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Abstract

Results of the evaporation of a single liquid fuel droplet in various free-stream turbulence intensities and scales are
reported. Experiments are carried out at room temperature by using n-heptane and n-decane fuels at Re, = 100. A low-
speed vertical wind tunnel with different turbulence intensities and scales, controlled by using different sizes of disk, is
constructed. The free-stream turbulence intensities are varied in the range from 1% to 60% and the integral length scales
are from 2.5 to 20 times of the initial droplet diameter. Results show that the time history of droplet diameter follows
the d?-law in turbulent environments with generally higher evaporation rates as compared with those in quasi-laminar
cases. Combined effects of liquid fuel properties and ambient turbulence properties on the evaporation rate can be
reasonably well explained by the correlation of normalized evaporation rate with the effective vaporization Damkohler
number, Da,. © 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

In practical industrial and military applications, lig-
uid fuels are often used in combustion systems. Nor-
mally the liquid fuel is atomized into small droplets in
combustion chamber to increase the contact area be-
tween fuel liquid and air (or to speed up the evaporation
rate). In general, three most important factors affecting
the combustion efficiency are temperature, ambient tur-
bulence and fuel residence time. These are so-called 3-T
factors in combustion chamber design process. The
magnitude of fuel residence time decides the size of the
combustion chamber. Those variables, which influence
the fuel residence time, include ambient temperature and
pressure, size of droplets, velocity distribution, ambient
turbulence and liquid fuel properties. Therefore, it is
important to study the effects of these conditions on the
liquid droplet evaporation.

Because of the importance of fundamentals and ap-
plications to spray combustion, liquid droplet evapora-
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tion has been studied intensively in the past, for detailed
reviews see [1,2], and references cited therein. In the
practical spray system, the liquid droplet evaporation
phenomenon is very complicated, comprising the liquid
phase, the fuel vapor phase and the surrounding forced
convection with turbulence, and the interactions among
each other. Not only the understanding of liquid droplet
evaporation is crucial in essence, it also plays an im-
portant role in determining the ignition time delay and
ignition location of droplets. Most research simplified
the sprays into the clouds of monodispersed (or poly-
dispersed) liquid droplets. Hence, the detailed under-
standing of the evaporation process and the mechanism
of a single liquid droplet becomes the first important
step in modeling and simulating the practically compli-
cated spray system.

There were numerous researches conducted in the
past attempting to study the evaporating process of a
single liquid droplet, including experimental and nu-
merical studies; e.g., the references cited in [1,2,5]. Most
experimental studies were carried out for a single liquid
droplet in natural convection or in laminar forced
convection. Very few researchers have studied the ef-
fects of ambient turbulence on the droplet vaporization
in forced convection condition. Additionally, most
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Nomenclature

By transfer number [= (Yps — Yroo)/(1 — Yrs)]

d instantaneous fuel droplet diameter
dy initial fuel droplet diameter

Da,  vaporization Damkohler number
D, diameter of the circular pipe

D, diameter of the disk plate

D; diameter of the contraction exit

Dap  binary diffusivity of fuel vapor in air
[: plquU/Spair ln(l +BM)}
E(f) energy of the spectrum

F(Bwm) diffusive  film correction factor [= (1+
Bw)" In(1 + By)/By]

f frequency

heg heat of vaporization

Ky droplet vaporization constant under laminar
convection conditions

Ko droplet vaporization constant under stagnant
conditions

K droplet vaporization constant under turbulent
convection conditions

K; turbulent  mass  transport  parameter
(Ky =K — Ku)

L depth from the test point

L turbulence integral large scale

Re;  Reynolds number based on the droplet di-
ameter (Re, = Ud/v)

Re,  Turbulence Reynolds number based on inte-
gral length scale (= u'(/v)

Re;  Turbulence Reynolds number based on
Taylor microscale (= u'1/v)

Sc Schmidt
Vvapor/DAB)

Shy  Sherwood number (=1 (1+ReSc)"> Re077)

Sh*  modified Sherwood number [=2+ ((Sho—2)/

number (: :uvapor/pvaporDAB =

F(Bw)]

