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STATEMENT OF PROBLEM 

There have been relatively few studies of the effect of turbulence on droplet drag, 
droplet dispersion, droplet vaporization and secondary droplet breakup, particularly under 
conditions relevant to Diesel fuel sprays. The following is a brief summary of this work. 

Droplet Drag: There have been numerous studies of the effects of free-stream turbulence on 
droplet drag [1-11]. The most pronounced effect is on the critical Reynolds number (Rec) 
which is found to decrease with increasing turbulence intensity [1-5]. A number of studies 
have reported an effect of free-stream turbulence on droplet drag at Reynolds numbers both 
less than and greater than Rec [4-10]. Most studies have shown that droplet drag increases 
with increasing lrei, which is defined as the rms fluctuation in the gas velocity divided by the 
relative mean droplet velocity; however, some studies show decreased drag [5,6] or negligible 
effects [8-10] at certain Reynolds numbers. And among those studies which show an 
increase, there are differences in the dependence on lrei. Evidence of an effect of the ratio of 
the droplet diameter to the turbulence integral length scale [9] and of the turbulence energy 
spectrum have also been reported [11]. At Reynolds numbers below Rec, the effect of free- 
stream turbulence on droplet drag is primarily attributed to changes in the structure of the 
droplet's wake. Although it has been clearly established that free-stream turbulence affects 
droplet drag, there is no consensus regarding the exact relationship between turbulence and 
droplet drag. In addition, most of these studies have been conducted using solid spheres and 
at conditions far removed from those encountered in Diesel sprays. For example, the 
combined effects of vaporization, which decreases droplet drag in laminar flows, and of 
turbulence, which is generally agreed upon to increase droplet drag, has not been studied at 
all. 

Droplet Vaporization: Very few studies of the effect of free-stream turbulence on droplet 
vaporization have been reported. There have been, however, a number of studies of the 
effect of free-stream turbulence on heat transfer from droplets [12-15] which are indicative of 
the effects on vaporization. All of the heat transfer studies show that the rate of heat transfer 
increases with turbulence at Reynolds numbers both below and above the critical Reynolds 
number, where the dominant factor is the turbulence intensity. There is also some evidence 
that the spectral energy distribution [12,13] and the ratio of the droplet diameter to the integral 
length scale [14] have an effect on the rate of heat transfer. More specifically, several studies 
have found that the Nusselt number increases linearly with lrei [14,15], which is defined as the 
rms fluctuation in the gas velocity divided by the relative mean droplet velocity. Recently 
Gökalp et al. [16] reported on results from a study of the effect of free-stream turbulence on 
droplet vaporization. They found that the effect of mean relative velocity on the vaporization or 
mass transport rate increased with turbulence intensity. Their results also indicated that there 
was an effect of the turbulence length scale in that small scale turbulence was found to have a 
greater effect on the vaporization rate. And finally, they reported the somewhat surprising 
result that under the conditions of their tests, the vaporization rate of decane droplets 
increased with increasing turbulence intensity, while the vaporization rate of heptane droplets 
was found to be insensitive to turbulence. They argued that this was related to the ratio of the        !z| 
characteristic time scale for vaporization to the characteristic time scale of turbulent eddies of 
the same size as the droplet. These results are interesting and they are consistent with the 
previous studies of the effect of turbulence on heat transfer; however, they are very limited in 
terms of the number of conditions studied and in terms of the specific conditions studied being 
far removed from Diesel spray conditions. 
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Secondary Droplet Breakup: Although there have been numerous studies of secondary 
breakup in laminar flows, very little is known about secondary breakup in turbulent flows. In 
1955, Hinze proposed two concepts related to this phenomenon [17]. One is that breakup 
occurs when the total local shear stress is greater than the sum of the surface tension forces 
and viscous stresses inside the droplet. The second is that only the energy associated with 
eddies smaller than the droplet diameter is available to cause the droplet to breakup. He also 
argued that this would cause a "bulgy" mode of breakup, whereby the droplet develops 
protuberances and breaks up into a small number of relatively large droplets. Although there 
have been a few experimental studies [18-21] supporting these concepts, including 
photographic evidence of the breakup mechanism [21], much research remains to be done 
before secondary droplet breakup in turbulent flow is understood and can be predicted. 

