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Studying droplets in microgravity

Microgravity represents a unique environment where experiments can be carried out to investigate unexplored branches of science. To this end, several spaceflight analogues are available to scientists to generate microgravity on Earth of different levels and durations. Aim of the paper is to report the first experimental results concerning the evaporation and combustion of droplets carried out at the ZARM micro gravity drop tower facility in Bremen. Droplets composed of fuel binary mixtures and water-in-oil emulsions have been studied in single droplet test cells specifically designed for microgravity conditions. The test cells are equipped with CMOS cameras and several sensors (bare thermocouples, pressure transducers, etc.) to control and manage the test progress inside the cell. The cells dedicated to droplets combustion studies are also equipped with UV, and IR sensors for the radiometric measurements. These measurements, coupled with CMOS camera video and the signals from the thermocouples, allow for a more comprehensive thermo-optical investigation of the processes exhibited by droplets. Miniaturization, robustness and lightness have been the main design constraints of the experimental system, being subject to accelerations/decelerations up to 50 g during the operation in the ZARM drop tower.

Introduction

One of the most common questions relates to the usefulness of microgravity in the study of droplet combustion. Typically, hundreds if not thousands of reactions are required to describe completely the chemistry of the combustion process of a fuel. In addition, the complex chemical kinetics must be combined with the complex fluid dynamics. Thus, chemical kinetics is usually reduced to acceptable computational cost by using lumped or simplified models. Microgravity drastically reducing or cancelling the buoyancy, makes the fluid dynamic processes negligible, thus permitting to focus all the experimental and modelling efforts on the chemistry of the processes. This can open the prospective to new unexpected clean and efficient combustion modes, especially in the case of new-nevertested fuels. Microgravity, transforming the complex 3D fluid dynamics of the combustion of a droplet into a 1D problem, represents a unique and very useful "tool" in this context, as it allows the transformation of complex 3D flames into spherical symmetry structures. Space is the ideal place to carry out long-lasting microgravity experiments. However, microgravity environments can also be achieved on Earth by placing an object in a state of free fall. Several platforms have been developed to generate microgravity environments characterised by different levels and durations. The drop towers, where the experiments are left fall freely, represent the most immediate example. In such facilities, the duration of microgravity depends on the length of the fall. A non-exhaustive list of the most important drop towers is:

• ZARM Drop Tower Bremen (Germany): 4.7 seconds, 10 -5 g, 9.4 seconds with catapult, 3 drops /day [START_REF] Könemann | Bremen Drop Tower -Payload User's Guide[END_REF] • NASA zero-g (USA): 5.2 seconds, 10 -5 g, 7 drops / week [START_REF]Zero Gravity Research Facility[END_REF] • Hokkaido University (Japan): 3 seconds, 10 -3 g [3]

• ZARM GraviTower Bremen Pro (Germany): 2.5 seconds, 10 -4 g, over 960 experiments / day [START_REF] Könemann | Bremen Drop Tower -Payload User's Guide[END_REF] • NASA 2-second (USA): 2.2 seconds, 10 -3 g, 15 drops / day [START_REF]NASA, 2.2 Second Drop Tower[END_REF] Longer microgravity times can be achieved by using parabolic flights (10 -2 -10 -3 g; tµg ≈10-20 s), sounding rockets (10 -4 g; tµg ≈ 3-10 minutes), and most recently by suborbital flights (tµg ≈ several minutes) [START_REF] Pletser | [END_REF]. Even the International Space Station, which orbits about 400 km above our heads, is actually in continuous free fall. Due to the Earth's gravitational pull and atmospheric drag, ISS describes a spiral at ever-lower altitudes and therefore it is periodically brought back to its nominal altitude. However, due to its very high speed of more than 27,000 Km/h, the orbital decay is limited to 2 km per month [START_REF]International Space Station[END_REF]. In this paper, the payload, i.e., the experimental set up, designed and realised to study unsteady droplet dynamics in microgravity is presented. The first results concerning the experimentation on evaporation and combustion of droplets in microgravity are also reported. The experimentation was carried out at the ZARM drop tower in Bremen (BTD). The design and construction of the payload, as well as the experiment procedure, was particularly challenging in consideration of the enormous mechanical stresses to which the whole structure and the various components were subjected during experimentation in the drop tower. Miniaturization, robustness and lightness have been the main design constraints of the experimental system, being subject to accelerations/decelerations up to 50 g during the operation in the Bremen drop tower 146 meters high.

