For a description of complicated phenomena in
fluid dynamics or in transfer processes by a computer program a detailed insight with high
local and temporal resolution into the thermo- and fluiddynamic situations is necessary.
~Here optical measuring methods-deliver comprehensive-and valuable information——
These techniques have a long tradition in heat transfer but their application to two-phase
flow started much later.

Optical methods are using changes of light waves as sensoric signals, which are due to in-
teraction between the light and the material. Such changes and interaction consequences
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can be attenuation, scattering, deflection or reflection. Depending on the mode of re-
gistration we distinguish between image-forming and non-image-forming methods. The
latter ones allow only a spotwise record of the events and the first one is registering
usually a two-dimensional picture of situations or processes on a surface or in a volume
as well-known from photography. Since approximately twenty years a new image-forming
method is in use, the holography, which found admission to measuring techniques in
heat and mass transfer and two-phase flow in the last ten years. This holography is
using two-dimensional registration tools, namely photographic plates, from which howe-
ver three-dimensional information can be reconstructed. This has special advantages for
studies of transient two-phase flow.

Holography combined with the well-known interferometry using the phase-shift of the
light-wave allows the registration of temperature- and concentration fields, and by this
became a very valuable tool in heat and mass transfer.

From the spotwise working methods the Phase-Doppler-Anemometry, a modification of
the Laser-Doppler-Anemometry is best known from the literature for two-phase flow
application in dispersed flow. Mie-scattering is another method used in two-phase flow
for example to detect spray characteristics.

It is not possible to present all optical methods being used in heat transfer and two-phase
flow within a given time and a limited space. Even the concentration of such a survey
on optical methods being applicable to transient conditions would cover a wide field of
different techniques. Therefore, the author apologises for restricting this presentation on
optical methods with which he has a longer experience and to which he contributed to
their development to a certain extent.

2. HIGH-SPEED HOLOGRAPHY

In 1949 Gabor /1/ invented a new optical recording technique which he called "ho-
lography”. In contrast to photography by which only the two-dimensional irradiance
distribution of an object is recorded, holography allows the recording and reconstruction
not only 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
holography demands a highly coherent light source it can be only performed by using a
laser.

The general theory of holography is very comprehensive and for a detailed description one
must refer to the literature /2-4/. Here only the principals necessary for understanding
the holographic measurement techniques can be mentioned. In fig. 1 the holographic two-
step image-forming process of recording and reconstructing of an arbitrary wave-front is
illustrated.

The object is illuminated by a monochromatic light source and the reflected, scattered
light falls directly onto a photographic plate. This object wave usually has a very com-
plicated wave-front. According to the principal of Huygens one 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. 1. This wave is superimposed by a second one
called "reference wave”. If both waves are mutually coherent they will form a stable

interference pattern when they meet on the photographic plate. This system of fringes—
can be recorded on the photographic emulsion. After the chemical processing of the plate
_in a developing bath and in a fixer—, it is called "hologram”. The amplitude is recorded
in the form of different contrast of the fringes and the phase In the spatial variations of
the pattern.
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Fig. 1: Holographic two-step image forming process

If the plate is subsequently illuminated by a light beam similar to the original reference
wave the microscopic pattern 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-
distribution. Thus a virtual image is obtained. The other wave goes in the opposite
direction and creates a real image of the object. The virtual image can be looked at with
the naked eye and the real image can be studied with reconstruction devices for example
with a microscope.

This holographic technique can be used instead of the photography for example for re-
cording a swarm of droplets produced in an injection nozzle. The holograhic set-up for
_such a study is shownin fig. 2. _ R
It consists of a pulsed ruby laser em1tt1ng pulses of a perlod of 30 ns a.nd a lens— and
mirror-system for expanding, dividing and guiding the laser beam through the measuring
object and onto the holographic plate. The laser beam is first expanded by means of
the lens AL and then divided in the beam splitter ST to produce the object beam and
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Fig. 2: Optical arrangement for the recording of pulsed laser holograms /6/

the reference beam. The object beam travels via a collecting lens, two mirrors and a
screen through the object - in this case the spray coming out of a nozzle - and passes
after the object an imaging lens before it falls onto the holographic plate. There it is
~superimposed by the reference wave which is splitted off 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 instantaneous picture of the situation in the spray can be registered. If the
electronic system 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
evaluation, however, needs a very sophisticated and computerised procedure.

