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Abstract

A general evaporation model of a single liquid fuel droplet under various ambient turbulence conditions at inter-
mediate droplet Reynolds numbers is proposed combining the current and previous experimental results. Extensive
evaporation experiments of single fuel droplets are conducted at room temperature in quasi-laminar and turbulent
environments at Reynolds numbers in the range of 72-333. Tested hydrocarbon fuels include by pentane, hexane,
heptane, octane and decane. Flow fields, behind a perforated plate or a circular disk in a vertical low-speed wind tunnel,
provide the required ambient turbulent environments for droplet evaporation experiments. The ambient turbulence
intensities vary in the range of 1-60% and the integral length scales in the range of 0.5-20 times of the initial droplet
diameter. Results show that normalized evaporation rate (K /K ) decreases with increasing effective Damkohler number
(0.0001 < Da, < 0.1) and is approximately equal to unity with further increasing Damkohler number (0.1 < Da, < 1).

© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

Due to its importance in spray combustion, liquid
droplet evaporation has been thoroughly studied in the
past, for detailed reviews see Faeth [1], Sirignano [2], and
references cited therein. Most previous experimental and
numerical studies of the evaporating process of a single
liquid droplet (e.g., references in Refs. [1,2]) were carried
out either in laminar natural convection or in laminar
forced convection neglecting the importance of ambient
turbulence, as pointed out by Golkap et al. [3] and Wu
et al. [4]. Relatively few researches (e.g. [3-6]) have studied
the effects of ambient turbulence on droplet vaporization
in forced convection. Conclusions from these studies
generally agreed that ambient turbulence speeds up the
evaporation process of a single liquid droplet in forced
convection. However, the studies on droplet evaporation
either emphasized on the influence of turbulence inten-
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sities by largely neglecting the effects of length scales [6]
or the combined effects of both length scales and turbu-
lence intensities were not clearly identified [3,5,6]. In
addition, coupled Reynolds numbers and fuel effects
were not discussed in detail either. Among these studies,
Gokalp et al. [3] pioneered to propose an effective va-
porization Damkohler number, Da, = T.q/T,, where Toy
is the turbulence eddy time scale based on the initial
droplet size and T is the vaporization time scale based on
the film theory, to roughly describe the combined effects
of fuel and ambient turbulence properties on droplet
evaporation. However, a systematic study revealing the
correlation between Da, and droplet evaporation rate
was not available until the work of Wu et al. [4].

Wau et al. [4] has successfully characterized the droplet
evaporation (at room temperature) through the effective
vaporization Damkohler number by combining the ef-
fects of length scales and turbulence intensities of ambient
turbulence, and the effects of fuels (heptane and decane)
at droplet Reynolds number of 100. Resulting correlation
stated that the normalized evaporation rate is propor-
tional to Da;"!'" for Day, in the range of 0.0001-0.1.
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Nomenclature

d instantaneous fuel droplet diameter

Da, vaporization Damkohler number

D, diameter of the circular pipe

Ds diameter of the contraction exit

Ky droplet vaporization constant under laminar
convection conditions

Ky droplet vaporization constant under stag-
nant conditions

K droplet vaporization constant under turbu-
lent convection conditions

L depth from the test point

L turbulence integral length scale

Rey Reynolds number based on the droplet dia-
meter (Req = Ud/v)

Re, Turbulence Reynolds number based on in-
tegral length scale (= u'¢/v)

mean streamwise velocity

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

instantaneous streamwies fluctuating veloc-
ity

r.m.s streamwise fluctuating velocity

mean cross-streamwise velocity

radial r.m.s fluctuating velocity

streamwise coordinate

cross-streamwise coordinate

:\

==

= o=

Therefore, the present experimental investigation was
undertaken to extend the understanding of these effects
by considering broader test conditions (Req = 72-333;
more hydrocarbon fuels) and reevaluate the validity of
the proposed evaporation model by Wu et al. [4] in de-
scribing droplet evaporation at room temperature.

