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Abstract

This study investigates the effect of heat conduction through the support fiber on a droplet’s evaporation in a weakly
convective flow. Experimentally, a droplet of n-heptane or n-hexadecane with an initial diameter of 700 or 1000 pm was
suspended at the tip of a horizontal or vertical quartz fiber (diameter 50, 150, or 300 pm) to evaporate in an upward hot
gas flow (at 490 or 750 K). A simple one-dimensional model of transient conduction is formulated in combination with
evaporation of the droplet. The calculations agree well with the experiments. In general, heat conduction through the
fiber enhances evaporation, with a stronger effect for a lower gas temperature and a thicker fiber. However, the total
heat inputs are attenuated when the fiber’s diameter is 300 um. Orientation of the fiber is unimportant. Also, the
evaporation rate is enhanced in an oxygen-containing gas flow, due to the additional heating from oxidation around the

droplet.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Most droplet evaporation and combustion experi-
ments have been conducted with the droplet suspended
on a support fiber [1-12] to avoid the experimental dif-
ficulties for free-falling droplets, such as in obtaining
high-resolution droplet images or in maintaining fixed
test conditions. These experiments were under flow
conditions of either forced convection [1-4] or natural
convection [1,4-10]; at atmospheric [1-6,8-12] or ele-
vated pressures [6-9,11]; at normal gravity [1-10] or
microgravity [7,8,11]. The fiber orientation was either
horizontal [8,11] or vertical [1-4,6,7,10,12]. The fiber
materials included quartz [6,8,9,11,12], glass [1,4,5,7], or
metals [2,5,10].
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572-2840.
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The potential influences of the support fiber on the
evaporation rate have been pointed out early. Langs-
troth et al. [5] compared the evaporation rates for dif-
ferent support fibers. They suspended the droplet
(diameter of 1000-2000 pum) in still air from the tip of a
glass fiber (diameter of 100 um), a thermocouple (wire
diameter of 80 pm), or a special thermocouple ar-
rangement which was designed to conduct heat more
rapidly to the droplet. The air temperature ranged from
283 to 313 K. They found that the droplet evaporation
rate with the specially arranged thermocouple was larger
than for the regular thermocouple. The droplet sus-
pended from the glass fiber resulted in the smallest
evaporation rate. In their temperature range, these
variations grew with increasing air temperature.

Kadota and Hiroyasu [13] analyzed the effects of heat
conduction through the fiber and liquid-phase radiative
absorption on droplet evaporation in a simplified man-
ner. The heat conduction through the fiber was evaluated
with a simple one-dimensional steady-state analysis; the

0017-9310/02/$ - see front matter © 2002 Elsevier Science Ltd. All rights reserved.

PII: S0017-9310(02)00164-3


mail to: scwong@pme.nthu.edu.tw

4590 J.-R. Yang, S.-C. Wong | International Journal of Heat and Mass Transfer 45 (2002) 45894598

Nomenclature

cp constant-pressure specific heat

d diameter

D binary mass diffusivity

Gr Grashof number

k thermal conductivity

L latent heat of evaporation

m total mass of droplet

—m droplet evaporation rate

Nu Nusselt number

Pe Peclet number, defined as RePr,

q rate of heat transfer per unit volume
0 heat transfer rate

R(2) droplet radius

Rey droplet Reynolds number (Usdp/v)
r spatial coordinate

Sh Sherwood number

T temperature

t time

U velocity

Xo, mole fraction of oxygen

Greek symbols

o thermal diffusivity

1 effective conductivity parameter

¢ dimensionless coordinate in the liquid phase

o density

Subscripts

F fuel

f support fiber

g gas phase

L liquid phase

m mean value

r the reference condition used in Egs. (9) and
(10)

] droplet surface

t total

0 initial

00 ambient

radiative absorption was assumed to occur on the droplet
surface, adopting an effective surface absorptance whose
value appears too small. Although of only qualitative
significance, their calculations indicated significant en-
hancement of the droplet evaporation rate.