ZARM Microgravity facility in Bremen

In a drop tower, the microgravity time corresponds to the duration of the free falling flight thus the taller the tower, the longer the duration of microgravity. The ZARM drop tower in Bremen is 146 meters high (Fig. 1). In the free falling mode the experiment, closed in a capsule, is released from a height of 120 m giving 4.74 s of microgravity experiment time. After the experiment is completed, the capsule experiences up to 50 negative g in the deceleration container. To double the microgravity time to 9.4 s, the BTD is equipped with a catapult system: the capsule containing the payload is launched upwards and then falls back to the launch point. Using the catapult mode, the capsule and the enclosed experiments experience an upward acceleration of up to 35 g. In fact, the pneumatically driven catapult takes 0.25 s to accelerate the experiment capsule to a speed of 168 km/h. Before each experiment, the exact acceleration to be given to the capsule is calculated so that it reaches as close as possible the top of the drop tube and thus maximize the duration of the flight. Immediately after the launch, in about 2 s the deceleration unit is moved into position to catch the capsule on its way down. Details on the characteristics and operation of the ZARM drop tower can be found in [START_REF] Könemann | Bremen Drop Tower -Payload User's Guide[END_REF]. In its current configuration, the "Payload", i.e., the experimental set up, consists of three distinct experimental subsystems, each designed to perform a specific experiment on fuel droplets. In particular, two of them are dedicated to the study of the combustion of droplets of fuel binary mixtures; the third system is dedicated to the study of radiative heating of water-in-oil emulsion droplets (Fig. 2). Each system is autonomous (self-governing) and consists of a test chamber (also referred to as "cell" in the text) where the prefixed tests are performed, and instrumentation for management/control and acquisition of analog/digital signals. A computer embedded in the payload manages the subsystems. The START/STOP trigger of the experiments is generated when gravity attains a level less/greater than 10 -1 g. The three subsystems operate in parallel each of them following its specific procedure foreseen. In each test chamber, at the trigger START, a micro-pump flows the fuel quantity programmed to form a droplet of predefined diameter. By a micro hypodermic needle, the droplet is suspended on the cross of silicon carbide fibers. Then, the heating/ignition system is activated to heat/evaporate/burn the fuel droplet. At the trigger START, the high-speed CMOS cameras, as well as all the sensors (pressure, temperature, IR and UV sensors) are activated. The whole experimental system is shut down with the trigger STOP. 

FACTS ABOUT THE DROP TOWER BUILDING

Experimental Procedure

The payload is governed automatically through the use of an industrial PLC and several PLCs of the Arduino families. As shown in Fig. 3, the payload consists of the following main modules: • Imaging System (IS, composed by GO-PRO camera equipped with a telecentric objective) The industrial PLC that controls the basic logic of the experiment, is composed of a main CPU unit (PC module in Figs. 2 and3), and an acquisition block (AB module in Figs. 2 and3) composed by a series of modules that can be placed side by side. The PLC has been configured with various IO modules and thermocouple sensors capable of acquiring all the signals required to perform the experiment. Some of the input modules are programmed to enable operational triggers of the different phases of the experiment sequence. Concerning the peripheral PLCs, the MEB, home made, was equipped with an "Arduino Uno" properly programmed to manage:

• the "MPU 6050" module equipped with 9 axes: 3-axis gyroscope + 3-axis accelerometer + 3-axis magnetic field sensor. The accelerometer data are sent to the PC via RS-232 serial module for their monitoring and saving; • the stepper motor drivers for moving the needle and the resistive coil inside the CCA and CCB cells. This action can be implemented both sequentially from the PC and manually using buttons for positioning the offset of the stepper motors. To optimize space, the needle and the resistive coil are structurally linked to each other and move simultaneously by means of a single stepping motor. For this reason, after appropriate calibrations, the exact number of steps that the stepper motors must carry out in the different phases of the experimentation have been identified. Furthermore, the MEB module manages the power signals for the PWM modulation, suitable for regulating the power used by the resistive coil and the luminosity of the LEDs inside the CCA and CCB cells. The MDP, based on an "Arduino Nano", manages the micropump drivers for the generation of flows in µl/min. This approach is not suitable for single small droplet generation. It has therefore been appropriately optimized from a SW point of view, having the source files of the manufacturer available, for the management of the flows in milliseconds and HW for the management of some input channels suitable for managing the triggers for the formation of the drop itself. The main program, managed by the PC, is structured into several main routines dedicated to:

• Sequence control and operational triggers with external PLCs • Saving data on file • Temperature control of the ignition of the droplet in the combustion experiments. The CPU can manage 8 independent routines with different timings according to the needs. In the specific case, a 10ms routine was used to manage the PLC program loop, the signal datalogger, the relative data saving and the control of the temperature probes. A slower routine, at 100ms, is instead used in the non-strictly useful phase of the experiment to limit the amount of data saved. The PC manages the synchronization and actuation of the experimental sequences programmed in each of the test cells. The cells CCA and CCB are dedicated to the study of the combustion of drops of binary fuel mixtures while the third cell, EEC, is used to study the behaviour of emulsion drops at high temperatures. The PC manages, via the triggers sent to the MEB, the actuation phases of the step motors for moving the needle and the resistive coils used in the combustion cells. It also manages the PWM modulated power part, via the MEB, for the control of both the LEDs for the internal illumination of the cell and the resistive coils to ignite the droplets. The trigger at the start time of the experimental sequence, ts, is given when the desired level of microgravity is reached. In the current configuration of the payload, it can be actuated by using an internal or an external trigger. In the internal trigger procedure, the trigger is managed by the main MEB board through the analysis of the accelerometer data of the MPU 6050 module placed in the payload. A real-time moving average is performed on data samples acquired by the accelerometer at 20Hz. This procedure is adopted to avoid the generation of false trigger due to the oscillations in g values typically observed during the first phases of the microgravity time in spaceflight analogous systems. In the drop tower experimentation, being the microgravity time very short and the start time of the microgravity perfectly known and scheduled according to the operations of the drop tower, an experimental procedure based on a pre-trigger signal at t=ts-S was adopted. In that case, the timing of the experimental sequence was given using the external trigger provided by the control room that manages the operation of the drop tower. In particular, a signal is provided when the catapult starts the launch operation or when the payload is released from the top of the drop tower, depending on the specific drop tower operation applied to generate microgravity. In the experimentation carried out at ZARM drop tower, it was decided to start the experiment sequence at a time S=42 s before microgravity and so a pre-trigger signal at t=ts-42 s was transmitted by the drop tower control room to the payload. The data from the MPU 6050 accelerometer module were however acquired to characterize the microgravity profile and for the analysis of the observed phenomena.

Once the PC has received the microgravity pre-trigger signal, it starts the first phase of the experiment sequence by: i) sending the start to the EECB module for the preheating of the radiant panels in the emulsion cell; ii) enabling the video recordings of all the three cells (cameras IS_EEC, IS_CCA and IS_CCB) (Fig. 3). The preheating time of the radiant panels is set to 42 s in order to reach and stabilize their temperature to 350°C. This temperature was established based on laboratory tests conducted to determine the best experimental conditions for having microexplosion phenomena in emulsion droplets. After elapse S time, the drop tower control room sends the external trigger for the microgravity status. The trigger will let the PC enter the second phase of the experiment and start logging the data in a new file using the 10ms routine. The PC, then, commands the EECB that starts the internal sequence programmed for the experiment. The EECB will position through a retractable needle a drop of emulsion at the intersection of the wires by managing a micropump external to the cell. The latter will create a drop of size 2 mm +/-10% in the pre-established time of 1s.

