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Abstract 

The spray flash evaporation process enables to recrystallize organic materials on submicron and 

nano scale and is basically based on the sudden depressurization of the solution from the 

superheated state to the primary vacuum through a nozzle. The immediate evaporation of the 

dissolved micro droplets results in the release of submicron or nanoparticles. As a first step, 

experimental data of recrystallization were collected for different energetic materials by varying 

the superheating conditions (injection temperature and pressure, solvent) and analyzing their 

effects on the materials properties (particle size, morphology and polymorphism). Then, the 

solvent spray is independently studied by measuring the velocity and the size of the generated 
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droplets. Key parameters to master particle size and morphology are identified. This study aims 

to identify the flash boiling and the spray characteristics. These results pave the way to some 

understanding of the process to be able to tune particles size and morphology. 

 

Nomenclature 

 

Nomenclature 

Cpl liquid heat capacity, J.kg-1K-1 

D32 mean Sauter diameter, µm 

D nozzle diameter, m 

hfg vaporization latent heat, J.kg-1 

PN
 pressure in the tank and in the nozzle, bar 

Psat vapour saturation pressure, bar 

PV
 pressure in the vacuum chamber, bar 

TN nozzle temperature, °C 

Tsat saturation temperature, °C 

U axial velocity of the spray, m.s-1 

u0 nozzle discharge velocity, m.s-1 

V radial velocity of the spray, m.s-1 

Xvap molar vaporization ratio 

X position in the depth of the spray, mm 

Y position in the radial direction of the spray, mm 

Greek letters 

λ: reference wavelength of 632.8nm 

ρl liquid density, kg.m-3 

ρg vapour density, kg.m-3 

σ interfacial tension, N.m-1 

σd standard deviation for particle size, µm 

µ mean diameter value; µm 

Δµ chemical potential 

Abbreviation 

ΔTSH superheat degree, °C 

CL-20 (2,4,6,8,10,12)hexanitro-hexaaza-
tetracyclododecan 
DSD Droplet Size Distribution 

HMX: octogen, cyclomethylene tetranitramide 

PDPA Phase Doppler Particle Analyzer 

RDX 1,3,5-trinitrohexahydro-1,3,5-triazine 

RMS Root Mean Square 
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Z position in the axial direction of the spray, mm SFE Spray Flash Evaporation 

Dimensionless numbers 

Rp pressure ratio 

Ja Jacob number 

WeV vapour Weber number 

 

1. Introduction 

The crystallization process of submicron-sized particles is a longstanding challenge. 

Different routes can be considered either top-down to bottom-up. Most of these routes take 

place in liquid medium and need further steps such as filtration or drying to collect particles. The 

present process aims to combine all the operations in one. The Spray Flash Evaporation (SFE) was 

developed at the NS3E laboratory and it proves its ability to produce submicron or nanoparticles 

of energetic materials or drug compounds[1–5]. The basic principle is well described in 

literature[6–9]. 

The crystallization process taking place in the spray flash evaporation can be divided in different 

steps summed up in Fig.1. First the liquid dispersion is generated corresponding to an atomization 

step. It consists in producing a dense spray of droplets containing the precursors solutions. The 

quality of the spray depends on the nozzle geometry, the operating conditions (pressure, 

temperature and flowrate) and on the physical and chemical parameters of the solution (density, 

viscosity and surface tension). The aforementioned parameters will affect the flash conditions as 

well as the evaporation rate. Moreover, the solvent plays a main role in both dispersion conditions 

(viscosity, density) and flash conditions (thermal properties). The second step is the droplet-to-
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particle conversion. This step is crucial for the removal of solvent. The flash evaporation induces 

a fast evaporation. The evaporation is promoted by the high-pressure difference inducing a fast 

gas expansion. The evaporation is governed by saturation pressure and thermodynamic 

properties of the fluid. This part requires to understand heat and mass transport phenomena but 

also crystallization of the precursor, governed by supersaturation, nucleation and growth of the 

particles. During the crystallization process, the solvent evaporates and then the solute 

concentration increases inside the droplet. The supersaturation is then reached quickly, and 

nucleation begins after an induction time. The main parameters responsible for the nucleation 

are the solvent, the solute concentration and the flash conditions (pressure and temperature). 

The success of the droplet to particle conversion is ruled by different characteristic times: the 

residence time t, the droplet drying time tD and characteristic times related to the crystallization 

event tC respectively the induction time tind, and the nucleation time tN. The residence time must 

then be adequate to enable the global crystallization process. Finally, the resulting particles size 

can be affected by further agglomeration due to the reactor hydrodynamics. Drying is supposed 

to occur in the chamber. 

One of the limitations of the spray flash evaporation is the choice of the solvent: the solvent must 

be able to solubilize the solute but also to be easily vaporizable in the operating conditions to 

promote fast nucleation and to provide a final dried product. 

Hitherto, SFE process proved its versatility in the recrystallization of various submicron 

scale products of different types and morphologies (pure particle with different polymorphism, 

crystalline composites, semi-crystalline-composites or cocrystals [2]) and appears as a promising 

crystallization method, but mechanisms need to be investigated and the effects of the different 
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operating parameters on the materials properties and especially on the size and morphology are 

not straightforward because the independent role of each operating parameter is not obvious to 

assess. It is of primary importance to focus on the mechanisms involved and to suggest routes to 

tune particles morphology, size and properties.  

Three parameters were investigated: the injection temperature, the injection pressure 

and the solvent type. Crystallizations of different secondary explosives were performed to obtain 

different particle sizes and morphology. Then a part focuses on the solvent spray study and flash 

boiling theory. Other experiments were carried out to study the solvent spray evaporation 

through the implementation of on-line metrologies. Fast camera and Phase Doppler Particle 

Analyzer (PDPA) were implemented to gain some insights on the droplet generation (size and 

velocities), the spray characteristics (width, angle, length), the flash phenomenon and subsequent 

evaporation. 

Fig. 1: Various particle morphologies prepared by Spray Flash Evaporation. 