TI ambient turbulence intensity (%) [= (u//U) x
100%]

Ted turbulence integral timescale based on the
droplet diameter [= (d3¢)" /]

T, timescale characterizing the vaporization

process based on film theory (= dum/V;)

U mean streamwise velocity

U, mean streamwise velocity at the center of the
pipe or the contraction exit

u instantaneous streamwise fluctuating velocity

u RMS streamwise fluctuating velocity

14 mean cross-streamwise velocity

|74 vapor blowing velocity [= (DapSh* In(1+
Bw))/d]

v radial RMS fluctuating velocity

X streamwise coordinate

Y cross-streamwise coordinate

Yis mass fraction of fuel vapor at surface

Y, mass fraction of fuel vapor in the free
stream

oM vapor film thickness (= (d,/(Shy — 2))F(Bwm))

& dissipation rate of turbulence energy

n turbulence Kolmogorov microscale

Y, turbulence Taylor microscale

T turbulence integral timescale

Ty streamwise turbulence integral timescale

To cross-streamwise turbulence integral timescale

numerical studies have assumed no free-stream turbu-
lence effects on the droplet evaporation rates, since the
size of large eddy in the free-stream turbulence is often
much larger than the droplet diameter, indicating the
local laminar flow exists from the viewpoints of the
droplet [3]. However, free-stream turbulence is com-
posed of continuous spectrum of various length scales
and timescales. Therefore, there exist other smaller
length scales and timescales in the turbulence that may
greatly affect the evaporation rate of the liquid drop-
lets. In order to better understand the liquid droplet
evaporation, it is necessary to clarify the liquid-gas
inter-phase transport by studying the interaction be-
tween different length scales of ambient turbulence and
liquid droplet [4].

Recently there have been few experimental reports
studying the effects of ambient turbulence on the evap-
oration rate of a single liquid droplet in forced convec-
tion [5-9]. They are briefly reviewed in the following in
turn.

Gokalp et al. [5] measured the evaporation rates of
single n-heptane and n-decane liquid droplets in an un-
heated turbulent environment. The turbulence intensi-
ties were up to 44% and the integral length scales were
much larger than the initial size of the liquid droplet
(¢/d = 5). Their results showed that the ambient tur-
bulence had little influence on the evaporation rate of n-
heptane droplet (more volatile); however, it had strong
influence on that of n-decane droplet (less volatile). They
further found that K} (= Kt — K1) of n-decane droplet
increases more than 50% in some cases. In addition, the
authors proposed an effective vaporization Damkohler
number, Da, = T.q/T,, where T4 is the turbulence eddy
timescale based on the initial droplet size and 7, is the
vaporization timescale based on the film theory, to ex-
plain the combined effects of fuel and ambient turbu-
lence properties on droplet evaporation. However, a
systematic study revealing the correlation between Da,
and droplet evaporation rate seems still not available.
Moreover, the size of liquid droplet also influences the
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evaporation rate. It was concluded that ambient turbu-
lence effect is more pronounced as the droplet becomes
smaller.

Hiromitsu and Kawaguchi [6] measured the evap-
oration rates of different paraffin hydrocarbons, distilled
water and ethanol in the forced convection with various
temperatures (323-423 K) and turbulence intensities (3—
20%). They found that the free-stream turbulence has
strong influence on the evaporation rate of single liquid
droplets. Furthermore, they pointed out that the use of
effective vaporization Damkohler number by Gokalp
et al. [5] is erroneous without consideration of temper-
ature effects. However, it is problematic to use the
droplet surface temperatures obtained in stagnant con-
dition to compute the effective Damkohler number as
conducted in [6]. Therefore, the temperature effect on the
effective Damkohler number is still an open question
and requires further studies.

Yearling [7] studied the heat and mass transfer rates
of single spherical water, ethanol, or methanol droplets
in heated air flows with controlled ambient turbulence.
He concluded that even a mild gas-phase turbulence
(about 5-10%) could lead to an increase on the heat and
mass transfer rates of the liquid droplets by as much as
30-50% when compared to those in laminar flow at the
same Reynolds number.

