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Introduction

TWO-PHASE flows are often difficult to characterize
because of the complex interaction of the solid particles or liq-

uid droplets and the gas. These flows become even more compli-
cated when the fundamental characteristics of the particles or
droplets change due to such processes as evaporation and combus-
tion. These complex flows are commonplace in such devices as
industrial burners, internal-combustion engines, and gas turbine
combustors. In many cases, the droplet or particle sizes and veloc-
ities can be measured, and the gas velocity can also be determined
using a variety of velocimetry techniques. However, little informa-
tion is available on the vapor after it leaves the surface of the evap-
orating droplet.1^ This information is particularly important in
combusting sprays because combustion typically takes place away
from the surface of the droplet where the fuel-to-air ratio is appro-
priate.

The visualization technique presented in this Note is a new
method for accurate visualization and prediction of the convective
transport of vapor in two-phase flows. Water droplets are injected
into a TiQ4-laden gaseous flow where they evaporate. The water
vapor reacts spontaneously with the TiCl4 vapor to form microme-
ter-sized TiO2 particles. The particles are sufficiently small to ac-
celerate rapidly to the velocity of the carrier gas but are too large to
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diffuse readily. Thus, they are convected along the path that the
water vapor follows as it leaves the droplets. The instantaneous
locus of the TiO2 particles is defined as a "vaporline" and can be
visualized using Mie scattering. Although the technique for visual-
izing vaporlines is relatively simple, the physics required to inter-
pret the vaporlines in terms of the droplet, vapor, and fluid interac-
tions can be complicated. The goal of this study was to provide
insight into the physics needed to understand and interpret vapor-
lines. Additionally, predictions from a computer model are pre-
sented that support the qualitative interpretation of the vaporline
data.

Experimental
The experimental data presented in this Note were obtained

in the two-dimensional shear-layer facility described in more de-
tail elsewhere.5 The splitter plate divides a 12.7-cm-square duct
equally. Dry air was used in both airstreams. The gas velocities
were set at 0.70 m/s and 0.35 m/s for the high- and low-speed sides
of the flow giving localized Reynolds numbers of less than 1000.
The higher-speed air was passed over a liquid TiCl4 bath for col-
lection of TiCl4 vapor, as is done in reactive Mie scattering (rms).6
For rms, two gaseous flows—one seeded with water vapor, the
other with TiCl4 vapor—must come in molecular contact. When
the TiCl4 reacts with the water vapor, TiO2 particles are formed
that act as light scatterers to mark the interaction of the two
streams. The products of the TiCl4 and H2O reaction are HC1 and
TiO2. The TiO2 is a fine white powder that is quite inert, but the
HC1 can create problems because of its corrosive nature. The quan-
tity of HC1 produced is quite low, but a hood should always be
used when trying to visualize a flow with TiCl4.

Droplets were injected through a slot in the Plexiglas duct on the
low-speed side of the flow. The droplets were -60 fim in diameter
and had sufficient momentum to cross the shear layer to the high-
speed, TiCl4-laden side of the flow. Micrometer-sized TiO2 parti-
cles were formed as the water vapor mixed with the TiCl4. The
flowfield was illuminated by the 532-nm light output of a fre-
quency-doubled Nd:YAG laser. Water droplets and the TiO2 parti-
cles were the only scatters in the flowfield, and they could be eas-
ily distinguished by their 50:1, or greater, diameter ratio. Water-
droplet injection was controlled using a droplet-on-demand gener-
ator that was driven by a piezoelectric crystal transducer.7

Vortices form at roughly 20 Hz for the undriven shear layer, but
they are not as stable as desired for the collection of phase-locked
measurements and photographs. Therefore, vortex formation was
controlled by acoustically driving the low-speed airstream at
20 Hz. A 1% velocity fluctuation was introduced into the low-
speed side of the flow due to the acoustic driving. The natural
shear layer and driven shear layer are very similar in appearance,
but the vortices in the driven shear layer are more controlled and
equally spaced. The location of the water droplets and the entrain-
ment of the water vapor into the individual vortices of the shear
layer, as marked by TiO2 particles, were recorded with a digitizing
camera. The curve identified by the location of the TiO2 particles
at the instant of visualization is referred to as a vaporline.

Results and Discussion
A vaporline image of a two-dimensional shear layer in which a

vortex is forming is shown in Fig. 1. The high-speed side of the
flow is on the left and the low-speed side of the flow is on the right
with flow from bottom to top. The left side of the flow is seeded
with TiCl4 vapor that reacts quickly and spontaneously with the
water vapor from the droplets to form TiO2 particles. Seven water
droplets are visible in this particular image. The air on the left of
the shear layer is moving faster than the droplets, and this causes
the vapor to precede the droplets as they move downstream. Each
droplet has a vaporline associated with it. More detailed analysis
of images such as that shown in Fig. 1 led to the development of
the schematic shown in Fig. 2 for describing the time and spatial
development of the vaporlines.5