 

Among the different on-line devices available, the PDPA was chosen for its ability to measure both 

velocities and droplet or particle sizes in dense medium. For pure solvent spray, the size, the axial 

and radial velocities of the droplets were measured under different operating conditions: 

injection pressure, injection temperature and solvent at different position inside the spray. These 

data sets aim to bring some knowledge on the effect of the operating conditions on the 

evaporation phenomenon and on the breakup mechanism of the droplets. Combining these data 

with thermodynamics modelling contribute to have an insight on the droplet size reduction and 

on the supersaturation depending on the product. 
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The combination of both studies provides first evidences regarding the tuning of particles size and 

morphology. The different parameters affecting particles are emphasized through the findings 

reached by these two sets of experiments. There are remaining questions about the SFE process 

to consider its scale-up: what are the effects of the different process parameters on the particles 

characteristics? The present paper objectives aim to pave the way of the identification of the key 

steps of the process and to underline the role of the main process parameters on the droplet size 

and velocities of the solvent spray in the light of crystallization results. This study is a first step 

towards the deep understanding of the involved mechanisms in this promising crystallization 

process. 

 

2. Materials and method 

2.1 Materials 

The different solvents used were acetone from Höfer Chemie GmbH (99.5%), methyl acetate 

(>99%), ethyl acetate (>99%) and methanol (>99%) with HPLC grade provided by Carl Roth GmbH. 

Some recrystallizations were also detailed. RDX, HMX and CL-20 were purchased from EURENCO. 

All compounds were dried in an oven at 70°C for 4h before further use. 

2.2. Experimental set-up 

 

Fig.2. A) Experimental set-up, B) schematic representation of the experimental set-up 
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The spray flash evaporation experimental set-up is presented on the Fig. 2-A and 2-B. The spray 

flash evaporation process is composed of two different zones. The first is the high-pressure zone. 

The two tanks are pressurized between 20 and 40 bar with nitrogen depending on the operating 

conditions and contain either solvent or the solute in solution. The tanks are equipped with 

manometers and safety valves. They are connected to the nozzle which is a Brumstyl nozzle of 

80µm with a ruby orifice. In the investigated conditions, the flowrates were 

respectively 10 mL.min- 1 and 7.5 mL.min-1 for 40 and 20 bar respectively. 

Just before the nozzle, the solution is heated between 110 to 160°C thanks to a heater band of 

225 W. The temperature is controlled by a PID connected to the temperature sensor settled in 

the nozzle. The solution or solvent is released into the vacuum chamber. The vacuum was 

maintained by a pump of 63 m3.h- 1. The two BK7 windows (15 mm of width, with a flatness of 

λ/10 to avoid disturbance of the laser light beam) enable the efflux visualization and monitoring 

inside the chamber. 

To measure simultaneously the droplet size distribution as well as the velocities, a PDPA Phase 

Doppler particle analyzer was used (Dantec Dynamics, Denmark). The emission source is a 

FlowExplorer 2D with two diodes-pumped solid-state lasers of respective wavelength of 532 nm 

and 561 nm and a maximal power of 300 mW, the focal distance is set at 200 mm. The receiver 

optics for collecting the scattered light for dense spray are the PDA High-Dense with a focal 

distance of 310 mm with optic fiber and 3 detectors. The electronic device is the BSA P800 

allowing the signal processing from optics to Doppler frequency. Each laser is adapted to a mono 

directional velocity measurement: the 532 nm for the U component corresponding to the axial 

velocity (Z direction) and the 561 nm for the V component, which is the radial velocity (Y direction) 
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as described in Fig. 2-A and Fig. 3. The laser intersection defines the ellipsoidal volume 

measurement of a diameter of 0.1mm and a length of 0.68 mm ie. 0.00356 mm3. The receiving 

optics detect the scattered light produced by the droplet passing through the measurement 

volume. The signal is transmitted to the processor and converted to Doppler burst. The frequency 

shift of the signal is proportional to the velocity of the droplet in the given direction. The emission 

sources provide two incident beams of same intensity for each wavelength to improve the 

measurement of the frequency shift. The three photodetectors allow to measure the scattered 

light at different positions. The phase difference enables the estimation of the characteristic 

droplet size and size distribution. This measurement device is however limited to spherical 

particles. For each set of measurements, the device provides a sphericity coefficient. 

Measurement can be performed in the entire spray because the optical systems is set on a 

3D- axis table with independent engines allowing the data acquisition at different positions. The 

initial position is defined at the tip of the nozzle. The consistency of the measurement was 

checked. After several trials, the number of droplets set is 20000. It represents the better option 

between acquisition time and accuracy. 

Thanks to the 3D axes table with a 0.1 mm displacement precision, a quarter of the spray is 

scanned. Fig. 3 depicts the measurement zone. The limitations are due to the current optical 

configuration. The window and the chamber designs do not allow to go lower and deeper without 

avoiding reflection on the wall of the chamber. 

Fig. 3. Spray representation with the measurement zone depending on the XYZ axis set by the 3D axes 
table (the origin is set at the nozzle outlet position and dimensions are in mm) 
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The droplet size distribution (DSD) is obtained by analyzing the 20 000 validated samples 

measured. Different representative diameters can be drawn from the DSD. Some characteristic 

diameters can be calculated corresponding to different moments. Our choice for this specific 

application was based on two diameters: the D10 (arithmetic mean-average) and the mean Sauter 

diameter D32 which is an average diameter defined as the same volume to surface ratio of a 

spherical droplet. It presents the advantages of taking into account the droplet surface, so the 

available exchange interface for mass and thermal transfer between phase and the volume 

droplet characterizing the available amount of matter. The Sauter mean diameter is defined by 

Eq. 1: 

��� = ∑ ����	
 ���
∑ ������	


= 6 ��
��          (1) 

with ni the number of droplets which size range from di to di+1, Vp the particle volume and Ap the 

particle surface for a spherical droplet. 

So the D32 appears significant to characterize the solvent spray and the evaporation in the SFE 

process. 

Among the different devices to characterize the spray, the PDPA is based on a flux sampling 

measurement: the individual drops pass through the cross section of the sampling region. This 

technique is sensitive to the particle flux. 

Spray flow was also recorded by using a Phantom High Speed Multi Cam (Vision research AMetek, 

Germany) at 40 000 fps. The flow visualization allows to observe turbulence inside the spray. The 

frames are binarized and the spray angle is extracted by using a homemade code using MATLAB. 
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The spray was lighted with a spot. The position and intensity of the lighting is the same for all the 

set of experiments. As a consequence, the contrast differences enable to compare qualitatively 

the effect of the operating conditions (PN, TN and solvent). 

