REAFEEBUKNSFY

Tohoku University Repository

Unsteady Behavior Droplet Combustion in Forced
Convection(U DU O UOOUOOUOOUOOOOOO
OO0oooooo)

0ad Mehdi Jangi

O 53

Oo0ooono 4083

URL http://hdl._handle.net/10097/42497




H—Ti CHAE
K # Mehdi Jangi
= 5 % (i L (I%
FUREGEAB FK214F3H25H
AR S ORMESR ARAE 4 R75 18
HIERlL FWOLAH LK TFRFH LFEER (B30 MzeFH THEE%
¥ {f G L M H Unsteady Behavior of Droplet Combustion in Forced Convection
(R 1) DIREIRBEDIEE 72BN B3 D1 5%)
ffoH #H B HERTERE R BH
amo % EE B OFE OHIERFERE M BIE O REIEREEE A 1
RALRFHEER AH K FAL RS MR "H #—

m XN REE G

The objectives of the present study were to explore the fundamental mechanisms of the combustion of a fuel droplet in
unsteady oscillatory flow, especially at elevated pressure. The present study is of importance because of our very limited
knowledge of the phenomena during combustion/evaporation of a fuel droplet in the presence of airstream fluctuations. The
knowledge obtained by this study gives us new insights into the effects of turbulence on the evaporation and combustion of
fuel sprays, which is essential for improving the performance of practical spray combustors.

The present Ph.D. project consisted of two parts. In the first part, an extensive experimental study was performed to
observe the behaviors of a single suspended buming droplet under microgravity conditions. The drop-shaft facility at MGLab
located in Toki City, Japan was used to conduct the experiments. In the second part, an original computational code was
developed for reproducing and simulating experimental data on vaporization and combustion under microgravity conditions in
order to investigate the involved mechanisms. The code is based on the finite volume method using SIMPLE algorithm for
solving the flow field. The viscous effects, unsteady effects and all the transient processes in both liquid and gas phases, as well
as the chemical reaction in the gas phase were included. The experimental and numerical results of the present study clearly
show the inability of current classical quasi-steady model, which is widely used in contemporary spray modeling for predicting
the vaporization/combustion of fuel droplets in the presence of flow fluctuation.

After the first chapter, in which the background of this study is presented, in the second chapter, interesting new findings
of the experimental studies are presented, namely, the domination of the droplet lifetime by maximum value of the upstream
velocity, which means a significant enhancement of the burning rate in the presence of flow oscillation and hysteresis behavior
in bumning rate in oscillatory flow. None of these phenomena can be described by quasi-steady models.

In the third chapter, based on precise experimental observations and by utilizing dimensional analysis of the enersy

conservation equation, a new criterion is proposed for the condition in which the quasi-steady assumption is valid and for that
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in which it is not. The dimensional analysis led to formulations of a new time scale. Based on this time scale, which we call the
response-timescale, a new Damkshler number, termed the response-Damkdhler-number was formulated. Using the definition
of the new time scale and that of the Damkdhler number, unsteady behaviors of dmplet combustion under conditions of
various pressures and varying force convection were examined. Using the response-Damkdhler-number and the deviation
factor between the actual instantaneous buming rate and the bumning rate predicted by the quasi-steady theory, droplet
combustion is categorized into four specific regimes.

Another part of this project was the development of an original numerical code to investigate the phenomena observed in
the microgravity experiments. The fourth chapter details development of this for simulating an evaporating fuel droplet without
combustion in unsteady forced convection to understand the behavior of vaporizing boundary layer around droplet in a hot
oscillatory convective airstream as a first numerical approach. The validity of the code was examined by comparison between
present numerical results and the existing numerical simulations, as well as with reference to experimental data on the flow
over a sphere and evaporation of a suspended droplet in microgravity. Excellent agreement between our results and those
reported in the literature for the flow over a sphere was confirmed. The value of the Nusselt and Sherwood numbers, the
reattachment length in the wake region and the separation angle were the parameters used for comparisons. The time history of
the square of the droplet diameter calculated in this study was compared with numerical resulis of other researchers and
experimental data reported in the open literature for an n-heptane fuel droplet in a hot quiescent atmosphere. In the case of a
fuel droplet in a hot airstream, a vaporizing n-decane fuel droplet was simulated and the results were compared with the
experimental and numerical data available in the literature. There was good agreement between the two.

After examination of the validity of the code, an evaporating droplet in oscillatory flow was numerically investigated.
Since these calculations were conducted to explore the features of the flow pattern in low frequency Lipsl:ream oscillatory
velocity consistent with the conditions of the microgravity experiments, the examined frequencies were chosen from 1 Hz to
75 Hz with an oscillation Reynolds number Re, from 2.5 to 80. The response of evaporation to the variation of the oscillation
frequency and amplitude were investigated separately.

The numerical results showed that with increasing amplitude of oscillation, the evaporation rate increased. As for the
Tesponse of the evaporation to the frequency of oscillation, it was found that the response occurred in different modes
depending on the frequency and amplitude of the oscillation. One mode of the response is synchronous with the main flow
oxcillation and is not sensitive to the changing of the oscillation frequency. The quasi-steady condition was attained, contrary to
What occurred in the other mode where the response was asynchronous with the main flow oscillation and was unsteady.
However, the evaporation rate in all conditions was shown to be enhanced in oscillatory flow compared with that in quiescent
alr.