The needle is then retracted after the time necessary for the droplet to form. The radiative panels will provide the heating to study the behaviour of emulsion droplets at high temperatures. At the same time, the PC sends to the CCA and CCB cells the signal for positioning the tip of the needle at the crossing of the wires where the fuel droplet will be released. To minimize space occupation inside the cells, the needle for the droplets formation and the resistive coil for their ignition are fastened on the same construction element fixed to the slide of a single stepping motor. Thus, the PC sends a succession of triggers to the MEB so that, based on the vector of pre-established times, it executes the correct experimental sequence of steps in the established time. Therefore, after waiting the time programmed in the MPD PLC for the formation of the droplet of predetermined size, the PC sends the next trigger to the MEB for switching ON the ignition coil and positioning it below the droplet. In the droplets ignition phase, the PC continuously monitors the temperature read by the thermocouple placed in the region outside the droplet (see the next Cell Design section) to calculate and send the signal to switch OFF the ignition coil and move it away from the droplet as soon as ignition occurs. This is to reduce the influence of the heat from the ignition coil on both the combustion process and the reading of the IR sensors. The temperature control to monitor the successful ignition of the droplet is carried out by evaluating a temperature variation of 20°C in 10 ms. Nevertheless, there is a time limit of 3 s beyond which the system, for safety reasons, turns off the resistive coil for lack of ignition. After a time limit of 15 s, when the system is no longer in microgravity, the needle parking signal is sent. During this phase, the values of the acceleration on the three axes and the data of temperatures, UV signals, IR signals, and trigger status relating to the CCA and CCB cells are saved every 10 ms.

High Temperature / Combustion Droplet Cell Cell Design

The SDTCs for high temperature/combustion tests are made of 7075-T6 aluminum, square in shape with closure flanges at the top and bottom (Fig. 4, left). Inside the cell a fuel droplet is formed and heated at high temperature. A thin bare K thermocouple, TC1 (φ= 50 µm) is placed strictly close to the wires cross. When the droplet is formed, it is embedded in the droplets and, hence, used to measure the temperature of the droplet. A second bare K thermocouple, TC2 (φ = 75 µm) is placed at 5 mm from the wire cross and it is used to monitor the temperature in the region close to the droplet surface. The cross of two wires is used to suspend the fuel droplet (Fig. 4, right). In order to reduce the influence of the wires on the heat transfer processes, 75 µm silicon carbide fibers (SCS-Ultra) supplied by Specialty Materials Inc. (USA) were used. The droplet of prefixed diameter is formed using a micro-pump (mp6-liq, Bartels Mikrotechnik GmbH) driven by MPD. The droplet is then deployed on the wires cross by means a thin needle. The ignition coil, formed with a resistive wire, is placed under the droplet and is powered by the power bank placed outside the cell. After the droplet ignites, the ignition coil is immediately turned off and together with the needle is suddenly moved away from the droplet by a stepper motor. The cell is equipped with a pressure sensor (Honeywell, mod. PX2AN2XX150PAAAX), process TCs, light sensors in the UV and IR. The ultraviolet sensor is a SiC photodiode with an integrated UV-B filter for detecting light emission in the range 265 nm -322 nm with a responsivity peak at 300 nm (ifw optronics GmbH, mod. JEA5B). Concerning the infra-red emissions detection, two sensors from Dexter Research Laboratories Inc. are used. They are thermopile detectors equipped with windows with integrated filters that allow the detection respectively in a narrow band (5 -7µm) and wide band (0.58 -50µm) of the infrared longwave emission spectrum. The UV and IR light sensors, which include the electronics for signal processing, are placed inside the cell. Internal structures realized with 3D printing in ABS (Acrylonitrile Butadiene Styrene) are used to house the internal components and sensors (Fig. 4, left). A quartz large optical window, D=50 mm and 5 mm thick, allows for imaging diagnostics of the test droplet by GoPro Hero 9 or GoPro Hero 10 cameras (GoPro Inc., USA). The videos with aspect ratio 16:9 and resolution 2.7k are acquired at 120 frames/s or 240 frames/s, respectively. The telecentric objective (TC13024, Opto Engineering srl, Italy) assures a focal plane at 67 mm with a field depth of 19 mm and an object field of view of about φ = 30 mm.