In the experiments of Toker and Stricker [10] for
droplet evaporation in still air at room temperature, the
droplet (diameter of 2000-3000 um) was suspended from
the tip of either a vertical stainless-steel tube (with 350
pm i.d. and 550 um o.d.) or a thermocouple of 500 um
wire diameter. The evaporation rate for the droplet on
the highly conducting steel tube was found higher than
that on the thermocouple. The heat influx through the
stainless-steel tube and the thermocouple were estimated
to be approximately 200% and 50%, respectively, of the
heat influx through the droplet surface.

Shih and Megaridis [14] numerically analyzed the
effect of fiber conduction on droplet evaporation under
forced convection. To allow for axisymmetrical mathe-
matical formulation, the configuration with the fiber
parallel to the flow direction was analyzed. In a gas flow
of temperature of 1250-1600 K, enhancement of evap-
oration with the fiber was indicated in their numerical
results for a fiber diameter being 1/7 of the initial droplet
diameter.

Avedisian and Jackson [12] observed the effect of a
support fiber on the soot patterns for droplets burning in
a stagnant ambience in microgravity. With a fiber, the
shell-like soot aggregate forming inside the flame was
found to evolve into a nonsymmetric configuration. This
effect is more significant for a thicker fiber. They also

observed the nonlinearity in the variation of (d/d,)” due
to the influence of the fiber.

In our recent calculations of droplet evaporation
under microgravity condition at various pressures [15],
we have shown that the heat conduction into the droplet
through the support fiber and the radiative absorption of
the emission from the furnace wall into the liquid phase
are responsible for the significant discrepancies between
the experimental [11] and theoretical [16,17] evaporation
rates. The experiments have been conducted in a hot
furnace with the heptane droplets (dy = 600-800 pm)
suspended by a quartz fiber (d = 150 pm). However,
while these theoretical models [16,17] carefully consid-
ered the nonideality of gas-phase properties and enthalpy
of evaporation at elevated pressures, the additional heat
conduction through the fiber and the absorption of the
wall emission into the droplet were not included. To
analyze the conduction input through the fiber, a simple
one-dimensional transient model was proposed [15]. The
radiative absorption in the liquid phase was calculated
with geometric optics. When these effects are considered,
the theoretical time variations of squared droplet diam-
eter are in good agreement with the experimental data
[11] for different temperatures and pressures. The effects
of radiative absorption and fiber conduction enhance the
evaporation rate significantly. At a temperature as low as
470 K, the discrepancies between the theoretical and
experimental results are mainly due to the additional
fiber conduction, while at a temperature as high as 750 K,
the liquid phase radiative absorption becomes mainly
responsible for the discrepancies.
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In this work, experimental measurements will be
presented to manifest the effects of heat transfer through
the support fiber on droplet evaporation. These results
will also be used to justify the validity of the simplified
one-dimensional model of transient heat conduction
through the fiber [15]. To minimize the role of thermal
radiation, we conducted experiments in an open, weakly
convective hot gas flow. Different droplet sizes, fiber
diameters and orientations, gas temperatures, and fuel
volatilities are tested. Furthermore, detailed knowledge
of how and to what extent the heat conduction through
the fiber affects the droplet evaporation rate will be
provided with the aid of this model.