To quantify the conditions of the transition from the quasi-steady to the unsteady response, use of the oscillation Strouhal
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number S, was proposed in this study. This number shows whether the time scale of the oscillation compared with the flovy
time scale is sufficiently long to let the boundary layer around the droplet reach the quasi-steady condition or net, T
numerical results showed that at a low Sy, a quasi-steady boundary layer was formed, whereas by increasing the §, the
quasi-steady condition could not be aftained.

The fifth chapter details numerical analysis of droplet combustion in oscillatory convective flow at elevated presgy,
performed including the chemical reaction in the code. The validity of the numerical results was examined by comparison wig,
the experimental data obtained from microgravity experiments for combustion of a single suspended 1-butanol droplet
performed in the present study. The time history of the normalized square of droplet diameter and the position of the bow point
in Schlieren images were the parameters used for comparisons.

In excellent agreement with the experiments, the numerical results showed that oscillation of flow significantly enhanced
the bumning rate compared with that of the burning rate in a constant flow. Numerical results confirmed that the lifetime of 3
single suspended droplet is dominated by the maximum value of the velocity, this finding being absolutely consistent with
microgravity experiments. Since the experimental wave forms of the upstream velocity oscillation used in microgavity
experiments were complicated, it was first required to show that the pattern of oscillation does not change the outline of the
overall vaporization processes. Therefore, several cases of the oscillation wave form were examined in order to clarify the
identical characteristics of droplet behaviors in oscillatory flow.

After the clarification of the effects of the specific oscillation wave forms on the overall processes, local responses of the
boundary layer to the flow oscillation were investigated to explore the phenomena that are responsible for the enhancement.
Results showed that depending on the oscillation Reynolds number, there are three mechanisms that result in the enhancement.
At a low oscillation Reynolds number, Re. = 30, the first mechanism of the enhancement, herein termed diffusion-time-delay
is dominate. In this condition it was shown that the flame in the forefront of a droplet during the deceleration period does nat
retumn to its position in a constant flow with equivalent velocity. This is due to a diffusion-time-delay that is required for the
flame to adapt to the upstream variation.

At a large oscillation Reynolds number, e.g., Res. = 100, the second mechanism, i.e., vortex-flow motion, is dominate.
This vortex motion was generated outside of the droplet flame and subjected to the positive pressure gradient behind of the
droplet, which led to the movement of the flame to the droplet surface in the wake region. These effects are significant at high
pressure because of the decreasing of the vortex dissipation rate, which is a consequence of decreasing kinematic viscosity at
elevated pressure. The movement of the flame results in a decrease of the average distance between the flame and the droplet
surface in the wake region compared with that at constant flow with an equivalent velocity, thus the local evaporation rate is
significantly enhanced there.

Different from the first mechanism (diffiision-time-delay) and second mechanism (vortex-flow motion) of the burnifg
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mte enhancement, which are influential in the deceleration period, the third mechanism, that is overshooting, affects the
phenomena during the acceleration period. Overshooting of K during the flow acceleration compared with that in an equivalent
constant flow velocity is a consequence of the increase in the forefront of translative flow momentum. When the flow with
high inertia approaches the droplet, flame moves closer to the droplet before its momentum balances with the Stefan-flow
generated by vaporized fuel. This results in an increase in the gradient of temperature at the flame in oscillatory flow compared
with that in the case of constant flow. This increase of the temperature gradient causes an increase of the heat conducted from
the reaction zone to the droplet, i.e., enhancemnent of the buming rate and overshooting of K.

The contribution of the enhancement of bumning rate in the low velocity interval is much larger than that for the high
velocity interval in all conditions with a wide range of Reynolds numbers. However, at a large oscillation Reynolds number,
the phenomena are highly convective controlled. The strong convection in these conditions is provided by the
vortex-flow-motion, which is mainly generated and affects the wake region of the droplet. Therefore, in this condition,
enhancement of the evaporation rate in the wake region of the droplet is the main factor which confributes to the total
enhancement of buming rate.

Contrarily, at a low oscillation Reynolds number, although the interval of the low velocity contributes to the enhancement
of the buming rate, since the generated vortex-flow-motion is weak, the phenomena at low velocity are highly diffusion
controlled. [n this order, the enhancement of the buming rate in the forefront of the droplet caused by the diffusion-time-delay
mechanism, the first mechanism of the enhancement, to the total enhancement of buming rate.

The overshooting effect is amplified at elevated pressure and high frequency. Since the density of gas at high pressure is
large, acceleration of the flow results in a greater increase in flow inertia, hence a larger overshooting of K. Oscillation of the
flow with higher frequency also increases the flow acceleration, which means a larger increase in flow inertia, and leads to
larger overshooting of K.

Finally, after the investigation of the hysteresis behavior of buming rates in various oscillation pattemns, the mechanism of
the hysteresis was examined. To this end, numerical results for a buming droplet at oscillatory flow in which the upstream
velocity oscillates with a step pattern was used. It was clarified that the hysteresis behavior is a consequence of the difference in
the response of the flame to deceleration compared with that to the acceleration of upstream velocity during its oscillation.

The sixth chapter provides a summary and conclusions of the previous chapters.
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