 

2.3. Fluids characteristics 

 

Fig.4. Saturation curves for different common solvents 

 

Fig. 4. depicts the saturation curves for different solvents. During the introduction in the vacuum 

chamber, the solvent experiences a rapid expansion process. When the solvent pressure becomes 

below the saturation pressure, flash boiling occurs as the formation of bubbles within the liquid 

core. When solvent is below 100°C, methanol exhibits a lower pressure compared to acetone or 

methyl acetate. The methanol spray is anticipated to experience flash boiling at lower pressure 

compared to acetone. The relationships between the solvent saturation pressure to ambient 

pressure and the solvent temperature to boiling point temperature are key parameters to explain 

the difference of spray observation [10]. In pink, the classical operating conditions performed in 

SFE are depicted and Table 1 provides the physical properties of these solvents at ambient 

conditions. 

Table 1. Physical properties of different solvents. 

2.4. Solvent spray operating conditions 
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Table 2 sums up the different operating conditions investigated for the solvent spray study. The 

results are presented in section 3.3. To compare the different solvents, data are collected in the 

0-0-Z direction for methanol, methyl acetate and ethyl acetate. 

Table 2. Operating conditions for the solvent spray tests. 

2.5. Crystallization experiments 

The different operating conditions for crystallization are reported in Table 3. 

Table 3. Operating conditions for the recrystallization of different explosives (PV=5 mbar, nozzle 

80 µm). 

2.6. Particles characterization 

Morphologies of the composites are imaged by a FEI Nova (USA) NanoSEM 450 Scanning 

electronic microscopy (SEM) equipped with a field emission gun operating at 10 KW. Samples 

were covered by a thin gold layer (8 nm). The chamber pressure amounts <10-5 mbar during the 

measurements. Sizes measurements were made manually over at least five hundred particles per 

sample within the software Gwyddion then a lognormal fit is applied on the particles size 

distribution (PSD):geometrical mean and multiplicative standard deviation (dimensionless) the 

mean value µ and the standard deviation are reported [16] are reported here and written as 

‘‘mean(SD) unit”. as well as the polydispersity characterizing the width of the distribution. 

X-Ray powder diffraction (XRPD) was conducted by Bruker (Germany) D8 apparatus with LinxEye 

detector (copper anode λ=1.541056 Å) in Bragg-Brentano geometry. 
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3. Results 

3.1. Recrystallization of organic compounds 

Fig. 1 introduced the main parameters affecting crystallization in SFE. The driving force of the 

crystallization process is the supersaturation. This parameter depends on the solubility and the 

rate of evaporation in the spray flash evaporation process. In this part, a parametric study with 

different organic materials is presented. The three compounds are secondary explosives used for 

civilian and military applications. The operating conditions and solubility are reported in Table 3. 

All the details of the crystallization results are available in the supplementary materials part. 

Table 4 presents the results of particle characterization for the different crystallizations. 

Table 4: Particle size and morphology of the different explosives obtained by SFE 

 

3.1.1. Effect of TN 

Particle size decreases by increasing temperature. This result was previously noticed by 

Risse [1] for 1 wt% RDX solution in acetone sprayed at 40 bar. This is clearly noticeable for 

spherical particles such as RDX and CL-20. For HMX, at 20 bar the phenomenon is obvious. At 40 

bar, needle shape particles of HMX are produced and highest temperature gives thinner rods. 

 

3.1.2. Effect of PN 

The decrease of the injection pressure enables to obtain smallest particles size with RDX 

and CL-20 materials, solvent and injection temperature being constant. In the case of HMX in 
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acetone, different morphologies of particles were noticed depending on PN. HMX-1 and HMX-3 

obtained at 40 bar and two different temperatures (160°C and 110°C) provide rod shape particles 

where as HMX-2 and HMX-4, obtained at 20 bar, are respectively plate-like and spherical 

submicron particles ( SEM pictures on Fig.S2 A and B). The pressure affects here directly both size 

and morphology. However, the polymorphic forms obtained are either γ or mixture of γ and α 

which aged all in α after 5 months according to the XRPD patterns. 

The injection pressure PN does not change the superheating conditions but also the 

flowrate of the spray in the SFE process. At the same time, the other parameters such as the 

temperature or the vacuum pump flowrate, are kept constant leading to build-up of solvent inside 

the crystallization reactor. As a consequence, the increase of particle size occurs probably due to 

the capacity of the pump to get rid of solvent vapors gathered in the crystallization reactor. It 

might be responsible for a longer contact time between solvent and solute, increasing the 

crystallization time and then particles growth. 

 

3.1.3. Effect of the solvent 

The solvent influences the solubility of the precursors and the evaporation conditions both 

controlling supersaturation and its kinetic. In the case of RDX, adding water to acetone conducts 

to same mean particle size but narrower distribution despite the decrease of the solubility of RDX 

in the solvent. 

In the case of HMX, the addition of water changed not only the size of the particles but also the 

morphology (HMX-1 and HMX-5). Spherical particles of submicron size were obtained by changing 
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the solvent as shown Fig.S3-A. The comparison is not trivial. Solvent simultaneously changes both 

evaporation conditions and supersaturation. Water is an antisolvent, decreasing HMX solubility 

[13]. The solvent choice can also influence the particle polymorph like HMX-4 and HMX-6. In the 

first case, acetone is used with a solubility of 2.8wt.% for HMX whereas it drops to 0.49wt.% in 

the case of methyl acetate. The degree of supersaturation takes again a higher value. HMX-4 

presents the α- form whereas the HMX-6 is a mixture of γ and β as presented in Fig.S3-C. 

However, the particle size distribution of both samples are almost superimposed despite the 

lowest solubility in HMX-6 (Fig.S3-B). 

The effect of solvent is tested and presented on Fig.S5 in case of CL-20. It is twice more soluble in 

acetone than in methyl acetate but the solubility is quite high in both solvents. Same polymorphs 

were obtained and a slight decrease in mean particle size and a shift to the smallest size is 

obtained for the CL-20-6 compared to CL-20-4. The solubility of CL-20 in methanol is very low 

compared to solubility in acetone or methyl acetate (Table 3). The particles obtained in the same 

operating conditions than for acetone (CL-20-1) present a larger mean particle size and size 

distribution. Different polymorphs are formed depending on solvent used in same operating 

conditions (TN,PN). 

 

3.1.4. Findings in crystallization of pure organic compounds 

There is a lack to understand particle size and polymorph change. It seems important to study the 

evaporation conditions to understand the results. Intuitively, evaporation rate is promoted by 

increasing temperature TN. As a result, for a droplet of precursor in solution, the solvent 
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evaporates faster and the supersaturation is reached in a shorter time if the temperature raises. 