2. Experimental

Droplet evaporation experiments were conducted in
an upward hot laminar gas flow generated by either a
flat flame burner (7, = 750 K) or an electrical heater
(T, =490 K). Droplets of initial diameter of 700 or
1000 um were suspended at the tip of a quartz fiber.
Investigated fiber diameters are 50, 150, and 300 pm.
Initial droplet temperature was kept at about 300 K. The
fiber tip had been melted into a bead, with diameter of
150, 300, or 400 um, respectively for the 50, 150, and 300
um fiber. The support fiber was either horizontal or
vertical, respectively perpendicular or parallel to the gas
flow. The flat-flame burner was the same as in [18§],
where a detailed description of it is available. It was
fueled with CO, O,, and N,, with gas flow rates con-
trolled by rotameters. The hot post-flame gas either was
oxygen free or contained oxygen with a mole fraction of
0.21 (measured with an oxygen analyzer). The oxygen-
free gas flow was used for evaporation without oxidation
reactions, while the oxygen-containing gas flow was used
to observe the effect of the additional heating from the
oxidation around the droplet on the evaporation rate. A
stainless-steel mesh was placed on top of the quartz
chimney to reduce the post-flame gas temperature to 750
K. The mesh was loosely knitted so that radiation from
it was negligible. The electrical heater, as shown in Fig. 1,
provided a low-temperature continuous air flow (7, =
490 K). The alumina beads and the convergent nozzle at
the exit of the heater were used to ensure a uniform
laminar flow. Good uniformity for the gas temperature
was obtained around the test location for a range of
several times of the droplet diameter in both the hori-
zontal and vertical directions.

The gas velocity was measured with a laser Doppler
anemometer (one component, Aerometrics) seeded with
MgO powder. Gas temperatures were measured with un-
coated Pt/Pt-10% Rh (S-type) thermocouples with wire
diameter of 25 pm and bead diameter of approximately
50 um. The effect of radiative loss on temperature mea-
surements was neglected, because the effect was esti-
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Fig. 1. Electrical heater and test arrangement.

mated assuming the bead as a sphere with a surface
emissivity of 0.15 to decrease the temperature readings
by less than 2 K. The uncertainty of temperature mea-
surements was estimated to be within +5 K.

During the test, a suspended droplet was rapidly
exposed to the hot gas flow by quickly withdrawing a
water-cooled shield, which protected the droplet from
the hot gas prior to experiment. After the withdrawal of
the shield, a transient period existed before flow condi-
tions became steady, as shown in Fig. 2 for a represen-
tative temperature history. To measure the transient
temperature response, a butt-welded S-type thermo-
couple (25 pm wire diameter) was used. The thermo-
couple response delay to attain 95% of the temperature
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Fig. 2. Gas temperature readings and critical events during the
early stage of convective heating.
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Table 1
Test conditions
T (K) Generator Xo, U, (m/s)
490 Electrical heater 0.21 0.7
750 Flat flame burner 0 0.6
750 Flat flame burner  0.21 0.6

rise was calculated to be about 45 ms. Therefore, after
subtracting the 45 ms thermocouple response delay, the
transient period was about 500 ms, counting from the
beginning up to the attainment of 95% of the tempera-
ture rise, as shown in Fig. 2 for the 7., = 490 K case.
The transient period for the T,, = 750 K flow was 450
ms. The reference time for the initiation of a test was
selected at the middle of the transient period. In reduc-
ing the diameter variation data, this initial reference time
was considered as the beginning of the evaporation
process. This selection of the initial reference time was
somewhat arbitrary and the uncertainty associated with
it was roughly of O (100 ms). However, this uncertainty,
arising from different initial temperature environments
in the experimental and theoretical methods, only in-
fluences the time-wise agreement between the experi-
mental and theoretical results. For different runs under
the same flow condition, the same initial reference time
was used. Therefore, the uncertainties that are relevant
to the significance of the differences among experimental
measurements are those associated with the consistency
of the transient periods in different runs. Such uncer-
tainties, determined by examining the deviations of the
initial periods for different runs under the same flow
condition, were less than £20 ms.

The evaporation process was recorded with a high-
speed video recorder (NAC, SHV-1000) at a framing
rate of 500 fps. The droplet images were then transferred
to a personal computer, on which the droplet diameters
were measured with the surface boundary determined
using an image processing software. The effective di-
ameter was evaluated by approximating the droplets as
ellipsoids. The uncertainty of the diameter measurement
was within £15 um.