Later in the same group as Gokalp et al., Birouk
et al. [8] developed a closed chamber, which could pro-
duce a quasi-zero mean velocity and nearly homoge-
neous and isotropic flow region. The chamber was used
to study the effects of turbulence (without mean motion)
on droplet vaporization with turbulence integral length
scales much larger than the initial droplet diameter. The
results showed that the presence of turbulence increased
the average evaporation rates as compared to that of the
stagnant case. The linear regression rate of droplet sur-
face area versus time is observed for all the cases con-
sidered. Similar to Gokalp et al. [5], various fuels
investigated respond differently to the same turbulent
environment. For a given turbulent kinetic energy, am-
bient turbulence enhances most effectively the average
vaporization rates of the lowest volatility fuels. A phe-
nomenological model for the turbulence effects on
monocomponent droplet vaporization was proposed
and discussed in terms of the ratio between the turbu-
lence diffusivity and the molecular diffusivity of the fuel
vapor.

Very recently, Gokalp et al. [9] have further carried
out the experiments, using the same test facility as in [8],
on droplet breakup and vaporization relevant to high-
pressure spray combustion applications. Results showed
that the droplet evaporation rates depend strongly on
the reduced pressures and temperatures. Further, the
evaporation rates essentially increased with the pressure
when the reduced temperature was above unity. Droplet
evaporation rates also depend strongly on turbulence

and are proportional to 3/2 power of the turbulence
Reynolds number.

Past studies raises a need of systematic study of the
combined effects of turbulence and fuel properties on the
droplet vaporization. For example, is it possible to
correlate the combined effects on droplet vaporization in
terms of the effective vaporization Damkohler number,
which was proposed by Goklap et al. [5]? Therefore, the
present experimental investigation was undertaken to
study these effects at room temperature (to remove the
temperature effect at this moment) and reevaluate the
validity of the vaporization Damkdohler number in de-
scribing the droplet evaporation. The specific objectives
of the current study are:

1. to characterize the ambient mean velocities and tur-
bulence properties at the exit of a vertical open wind
tunnel,

2. to measure the evaporation rates of single liquid

droplets for different fuels in turbulent environments,

and
3. to interpret the measurements using vaporization

Damkohler number and to explain the combined ef-

fects of ambient turbulence and fuel properties on

droplet vaporization at room temperature.

The paper begins with descriptions of experimental
methods. Results are then considered treating ambient
mean and turbulent properties, droplet vaporization,
and correlation using vaporization Damkohler number
in turn.

2. Experimental methods
2.1. Apparatus

The apparatus included an up-flowing, turbulent air
wind tunnel, with the test liquid droplet suspended near
the axis at the downstream end of the wind tunnel. The
schematic diagram of the wind tunnel is shown in Fig. 1.
A variable speed blower produced the turbulent airflow,
followed by a temperature-controlled electric heater in
the pipe, a honeycomb, a 1.3-m horizontal settling
chamber (pipe), a 90° smooth bend pipe, a honeycomb,
a 15-to-1 (length-to-diameter ratio) long pipe (120 mm
diameter) and a removable, a round-shaped contraction
nozzle (16-to-1 in area ratio; 30 mm in diameter at the
exit) at the end to provide a non-swirling uniform flow
at the exit. As the contraction nozzle is removed, the exit
flow properties are expected to be typical of a fully de-
veloped turbulent pipe flow. From the preliminary tests,
the airflow could be heated up to 500 K and 0.5-10 m/s
at the tunnel exit. All hot portions of the wind tunnel
were covered by heat-insulating material to decrease the
disturbances caused by natural convection. This con-
figuration provided both quasi-laminar (with the con-
traction nozzle) and typical turbulent (without the
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Fig. 1. Schematic diagram of wind tunnel for droplet evap-
oration.

contraction nozzle) pipe flow properties for further
droplet evaporation experiments.