2. Experimental methods
2.1. Apparatus

The apparatus included an up-flowing air wind tun-
nel with the test liquid droplet suspended near the axis at
the downstream end of the wind tunnel, where the de-
tailed information was provided in Ref. [4]. This con-
figuration provided both satisfied quasi-laminar (with
the contraction nozzle) and typical turbulent (without
the contraction nozzle) pipe flow properties for droplet
evaporation experiments. To generate the required tur-
bulent intensities and length scales, a circular disk plate
was placed at different locations within the vertical long
pipe to create a nearly homogeneous turbulent envi-
ronment with «'/U = 1-60% and ¢ = 3.6-38 mm at the
test section [4]. To obtain smaller integral length scales
in this study, a perforated plate was placed in the con-
traction nozzle followed by a constant-diameter mixing
tube with different lengths (Fig. 1). By changing plates
with different porosities in the contraction and mixing
tubes, we are able to achieve £ = 1.1 mm, which is either
smaller or comparable with the size of the liquid droplet.

2.2. Instrumentation

Description of instrumentation about the current
research can be found in Ref. [4] and will not be de-

scribed in detail for brevity. Free-stream flow fields in
the test section were measured using a traverible laser
velocimeter with MgO as the seeding particles. Experi-
mental uncertainties (95% confidence) 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 less than 10%, and
temporal power spectrum less than 20%. A digital CCD
camera was used to record the droplet images using sha-
dowgraph technique. Concepts of equivalent spherical
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Fig. 1. Schematic diagram of turbulence generator using per-
forated plate with circular tube and contraction.
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to ellipsoidal volume were used to compute the droplet
diameter. Data were obtained by averaging over 3-5
times of experiments to reduce the experimental uncer-
tainties. Estimated experimental uncertainties (95%
confidence) for droplet diameter was less than 3%.

2.3. Test conditions

Tested droplet Reynolds numbers are in the range of
72-333 to more or less represent typical flow conditions
in sprays. Droplet sizes range from 1.5 to 2.5 mm.
Typical test conditions generated by the perforated plate
for suspended liquid droplets in turbulent environments
with ¢/d ~ 0.44-1.47 and u'/U. = 4-40% (Req = 240—
333). Other test conditions using the circular disk are not
listed here for brevity and can be found in Ref. [4]. Mean
streamwise velocities at the axis of the tunnel were in the
range of 0.5-2.5 m/s depending on the Reynolds num-
bers and droplet size. As in previous study [4], the am-
bient flow properties were averaged over the central
region of the tunnel exit, e.g., 0.1 < y/D; <0.1. Resulting
isotropic values in fluctuating velocity, ' /v, were in the
range of 0.82-1.41, which represented that the isotropic
turbulence approximation was valid. Streamwise inte-
gral length scales were found using Taylor’s hypothesis,
¢ = Urt,, where 1, was fitted from the measurements of
temporal power spectrum of velocity fluctuations at very
low frequency and turbulence intensity, assuming iso-
tropic turbulence [4]. Resulting ratios of streamwise in-
tegral length scale to droplet diameter were thus in the
range 0.44-20, which is wider than the previous study
[4]. Moreover, the turbulence Reynolds numbers, Rey,
ranged 15-280, which were definitely representative of
fully developed turbulent flows as discussed by Tennekes
and Lumley [7]. Five liquid fuels, including pentane,
hexane, heptane, octane and decane were used as the test
droplets at room temperature.

In summary, the turbulent flow properties at the exit
of the tunnel with a perforated plate in addition to those
established previously [4] are nearly isotropic and homo-
geneous (u' /U, = 1-60%, £/d = 0.44-20) in a region of
24 %24 x 30 mm near the axis. This region is reasonably
uniform for further droplet evaporation measurements
discussed later.

3. Droplet evaporation
3.1. Droplet evaporation in quasi-laminar environments

As shown previously [4], the quasi-laminar flow
conditions were obtained with the contraction nozzle at
the end of the wind tunnel. In addition to the data
presented in Ref. [4], we have conducted droplet evap-
oration experiments by including more hydrocarbon

K, /K, ~1+0.27Re " sc!?

(-]
¥
-
M
2 - -
SYM. Fuel Source
O Hexane Present
14 O  Heptane Wu et al. (2001) -
v Octane Present
A Decane Wuetal. (2001)
0 T T T T T T T T T
0 5 10 15 20 25
Red'/z N

Fig. 2. Measured Frossling correlation for hexane, heptane,
octane and decane fuel droplets at intermediate Reynolds
numbers.

fuels (hexane and octane) to test if the Frossling corre-
lation is suitable for describing the droplet evaporation
in quasi-laminar environments. Results of normalized
evaporation rate, Ki /Ky, as a function of non-dimen-

sionless number, Re(li/zScW, are illustrated in Fig. 2
including hexane, heptane, octane and decane hydro-
carbon fuels for Reynolds number in the range of 60—
500. Previous data of Wu et al. [4] are also included in
the figure for completeness. Results show the Frossling
correlation, Ki /K, = 1 —Q—FORe‘li/zScm, are reasonably
well with F; fitted as 0.27, which is close to the value of
0.276 obtained by Frossling [8]. Details of parameter
definition and source of physical properties can be found
in Ref. [4] and are not repeated here for brevity. Nev-
ertheless, the absolute data of evaporation rate for
heptane and decane obtained in the current study for
quasi-laminar flow condition are compatible with those
of Gokalp et al. [3].