For evaluating the hologram it first has to be reconstructed as demonstrated in fig. 3.
To do this for the special application of studying a nozzle spray, the holographic plate 1s
replaced to the old position after chemical processing and is now illuminated by a con-
tinuously light emitting helium-neon-laser, sending its light via the path of the reference
beam described in fig. 2. This new beam is now called reconstruction beam. If the holo-
graphic plate is replaced in the same orientation as it stood when the exposure occurred
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 old place and by illuminating with reconstruction beam a real image of the spray

is produced, however, on the other side of the holographic plate. This real image has a
three-dimensional 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-plane and then for getting information from other planes of the spray the
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Fig. 8: Optical arrangement for the reconstuction of pulsed laser holograms /6/

camera is moved forward or backward with fixed focus of the lens. So plane by plane of
the spray cloud can be evaluated. The virtual picture one would see with the naked eye
is demonstrated in fig. 4.

Tt looks like a photographic picture of a spray with a veil near the nozzle orifice and a
swarm of droplets separating from this veil when it breaks up. The quantitative evaluation
works via the above-mentioned video camera and a computer system as shown in fig. 5
and uses the real picture. Main components of this evaluating systems are a digitiser,
a graphic monitor, a video camera and a PC. The video camera is scanning the real
image of the reconstructed hologram O and sends its information to the digitiser D It
changes the electrical signal from a analogue character to a digital one and stores it in a
frame memory. Now the computer C can use the digitalised information for performing
the image reprocessing. The digitiser simultaneously produces an analogue picture in a
false-colour (red-green-blue) reproduction.

The procedure going on in the computer is briefly outlined in fig. 6. After a first positio-
ning of the camera, noise-signals are eliminated without suppressing the gradients of the
grey-colour. 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.

In the next step gradients out of the less or more intensive grey-colours of the pixels
surrounding 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
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Fig. 4: Photography of a reconstruction of a pulsed laser hologram /6/
Object: Spray of a hollowed cone spiral nozzle.

are out of focus. Then all pixels having a grey-colour below a certain pre-defined value
are treated as zero. By this reproductions of droplets which are out of the interesting
focus-plane can be eliminated and a ”picture” is electronically produced containing only
reproductions of droplets which were within a very narrow tolerance within the focussing
plan of interest.

By this procedure it happens that the contours of some droplets do not have a closed
and continuous outline, because pixels may have been extinguished spotwise during the
gradient checking procedure. Therefore a next step follows in which the open contours
are filled with colour to produce closed outlines of the droplet reproductions. To be
sure not erroneously to create new spots by this process which could be interpreted as

droplet reproductions, the situation after the contouring is compared with that which
existed before reproductions of droplets out of focus were eliminated. A ”droplet” 1n
the new picture is only accepted if it existed already before in the old picture. Finally
the remaining droplet-reproductions are filled with colour and now the evaluation with
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Fig. 5: Digital image processing system for the evaluation of pulsed laser holograms /5/

respect to droplet-size, -form and -concentration can go on.

After this plane in the holographic picture has been evaluated the video-camera is moved
within a small step and the whole procedure starts again. So plane by plane of a spray-
cloud can be evaluated and a three-dimensional picture of the two-phase flow situation
is arising which was fixed on the holographic plate within a few nanoseconds. For more
detailed information reference is made to the work by Chavez and Mayinger /5, 6/.
More downstream of the nozzle only droplet clouds can be observed. By evaluating a
great number of such droplet clouds with the above-mentioned procedure information
can be extracted with respect to the dependency of the droplet diameter from the mass-
flow-rate through the nozzle and the pressure of the atmosphere into which the spray is
injected. An example of such an evaluation gives fig. 7.