The test conditions are summarized in Table 1. The
droplet Reynolds numbers (Req = U, dy/v,) for all our
tests ranged from 5 to 17.

3. Theoretical

The physical problem simulated is as follows. A
single droplet (dy = 700 or 1000 pm) suspended at the tip
of a horizontal quartz fiber (dr = 50-300 pm) is evapo-
rating in an upward laminar hot gas flow with a uniform
temperature 7,, and a uniform velocity U,,. The droplet
is subjected to heat input through its surface as well as

the heat conduction through the fiber. The situation for
a vertical fiber (parallel to the flow) is not considered
because the temperature and velocity distributions in the
wake of the droplet, where the fiber is exposed, are
complicated.

3.1. Droplet evaporation model

To simulate the transient droplet evaporation process
in a convective flow, we adopt the film theory to account
for the heat and mass transfer between the droplet and
the ambience, using the semi-empirical relations pro-
posed by Haywood et al. [19]. This approach employs
a one-dimensional, spherically symmetric liquid-phase
model. The asymmetric effects caused by the presence of
the fiber are neglected. Local thermodynamic equilib-
rium is assumed at the liquid-vapor interface. For the
heat transfer analysis in the droplet interior, the effective
conductivity model is used. The internal heat transfer is
assumed to be unaffected by the presence of the fiber. It
is noted that this assumption, as well as the assumption
of spherical symmetry, becomes less appropriate for a
small (d/dr) ratio, i.e. a small droplet on a large fiber
and during the late lifetime. Since a small (d/d;) ratio is
avoided in most experimental studies (except during the
late lifetime), this will not limit the applicability of this
model.

In the experiments, the buoyancy induces downward
flow opposing the upward hot gas flow. However, the
effect of buoyancy is neglected in the model due to the
following reasons. First, this effect has been experi-
mentally shown to exhibit slight effect to the droplet
evaporation rate at atmospheric pressure. Second, the
maximum ratios of (Gry/Re?) during the evaporation
process of a droplet in the present test conditions range
from 0.005 to 0.02. Since these values are much smaller
than unity, the buoyancy effect is negligible [20]. Fur-
thermore, the main objective of this study is to inves-
tigate the effect of heat conduction through the fiber
both experimentally and theoretically. Therefore, ne-
glecting natural convection in the model should be ac-
ceptable.

Further assuming that the heat input through the
fiber is uniformly distributed to the droplet, the gov-
erning equations for the liquid phase are

. dm , [ dR Rdp;,
and
o, ki 0 (0T . |
Pngj& =2 o <V o +4gr, 2)

where ¢; is the heat input through the fiber, which will be
discussed later.
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The initial and boundary conditions are

Ty(r,0) = T, 3)
O, = mL + 4nr§m% K 4)
and

% = 0. (5)

The effective conductivity parameter y has been sug-
gested [21] as

z = 1.86 + 0.86 tanh[2.245 log,,(Pe;/30)], (6)
where Pe, is the liquid’s Peclet number, defined as

ReyPry. The heat and mass transfer rates are estimated
by

i = 2nr,pDShBy (7)
and
Qs = 2nrkNu(Ty, — T). (8)

The Nusselt and the Sherwood number are determined
by [19]

Nu(1 + B)"" =24 0.57Re!*Pr!/ )
and
Sh(1 + By)"" =2+ 0.87Re}/2Sc!?, (10)

where B' = (c,(To. — T.)/L)(1 — Q;/Q.) and By = (Yps—
Yr)/(1 — Yg,). The droplet’s heating rate was calcu-
lated as O, = QO — mL. The properties of the gas mixtures
used in the semi-empirical relations (Egs. (9) and (10))
are calculated based on the reference temperature and
fuel concentration defined as

1 1

Tr:_Ts_.__Tom

1 1
Y, = = Ypo 4+ = Vi o
5 5 F. Fs T35 IF,

2 2

For example, ¢, m = cprYer + cpo(l — Yiyr).
3.2. Calculation of fiber conduction input Qy(t)

To calculate the conduction input through the fiber,
we use a transient one-dimensional model described as
follows.