To generate the required turbulent intensities and
length scales, a disk plate was placed at different loca-
tions within the vertical long pipe (Fig. 2), which similar
technique has been used by Wu and Faeth [10]. By

Droplet
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T
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Fig. 2. Schematic diagram of turbulence generator for droplet
evaporation.

changing the disk sizes (20 and 60 mm) and the distances
from the exit (80-650 mm), turbulent flow properties at
the test section (tunnel exit) could be varied. In general,
turbulent environments with /U =1-60% and
¢ = 3.6-38 mm were achieved at the test section with this
arrangement.

Moreover, a special droplet suspender was fabri-
cated to support the testing single liquid droplet (top of
Fig. 2). It was made of a 100-um diameter quartz fiber
with an enlarged spherical-shape tip, which was made
of Epoxy adhesives. This design not only helped in-
crease the contact surface area between liquid droplet
and suspender, but also helped stabilize the droplet in
the turbulent environments from our experience. For
the current study, the liquid droplet diameters were
either 1.5 or 2.5 mm, depending on the flow mean
velocity, to fix the Reynolds number at 100. It was
believed that the suspender would not affect the drop-
let vaporization much since the internal flow inside
the liquid droplet would not be disturbed as in the
previous studies, e.g., [5-9]. A pneumatic driven flow-
shielding aluminum plate, triggered by an electro-
magnetic valve, was installed between the suspended
droplet and the tunnel exit. It was used to block the
up-flowing air in order to prevent the droplet pre-
evaporation before the experiment started. Test liquid
droplet was generated using a syringe with 0.5 mm in
tip diameter.

2.2. Instrumentation

Ambient flow structures in the test section were
measured using a traverible (5 um accuracy in pos-
itioning) laser velocimeter, based on a 514.5 nm line air-
cooled 300 mW argon-ion laser. The sending optics
included a 2.27:1 beam expander yielding a measuring
volume that has a diameter of 50 um and a length of 500
um. The flow was seeded with MgO seeding particle
(0.24 pm nominal diameter, CERAC) at the inlet of the
blower to yield data rates in the range of 0.5-5 kHz,
depending on the mean velocity of the airflow. Velocity
information were obtained from the output of a low-
pass filtered counter (IFA 750, TSI). Data were collected
using a DMA interface card (12 bit, TSI 6261 DMA,
TSI), which was connected to a personal computer for
further data analysis. Sampling rate was chosen less than
half of the data rate to control alias signal. Further, all
the experimental settings were made through a window-
based software, FIND, developed by TSI. Mean and
fluctuating velocities were obtained using sampling
periods of 120 s, whereas temporal power spectrum were
obtained by averaging at least 10 sets of data with
similar duration. Experimental uncertainties (95% con-
fidence) largely were controlled by sampling limitations
to yield the following values for mean velocities of 0.5-3
m/s: mean velocities less than 5%, fluctuating velocities
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less than 10%, and temporal power spectrum less than
20%. All measurements were repeatable within these
ranges over a period of several months.

A digital CCD camera (TSI) with 1008 x 1018 pixels
and 30 frames per second was used to record the droplet
images. Image data were then downloaded to a personal
computer right after the recording process for further
image analysis. As mentioned earlier, shadowgraph was
used to increase the signal-to-noise ratio of the image. In
addition, a micro-Nikon 200 mm (f/4) lens with ex-
tension ring was used to increase the resolution for im-
age analysis. Diameter of liquid droplet was determined
using equivalent spherical to ellipsoidal volume. Data
were obtained by averaging over 3-5 times of exper-
iments to reduce the experimental uncertainties. Esti-
mated experimental uncertainties (95% confidence) for
droplet diameter was less than 3%. All data were re-
peatable within this range over a period of several
months.