3.2. Droplet evaporation in turbulent environments

In the current study, we have measured the droplet
evaporation in turbulent environments with normalized
integral length scale £/d = 0.44-20 at Req = 72-333 with
approximately the same range of turbulence intensities
(1-60%). Droplet Reynolds numbers is varied by care-
fully adjusting the size of tested liquid droplet (1.5-2.5
mm) and speed of the wind tunnel (0.5-2 m/s). Wu et al.
[4] have shown that, for heptane and decane fuels with
¢/d =2-20 and Req = 100, an effective vaporization
Damkohler number (Da,) can be used to reasonably
correlate the effects of the ambient turbulence on the
liquid droplet evaporation at these conditions. Note that
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this effective vaporization Damkohler number is defined
as the ratio of turbulence-eddy time scale to the evap-
oration time scale based on thin film theory [3.4].
However, it is uncertain that if the proposed correlation
in Ref. [4] can be extended to other hydrocarbon fuels at
intermediate droplet Reynolds numbers for single
droplet evaporation. Therefore, it is interesting to re-
evaluate this correlation using the new measurements
including more fuels and wider ranges of droplet Rey-
nolds numbers. Detailed procedures of computing re-
lated properties and parameters have been demonstrated
in Ref. [4] and are not repeated here for brevity.

Fig. 3 illustrates the normalized evaporation rate
constant (K /Ky ) as a function of the Damkohler number
(Day), which extends over four decades (0.0001-1), for
various hydrocarbon fuels and Reynolds numbers in the
range of 72-333. Previous results of droplet evaporation
for heptane and decane fuels with ¢/d =2-20 and
Req = 100 [4] also have been included in the figure for
completeness. In general, K/K; correlates reasonable
well with Da, with two distinguished regimes. One is
with turbulence effect (0.0001 < Da, < 0.1) where K/K},
decreases with increasing Da,, while another is without
turbulence effect (0.1 < Da, < 1). For very small
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Fig. 3. Normalized evaporation rate as a function of effective
vaporization Damkholer number at Reynolds numbers in the
range of 72-333.

Damkohler number cases (Da, = 0.0001), the increase of
droplet evaporation rate due to the ambient turbulence
can be as high as 150%, as shown in Fig. 3. However, for
large Damkohler number cases (0.1 < Da, < 1), the ef-
fect of the ambient turbulence is found to be practically
negligible considering the experimental uncertainties.
The correlation formula for the regime with turbulence
effects can be expressed as,

K
o =0.771Da;*""" for 0.0001 < Da, 0.1, (1)

L

Comparing the current value of pre-exponent factor
(0.771) with previous value (0.741) [4], the change is
relatively small even with much larger database in the
current study. This study nevertheless validates previous
proposed correlation with slight changes. Thus, for a
single hydrocarbon liquid droplet in turbulent environ-
ments at intermediate Reynolds numbers, its evapora-
tion rate can be easily computed using the above
proposed correlation once we know the droplet Rey-
nolds numbers and evaporation rate in laminar.

4. Conclusions

The evaporation rate of single suspended liquid fuel
droplets, including hexane, heptane, octane and decane
fuels, in quasi-laminar and turbulent environments was
studied experimentally at intermediate droplet Reynolds
numbers (Req = 72-333) at room temperature. The
turbulent environments involved conditions near the exit
of a vertical and open-air wind tunnel with nearly iso-
tropic and homogeneous turbulence properties using
either a circular disk or a perforated plate in the wind
tunnel. The testing turbulent flow conditions include
turbulence intensities of roughly 1-60% and ¢/d in the
range 0.44-20. Experimental results show that two dis-
tinct regimes for normalized evaporation rate are found.
One is with turbulence effects (K/Ky o Da;%!'") for
0.0001 < Da, < 0.1 and another is without turbulence
effects (K/Kp ~ 1) for 0.1 < Da, < 1.
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