Proceedings of ASME:
Internal Combustion Engine Division
September, 2002, New Orleans

HEAT TRANSFER WITHIN DEFORMING DROPLETS

Meizhong Dai

J. Blair Perot

David P. Schmidt

University of Massachusetts-Amherst

ABSTRACT

The dfed of droplet oscill ation on internal hed transfer
was investigated using a transient, threedimensional Navier-
Stokes lver for freesurface flows. The @de solves
conservation of momentum and energy on a threedimensional
deforming domain. The investigation sought to explore the
effed that oscillations might have on temperature non-
uniformity within droplets. Biot numbers of 0.1 and 0.25 were
investigated for three different degrees of distortion: no
perturbation, 13% and 33%. The droplets were given an initial
perturbation and alowed to relax badk to a sphericd shape.
The results ow that the dfed of the oscill ation is minimal.
As expeded, the dfed was greaest at large distortion and large
Biot number. However, it appeas that distortion does not
contribute much to hea transfer within droplets.

INTRODUCTION

In diesel fue injedion, liquid drops initialy start out cool
and hea up as they encounter hot surrounding gasses and
radiation heda transfer. The rate of hea transfer is important,
becaise it helpsto determine the rate of fuel evaporation. Thus,
hed transfer to the droplets may be important to the mixture
preparation and combustion.

During an initial heding-up period, evaporation is very
dow, as $own in Fig. 1. The ealy hea transfer goes mostly
into raising the temperature of the drop. Eventualy, the surface
readies the wet-bulb temperature and the internal drop
temperature gproaches equili brium. Once the initial heding
up period is completed, hea transfer proceeals much more

rapidly [1].

In many cases, this hea transfer process may be analyzed
by ssmply considering the droplet to be alumped masswith a
uniform internal temperature profile. However, in the cae of
espedaly high red transfer, the lumped mass assumption may
not be aleqguate. The inability to use the lumped mass

asaumption is inconvenient, becaise the general case requires a
series lutions to the governing conduction equation.

1

2

(Diameter/Initial Diameter)

0.5 =
0 L | L
0 0.5 1
Non-Dimensional Time
Figure 1. Drop size squared versus time for a typical

evaporating drop [1].

However, droplets are generaly not sphericd or stationary.
In the presence of external gas, the droplets may deform due to
agodynamic forces. Surfacetension causes the drop shape to
oscillate and viscosity damps the oscillation. This motion
causes convedion inside the drop and may help to dstribute
hea. If significant hed redistribution occurs, then the lumped
mass asaumption may be etended to higher rates of hea
transfer, simplifying the modeling process

The governing parameter is the Biot number, which
represents the ratio of the rate of convedion to internal
conduction. The Biot number is defined as
_hO.
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The symbo h represents the mnvedive hea transfer
coefficient, L. represents the droplet’s charaderistic length, and
k is the liquid thermal conductivity. For a sphere, L. is one-
third the radius. At low Biot numbers, generaly lessthan 0.1,
the lumped mass asaumption is adequate. At higher Biot
numbers, the non-uniformity of the internal temperature profile
significantly affedsthe hed flux at the droplet surface

A few experimental and numericd efforts have investigated
droplet internal hed transfer. Hader and Jog modeled a droplet
suspended in a steady-state dedric field [2]. The droplet
asamed either an oblate or prolate shape, depending on the
field and the surrounding fluid. The shape was deformed, but
steady. Hader and Jog cdculated the internal streamlines and
hea transfer under these mnditions.  Wong and Lin made
experimental measurements of internal drop temperatures [3].
They suspended 2mm diameter droplets in a high-temperature
gas flow. By using 70 micron thermocouple junctions, they
were ale to observe internal temperature variations. They
noted significant internal temperature variations that were
dependent somewhat on the internal droplet circulation.
Megaridis lved the two-dimensional axisymmetric Navier-
Stokes equations and cdculated internal droplet temperatures

[4].

One fedure of these experiments and cdculations was that
the drop shape did not change in time. However, droplets in
red combustion applicdions are subjeded to significant
turbulent dispersion. Eddies accéerate droplets, likely causing
significant droplet distortion.  This distortion may have
implicaiions for droplet heding-up. The details of this
acceeration and the oupling with droplet distortion are
currently very difficult to cdculate. However, simplified
models are posshble.