2.3. Test conditions

Typical test conditions for suspended liquid droplets
in turbulent environments with {¢/d~35 and
u' /U, ~ 10% are summarized in Tables 1 and 2, re-
spectively (Re; = 100). Mean streamwise velocities at
the axis of the tunnel were either 0.6 or 1.0 m/s

depending on the sizes of the droplet, 2.5 or 1.5 mm,
respectively. The ambient flow properties summarized
in Tables 1 and 2 were averaged over the central region
of the tunnel exit, e.g., 0.1 <y/D; <0.1. In general, pipe
flow properties without disk plate agreed with existing
measurements in the literature within experimental un-
certainties, though the current pipe Reynolds numbers
were in the range of 4800-8000, which was lower as
compared with previous experiments [11-13]. Resulting
isotropic values in fluctuating velocity, «'/v’, were in the
range of 0.98-1.05, which represented that the isotropic
turbulence approximation was valid. Streamwise inte-
gral length scales were found using Taylor’s hypothesis,
¢ = Ur,, where 1, was obtained from the measurements
of temporal power spectrum of velocity fluctuations
[14]. Resulting ratios of streamwise integral length scale
to droplet diameter were in the range 2.5-20, which was
typical of dispersed phases in turbulent multiphase
flows [15]. Komogorov scales were computed to be
n=1/(u't/v)""* from [16]. The resulting values of 5/d
were in the range of 0.01-0.1, which was generally much
less than unity. Moreover, the turbulence Reynolds
numbers, Re;,, ranged 16-280, which were definitely
representative of fully developed turbulent flows as
discussed by Tennekes and Lumley [16]. Two liquid
fuels, n-heptane and n-decane, were used as the test
droplets.

Table 1

Typical test conditions for droplet evaporation measurement (¢/d ~ 5, Re, = 100)
Flow condition U, (mfs) d(mm) /U, v/ U u' v l/d Ald n/d Rey Re;

(o) () (o)

Pipe flow 0.6 2.5 4.17 4.13 1.01 5.1 0.49 0.12 21.3 2.0
D, =20 mm, 0.6 25 10.0 9.7 1.03 4.4 0.25 0.05 43.8 2.5
L/Dy =125
D, = 60 mm, 0.6 2.5 15.2 14.8 1.03 4.6 0.21 0.04 69.2 3.2
L/D, =4.12
D, =20 mm, 1.0 1.5 33.5 32.8 1.02 5.4 0.15 0.02 181.7 5.0
L/D, =25
D, = 60 mm, 1.0 1.5 55.5 55.3 1.04 4.8 0.11 0.01 277.7 6.4
L/Dy =1.67

Table 2

Typical test conditions for droplet evaporation measurement (u'/U. ~ 10%, Re, = 100)
Flow condition U, (mfs) d(@mm) /U, v/ U, u' v l/d Ald n/d Re; Re;

»_ o

D, =20 mm, 0.6 25 10.2 9.7 1.05 3.8 0.23 0.04 384 2.3
L/D, =10
D, = 60 mm, 0.6 25 10.7 10.5 1.02 7.1 0.32 0.05 74.5 33
L/D, =15
D, = 60 mm, 1.0 1.5 10.1 9.9 1.02 12.0 0.42 0.06 121.3 4.2
L/D, =8.33
D, = 60 mm, 1.0 1.5 8.9 8.8 1.01 18.4 0.55 0.07 163.4 4.9

L/D, =108




4598 J.-S. Wu et al. | International Journal of Heat and Mass Transfer 44 (2001) 4593—4603

3. Apparatus characterization
3.1. Turbulent pipe flows

Results of measured mean and fluctuating streamwise
and velocities (TT ~ 4%) at the exit of the turbulent pipe
are generally in agreement with those of Laufer [11] as
expected and not shown here for brevity. Further, the
mean cross-streamwise velocities are essentially 0 and
the fluctuating velocities (T ~ 4%) are approximately
uniform for y/D; <0.5. Isotropy, #'/v/, hence are close
to unity for y/D; <0.15. For flow properties along the
axial direction of the pipe, it is found that they are es-
sentially unchanged for x/D; < 0.5 (60 mm) (not shown).
This is reasonable since it is well inside the potential core
region of the pipe jet. As for the power spectrum of
fluctuating velocities, it will be discussed together with
disk flow in the following section. Therefore, a nearly
homogeneous and isotropic region (~4% TI),
60 x 30 x 30 mm, at the exit of the turbulent pipe was
successfully constructed.