The vaporline schematic illustrates a specific case in which each
droplet is introduced into a driven laminar flow at the same fre-
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quency and phase angle (relative to the vortex generation) as the
previous droplet. Therefore, this schematic provides an instanta-
neous picture of the flow that allows one to follow the develop-
ment of vaporlines at a given flow phase angle, separated by 360-
deg phase increments. The thick solid line represents a streakline
that would form if dye or seed particles were emitted from the tip
of the splitter plate. This streakline is shown to illustrate what the
shear layer would look like using traditional methods. It is not cre-
ated in the experimental shear layer unless a small droplet of water
is placed on the tip of the splitter plate where it can react with
TiCl4 in the airflow to form TiO2 particles. These particles would
then be swept downstream from their origination site at the tip of
the splitter plate. The dashed lines represent the particle trajecto-
ries that specific water droplets and TiO2 particles would follow.
The thin solid lines represent the vaporlines from each droplet. The
open circles indicate the locations of the first TiO2 seed particles
formed when each water droplet first passed through the shear
layer and to the TiCl4-laden side of the flow. The same number is
assigned to the head (water droplet) and the tail (first TiO2 particle
formed) of each vaporline. A continuous line of seed particles ex-
ists between each identically numbered droplet and seed particle.
This line of seed (or vaporline) grows and stretches as it moves
downstream, due to gaseous velocity gradients. It should be noted
that the convective vaporline remains fairly thin and well defined
over a long distance for the two-dimensional gaseous flows inves-
tigated, because these flows are laminar and well behaved. If the
flow were turbulent, the vaporline would be a more disperse three-
dimensional curve, and only a broken line might appear in a two-
dimensional visualization.

Notice that the open-circle particles all lie on the streakline that
originates at the tip of the splitter plate. It should not be assumed
that as these individual seed particles move downstream, they re-
main on a path identical to the streakline shown. This would be the
case only if the flow did not vary with time. However, since this
flow is time-dependent, successive snapshots collected at other
times (phase angles) would show the streaklines at different stages
of their development. Furthermore, if the droplets are introduced at
different times relative to the vortex generation, then the vapor-
lines will have slightly different shapes. This is because the drop-
lets will see different surrounding airflows depending on where
they are relative to the vortices. It would be easy to conclude that
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Fig. 1 Vaporlines in a two-dimensional shear layer.

Fig. 2 Vaporline schematic.

the vapor from the droplets follows the path marked out by the va-
porlines; this is not the case. The vaporlines are not streamlines or
particle trajectories, but evolutionary histories of the convective
vapor transport from a droplet relative to a specific flow. In this
experiment no droplets, seed particles, or fluid elements move up-
stream, as observed from the laboratory reference frame. The fluid
elements are moving downstream, but certain parts of the flow are
moving faster than others, as reflected by the shape of the vapor-
line. The relative velocity of the droplet to the flow also plays a
major role in defining the shape of the convective vaporline. In the
extreme case, where the droplet is moving at the same velocity as
the gas, no vaporline would exist—only a small spherical cloud of
particles around the droplet where the evaporating water is react-
ing with the TiCl4 would appear.

The vaporline visualization technique is fairly easy to use in
low-velocity flows that are two-dimensional. However, if the flow
is three-dimensional, this technique would be difficult using stan-
dard sheet-lighting techniques. Obviously, the TiO2 vaporlines
will form independent of the dimensionality of the flow or the
method of flow illumination. However, in more turbulent flows the
TiO2 seed vaporlines will become more disperse, requiring a
higher intensity light source to maintain sufficient light scattering
for observation or recording. Furthermore, a nucleation time is as-
sociated with the growth of TiO2 particles that are large enough to
scatter sufficient light for observation. In the images shown in this
Note, the time required for the TiO2 particle to reach sufficient size
for observation was ~2-3 ms. This could present a problem in
high-velocity flows where the interesting fluid dynamics occurs
over a time period much less than a few milliseconds.

With confidence that the basic fluid dynamics associated with
these vaporlines was understood, attention was turned to the devel-
opment of a numerical model to calculate vaporlines for compari-
son with experimental data. It was felt that if the vaporlines could
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Fig. 3 Vaporlines from tip of splitter plate for a two-dimensional
shear layer (left: 0.70 m/s; right: 0.35 m/s; drive: 20 Hz; droplets: 100
Hz; and image: 3 X 12 cm).

be modeled for a relatively simple two-dimensional flow, then it
might be possible to extend this visualization technique to more
complex flows such as boundary layers, jets in a crossflow, or
other higher velocity flows.

The marker and cell (MAC) method was used to simulate the
vaporlines of droplets in a two-dimensional shear layer. This nu-
merical method was originally developed by Welch et al.8 to solve
flow systems with free surfaces. Later, it was modified by Hirt and
Cook9 to allow the pressure field to be solved more readily. The
MAC method is characterized by the use of a staggered grid and
the solution of the Poisson equation for pressure at every time step.
Also, the pressure solution has the auxiliary task of satisfying the
continuity condition. For visualization of the flow patterns (e.g.,
streaklines, vaporlines of droplets), massless markers (particles)
convected by the velocity field were introduced. These markers
play no role in determining the velocity and pressure fields.