The present work will show if the lumped massasumption
can be used a Biot numbers above 0.1 due to droplet
oscillation.  Oscill ation creaes a mixing effed of internal
convedion. Additionally, oscill ation temporarily increases the
surface aea of the drop. The sphericd drop is a minimum
posdble surface aea This paper will caculate how internal
hed transfer is promoted in oscill ating droplets.

Temperature is modeled as a passve scdar that is
conveded and conducted in a deforming droplet. The
surrounding gas motion is not currently cdculated, but rather a
uniform value of hea transfer coefficient is imposed on the
droplet boundary. This smplificaion predudes the simulation
of internal vortices, which would further promote internal
temperature redistribution within the drop [5]. Instead, the
droplet is given an initial perturbation that causes the droplet to
oscill ate. The results will i ndicate if the oscill atory motion is
sufficient to promote alditional hed transfer.

NUMERICAL METHOD

The numericd method used in this work is based on a
stream-function formulation of the Navier-Stokes equations.
The omplete Navier-Stokes equations were solved in three
dimensions on a deforming urstructured mesh. Though the
current problem could be rendered in two dmensions, the three
dimensional approach avoids deding with the mild singuarity
that occurs at a line of axisymmetry. The basic equations were
solved for a deforming, moving, control volume, avoiding the
interpolation errors inherent in gobal remeshing. The method
has sme cwmmon fedures with Arbitrary Lagrangian-Eulerian
methods. However, the arrent approach is not a fradional step
method.

Da et a. [6] have provided more extensive
information about this numericd scheme. The method uses an
unstructured mesh, which alows maximum flexibility in
matching mesh cdls with the boundary surfaces. In three
dimensions, the basic control volume is a tetrahedron. The
basic parameter and red unkrown is the stream function, which
isavedor in 3 dmensional cdculations.

Momentum equations can be developed after the velocities
are obtained from the stream function. The procedure is
complex since the mesh has to be moved in order to tradk the
freesurface Beginning with the Reynolds transport theorem for
incompresshble flow, we have:

d J’pudv+ J’D Cou(u —v)dv =
dt cv CcVv

[ pfdv = [Opdv + J’uDzudv @
Ccv CcVv Ccv

where f is the body force v is the mesh velocity, and CV is the
control volume. Asauming the control volume is gnall enough
and the velocity u is linea within ead of them, the integra
form can be thanged to:

SI(PUV)™ = (V)] + (O Pu(u - V)" =
(,OfV)n —(DpV)n+1 +(HD2uv)n+1/2 (3)
1 n+l _ n Vn _ n Vn =
A—t[(PU) (pu) Vn+1]+(DDOU(U v)) Vi

n Vn _ n+l 2 n+1/2\/n+1/2
(pf) v (Op)™ + (uO%u) v 4

where the parameters u, p, and p are defined at the center of
ead control volume, and n and n+1 represent different time
steps. The value of the cdl volume & the nt+l time step is
predicted from the velocity at the n time step; therefore this is
still a linea equation. Note that an implicit method, Crank-
Nicolson differencing, is applied to develop implicit schemes
for the diffusion terms. The divergence operators in the
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convedion and dffusion terms can be evaluated using Gauss
Divergence Theorem:

[Opu(u-v] =23 puu-v) (A (5)

cell faces

(O] :Vl S U hA ()

cellfaces

In the @ove euations, the gradient term in ead cdl can
be cdculated hy least sguares data fitting if the velocity is
positioned at the cdl’s center of gravity. As a fina step, the
velocity u is expresed in terms of the strean function
component s defined on ead cdl edge. Then Egn. (3) is
integrated on a dosed path around the edges, producing the
discrete equivalent of a arl operation. This results a set of
equations for the stream function on ead cdl edge. These
equations are solved for the moving, deforming cdls.

Surface arvature is evaluated by fitting a parabalic surface
to the neighborhood d a surfaceface This method produces a
seoond-order acarate estimate of the aurvature. The surface
tension forceis included on the boundaries as an explicit term.
The only disadvantage of this ssheme is that the surfacetension
force integrated over the dosed surfaceis not exadly zero due
to numericd error. The ceater of mass drifts during the
cdculations due to this numericd error.

Internal temperature was cdculated using the Reynolds
transport theorem. For a passve scdar with constant transport
properties, this is given by Egn. (7). The only transport
property of significanceis the thermal diffusivity, a.

d 2
— (Tdv+ (OO (u-v)dv=- [a0Tdv @)
ad VL i}

cv

This equation is lved consistently with the method used for
the momentum eguations. The boundary condition on the
transport equation is given by Egn. (8).
—ka—T:h(T—Tw) (8)
0x

The temperatures are non-dimensionalized to range from zero
to unity. The value of T, is st to zeo and the initial
temperature in the droplet is unity.