Droplet Dispersion: Classical particle dispersion theory, which is based on a statistical 
description, was developed by Taylor [22] and predicts that dispersion increases with time 
squared for times much shorter than the integral time scale and with time linearly for times 
much greater than the integral time scale. In 1971, Snyder and Lumley [23] experimentally 
confirmed Taylor's theory.   More recently, various dispersion models [24-27] have been 
developed based on the interaction between the droplet and individual eddies in the turbulent 
flow. In these models, dispersion is dependent on the droplet relaxation time, the turbulence 
integral time scale and the characteristic interaction time between the droplet and the flow. A 
limitation of Taylor's dispersion theory and an unresolved difficulty in the more recent 
trajectory-type dispersion models is accounting for situations which are typical of real sprays 
where the droplets have non-negligible inertia and large relative mean velocity, and as a result, 
the interaction time between the droplet and the turbulent eddies is changing with time. 
Dispersion measurements under such conditions are necessary for successful development 
and validation of current trajectory-type dispersion models. 



RESULTS FROM ARO-FUNDED STUDY 

The results from the recently completed study can be separated into two parts. The 
first part pertains to a study of the effects of vaporization and unsteady curvilinear motion on 
droplet drag and lift in a laminar flow. The results from this part of the current study are as 
follows: 

1) Under the experimental conditions of this study, the drag coefficient was not modified 
by unsteady curvilinear droplet motion. Lift was observed, but only at relatively high 
droplet Reynolds number (20<Re<38) and under vaporizing conditions. The effect of 
lift on the droplet trajectory was significant even though the magnitude of the lift 
coefficient was relatively small (CL/CD » 0.1-0.15). 

2) Several existing engineering drag correlations were examined, based on directly 
measured droplet acceleration. Drag coefficients calculated using numerically 
proposed drag correlations (the Chiang and Sirignano [28] correlation and the 
Renksitzbulut and Yuen correlation) showed better agreement with measured drag 
coefficients than those calculated by the experimentally developed correlation of Chen 
and Yuen [29]. However, the calculated trajectories in the present experiments were 
relatively insensitive to these drag correlations, even though the drag coefficients 
predicted by these correlations differ by 20-30%. 

The second part of the current study pertains to a study of the effects of free-stream 
turbulence on droplet drag, droplet dispersion and secondary droplet breakup. The results 
from this part of the current study are as follows: 

1) The time-averaged drag force on a droplet in a turbulent flow increased as relative 
turbulence intensity increased under the present experimental conditions. The time- 
averaged drag force in a turbulent flow was large compared with that in a laminar flow 
at the same Red, for example, as much as 85% at lrei = 40%. 

2) An empirical correlation between the time-averaged drag and the relative turbulence 
intensity was developed. The drag force estimated using this correlation agrees well 
with the measured drag force, i.e., within 20%. This correlation implies that changes in 
the time-averaged drag coefficients under the present experimental condition might not 
be significant, but the effect of velocity fluctuations on the time-averaged dynamic 
pressure force (l/2p t/re/

2) is significant. 

3) Photographs of droplet breakup in turbulent flows have been taken which show that the 
nature of the breakup process is phenomenologically different in a turbulent flow. The 
so-called "bulgy" breakup mechanism [17] was observed, as well as the fact that fewer 
and larger droplets are produced compared to the laminar case. 

4) Using the drag correlation developed in this study, the onset condition of droplet 
breakup in a turbulent flow was predicted. The onset condition of breakup predicted 
using the drag correlation agreed well with experimental observations. This agreement 
supports the validity of the proposed drag correlation. On the other hand, the critical 
droplet Weber number suggested by Hinze [17], which was developed based on the 
assumption that the droplet interacts only with microscale turbulence, was also 
examined in the present breakup experiment. The result indicated that the droplet 
cannot be broken up at the condition predicted by Hinze. This implies that the 
turbulence scale associated with droplet momentum transfer is not the microscale, but 
the macroscale. 



5)        The droplet dispersion experiment conducted in the present study showed that the 
dispersion increased as a function of t3, while the relative droplet velocity decreased. 
This increasing rate of dispersion was compared with that predicted by the classical 
dispersion theory which assumes that the droplet relative velocity is constant and 
predicts that dispersion increases as a function of t2. Using the concept of droplet 
interaction time with turbulence eddies, the rapidly increasing dispersion under the 
present experimental conditions was explained. 
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