The lens mounts of the GoPro cameras were modified (Back-Bone Gear Inc., Canada) to fit the C-mount of telecentric objectives. The video sequences are coupled with UV/IR signals for a comprehensive thermo-optical analysis of the droplet combustion process. The cell is sealed from the external environment. The top and bottom flanges as well the windows are sealed with O-rings. All connecting wires for signals or power to components inside the cell are transmitted outside using connectors (T series, LEMO S.A., Switzerland) sealed with 3M Scotch-Weld DP490 epoxy resin. The structural performance of the cell CCB, for combustion experiments up to 0.6 MPa, has been studied using PTC Creo Simulate software. The stress analysis carried out on the cell placed at an internal pressure of 3 MPa (5 times the maximum operative pressure) shows a maximum Von Mises stress of 58 MPa, well below the value reported for 7075 T6 aluminum which is higher than 500 MPa. Even in the case of lightened cells (CCB, the cell for combustion experiments at atmospheric pressure), the maximum Von Mises stress is 215 MPa. The trigger of the experiment actuates the combustion test in each cell with the following sequence:

• 

Experimental results

Figure 5 (top) reports the thermo-optical analysis of a burning droplet with a diameter of 2 mm composed of ndecane/hexanol 50%/50% v/v. The blue data represent the temperature of the droplet (measured with the thermocouple placed at the cross of the suspension wires and, hence, embedded in the droplet), while the red data indicate the temperature of the environment close to the droplet (measured with the thermocouple placed at 5 mm from the wires crosses and, hence, close to the droplet surface). Some images are also reported in correspondence of the most significant phenomena. In this experiment, microgravity was obtained by placing the payload in free falling from the top of the drop tower, with a maximum microgravity time of 4.7 s. At t = 0 ms the payload was released. At the end of the droplet formation phase, the ignition coil is powered and moved upward toward the droplet while the needle is also moved upward away from the droplet, being fixed on the same sled. From the red curve, one can note that the heating starts to be sensed by the external thermocouple at about 1.8 s. This is quite different from ground experimentations when the environment around the droplet is heated much faster, due to the natural convection pushing hot air toward the droplet. In microgravity, buoyancy is inhibited and only radiative heat transfer occurs, thus delaying the heating of the droplet. At around 2.3 s, a net variation of the slope of the red curve is observed that corresponds to droplet ignition. This finds correspondence also in the droplet temperature curve that reports a marked oscillation. This phenomenology of droplet heating and ignition can be analyzed in detail by coupling the temperature from the thermocouples with the IR signals reported in Fig. 5 (bottom). Both IR sensors start to detect radiative thermal emission by the coil already at 1.2 s. As droplet ignition is registered by the external thermocouple, the coil is switched off and moved away from it. The concurring reduction of the heat from the ignition coil and the increasing production of heat from the droplet combustion, generate the double hump behavior in the IR emission between 1.2 s and 3.2 s. The trend of IR emissions recorded in narrow band (5 -7 µm) and wide band (0.58 -50 µm) is essentially the same with the differences in intensity and response time attributable to the different sensitivity, time constant, amplification and field of view of the two sensors. In Figure 5 (bottom), the expected trends for heat decrease from the ignition coil and heat increase from combustion are shown with dashed lines. Interesting enough, UV emissions show a marked signal over the background starting at 2.2 s, about 100 ms before the temperature signatures of droplet ignition. The analysis of the ignition induction time and the corresponding signatures in the thermocouples signals and emissions in the UV and IR spectra certainly deserves further analysis.