VALIDATION

In order to validate the numerica scheme, the oscill ation of
an initially sphericd drop was cdculated. By using a very
small initial distortion, the results could be mmpared to the
theoreticd small-perturbation solution from Lamb [7]. As an
initial condition, the foll owing three-dimensional, axisymmetric
velocity field was used.

vV, =X )
v, =y (10)

v, =-22 (11)

This perturbation causes the sphericd drop to oscill ate
between an oblate and prolate spheroid shape. According to
Lamb [7] the drop cscill ation period for an infinitesimal, mode
2 perturbation is:

T= 21 ! = om (12
\/n(n—l)(n+2) 7 87
Py P

These preliminary cdculations were performed using a
mesh of 4,500 cdls. The cdculated ratio between the largest
diameter and the undisturbed drop dameter is diown in Figure
2. Note that the shape is non-sinusoidal for two reasons. Asthe
droplet passes from oblate to prolate, the diredion of the largest
diameter switches from the z-axis to a plane perpendicular to
the z-axis. In addition, due to conservation of mass and the
axisymmetric nature of the flowfield, the prolate distortion is
twicethe oblate distortion.

The distortion can be used to judge the period o
oscillation. In Figure 2, the theoreticd period as predicted by
Egn. (12) is marked with a verticd line. The areement is
excdlent. The small amount of error is due to two sources:
numerica error and the finite amplitude of the imposed
disturbance  Regardless the aceracy of the method is
satisfadory for an oscill ating drop.
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Figure 2. Oscillation of a droplet subject to a small
disturbance.

For the hed transfer cdculations, a much larger distortion was
used. The shape of the deforming drop is iown in Figures 3
and 4. This figure is taken from the prolate part of the
oscill ation. The figure dso shows the adaptation of the mesh to
the drop shape and the spatial variation in the zvelocity.
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Figure 3. Theinitial state of a droplet. The droplet surface
is shaded by the z component of velocity.

Figure 4. The distorted droplet. The droplet surface is
shaded by the z component of velocity.

RESULTS

The drops in most combustion applications are rapidly
exposed to high temperatures. The fuel may aready be warmed
by the time it is injeded. As a reasonable gproximation of
typicd fuel conditions, the liquid properties were set acording
to desel fuel at a temperature of 500K. The properties were
treaed as constant for the sake of thisinvestigation.

In order to validate the @wde's hed transfer cdculations, a
case was run with no fluid motion. The stationary droplet case
is egquivalent to conduction in asphere. For a sphereinitialy at
a uniform temperature and subjed to a uniform convedive hea
transfer boundary conditi on, the analyticd solutionisgiven by a
series lution [8].
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and the values of (, are positive roots of the transcendental
equation:

1-¢,001¢,) = Bi = 7 (1)

|

Figure 5 shows a mparison of the computed and
analyticd solution of the internal temperature profile. The data
are & a non-dimensional time of 0.08. Time is non-
dimensionalized using the thermal diffusivity and charaderistic
length to form the Fourier number.

Fo= tLiz’ (19)

C

The temperature is sded from zero to unity based on the
initial temperature, T, and the ambient temperature, T,,. The
non-dimensional temperature is denoted as 6.

_T-T,
T -T,

For al the hea transfer cdculations, ten thousand cdls
were used. Becaise the cdls are tetrahedral, the radial
locaions of nodes are not uniformly distributed from zero to the
dropradius, R. For example, there ae no nodes that lie exadly
at r=0. To combine dl the data into a two-dimensional plot,
nodes were grouped by radial locdion into “bins.” The plots
that follow represent the average value for ead bin versus the
radial locaion of the bin. Becaise of this method o
compil ation, the aurves are not necessarily smoath.

(16)

/R

Figure 5. Validation of the calculations against analytical
solutions. This is a plot of non-dimensional temperature
ver sus non-dimensional radius at a non-dimensional time of
0.08.
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Figure 5 shows the results for a stationary droplet. The
Biot number in Fig. 5is 0.1 and 0.25. Note the significant
inhomogeneity in the temperature. As expeded, the larger the
Biot number, the greaer the degree of inhomogeneity. The
computed results agreewell with the analyticd solution, with a
tolerable anount of numericd error. The temperature gradients
that occur at the drop interface ae likely to be to bame: they
areinitialy very steep, and not easily resolved.