The particles do not have enough time to grow and are therefore smaller. The pressure PN does 

not seem to be directly related to the evaporation but is responsible for the flowrate and gas 

solvent buildup inside the chamber. 

The solvent choice appears as a key parameter in the crystallization. It will concomitantly affect 

the solubility of the compound and the thermal properties responsible for evaporation 

conditions. Both parameters control the supersaturation inside the droplet which is the driving 

force of the crystallization process. 

So before proceeding to a deep explanation of our results, the second part of this results section 

is devoted to the evaporation study of the solvent spray. 

 

3.2. Short state of the art on spray flash evaporation 

3.2.1. Literature 

Flash atomization was studied for fuel oxidant mixing for combustion, desalination process [17–

20] and for direct-injection gasoline engine with different fuels such as alcohol fuel [10]. Spray 

flash evaporation refers as violent evaporation phenomenon occurring in a liquid undergoing a 

sudden pressure drop until at least bubble pressure. The liquid is initially subcooled, and the liquid 

bulk is brought to a superheated state. Mass transfer is proved to be ten to twelve time higher 

than for classical evaporation [21]. It is first mentioned in literature since the 1960s by Brown [22] 

who described spray flash in different types of nozzles for water and freon by tuning injection 
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temperature or pressure and providing first spray observations. The key finding conclusions were 

the decrease of the droplet size by increasing injection temperature and the larger droplets size 

with distance from the spray axis. 

The injection temperature plays a huge role on the spray : the temperature raise leads to an 

increase of the spray angle in the downstream direction[23–25]; the axial velocity profile tends 

to become uniform [26] and the maximum velocity at a given axial position is located at the jet 

centerline in the conditions used (Table 5). In the spray, the droplet velocities decrease in the 

radial direction but the rise of the RMS of the velocities indicate increase of fluctuations. 

The second main parameter is the injection pressure PN. Up to a certain value, the rise of the 

injection pressure results in a decrease of the obtained droplet size [27]. 

Some authors reported the effect of a third parameter, the discharge or backpressure PV, on the 

stability of the jet which decreases by reducing the chamber pressure. Most of the reported 

studies occur at a discharge pressure corresponding to the ambient pressure and very few studies 

were carried out under vacuum [27,28]. Table 5 sums up the operating conditions for flash 

evaporation studied in literature. 

Table 5. Different studies of spray flash evaporation in literature and their operating conditions. 

It reveals that there is a lack of information in the literature regarding the operating conditions 

used in the spray flash evaporation SFE process. Spray flash boiling is characterized by an increase 

of the spray angle and a decrease in the mean droplet size and driving pressure. Consequently, 

the flash spray phenomenon occurs at high temperatures or large pressure drops [30]. The spray 

is characterized by its penetration length and its angle. 
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3.2.2. Theory of flash evaporation - mechanism 

Flash atomization is based either on temperature or pressure difference. Two parameters 

described the superheat level in literature: 

• the temperature difference between the solvent injection, TN and the saturation 

temperature at the assigned backpressure Tsat(PV) named superheat degree defined by 

Eq.2: 

���� = �� − ����(��)        (2) 

• the pressure ratio RP between the saturation pressure at the injection temperature Psat(TN) 

and the backpressure PV defined by Eq.3: 

�� =  !"#($%)
 &           (3) 

Rp is directly related to the difference in chemical potential Δµ which represents the generalized 

driving force for the phase transition process and bubble nucleation. 

Flashing phenomenon may occur either inside or outside the tank, the connecting pipe or the 

nozzle itself, i.e. external or internal flash. The saturation induces the generation of large number 

of bubbles inside the liquid phase. When the jet is released, a combination of hydrodynamic 

instabilities and thermal non-equilibrium conditions in the flow expands the jet. Violent and 

explosive characteristics of the jet cause its break-up into smaller droplets. Bubble growing 

mechanisms can be divided in two regimes. In the first regime, the pressure inside the bubble is 

great enough that it can push the liquid aside and increase the size of the bubbles. It refers as 

“inertia-controlled growth” regime. In the second regime, the heat from surrounding liquid is 

transferred to the liquid adjacent to the interfacial region of the liquid and vapor and then the 
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phase changes from liquid to vapor. This growth mechanism referred as “heat transfer-controlled 

growth”. Bubble generation and growth turn the liquid flow into a bubbly two-phase flow. 

Different flashing regimes [31] can be described depending on the location of the 

atomization inside or outside of the nozzle. 

In external flashing, the jet flows from the nozzle as a single-phase jet and atomization occurs at 

some distance from the nozzle exit. The length of the intact liquid core corresponds to the delay 

time during which bubbles are formed and grow causing the jet to disintegrate. This external 

flashing phenomenon is unstable and difficult to control. The geometry of the spray is ruled by 

balance forces acting on droplet: at the immediate nozzle exit, the spray angle is determined by 

capillary or aerodynamic instabilities depending upon the efflux velocity. Then, surface tension, 

aerodynamic forces and thermodynamic instabilities interact and are responsible for the 

spreading of the spray. At location in the spray, heat transfer and flow fluctuation depending on 

the hydrodynamics may enhance or inhibit flash boiling. 

In internal flashing jet, the two-phase flow already settles within the nozzle due to high superheat 

degree. Three regimes can be distinguished: bubbly, slug and annular flow. Jet disintegration 

takes place directly at the nozzle outlet. This indicates upstream bubble nucleation: either by 

homogeneous nucleation via kinetic processes within the bulk liquid or by heterogeneous 

nucleation due to the wall materials roughness of the nozzle or to the nozzle geometry. The spray 

angles become wider by increasing the degree of superheat. The initial lateral spreading of the 

spray is basically controlled by nucleation. 

A microexplosion in drops model was first proposed by Razzaghi [32]. It assumes that the process 

is described as a subsequent progression of bubble nucleation inside droplets which then grow. 
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Droplet breakup through bubble disruption and droplet evaporation. Then, secondary droplets 

follow the same steps forming the spray. When flashing occurs, it becomes the dominant breakup 

phenomenon. The onset of the phase change process occurs at nucleation sites. It is at these 

locations that the metastable liquid can form vapor bubbles which grow until the system is once 

again stable. Nucleation sites may be either in the form of dissolved gases or impurities. The 

process enters in the bubble growth phase. The boiling conditions continue until the latent heat 

absorbed by converting the liquid to a vapor is balanced by the excess energy of the liquid which 

initially rendered it thermodynamically unstable. The liquid is broken into small droplets and the 

effect of surface tension becomes significant. 