Since the fiber is fine and the Biot numbers are of
0(1072), the temperature distribution in the fiber is as-
sumed one dimensional. The conservation of energy can
be written as

oTy FT; 4hy,

prepr o =k + @ (T — Tp). (11)

In Eq. (11), A, the heat convection coefficient over a
horizontal cylinder, is obtained with A, = Nuko/ds.
For the portion exposed to the gas flow (x > R), [22]

0.62Rey*Pr'/?

[1 + (0.4/pr)2/3] v

5/874/5
1+ A ! ,
2.82 x 10°

and for the portion emerged in the droplet (—R <x<R),
Nuy, = 0.36, as for a limiting stagnant situation [23].
This approximation limits the applicability of this model
to a weakly convective flow. For the emerged portion,
T, is replaced by T;(x).

The initial condition is : 73(0,x) = Ty, (12)

Nug . = 0.3+

X

oT;
The boundary condition at x — oo is : 6_1 =0. (13)
X
The other boundary condition at the tip of the fiber,
where the droplet is positioned, can be approximated as
[15]:

“Txo0atx=0. (14)

The properties of the fiber are p; =2.22 glem?,
ke = 3.29 x 1073 cal/cms K, and cpr = 0.178 callg [24].
With T; solved from Eqgs. (11)—(14), the conduction input
through the fiber can be calculated by

O = /X: heoo (T (x) — Tp(x))ndp dx

=—R

and

x=R

i = ( JRECEE Tf<x>>ndfdx) Vit
x=—R

where ¥ is the net volume of the liquid fuel (the fiber

volume excluded).

3.3. Thermophysical properties

The density, specific heat, and thermal conductivity
of the liquid fuels (n-heptane and n-hexadecane) are
calculated following Daubert and Danner [25]. Calcu-
lations of latent heat of evaporation and the saturated
vapor pressure also follow Daubert and Danner [25].

Gas-phase thermophysical properties are calculated
for the fuel vapor, nitrogen and their mixtures, assuming
that the gas mixture consists of nitrogen and fuel vapor.
With the ideal-gas assumption, the density of the gas
mixture is calculated from the equation of the state with
the molecular weight of the mixture. Thermal conduc-
tivities follow the modified Eucken method [26] for the
fuel vapors and Daubert and Danner [25] for nitrogen.
Specific heats of them are obtained from Daubert and
Danner [25]. The gas phase binary mass diffusivity D for
heptane-nitrogen or hexadecane—nitrogen mixtures is
calculated using the Chapman and Enskog theory [26].
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3.4. Numerical procedure

To account for the droplet surface regression during
evaporation, transformation of the spatial coordinate, r,
in the liquid phase is made to fix the surface by changing
rto &(r,t), where E(r,t) = r/R(t), 0 < E(r,t) < 1[15]. The
numerical scheme forward in time and central in space is
used to discretize the governing equations and boundary
conditions. In our numerical experimentation, the time
step, At, has been carefully chosen to satisfy the stability
criterion and the grid size A = 0.01 is adequately small
for all of our computations. The thermophysical prop-
erties are calculated in each time step before the liquid
phase governing equations are solved.

4. Results and discussion

In our experiments, droplets tested are of two dif-
ferent sizes (700 and 1000 um) and two fuels of different
volatilities (n-heptane, b.p. =372 K; n-hexadecane,
b.p. = 560 K). Two environment temperatures (490 and
750 K) and two different fiber orientations (cross-flow or
parallel-flow) were arranged. For each test condition,
five runs were made. The repeatability was good, as will
be shown by the two runs presented with open and filled
symbols for each condition.