For oscill ating drops, two Biot numbers and threelevels of
distortion were investigated. Distortion is quantified by
measuring the distance from the center of massto the paint on
the surface that is furthest away.  The distortion is non-
dimensionalized by the undisturbed drop radius. The two Biot
numbers were 0.1 and 0.25. The threelevels of distortion were
0%, 13% and 33%. Consequently, there ae six cases (two Biot
numbers times three distortions) to be considered. For the two
levels of distortion, theinitia velocities are different. These ae
used to cdculate the initia Reynolds number and Weber
number, as $rown in Table 1. The Prandtl number, which only
depends on fluid properties, was equal to 7.8 for all cases.

Initial Distortion Weber Number Reynolds Number
Velocity (m/s)
0.10 0.0764 28.86
0.25 0.4775 7215

Table 1. Initial Weber number and Reynolds number based
on characteristic length and initial distortion velocity.

To quantify the dfea of an initial disturbance, the droplet
was smulated until a significant amount of energy transfer had
occurred. To compare the radial temperature distribution to that
of an urdisturbed drop, the data needed to be taken from a
sphericd drop. Twice during eat period d oscill ation, the
droplet passes through a sphericd shape. It was found that at a
non-dimensional time of (Fourier number) of 0.055 such a
sphericd shape occurred. This was used as a reference point
for the remaining plots. Figure 6 shows the distortion versus
Fourier number for the low-distortion cdculations. Since the
properties were treged as constant, the oscill ations were
independent of Biot number. Note that the oscill ations are of
the same form seen in Fig. 2. The droplet aternates between an
oblate and prolate shape. Since the maximum diameter is used,
regardless of diredion, to quantify distortion, the distortion is
always greaer than urity. Figure 6 also clealy shows the dfed
of viscous disdpation.  Similar results are plotted in Figure 7
for the large-distortion case. After a Fourier number of 0.07,
the droplet is nealy sphericd and stationary.
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Figure 6. The distortion versus non-dimensional time
(Fourier number) for an initial disturbance of 13%.
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Figure 7. The distortion versus non-dimensional time
(Fourier number) for an initial disturbance of 35%.

The temperature profiles were recorded for ead of the six
ceses at a Fourier number of 0.055 The three caes of Biot
number of 0.1 were ompared to ead other and are plotted in
Figure 8. Asexpeded, at this Biot number the temperatures are
fairly uniform, regardless of the distortion magnitude. One
interesting result is that the shape of the temperature profile is
not significantly altered by the mnvedion in the distorting drop
or by itsincreased surface aea
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Figure 8. Temperature profiles in a droplet at Fo=0.055.
All three casesareat a Biot number of 0.1.
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Figure 9. Temperature profiles in a droplet at Fo=0.055.
All three casesare at a Biot number of 0.25.

Figure 9 shows gmilar results, but for a higher Biot
number. When the Biot number is higher, internal conduction is
dower and one expeds greder temperature variations within
the drop. Thisisindeal the cae in Fig. 9. The oscill ation of
the drop also produces dightly more of an effed than in the
lower Biot number case. The increased sensitivity to the
oscill ation is expeded, sinceinternal resistanceto conduction is
greder at larger Biot number, and convedion is an
enhancement to hea transfer. As expeded, the large distortion
produces a more uniform temperature profil e than occurs in the
stationary case. Nevertheless Fig. 9 shows that the impad of

the distortion is gnall. The large distortion temperature profile
isvery nea that of the zeo dstortion profile.

CONCLUSIONS

A numericd model has been used to investigate the dfed
of droplet oscillation on internal hed transfer. The working
hypothesis was that droplet oscillation would make the
temperature within oscill ating droplets more uniform. This
trend was ohserved, however the magnitude of the dfed was
very small. Consequently, the dfed of droplet distortion on
internal hea transfer can be negleded for Biot number lessthan
0.25 and initial distortions lessthan 35%. It should be noted
that the case investigated here was for a droplet subjed to an
initial perturbation and then allowed to stabilize The dfed of
oscill ations might be greaer in a drop subjed to continuous
perturbations, such as in turbulent flow. In addition, an
irrotational perturbation was used in this work. Other types of
perturbation might promote greaer mixing.
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