If two exposures of a droplet spray are illuminated onto the same holographic plate within
a short period of time also the velocity of the droplets can be determined from such an
hologram, however, with a much more complicated procedure which is described in detail
in /6/. The data produced by this opto-electronic process are of high accuracy as fig. 8

demonstrates. Especially the suspicion that the computerised processing of the double
exposure hologram produces a large scattering in the velocity-data is misproved by this
figure. Even the influence of the pressure of the atmosphere in which the droplets are
travelling is clearly brought out.
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Fig. 6: Evaluation of single pulsed holograms by digital image processing /5/
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Heat transfer coefficient at the liquid sheet and at the droplets as a function

of the mass flow rate at different vapor pressures /6/

If the droplets are moving in a vapour atmosphere of the same substance as the liquid
and if the temperature of the liquid is below the saturation temperature condensation
occurs at the phase-interface which makes the volume of the droplet growing. By using a
simple energy balance the condensation heat transfer can be calculated from this growth of
volume versus time. The accuracy and the reproducibility of the described opto-electronic
measuring technique are good enough to determine these heat transfer coefficients at the
veil and at the droplet-cloud as fig. 9 demonstrates. The heat transfer data are averaged
values from all droplets, being reproduced in a hologram.
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3. HOLOGRAPHIC INTERFEROMETRY

For convective heat transfer processes the temperature gradient in the boundary layer near
the heat emitting or absorbing wall is of special interest because from the temperature
gradient at the wall, supposing a laminar sublayer the heat transfer coefficient

-k (%),
= 7t 0

can be directly derived if, in addition, the temperature of the wall or of the bulk and the
thermal conductivity of the fluid are known. This temperature gradient can be measured
by interferometric optical methods, like the Mach-Zehnder interferometry, as well-known
from the literature.

A new interferometry method is the combination of holography and interferometry. A
most commonly used arrangement of optical set-ups for this holographic interferometry
is shown in fig. 10.

A Laser “;

reference beam

N
=S collimator - camera
object beam | hologram

__..—-————————7"‘\, {
test-section ~</ ‘ Wa

Fig. 10: Optical set-up for holographic interferometry

A helium-neon-laser or an argon-laser serves as a light source emitting continuously mo-
nogramatic and coherent light. By means of a beam splitter the laser beam is divided into
an object- and a reference-beam in a similar way as we learnt before. Both beams are then
expanded to parallel waves by a telescope which consists of a microscope objective and
a collimating lens. The object-wave passes through the test section in which the tempe-

rature is to be examined 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 cannot be discussed here in detail. Reference is, therefore, made to

the literature for example /7, 8/.
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Several procedures exist to produce interferograms; here only a sophisticated one will
be explained, which can be used for high-speed cinematography and by which transient
heat transfer phenomena can be examined. It is called "real-time-method” because 1t
allows to observe a process to be investigated continuously in real time. The method is
illustrated in fig. 11.

refererence
beam
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object recording of
beam comparison wave
hologram
reconstructed
wavefront

)

flame interference of reconstructed
and current waves

Fig. 11: Real time method for holographic interferometry

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
illuminating 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
hologram is precisely repositioned, no interference fringes will be seen at first (infinite-
fringe-field adjustment).

Now the heat transfer process which is to be examined and for two-phase flow for example

the boiling with bubble formation, or the condensation can be started. Due to the heat
transport process a temperature field is formed in the fluid and the object-wave receives
an additional phase shift passing through this temperature field. Behind the hologram
both waves interfere with each other and the changes of the interference pattern can be
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continuously observed or photographed on still or moving film.

The real-time-method demands an accurate reconstruction of the comparison-wave; the-
refore, the hologram must be repositioned precisely at its original place. This can be
done by using a well-adjustable plate-holder, which, nowadays, can be purchased from
the market. It is recommended to use a plate-holder where the final adjustment can be
done via a remote control for example with quartz crystals. The adjustment of the reposi-
tioned holographic plate gets its feed-back control signals on an optical basis because the
adjustment has to be done in such a way that the interference fringes —at first visible due
to non-precise position of the plate— disappear during this procedure. This, certainly, has
to be done without the heat transfer process having started, however, the pressure and
the temperature are existing under which the system is operated during the experiments.
A series of holographic interferograms taken with this method is illustrated in fig. 12,
where the bubble formation at a heated surface in water with slow horizontal flow was
studied. The water is slightly subcooled, i.e. the bulk temperature of the water was below
the saturation temperature and, therefore, the bubble is condensing again after detaching
from the heated surface and departing from the superheated boundary layer as one can
observe by following the holographic interferograms versus a period of 7 ms in fig. 12.
The horizontal black and white fringes in fig. 12 represent lines of constant temperature

in a first approximation.