To deepen the understanding of the droplet ignition phenomenology, a further observation can be dedicated to the chemical-physical properties of the fluids constituting the combustible mixture. N-decane and 1-hexanol were chosen considering an almost identical boiling point, bp dec =174°C and bp hex =155°C, but a sufficiently different temperature of autoignition, Ta dec =210°C and Ta hex =285°C. As discussed before, from the analysis of temperature data and IR emissions of Fig. 5, ignition happens at around t=2.3 s when the external temperature close to the droplet surface is approximately 200°C (red trend in Fig. 5(top)). This value is very close to the autoignition temperature of n-decane that, therefore, can be identified as responsible of the droplet ignition.

By still looking at Fig. 5, it can be noted that IR emissions present a large hump starting at about 3.2 s and lasting until the end of the microgravity time occurring at 4.377 s. The understanding of this behavior can find some evidence thanks to the imaging analysis of Fig. 6. 

Emulsion Droplet Evaporation/Micro-Explosion Cell

Cell design Water-in-Oil emulsions are known as good substitutes for classical fuels to achieve cleaner and more efficient combustion [START_REF] Dryer | International Symposium on Combustion[END_REF][START_REF] Park | [END_REF]. The micro-explosion phenomenon, induced by the sudden vaporization of the dispersed water phase embedded within the liquid oily layer, creates a cloud of fine secondary droplets, which promotes air/fuel mixing [11] and thus increases combustion performances. The objective of this study on the evaporation of Water-In-Oil emulsion droplets under micro-gravity environment is to gain a deeper understanding of the impact of internal buoyancy on the dispersed phase motions and coalescence on the occurrence of micro-explosion. In micro-gravity, the impact of buoyancy on convection (induced by local densities variations with temperature) is removed and only thermocapillary convection due to surface tension gradient (Marangoni forces) is taken into account in the analysis of the convective flows. This allows the study of Marangoni flows and their influence on the coalescence process of the dispersed phase in an emulsion. • Needle is displaced out of the droplet. • Droplet evaporation/atomization sequence is filmed by the GoPro H10 camera. The emulsion was composed of 7%m of distilled water, 0.8%m of SPAN 83 and n-tetradecane. Emulsion was stirred by a magnetic-stirrer during 30 minutes at 1000 RPM. Combined with the presence of surfactant, this process allows the two phases that make up the emulsion not to separate before the capsule is released. To improve the visibility of the dispersed water sub-droplets in the emulsion drop, the water used to prepare the emulsion was coloured with a dye soluble only in the aqueous phase. 

Experimental results

The results of two launches obtained during the experimental campaign with a micro-gravity duration of 4.3 s are here presented. Figure 8 represents the temporal evolution of the ratio (D/D0) 2 (left), and the partial atomization of the W/O mother droplet obtained during the launch #2 at t = 1.2s (right). Initial droplet diameters were 1.8 mm and 1.65 mm in launch #1 and launch #2, respectively. As we can see from Fig. 8, during launch #1, a marked swelling of the mother droplet is observed, resulting in large oscillations of the diameter around the D0. However, no micro-explosion, i.e., the complete shattering of the mother droplet, was observed. The intense swelling behaviour can be attributed to the presence of air bubbles and microbubbles observed inside the emulsion droplet. They, indeed, constitute points of heterogeneous nucleation and this noticeably reduces the metastable state the emulsion can attain and, in turn, the internal energy level and the possibility of shattering the whole droplet in a micro-explosion. In launch #2, a partial but significant atomization of the mother drop is observed at t = 1.2s, which results in a sudden diminution of the droplet surface exposed to the ambient air of 67%. A second, very limited, partial atomization is observed at t = 2.45s. The different dimensions of the drops, their different positioning at the intersection of the wires and the presence of bubbles and micro-bubbles of air trapped in the drop of launch #1, have enhanced the stochastic behaviour of the phenomenology typically observed in the experimentation on emulsion drops at high temperature. However, interesting enough, the onset of intense swelling phenomena occurs in both launches at 1.2 s. This, regardless of the specific phenomenology observed, indicates that the drops reach similar thermal states in similar times.