For highly superheat conditions, corresponding to Rp > 50, a shock wave structure surrounding 

the dense jet core has been observed [29]. It could be related to nucleation inhibition due to 

vigorous evaporation occurring directly from the surface of the metastable liquid jet. Indeed, 

authors demonstrate that above this threshold value, operating conditions do not have effect on 

the drop size and spray angle [29]. 

 

3.2.3. From spray flash evaporation to the SFE crystallization process 

Spray flash evaporation was studied in literature and different correlations based on the 

estimation of droplet size, velocity distribution or spray characteristics (jet spreading angle or 

penetration length) are available in the literature. These correlations assumed a complete 

external flashing (metastable liquid core disintegrated completely at a certain distance of the 

nozzles) so flash boiling is solely controlled by bubble growth rate (see section 3.3.1). These 
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correlations are based on experimental data and details are provided in different publications[33] 

[34]  

Generalization was attempted by Lamanna et al. [29] which point out that the driving force is the 

Rp ratio rather than ����. A correlation was proposed based on the validation of two hypotheses: 

there is a direct link between bubble nucleation rate and flash boiling. Suggesting the maximum 

expansion of the spray is limited by the nucleation kinetic in confined volume and the residual 

superheat is relieved by evaporation. Secondly, the threshold of fully flashing is directly linked to 

the barrier of energy nucleation. So, the ratio between both energies must be below 1. They 

established a correlation based on measurable parameters for different kind of fluids and linked 

the spreading angle θ and the mass flux m to the '() *+�,�- .. Wettability and surface roughness 

effects are yet not taken into account whereas Günther and Wirth [35] demonstrate that polished 

surface required much higher superheat degree to sustain active nucleating cavities and 

hydrophobic zones acting as promoters of nucleation sites. 

A noticeable work was performed about spray flash evaporation in literature. However, 

compared to the studies performed in literature dealing with spray flash evaporation, the classical 

operating conditions used in the SFE crystallization process are beyond the scope of the injection 

temperature or pressure and backpressure used. Indeed, the superheat degree ΔTSH
 is very high 

(above 80°C) and the pressure ratio Rp also because moderate injection pressure (20-40 bar) to 

vacuum backpressure are reported. Moreover, solvents are also different. The only case studied 

reported dealing with crystallization is the work of Gebauer et al. [36,37] where the first part of 

their process requires a flash evaporation. The system was KCl/water but the main purpose of 
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this study was to obtain large crystals: the droplets flowed in a sump where the crystals growth 

occurred until mm whereas our goal is to produce submicron and even nanometric particles. 

In crystallization, supersaturation is the driving force. In the case of SFE, it depends on the 

solubility of the compound and on the evaporation conditions as highlighted in Fig.5. The solute 

concentration inside each individual droplet increases depending on the evaporation rate and the 

supersaturation is reached. As consequence, first nuclei appear according to a stochastic process 

ie presence or numbers of nuclei are randomly distributed between droplets. Nucleation kinetics 

is directly related to the supersaturation. The principle is to create a huge number of nucleation 

sites by creating a huge number of finely divided droplet undergoing a fast evaporation. Particles 

are progressively obtained from the evaporating droplets and growth is limited. The study of the 

crystallization kinetics are beyond the scope of the current work and will be studied in the future. 

Before going into details of the crystallization, the goal is to identify the main parameters 

influencing the evaporation and to master it to gain some knowledge on the SFE process 

mechanism. This first understanding stage is crucial and mandatory to go deeper in the 

supersaturation and then nucleation control. The solvent spray study then enables to identify 

parameters which tune evaporation through droplets size, velocities and geometrical spray 

characteristics measurements. The purposes of this work are (1) to evidence the flash mechanism 

in the SFE specific conditions, not studied in literature; (2) to highlight the process parameters 

which affect the spray morphology: spray length, angle of the spray and droplet size and droplet 

size distribution; and (3) to identify the main parameters tuning the evaporation conditions and 

how they affect the particle size and morphology. 
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Fig. 5: Schematic representation of the SFE crystallization process – first understanding stage: 

from droplet evaporation to the final particle 

 

3.3. Study of pure solvent spray 

3.3.1. Thermodynamics 

As a first step, flash calculations were made to calculate the equilibrium temperature and the 

evaporation rate when the liquid flows into the vacuum chamber. As inlet conditions, the vacuum 

pressure PV is set at 5 mbar and the solvent operating conditions, TN and PN were set according to 

Table 2. This calculation allows us to determine the superheat degree ���� defined by Eq.2 and 

the molar vaporization ratio Xvap defined by the ratio between the vaporized moles to the initial 

moles. 

The results are reported in the Table 6. 

Table 6. Calculation of the relevant parameters in the operating conditions of the study. 

This basic calculation provides a first insight in the solvent evaporation which must be complete 

to obtain dried particles. It corresponds to the thermodynamic equilibrium reach at the nozzle 

outlet. It does not take into account the dynamic evaporation process occurring inside the 

crystallization reactor. The heat capacity must be quite high whereas the enthalpy of vaporization 

must be low to ensure an efficient heat transfer. 

Table 6 assumes that the evaporation rate is higher applied in the order acetone > ethyl acetate 

> methyl acetate > methanol for the same operating conditions in the SFE process. In addition, 

the vaporization ratio increases by increasing the superheat degree ����. 
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Part 3.2.3 emphasizes the importance of mastering the spray evaporation. Intuitively to 

obtain nanoparticles, the goal is to create a huge number of nucleation sites and to avoid or limit 

the growth of the particles. This is achieved by creating a huge number of droplets finely divided 

undergoing a fast evaporation and succeeding in the appearance of numerous nuclei, producing 

nanoparticles. In our system, depending on the conditions of non-flash boiling or of flash boiling, 

spray could be generated according to the Rp value (Fig. 6). For non-flash boiling sprays, the break-

up phenomena are governed by inertia force, surface tension, viscous forces and drag forces. For 

flash boiling sprays, the break-up mechanism must comprehend the bubble formation and 

expansion within the bulk liquid. The solvent undergoes a depressurization from a high-pressure 

condition to vacuum pressure in our case. When the pressure is below the solvent saturation 

pressure, gaseous bubbles are generated inside the droplets. These bubbles expand and 

disintegrate the liquid into smaller ones. Fig. 6 represents the relationship between the 

dimensionless number Rp (Eq.3) and the superheated degree ����  (Eq.2) identified in the section 

3.2.2 as key parameters for the flash evaporation. Both parameters are characteristic of the 

structural behavior of the observed spray. These two characteristic numbers are linked by a 

logarithmic relationship and are similar in principal. The full-pink points depict the operating 

conditions used in crystallization taking place in the Spray Flash Evaporation process and already 

published by our laboratory. In their publication Zeng et al. [10] observed flash-boiling spray at 

PV/Psat below 1 corresponding to the reverse of Rp defined as Eq.2.So, flash boiling conditions 

were reached in the conditions used. 
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Fig. 6. Relationship between Rp and ΔTSH for different solvents. 