Fig. 3 shows the time variations of squared diameter
for n-heptane and n-hexadecane droplets in the 490 K
air flow. For all these three test conditions, the agree-
ment between the theoretical and experimental results
are excellent, and the effect of the heat conduction
through the fiber on the evaporation rate is satisfactorily
predicted by our simplified model for various fiber di-
ameters. For this low-temperature condition, the fiber
effect is clearly manifested. In general, the droplets
shrink faster for a larger fiber, especially during the late
period. Also, the evaporation enhancement due to fiber
conduction appears at an earlier lifetime for small
droplets with dy = 700 pm, whose volumes are only
about 1/3 of those large droplets with dy = 1000 pm.
This is shown in Fig. 3a in that deviation of the evap-
oration rates appears when (d/dy)* ~ 0.8 for dy = 700
um, in comparison with (d/dy)* ~ 0.7 for dy = 1000 pm.
In general, the fiber conduction effect is stronger for a
smaller (dy/dr) ratio. For the nonvolatile hexadecane
droplets with dy = 700 pm (Fig. 3b), a considerable
portion of the lifetimes are consumed by droplet heating
during which no significant shrinking is rendered. In this
condition, the evaporation enhancement manifests after
(d/do)* ~ 0.9.

Deeper knowledge of the fiber conduction effect can
be obtained from the theoretical results illustrated in
Fig. 4. For T,, =490 K and dy = 700 um, the time
variations of the total heat input (Q;) along with the
partial inputs through the droplet surface (Q,) and

10 4 To=490K, Ug=0.7m/s  (a) N-C7Hqg {10
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08 t {08
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S 07 {o7
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03 s s o3
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Fig. 3. Theoretical and experimental time variations of nor-
malized squared droplet diameter for different fiber diameters,
T, =490 K and U, =0.7 m/s. (a) n-heptane droplets of
dy = 750 and 1000 mm, (b) n-hexadecane droplets of dy = 750
pm.

through the fiber (Or) are shown for heptane (Fig. 4a)
and hexadecane (Fig. 4b) droplets. The time variations
of these inputs depend on the temperature differences
between the ambient gas, the droplet and the fiber.
While the ambient gas conditions are fixed, the droplet
temperature is a function of droplet size, fuel volatility
and (pc,),; and fiber temperature of fiber size and (pc,),.
Since (pc,), ~ (pcy); in this study and 7., and dy are
fixed in Fig. 4, fuel volatility and fiber size are the im-
portant parameters in considering these heat inputs. For
the volatile heptane droplets, the droplet lifetime are
relatively short that the heat input through the fiber still
undergoes a transient state during the early period, es-
pecially for the cases with thick fibers. For the finest
fiber (dr = 50 um), Or becomes steady rapidly. However,
the heat input through the droplet surface O, becomes
slightly less than that without a fiber (represented by the
O, curve with no fiber). This is because the additional
heat input through the fiber quickens the droplet tem-
perature rise to lessen the temperature difference be-
tween the ambient gas and the droplet surface and hence
QS. Nevertheless, the total heat input (Ql = Qs + Qf) is
enhanced with the fiber. The fiber effect is magnified for
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Fig. 4. Calculated time variations of heat transfer rates for
different fiber diameters, 7,, =490 K, U, = 0.7 m/s, and
dy = 750 um. (a) n-heptane droplets, (b) n-hexadecane droplets.
O,—rate of total heat input; Qs—rate of heat input through
droplet surface; Qf—rate of heat input through fiber.