3.2. Turbulent pipe flows with a disk plate

Some typical radial distributions of mean and fluc-
tuating velocities for U, = 0.6 m/s at L/D, = 2.5-25 for
the turbulent pipe flow with a disk plate (D, = 20 mm) is
presented in Fig. 3. U, = 0.6 m/s was chosen due to the
fixed Re; = 100 required for droplet evaporation ex-
periment described earlier. Similar trends were found for
other speeds of the tunnel. In order to maintain constant
velocity (e.g., 0.6 m/s) at the measuring plane (x = 15
mm), blower speed had to be adjusted according to the
disk plate location in the pipe. It is found that the
streamwise mean and fluctuating velocities are very
uniform as y/D; <0.1 (12 mm). As shown in Fig. 3,
turbulence intensity, «'/U,, increases from 5% to 32% as
L/D, decreases from 25 to 2.5. In general, the combi-
nations of different disk plate sizes and distances from
the tunnel exit provided the flow fields with
u' /U, = 5-60% and ¢/d = 2.5-20. Isotropy is also found
to be near unity for y/D; <0.1. In terms of mean and
fluctuating velocities, we can thus conclude that there
existed a nearly isotropic and homogeneous region,
60 x 24 x 24 mm, at the tunnel exit even with the disk
plate placed in the pipe. However, one last thing we
have to check is the power spectrum of the fluctuating
velocities, which is described as follows.

Fig. 4 illustrates typical non-dimensional streamwise
and cross-streamwise temporal power spectral densities
of fluctuating velocities measured for the turbulent pipe
flow with (U, = 1 m/s) and without (U, = 0.5-3 m/s) a
disk plate, which are representative of present test con-
ditions for droplet evaporation experiments. The data
were measured near the pipe axis with x = 15 mm. Both
the power spectral densities and the frequencies are
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Fig. 3. Radial distribution of mean and fluctuating velocities at
the exit of a turbulent pipe with a 20-mm disk plate.

normalized by the integral timescales, 7, and t,, which
are pertinent to these flows. 7, and 7, are on the order of
30 and 10 ms for the typical test conditions of droplet
evaporation, respectively, but the values vary with the
tunnel speed and turbulence intensity. The differences
between the measurements without and with a disk plate
at different tunnel speeds are small when compared with
experimental uncertainties. The step noise caused by the
constant sampling period also is comparatively small as
can be seen in Fig. 4. For all cases illustrated, there is an
obvious hump in the spectrum of cross-streamwise ve-
locity fluctuations in the low-frequency range, which is
similar to those observed by Laufer [11], Wu et al. [12],
Ruff [13] and Wu and Faeth [10,17]. Moreover, the
measurements are also in reasonable agreement with
theory of isotropic turbulence, which are represented by
the solid lines in Fig. 4. In the high-frequency range, the
slopes of the power spectral densities are in the range of
—5/3 and —2, which means that the flow is close to
isotropic or fully developed turbulence.

In summary, the turbulent flow properties at the exit
of the tunnel with and without the disk are nearly iso-
tropic and homogeneous (' /U, = 4-60%, {/d = 2.5-20)
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streamwise velocity fluctuations at the exit of a for turbulent
pipe without and with a disk plate (x = 15 mm).

within experimental uncertainties in a region of
24 x 24 x 60 mm near the pipe axis. This region is
reasonably uniform for further droplet evaporation
measurements discussed later.

4. Droplet evaporation
4.1. Droplet evaporation in quasi-laminar environments

As mentioned earlier, the quasi-laminar flow con-
ditions were obtained with the contraction nozzle at the
end of the wind tunnel, as shown in Fig. 1. Mean and
fluctuating streamwise velocities are very uniform at the
test section, which are not shown here. The turbulence
intensities, u'/U,, are about 1% for U, = 0.5-3 m/s.
These flow condition were then used as the quasi-lami-

5 . L 1 | [l

K /K,

o\ K, /K,=1+0.27Re ' 8¢

SYM. Fuel
' o CHy
1 A CH,
0 T T T T
0 5 10 15 20 25
Red1/2 Sl

Fig. 5. Measured Frossling correlation for heptane and decane
fuel droplets.