 

In literature, a comparison of the spray at consistent RP leads on similar spray structure [13]. 

However the transition to the fully flashing regime varies depending on the fluid and applied 

backpressure [29]. Highly superheated conditions are defined for RP value beyond 50 where the 

total vaporized mass increases. The conditions tested for recrystallization by SFE significantly 

exceed this value as shown in Table 6 and it is very likely that the rapid expansion of the flow right 

at the exit of the nozzle is not yet matched with the relaxation of the system until reaching 

thermodynamic equilibrium and sustained vapors take place within the two phases flow region. 

The maximum flowrate is limited by the sonic conditions given by Chapman-Jouguet. This 

supersonic expansion is terminated by a shock wave to match the vacuum pressure set in the 

chamber. This phenomenon of shock wave is described and commented in different publications 

[28,29,38]. Increasing the Rp corresponds to an increase of bubble nucleation. The total vaporized 

fuel mass increases as well as the associated vapor pressure. The resulting supersonic expansion 

results in a wider shock structure of increased strength. According to this literature study, it is 

highly possible that the spray undergoes shock wave in the SFE process. 

 

3.3.2. Visualization of the spray 

Fig 7 depicts the visualization of the acetone spray at same time scale for different 

operating conditions. Pictures are provided at different time (T0 to T3) to appreciate the 

movement of the fluid. The spray efflux is disrupted and lots of recirculation above the nozzle are 
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observed. These fluctuations depends on the operating conditions (temperature, pressure) and 

on the design of the used chamber (see Fig. 2A). Qualitative interpretations can be deduced from 

these frames and records. 

 

Fig. 7. Acetone spray under different operating conditions at T0, T1 (3350ms), T2 (18975ms) et 
T3 (74975ms)  

 

First, temperature raising, ie the supersaturation degree at fixed pressure, promotes turbulences 

and flow disturbance as observed at 160°C and 110°C on the pictures taken at different time scale. 

The hydrodynamic of the spray is influenced by the superheating degree: increase the 

superheating degree leads to lots of disturbance in the nozzle area as shown on the pictures and 

more generally inside the complete chamber. 

Then, the effect of the pressure can also be investigated. As stated before, the nozzle pressure PN 

is directly related to the spray flowrate. A less dense spray is generated by decreasing the pressure 

as supported by the pictures on Fig.7 at 110°C for both pressure value displaying less brightness. 

The amount of evaporated solvent is then lower and limits solvent buildup avoiding too much 

disturbance in the crystallization reactor. 

The frames were retreated to extract the spray angle θ at the different conditions for acetone in 

Table 7. An example of treatment is provided in Fig. S6. The given value corresponds to a mean 

value obtained on the attested frames. 

Table 7. Spray geometry for acetone in different operating conditions. 
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The spray angle is slightly influenced by the pressure and not affected by the superheating degree 

in these operating conditions. As stated by Lamanna et al., above a threshold value of RP, the 

operating conditions does not impact the spray angle [29]. 

 

Recordings were also collected for different solvents and different operating conditions. Fig.8 

displays spray pictures of different solvents in the same operating conditions (PN, TN). Methanol 

is the least volatile and exhibits a more concentrated spray with lots of eddies around and above 

the nozzle. This causes the extraction of spray angle impossible with high background noise. Ethyl 

acetate presents a higher vaporization ratio than acetone according to Table 6. Fig. 8 shows that 

the spray geometry is tuned by the solvent thermodynamic properties. Indeed, the spray 

penetration is shortened with the evaporation and is correlated to the molar vaporization ratio 

Xvap provided in Table 6. A large amount of the spray can be as a first estimation considered 

vaporized at respectively 1.7, 3.1 to 3.8 cm below the nozzle at 20 bar and 110°C for respectively 

the ethyl acetate, acetone and methanol. It suggests that solvent evaporate inside the 

crystallization reactor. 

Fig. 8. Visualization of the spray for different solvents and operating conditions 

 

3.3.3. Effect of the injection temperature TN on the spray flash evaporation of acetone 

3.3.3.1. On the mean droplet size 

The operating parameters studied are described in Table 2. Fig.9A presents the effect of the 

temperature on the D10 along the Z-axis at the center of the spray (X=0, Y=0). DSD respectively 

at Z=0 and Z=-11 are also described in Fig.9B. A full 3D representation of the spray (quarter) is 
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available in the supplementary material part (Fig. S7).Evaporation of the droplets is evidenced by 

the mean diameter decreasing along the Z-axis. Smaller mean droplet size distribution at the tip 

of the nozzle are measured with the increase of TN. However, the droplet distribution of the spray 

at 110°C displays a higher polydispersity along the Z axis. At high superheat degree, the DSD 

decreases. Uniform and smaller droplets are obtained faster. The evaporation is enhanced. 

Fig.9. A) Evolution of the D10 depending on TN along the Z-axis at the center of the spray (X = 0, Y 

= 0) B) DSD depending on the temperature at 0-0-0 and 0-0-(-11). 

 

Fig. 10 depicts the size variation of the droplets for different X position along the Y axis at Z =-11. 

The analysis zone is drawn in red in the figure. The droplet size is rather homogeneous at TN value 

of 160°C and 140°C with D10 value ranging respectively from 1 to 0.7µm and 1.6 to 1µm. At 110°C, 

a drop is noticed from 3 to 1µm. 

 

Fig.10. Evolution of the D10 at Z =-11mm in the radial direction for different X. 