dr = 150 um, and the total heat input is enlarged sig-
nificantly. When df = 300 pm, some interesting behav-
iors are observed. There exists a short period with
negative Or (heat conduction from the droplet to the
fiber), after which O slowly increases to a maximum and
then decreases. The slow increase of O during the early
period is because of the long heat-up time needed for
this thick fiber. The maximum occurs when the fiber has
been heated sufficiently but the droplet temperature is
still low. Afterwards, since the fraction of the net liquid
volume in the apparent droplet volume is less for a
larger dr (for example, when dr = 300 um and d, = 700
um, the fraction changes from 0.72 to 0.54 for (d/d0)2
from 1.0 to 0.6), the droplet temperature rises rapidly to
reach a higher distribution than for finer fibers. Conse-
quently, Qf decreases with the smaller temperature dif-
ference between the fiber and the droplet. In addition,
the decrease of the wetted fiber surface area following
the droplet shrinkage also contributes to the fast de-
crease of Qr during the late lifetime. Another conse-
quence of the rapid rise of droplet temperature for large
dr shows in the accelerated dropping of QS for dy = 300
pm. Among the three fiber diameters, the largest total
heat inputs are found for dr = 150 pm. Although the

total input for dr =300 um is always less than for
dr = 150 pm, the evaporation rate for it is larger. This is
because the smaller net liquid volume leads to faster
droplet temperature rise. Although the theoretical ana-
lysis is less reliable for such small (d/dr) ratios (dy = 700
um, dr = 300 pm), as explained earlier, the theoretical
predictions still agree with the experiments very well
(Fig. 3).

For the nonvolatile hexadecane droplets (Fig. 4b),
the transient heat-up periods for the fiber are relatively
short in comparison with the droplet lifetime. The time
variations of Qs, Qf and AQt for different fiber diameters
are not as different as for the heptane droplets. During
the early stage, O, for di = 150 pm is again the largest.
But after r = 1.2 s, all the AQt curves, except for dr = 300
pm, are hardly distinguishable. As far as Or is con-
cerned, it rapidly reaches a maximum when the tem-
perature difference between the fiber and the droplet is
largest. Afterwards, the droplet temperature gradually
approaches a wet-bulb temperature, which is closer to
490 K than for a heptane droplet due to the lower vol-
atility of hexadecane. Therefore, the smaller temperature
difference between the fiber and the droplet results in
smaller Qf.

Experimental and theoretical results in the high-
temperature gas flow (7, = 750 K) are shown in Fig. 5.
Except for the slight differences between the calculations
and the experiments for heptane droplet with dy = 1000
um, the agreement is again very good. Our model pro-
vides accurate predictions for the time variations of
(d/dy)* for all the three fiber diameters. In contrast to
the data for 7, =490 K (Fig. 3), it can be seen from
both experimental and theoretical results that the effect
of heat conduction through the fiber is weaker for this
high temperature flow condition. This is explained as
follows. When the flow temperature is higher the droplet
lifetime is greatly shortened but the transient heat-up
period for the fiber becomes longer. Since there is less
heat input through the fiber during the heat-up period,
its effect on evaporation rate becomes weaker.

It should be pointed out that, according to the the-
oretical results in Figs. 3 and 5, a support quartz fiber as
small as di = 50 pm can be applied in droplet evapora-
tion experiments to avoid significant effect of the heat
input through the fiber.

Different fiber orientations, cross-flow or parallel-
flow, have been chosen in different droplet evaporation
experiments. For the parallel-flow orientation, theoreti-
cal analysis is more difficult [14] in that the fiber is ex-
posed in the wake region where the temperature and
velocity fields are complicated. In this work, we have
investigated the effect of fiber orientation experimen-
tally. We have observed the differences in the time
variation of (d/d,)* for different gas temperatures, fiber
diameters, and fuels. A representative set of experi-
mental results is shown in Fig. 6 for hexadecane droplets
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Fig. 5. Theoretical and experimental time variations of nor-
malized squared droplet diameter for different fiber diameters,
T, =750 K and U, =0.6 m/s. (a) n-heptane droplets of
dy = 1000 pm, (b) n-hexadecane droplets of dy = 750 and 1000
pm.
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Fig. 6. Effects of fiber orientation on the evaporation for dif-
ferent fiber diameters, 7,, = 750 K, U, = 0.6 m/s and dy =
1000 um.