nar test condition for droplet evaporation experiments.
Fig. 5 illustrates the normalized liquid droplet evap-
oration rate constant, K /Ky, as a function of Re:/2 Scl/3
at quasi-laminar flow conditions, where K| is the droplet
evaporation rate constant at Re;, = 0 (natural convec-
tion). It is noted that both K} and K are fitted from the
normal d*-law. Related Frossling correlation [5] can be
expressed as

K/Ko =1+ FyRe}/* Sc', (1)

where Fj is the Frossling coefficient and Sc is the Sch-
midt number of the fuel vapor. In the current study, Fj is
fitted as 0.27 for both fuels, which is close to the value of
0.276 obtained by Frossling [19]. For simplicity of
evaluating the experimental data, Schmidt number is
defined as

oo MW
pDap Das’

where dynamic vapor viscosity of the fuel is fitted
from [21] and Dap is found from quasi-steady theory
of droplet evaporation using current experimental
data at natural convection condition [18]. Not only is
the definition simple, but also bears strong physical
meaning which represents the ratio of momentum
transfer of fuel vapor to mass transfer of fuel vapor
in air. Resulting Schmidt number is 0.12 and 0.092
for decane and heptane, respectively. Gokalp et al. [5]
have instead obtained 0.18 for Frossling coefficient
using Sc = 0.71 assuming unity Lewis number for fuel
vapor. Nevertheless, the absolute data of evaporation
rate obtained in the current study for quasi-laminar
flow condition are compatible with those of Gokalp
et al. [3].
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4.2. Droplet evaporation in turbulent environments

In order to further simplify the problem, we have
measured the droplet evaporation in turbulent environ-
ments at Re; = 100. There were two sizes of droplet, 1.5
and 2.5mm, which were used interchangeably to obtain
constant Re; = 100 and suitable length scale ratio ¢/d.
Fig. 6 shows the typical time history of normalized
squared droplet diameter for n-decane and n-heptane at
different turbulence intensities with approximately the
same ¢/d ~ 5. Data for natural convection at room
temperature are also included in Fig. 6. Data are best
fitted with d*-law as in quasi-laminar environments. At
this ¢/d, the evaporation rate constant increases with the
ambient turbulence intensity for both test fuel droplets.
However, the effect is more pronounced as the droplet
becomes less volatile, e.g., n-decane in this case. Similar
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trends are observed for other length scale ratios
(¢/d ~ 2.5, 10 and 20). Indeed, we can conclude that
ambient turbulence intensity enhances the evaporation
rate from the liquid droplet surface.

Fig. 7 presents the typical time history of normalized
squared droplet diameter for n-decane and n-heptane at
different ¢/d, but with approximately the same
u' /U, =~ 10%. Droplet evaporation constant generally
increases with decreasing //d, which represents that the
smaller the ambient turbulence length scale relative to
the initial droplet size, the faster the liquid evaporates
from the droplet surface. Interestingly, K/K, decreases
as ¢/d decreases from 7.13 to 3.77 for both fuels. Similar
trends are found for other turbulence intensities
W' /U, =~ 4%, 15%, 30% and 50%). The results represent
that the ratio of the ambient integral length scale to the
initial droplet diameter may not be an appropriate
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parameter in characterizing the droplet evaporation in
turbulent environments. However, we can conclude that
the magnitude of ambient turbulence length scale does
play an important role in affecting the droplet evap-
oration, which has been largely ignored in the past.
Effects of the ambient turbulence intensity on the
evaporation rate at different length scale ratios are il-
lustrated in Fig. 8. In the figure, data of Gokalp et al. [5]
are also included for comparison. It is clear that not only
K /K, of less volatile n-decane droplets is generally larger
than that of more volatile heptane droplets, but also the
increase rates of K/K, with turbulence intensity are
similar for both fuels, which contradicts with the results
of Gokalp et al. [5]. In [5], they concluded that the in-
crease rate of K /K, with turbulence intensity is larger for
less volatile fuel, e.g., decane in this case, as shown as the
solid lines in Fig. 8. We will demonstrate this point more
clearly later by showing them through the correlation of
Damkohler number. The data obtained by Gokalp et al.
[5], which did not specify the turbulence length scale
effects in their report by only stating that £/d > 5, were
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Fig. 8. Variations of normalized vaporization rate with tur-
bulence intensity for heptane and decane fuel droplets.

on the same order of the current results without any
doubt.