p=1 bar AT=8 K w=25 cm/s 1 mm

G=9 W/cm water

Fig. 12: Interferogram of subcooled boiling on a heated wall /12/

From this figure, however, we can also learn something about the limitation with which
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this and all other interferometric 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 deflecting
the light beam when travelling through it. This deflection has the consequence that with
very high gradients at the wall —as it is the case in subcooled boiling- the zone immediately
adjacent to the wall cannot be seen. With lower heat fluxes this deflection is not a problem
in interferometry.

For learning the procedure of evaluating such an interferogram a more simple example
shall be used as that in fig. 12. Fig. 13 shows the interference fringes in a subchannel of
a tube-shell heat exchanger formed by three heat emitting tubes. The interference fringes
here represent exactly isotherms in the fluid around the tubes and it can be clearly seen
that the spacing of these isotherms is differnt at positions of narrow and of wider gap-size
in the subchannel. Wide-spreading of the isotherms means a low temperature gradient
and as we know from experience a low heat transfer coefficient.
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Fig. 18: Temperature field between three heated tubes with coazial flow

This temperature field 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 a
two-dimensional temperature field will be discussed here. It is also assumed that the
holographic interferogram is produced with parallel object-waves. The evaluation of the
interference patterns is than quite similar to that of a Mach-Zehnder-interferometer /9/.
Therefore, here only the basic equations will be given. In the holographic interferometry
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the object-waves passing through the test section at different time are superposed and,
therefore, reveal the changes in optical path-length between the two exposures. Expressed
in multiples S of a wave-length A, this change is calculated to

S(:z:,y) A= [n(x7y)2 - n(x?y)l} (2)

where [ is the length of the test section in which the refractive index n is varied because of
temperature changes. The refractive index distribution n(z, y) during the recording of the
two waves is —as mentioned above— assumed to be two-dimensional (no variation in light
direction). Equation (2) shows that initially only local variations can be determined. Only
if the distribution of the refractive index n(z,y); during the recording of the comparison
wave is known, absolute values can be obtained. Therefore, one usually establishes a
constant refractive index field (constant temperature) while recording the comparison
wave.

S(zyy) A = 1 [n(z,y)2 — Noo | (3)

To obtain absolute values for the temperature field, the temperature at one point in the
fluid has to be determined by thermocouple measurements. This is usually done in the
undisturbed region or at the wall of the test chamber. Equ. (3) is the equation of ideal
interferometry. It is assumed that the light beam propagates in a straight line. Passing
through a boundary layer, the light beams, however, are deflected because of refractive
index gradients. This deflection is used for the various Schlieren- and shadowgraph-
methods. The light deflection can be converted into an additional phase shift S, if a
linear distribution of the refractive index is assumed to be within this small area.

Tlg)\l

AS = o

(4)
In this equation b is the fringe width and ng is the average refractive index.

In many applications an ideal, two-dimensional field cannot be found. Often the boundary
layer extends over the ends of the heated wall, or there are entrance effects or temperature
variations along the path of the light beam (axial flow in the test section). Therefore,
only integrate values are obtained. Having corrected the interferogram, the obtained
refractive index field can be converted into a density field The relation is given by the
Lorentz-Lorenz-formula where N is the molar refractivity and M the molecular mass.

N
- =7 (5)

If there is only one component in the test section and the pressure is kept constant, the
density variations can only be caused by temperature changes. If the fluid is a gas, the
situation is very simple because its refractive index is very near to 1, which reduces Equ.

(5) to the Gladstone-Dale-equation:

2 1 N
g(n*l); =7 (6)
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With the simple Boyle-Mariotte-law and R as the gas constant we then obtain the follo-
wing formula, which relates the fringe shift to the temperature:

S(z,y)2A R 1 17!
Ty = | TR )

For liquids the procedure is a little more complicated because we have to take 1n account
the real behaviour of the thermodynamic properties as a function of temperature. There-
fore, we have to use an equation of state for the refractive index n or we have to take the
refractive 