The study of the motion of the water droplets dispersed within emulsion mother drops can contribute to a deeper understanding of specific processes that occur in emulsions and, more generally, fluids at high temperatures. In microgravity, the convective motions due to the buoyancy, i.e., generated by variations in density due to temperature, are vanished due the reduction of the gravity of several orders of magnitude. Under these conditions, the Marangoni forces, generated by the presence of surface tension gradients induced by thermal effects, are highlighted because they are the main responsible for the internal convection flows. To put in evidence such motions, an upgrade of the diagnostic system is currently under investigation. It foresees the use of a small-power continuous laser, which would allow the tracking of the water droplets during heating an upcoming experimental microgravity campaign. In an emulsion drop, the water droplets of the dispersed phase, can in fact act as tracers within the flows of the continuous phase. In that way, the intensity of the motion of the water sub-droplets can be quantified and compared to those obtained in ground conditions. Since microgravity state inhibits buoyancy, radiative heat flux absorption by the emulsion droplet will also be quantified in the next steps of the work.

Conclusions

The payload designed for the study of droplets in microgravity is presented together with the first experimental results obtained at the ZARM Drop Tower in Bremen. The developed experimental system is able to operate under the extreme stress conditions occurring in the drop tower (up to 50 g negative and positive) and simultaneously to carry out tests on drops of different nature and in different experimental conditions. In particular, the tests reported in the paper concerned the study of the combustion of a drop of a binary mixture (n-decane/1-hexanol) and the radiative heating of water-n-tetradecane emulsion drops. The diagnostic system based on the combination of thermal and optical components allows to follow in detail the phenomena exhibited by the drops. The coupling of imaging and data from thermocouples, ultraviolet and infrared emissions made it possible to observe the development of a multistage combustion [START_REF] Liu | 52nd Aerospace Sciences Meeting[END_REF][START_REF] Farouk | Proceedings of the Combustion Institute[END_REF]. In particular, the data obtained allow the analysis of the evolution of the burning rate, standing flame ratio, standing soot ratio. Since in microgravity, i.e., at low Grashof numbers, Stefan-induced viscous drag and thermophoretic flux are the major forces on soot particles, the standing soot ratio will allow the analysis of their relative strength being the Stefan flux directed away from the droplet, while the thermophoretic flux is directed toward the droplet. In the emulsion droplets, the analysis of the motion of the water sub-droplets allows the study of the liquid fluxes inside the droplets and this, in turn, the evaluation and study of Marangoni forces and their influence on the coalescence process of the dispersed phase at low Grashof numbers.
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 1 Figure 1. Drop Tower at ZARM Bremen [1] (photos © ZARM / University of Bremen) The Payload The research developed at the Center of Applied Space Technology and Microgravity -ZARM (Zentrum für angewandte Raumfahrttechnologie und Mikrogravitation) Drop Tower in Bremen concerns the study of the fluid dynamic behaviour and combustion of droplets composed of binary mixtures and emulsions, with the aim of developing new technologies for the construction of efficient and environmentally sustainable energy and propulsion systems.In its current configuration, the "Payload", i.e., the experimental set up, consists of three distinct experimental subsystems, each designed to perform a specific experiment on fuel droplets. In particular, two of them are dedicated to the study of the combustion of droplets of fuel binary mixtures; the third system is dedicated to the study of radiative heating of water-in-oil emulsion droplets (Fig.2). Each system is autonomous (self-governing) and consists of a test chamber (also referred to as "cell" in the text) where the prefixed tests are performed, and instrumentation for management/control and acquisition of analog/digital signals. A computer embedded in the payload manages the subsystems. The START/STOP trigger of the experiments is generated when gravity attains a level less/greater than 10 -1 g. The three subsystems operate in parallel each of them following its specific procedure foreseen. In each test chamber, at the trigger START, a micro-pump flows the fuel quantity programmed to form a droplet of predefined diameter. By a micro hypodermic needle, the droplet is suspended on the cross of silicon carbide fibers. Then, the heating/ignition system is activated to heat/evaporate/burn the fuel droplet. At the trigger START, the high-speed CMOS cameras, as well as all the sensors (pressure, temperature, IR and UV sensors) are activated. The whole experimental system is shut down with the trigger STOP.