(dp = 1000 pm, T, = 750 K). While deviations for dif-
ferent fiber diameters can be seen, there is no observable
difference between the time variation data for both ori-
entations. This is also true for other test conditions.
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Fig. 7. Effects of oxygen concentration on the evaporation of
heptane and hexadecane droplets for different fiber diameters,
T, =750 K, U, = 0.6 m/s and dy = 1000 pm.

Fig. 7 illustrates the effect of additional heating from
the oxidation around the droplet on the evaporation rate
for both heptane and hexadecane droplets (dy = 1000
pm, dr = 150 um). Both temperatures of the oxygen-
containing (Xo, = 0.21) and the oxygen-free gas flow are
750 K. In this temperature range, oxidation of alkane
fuels takes place via the low-temperature reaction
mechanism [27]. The gas-phase oxidation is shown to
enhance the droplet evaporation rate. For hexadecane,
this effect appears later but becomes stronger after-
wards. This can be explained as follows. While hexade-
cane and heptane have similar chemical reactivities, their
volatilities are very different. During the early heat-up
period of the hexadecane droplet, the saturation fuel
vapor pressures are still too small to lead to significant
oxidation heating. Afterwards, a higher droplet surface
temperature can be reached for a hexadecane droplet
due to its higher boiling point. The temperature of the
adjacent gas mixture is higher so that stronger oxidation
prevails to cause a larger evaporation rate for the hexa-
decane droplet, especially during the late lifetime. Ad-
ditional heating from the oxidation around the droplet
may occur and enhance the evaporation rates for spray
droplets in a combustor during their pre-ignition evap-
oration period. This potential effect has not been re-
ported in the literature.

5. Concluding remarks

This study investigated the effect of support fiber
conduction on droplet evaporation in a weakly con-
vective flow. Experimentally, n-heptane and n-hexade-
cane droplets with initial diameter of 700 or 1000 um
were suspended at the tip of a horizontal or vertical
quartz fiber (diameter of 50, 150, or 300 um) to evap-
orate in an upward hot gas flow (T, =490 or 750 K).
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For all the tests, the droplet Reynolds number ranged
from 5 to 17. Theoretically, a simple one-dimensional
model of transient heat conduction was formulated with
evaporation of the droplet. The model used the film
theory to account for the heat and mass transfer be-
tween the droplet and the ambient atmosphere. Excel-
lent agreement was found between the experimental and
theoretical results of the droplet diameter history for all
the cases tested.

Based on the combined experimental and theoretical
investigations, the following conclusions were reached:

1. In alow temperature gas flow (7, = 490 K), the fiber
conduction enhances the evaporation rate signifi-
cantly for both heptane and hexadecane droplets.
The enhancement intensified with a decrease of the
(do/dr) ratio. In a high temperature flow (7., = 750
K), the enhancement becomes weaker.

2. Detailed theoretical analysis indicates that while the
evaporation rate enhances with increasing fiber diam-
eter dp, the total heat input Q[ does not follow this
trend. As d; increases to 150 pm, O, does enlarge.
But as df =300 pm, the droplet temperature rises
rapidly so that the heat inputs through the droplet
surface and the fiber are attenuated. Consequently,
0, is lowered, especially during the late lifetime.

3. A quartz fiber as small as df = 50 um may be ade-
quately applied in droplet evaporation experiments
because it has been found to yield insignificant effect
of the heat input through the fiber.

4. For a cross-flow and a parallel-flow fiber orientation,
there is no observable difference between the experi-
mental results of the time variation of (d/dy)’.

5. In an oxygen-containing gas flow with sufficiently
high temperature (e.g. 750 K), the additional heating
from the reactive gas mixture is found to enhance the
evaporation rate, with a stronger effect for hexade-
cane than for heptane droplets.
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