The results have shown that both the turbulence in-
tegral length scale and turbulence intensity are not well
enough to solely characterize the droplet evaporation in
turbulent environments. In contrast, Gokalp et al. [5]
has proposed an effective vaporization Damkohler
number to roughly explain the effects of the ambient
turbulence on the liquid droplet evaporation at room
temperature. However, no systematic study of the
vaporization Damkohler number on the droplet evapo-
ration has been conducted since then. Therefore, it is
interesting to reevaluate this parameter using the current
measurements of droplet evaporation. Definition of
vaporization Damkohler number [5] is briefly described
as follows for completeness:

Teq

Da, = —, 2

a =7 @
B (d3€)1/3 B 423

Ta=—T—=7"" (3)
u/3

=A— 4

=A%, 4)

RzéM/K7 (5)

where 4 =1 is used in the current analysis, and oym
(vapor film thickness) and ¥, (vapor blowing velocity)
are computed by using the theory developed by
Abramzon and Sirignano [20]. The basic assumption in
defining T4 is that inertial subrange exists between the
integral length scale and the Komogorov scale, and the
droplet size lies in this range, which is compatible with
the current test conditions (see Tables 1 and 2). For
demonstration, a calculation example of Da, for decane
and heptane (TT = 10%, d, = 1.5mm, U = 1 m/s, { = 18
mm) is shown in Table 3. All the formulas used to
compute the parameters are adopted from those of
Abramzon and Sirignano [20] and are listed in the
‘Nomenclature’ for reference. Note that physical
parameters used in the calculation are based on room
temperature other than 1/3 rule that often used in high-
temperature environment [22]. This is justified due to the
fact that surface temperature is close to room tempera-
ture in the current study.

Fig. 9 illustrates the normalized evaporation rate
constant (K/Ky) as a function of the Damkohler num-
ber (Day), which extends over three decades. Surpris-
ingly from the current results, K/K; correlates
reasonably well with Da, and decreases with Da,. For
small Damkohler number cases (Da, < 0.002), the in-
crease of droplet evaporation rate due to the ambient
turbulence can be as high as 100%, as shown in Fig. 9.
However, for very large Damkohler number cases
(Day > 0.1), the effect of the ambient turbulence is di-
minishing to be negligible. Physically, as the Damkohler
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turbulent flow conditions include turbulence intensities
of roughly 1-60%, ¢/d in the range 2.5-20, and 5/d in
the range 0.02-0.13. The major findings of study are as
follows:

(a) A nearly isotropic and homogeneous turbulent
test region was successfully constructed with the mean
streamwise flow velocity in the range 0.5-3 m/s, which
are well suited for studying ambient turbulence effects on
droplet evaporation.

(b) Present measurements of droplet evaporation rate
in quasi-laminar and turbulent environments agree ba-
sically with those of Frossling [19] and Gokalp et al. [5],
respectively.

(c) Combined effects of the ambient turbulence and
the fuel properties on the droplet evaporation rate at
room temperature can be reasonably correlated with the
vaporization Damkohler number proposed by Gokalp
et al. [5]. In general, the measured normalized droplet
evaporation rate, K/K;, decreases as the Damkohler
number, Da,, increases. Correlated results show that
K /Ky is proportional to Da;%!"> over the present testing
range at room temperature. Furthermore, the ambient
turbulence will not accelerate the vaporization process
for Damkohler number larger than 0.1.

Effects of droplet Reynolds number, fuel type (vola-
tility) and ambient temperature (higher temperature)
must still be resolved in order to construct a pertinent
model for droplet vaporization in a practical spray sys-
tem. Moreover, a broader range of ¢/d (e.g., smaller
¢/d) should be investigated in order to better understand
the interaction between ambient turbulence length scales
and droplet evaporation process. Work in this direction
is currently in progress.
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