  • PC + AB, PC Computer, AB Acquisition modules (B&R, Austria) • Main Electronic Board (MEB -Home-made) • Micro-Pump Driver (MPD, Bartels-mikrotechnik, Germany, home-made software integration) • Power Bank (PB, XT Power, Germany) • Evaporation Electronic Control Board (EECB -Home-made) • Evaporation Cell (EEC, home-made) • Combustion Cell (CCA & CCB, home-made)
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 3 Figure 3. Payload electric structure

  start of the acquisition of signals from TC, sensors, imaging • deployment of the droplet on wires cross • power supply to the ignition coil and its placement below the droplet • switching off the ignition coil when droplet ignition starts • retraction of the deployment needle and ignition coil • end of the acquisition of all the signals/imaging at the end of the droplet combustion • switching off of all the auxiliary systems.

Figure 4 .

 4 Figure 4. Combustion cell render: structure view (left); internal view (right)

Figure 5 .

 5 Figure 5. Thermo-optical analysis (top) and ultraviolet and infrared emissions (bottom) of a burning droplet of n-decane/1hexanol 50%/50% v/v.

Figure 6

 6 Figure6reports shows a sequence of selected images highlighting the most significant phases observed during the combustion of the n-decane/1-hexanol droplet of Fig.5. The first row reports the formation of the droplets and its deployment on the suspension wires cross. The second row shows the phase of droplet ignition. Third -fifth rows show the development and standing of the flame. It can be noted the spherical shape of the flame, which is due to the absence of buoyancy forces and represents the clear signature of microgravity. After t=3 s, the formation of soot is observed in the internal shell of the flame. Row six shows the flame extinguishment with a flame re-ignition phase in row seven. This process was abruptly stopped by the end of microgravity at t=4.377 s. The first image of row eight shows the sliding of the drop from the crossing of the wires due to the backlash suffered: at this moment, the capsule arrived in the braking area at the end of the tower and underwent a deceleration up to 50 g negative.

Figure 6 .

 6 Figure 6. Combustion of a drop of 2 mm of n-decane/hexanol 50%/50% v/v.A picture of the cell dedicated to the study of evaporation/micro-explosion of Water-In-Oil emulsion droplets is shown in Fig.7. A mp6-liq Bartels micro-pump is used in order to allow drop-by-drop injection at the crossing of two Kanthal A1 wires. An electro-magnet ensures the displacement of the needle at the crossing of the wires. Once injected, the droplet is heated by two ceramic heating panels (BACH Resistor Ceramics GmbH, φ = 11 mm) which are positioned at a distance of 4 mm from the droplet centre. The sequence is controlled by an Arduino Nano in the EECB and is held in the following order:• Panels are pre-heated to the working temperature (350°C in the presented configuration) 42 s prior to the beginning of the micro-gravity sequence. • Once the micro-gravity condition is obtained, the needle is displaced at the wires crossing.• A droplet having a diameter D0 of approximately 2.0 mm (+/-15%) is injected.

Figure 7 .

 7 Figure 7. Emulsion cell

Figure 8 .

 8 Figure 8. Emulsion droplet diameter evolution (left); partial droplet atomization (right)

  

about 600 steps until the top FACTS ABOUT THE DROP TUBE

  Main components of the Payload. CCA (High Pressure Combustion Cell), CCB (Atm. Pressure Combustion Cell), EEC (Evaporation Emulsion Cell), C&O (CMOS & Optics), PC (Computer), AB (Acquisition Block); EECB (Electronic Emulsion Control Board), MEB (Main Electronic Board), MPD (Micro Pump Driver), PB (Power Bank).
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