3D representations of the droplet size of the spray are available in the supplementary materials 

and different 2D plans (Fig. S8 to S10). There is a maximum in droplet size between -2 to -8 mm 

after the nozzle. Maximum droplet sizes were obtained in a zone close to the centerline of the 

spray whatever the applied temperature. Sauter mean diameter is larger at the center of the 

spray and decreases from the center to the edge of the X axis. This information provides some 

insight on the evaporation and on the droplet generation mechanism. Interestingly whatever the 

temperature, it seems that there are larger droplets at Z = -12.5 mm. These results are confirmed 
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by the spray visualization in the three plans: red zone corresponding to the larger droplets can be 

noticed in the ZY and ZX plans. 

By increasing spray temperature, higher ΔTSH are reached promoting the expansion phenomenon. 

However, smallest droplets sizes were measured near the tip of the nozzle suggesting a faster 

evaporation at higher temperature. 

 

3.3.3.2. Effect of the injection temperature TN on the spray flash evaporation of acetone on the 
axial velocity U 

 

Fig11 and Fig. S7-A depict the effect of the temperature TN on U, the axial velocity. First, whatever 

the temperature, the axial velocity is maximal at the center of the spray, in the nozzle axis. The 

temperature TN acts on the spreading high velocity zone as depicted on the 3D representation 

(Fig. S7A. and in XY plan in Fig.S9). The zone of high kinetic energy is larger by increasing the 

superheating degree and more intense regarding the U value provided Fig.11. This observation is 

in accordance with the literature. 

 

Fig. 11. Mean axial velocity U along the Z axis in the 0-0-Z position. 

 

To illustrate, as in the previous part, U profile at Z=-11, at different X position along Y axis are 

depicted in Fig. 12 It represents a vertical plan. Maximum velocities are obtained in the centerline 

of the jet. 

Moreover, increasing the temperature increases slightly the mean value of the axial velocity as 

suggested in Fig.11 for Z values below -15 mm. These observations are in accordance with the 
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location of the highest Sauter mean diameter observed. Combining these results with the mean 

diameter value emphasizes that faster evaporation occurs by increasing the superheating degree. 

 

Fig.12. Mean axial velocity U at Z =-11 for the different TN for the acetone spray at 40 bar 

depending on the radial position Y and for different X. 

 

Table 6 shows that an increase in the TN affects the superheating degree ΔTSH and the vaporization 

ratio Xvap. The observations of larger spray by increasing the temperature assume that droplets 

probably undergo an expansion phenomenon leading to a breakup of droplets into smaller ones. 

This mechanism is promoted by evaporation: the high superheating degree and pressure drop 

generate bubbles inside the droplets which grow and burst. This mechanism promotes the spray 

expansion with temperature due to the highest Xvap. The increase of the axial velocity is probably 

related to the more violent evaporation. 

 

3.3.3.3. Effect of the injection temperature TN on the spray flash evaporation of acetone on the 

radial velocity V 

 

Fig. 13. Mean radial velocity V along the Z axis in the 0-0-Z position. 
 

Fig.13 represents the radial velocity in the jet centerline for the three temperatures of the spray. 

At the highest temperature, close to the injection, V reaches high values but remains close to zero 

in a large part of the spray. The 3D representations in Fig S8-C display the variation of the radial 

velocity and the Fig.S11 provides evolution in the different plans of the spray. The radial velocity 
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is maximal around the tip of the nozzle and at the edge of the spray where there is a zone of high 

kinetic energy. It defines a cone. At TN=110°C, the radial velocity, measured only at the tip of the 

nozzle in the XY plan, increases in the Y direction as well as the X direction. At TN=140°C, the red 

zone is larger. The same localization is observed but it defines a larger zone in Z axis and it is also 

larger in Y and X directions. It is characteristic of the width of the high kinetic zone in the spray 

and sustains the droplet burst. At higher temperature, the same zones are always measured but 

the limiting measurement abilities of the device is often reached (limiting maximal velocity 

reached) which makes the data collection difficult at some specific locations. Increase the 

temperature seems to raise the radial velocity at the edge. This is in relation with a higher 

superheating temperature. 

Fig.14 represents the different radial velocity V measured for the three temperatures in the Y 

direction, regarding the location of the emission and reception sources as described in Fig. 3. The 

radial velocity is close to zero at the center of the spray where the axial velocity U is maximum. 

 

Fig.14. Effect of TN on the radial velocity V for different positions at Z=-11mm (left) and Z = -4mm (right) 

 

The smallest size of the cone is evidenced at 110°C because high radial velocities are measured 

from the axis tip directly suggesting a limiting spray expansion. 

 

3.3.3.4. Temperature effects on the acetone spray - conclusion 
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The acetone spray was studied in terms of droplet size and droplet velocities for a constant inlet 

pressure PN and under different nozzle temperatures TN. The spray cone is clearly impacted by 

the superheat degree. The increase of temperature leads to smaller droplet size in the spray 

suggesting a faster evaporation. The maximal axial velocities reached are in the same order. 

However, there is a wider zone of high velocities for higher superheat degree. ΔTSH enhances the 

evaporation phenomenon as shown by the high droplet velocity probably due to the subsequent 

droplet burst. The turbulence surrounding the spray droplets are probably linked to the shock as 

well as the flash boiling leading to bubble nucleation and drop bursting. This improvement of the 

vaporization phenomena will be studied regarding the obtained particles size. However, the 

droplets in the spray undergo inhomogeneous fluctuations as well in size and velocities especially 

by increasing the TN. 

 

3.3.4. Effect of the injection pressure PN on the spray flash evaporation of acetone on the mean 
droplet size, U and V 

 

The effect of the nozzle pressure PN was investigated at 110°C for two pressures of 20 bar 

and 40 bar and the results are presented in Fig.15. It is important to notice that less 

measurements were collected at 20 bar that can explain the triangularization issue due to a lower 

concentration of acetone which disturbed measurement for the 3D representations of V. The 

effect of PN is presented along the axis. A full 3D representation is shown Fig. S12. 

The axial velocity is slightly affected by PN. The mean axial velocity U is yet lower at 20 bar than 

at 40 bar even of high values (above 180 m.s-1) were reached in both cases (Fig.15A). The main 
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liquid cone seems to have the same dimensions (in the analyzed zone) which suggests that no 

noticeable effect of the inlet pressure on the spray geometry is shown as previously suggested in 

Table 7. However, the radial velocity is affected by the pressure. More disturbances of the radial 

velocity were noticed at high PN, especially at the tip of the nozzle as shown on the 3D graph 

Fig. 15-C. From the process point of view, an increase in the inlet pressure PN induces an increase 

in the flowrate. Consequently, the amount of mass flow to evaporate is higher at larger PN. 