Uniformly spaced MAC cells (0.1 X 0.05 cm) are distributed
throughout the computational domain which is 30 cm long and
12.8 cm wide. The total number of cells is 300 X 256. To handle
the outflow boundary condition, the "guard cells"10 were used to
extrapolate the velocity and pressure according to the following
equations :

(la)

(Ib)

where the subscript g denotes the guard cell, and n denotes the
boundary cell. Xg is the position of the guard cell relative to the
origin. Xn is the position of the boundary cell relative to the origin,
and X0 is the specified position of the ambient relative to the ori-
gin. In this program, artificial disturbances (1% and 20 Hz) were
introduced along inflow boundaries to trigger the vortical-shed-
ding process. The vaporlines of droplets observed in the experi-
ments can be produced numerically by tracing a number of mass-
less particles being emitted from the droplets while the droplets are
traveling through the simulated flowfield. To obtain the particle
velocities in the discretized flowfield numerically, an accurate sec-
ond-order interpolation scheme from Chan et al.11 was used.

The trajectories of droplets in the flowfield were calculated by
employing the following drag correlation of droplets:12

c» = r6W ft"***o.oi
r _ 24
CD~^'

(2a)

for0.01</?erf<20 <2b)

for2Q<Red<260 (2c)

The code was first used to predict the shape of the two-dimen-
sional shear layer as marked by a streakline originating from the
tip of the splitter plate. The experimental streakline was obtained
by placing a small drop of water on the tip of the splitter plate and
seeding the high-speed side of the flow with TiCl4. The correlation
between the experimental data and the model predictions is quite
good. When droplets were introduced into the experimental shear
layer, the image on the left in Fig. 3 was obtained. The resulting
numerical simulation of this flowfield is shown on the right in the
figure. The experimental data and the numerical results matched
quite closely, despite limited information on the inlet velocity pro-
file. Furthermore, the model does not account for a reduction in
droplet diameter and weight due to evaporation. These droplets
emit massless particles as they move in the flow to simulate the
TiO2 seed particle vaporlines formed when the water vapor comes
in contact with the TiCl4 in the flow.

Conclusions
This Note describes a vaporline visualization technique and as-

sociated numerical model that are useful in characterizing the con-
vective transport of vapor from evaporating droplets. The physical
process has been modeled successfully, and the correlation be-
tween experimental data and model predictions is excellent. This
visualization technique is easy to apply to low-velocity, two-di-
mensional flows, but its application becomes increasingly difficult
in three-dimensional and high-velocity flows. However, it is antic-
ipated that this visualization technique will be applied with some
success to flows that are more complex than a two-dimensional
shear layer.
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Introduction

RECENTLY, there has been much interest in adaptive struc-
tures that can respond to a varying environment by changing

their properties. Piezoelectric materials and shape memory alloys
(SMA) are often used as partial thickness actuators to create such
adaptivity by applied energy, usually electric current.1'2 These
actuators can be used to induce strains in a structure and reduce
stresses in regions of high stress concentration.

Two of the present authors showed that axisymmetric actuation
strains applied throughout the thickness of a plate with a hole can
reduce the stress concentration factor (SCF) in an isotropic plate
from 3 to 2 (Ref. 3). However, in most cases actuators are expected
to be bonded to or embedded in the plate, so that the actuation
strains are applied in the actuators and not directly in the plate.

The objective of this Note is to show that such partial-thickness
actuation cannot be used to reduce the stress concentration factor
with axisymmetric actuation strain distribution.
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Problem Definition
A plate with a small hole under uniaxial tensile loading (S) with

a ring of bonded and embedded actuators is shown in Fig. 1. The
plate is treated analytically as an infinite plate. The radial, tangen-
tial, and shear-stress distribution for this case are given by4

- -4 - M cos 20r / V r,
(1)

(3)

where A is the radius of the hole. In Ref. 3, our goal was to reduce
the stress concentration as measured by Von-Mises or maximum
shear-stress criteria by adding axisymmetric actuation strain fields
with the piezoelectric actuators placed near the hole. The actuators
account for only part of the thickness of the plate, being either
bonded or embedded to the plate in the vicinity of the hole.
Bonded and embedded actuators are shown in Fig. 1, where ta is
the thickness of each actuator and tp is the thickness of the plate.

The total stresses at radius r are given as

o = (4)

where a' and a^ are the radial and tangential stresses due to the
actuator action, respectively. The Von-Mises equivalent stress is
given by

°eq = (5)

where c^ and G2 are the principal stresses calculated from the total
stress components. The equivalent stress based on the maximum
shear-stress criterion is given by

(6)

when G! and O2 are of the opposite sign. When Oj and a2 carry the
same sign, then

= ° = (7)

BONDED ACTUATOR

EMBEDDED ACTUATOR

Fig. 1 Bonded and embedded actuators near the hole.