These experimental results sustain the spray visualization (Fig. 7). A deeper investigation must be 

carried out regarding the effect of PN and more especially on the pressure ratio RP. Indeed, in the 

operating conditions tested, the flash boiling of the solvent spray does not seem to be affected in 

term of mean droplet size and axial droplet velocities. The consistency in the width of the spray 

is in accordance with the work of Lammana et al. [29]. 

 

Fig.15. Effect of PN on U, V and D32  

 

From these data, it seems that the flash boiling here is directly related to the nucleation bubble 

rate in accordance with literature. So, the fast depressurization induces bubble nucleation and jet 

disintegration through bubble bursting. In the operating conditions where the Rp is very high, the 

rapid expansion of the jet is so fast that the system does not relax until thermodynamic 

equilibrium in the two-phase flow region. The increase of pressure PN does not affect significantly 

the two parameters characterizing flash boiling Rp and ΔTSH. The increase of PN will mainly change 

the flowrate inside from the tank to the nozzle. So, a larger amount of acetone will stay in the 
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crystallization reactor. RP value are the same for both cases presented here. Shock flow is 

expected (Rp>50 [29]) and the maximum mass flow rate is limited by sonic condition (Chapman 

Jouguet). As a result, the supersonic expansion ends by shock waves to match the chamber 

pressure. Herein the limitations are similar which explain the same limitation obtained in terms 

of droplet size or maximum velocity reached. The discrepancies in flow disturbance are probably 

related to the amount of acetone entering the chamber compared to the exhaust capacity. PN 

does not seem to be the main parameter for controlling the droplet evaporation in our case but 

is more related to the hydrodynamic characteristics of the droplets.  

 

3.3.5. Comparison of droplet size and velocities in the axial position for different solvents 

The nature of the solvent affects the spray characteristics. Four solvents were chosen and 

their physical properties are given in Table 2. Three of them are polar aprotic and methanol is 

polar protic. Their molar vaporization ratio was estimated by Simulis Thermodynamics. For same 

operating conditions, the vaporization is promoted in the order ethyl acetate, methyl acetate, 

acetone and methanol. 

Fig.16 depicts the droplet size and velocities (axial or radial) distribution evolution centered to 

the nozzle in the Z position. Mean diameter and velocities evolution along the Z-axis are provided 

in the SI files (Fig. S11). The initial droplet size depends on physico-chemical parameters such as 

the viscosity and the surface tension. No significant difference is observed between the different 

surface tension investigated and mean droplet sizes are in the same range for all the solvent at 

Z=0. Further in the Z direction, larger sizes are obtained with methanol. Discrepancies are noticed 
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in the size distribution. Droplet size distributions are shifted to the left in case of ethyl and methyl 

acetate and to the smaller size when measurements are performed in the axial direction Z. The 

size evolution is related to the evaporation, promoting the appearance of smaller droplets. These 

droplets tend to disappear as a first place and the mean droplet size remains constant (balance 

between evaporation/bursting). The decreasing of the droplet size is more significant for the 

solvent presenting the highest vaporization ratio Xvap (Table 6). 

The main effect on the droplet size is related on the thermal properties in particular the saturation 

pressure and the latent heat of vaporization. The axial droplet velocities change with these 

thermal properties of the fluid. The enhancement of the vaporization increases the droplet 

velocity due to the expansion breakup mechanism. In the same way, the axial velocity increases 

with the evaporation. Highest velocities are then reached for ethyl acetate and methyl acetate. 

As discussed earlier, the radial velocity is an indicator of the high kinetic energy zone and then 

provides some information on the spray flash zone. 

 

Fig. 16. Droplet and velocities distribution for the four solvent sprays in the jet centerline (0-0-Z) for three 

Z position (0, -6 and -11 mm).  

 

3.3.6. Spray study in SFE process 

This part underlines the mechanism of flash evaporation in the operating conditions of the SFE 

process. The parameters which affects the spray and especially the droplet size and velocities are 

the TN and the solvent. Both PDPA and visualization confirm the increase of turbulence and zone 

of high kinetic energy by increasing the superheat degree. Combining an appropriate choice of 
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solvent of given thermodynamic properties and TN enables to control the evaporation. It is crucial 

because this parameter contributes to tune the supersaturation for crystallization. 

 

4. Discussion: solvent spray study and particle size. How to tune particle size or 

morphology with the operating conditions? 

 

4.1. Effect of the nozzle temperature TN on the droplet and particle size 

From Fig.1, TN was identified as a noteworthy parameter that directly drives the process 

through the control of the supersaturation by managing utmost parameters: the solubility and 

the evaporation rate. 

By studying the solvent spray, TN affects both ΔTSH  and Rp. By increasing Rp the total vaporized 

solvent mass increases as well as the associated vapor pressure. In our case, Rp increases by 

changing the TN and maintaining PV. The on-line monitoring of the spray droplets and the 

visualization of the spray with high-speed camera show a short decrease of the droplet size, an 

increase of the droplet mean axial velocity and high radial velocity at the tip of the nozzle and at 

the edge of the spray. The zone at the center of the spray is a region with a high kinetic energy 

especially at the nozzle tip where high radial velocity V are identified. In this area, the internal 

energy in terms of superheat is transformed in kinetic energy by evaporation of the bulk, breakup 

of the jet and the very fast expansion of the resulting droplet in the vertical and horizontal 

directions. The phenomenon is more intense by increasing the superheat degree. Increasing the 

temperature acts on the Rp so on the bubble cluster generation. At a certain point, the number 

of critical bubble nuclei remain constraint in a confined volume whereas there is a depletion in 
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the available liquid volume. This could explain why the diameter remains almost constant after a 

certain distance from the axis in the investigated conditions. Due to volume depletion, the 

evolution of the spray is then mainly due to evaporation process and secondary nucleation can 

be prohibited. However, it is possible that the rate of vaporization is limited at high initial 

superheat, as in our case. Indeed, in case of shock flow, the maximum mass flux reaches a limit. 

Moreover, according to Table 6, the vaporization ratio Xvap of solvent increases with TN. A 

simplified calculation based on the kinetic theory of gases, as stated in the classic work of Knudsen 

[39], based on the work of Hertz [40] provides the evaporation mass flux according to equation 

Eq. 4. 

/0 � = 123 4
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          (4) 

M is the molecular weight of the solvent, R the ideal gas constant, TL the liquid temperature, TC, 

the temperature inside the crystallization reactor, PL is the liquid pressure and PV the pressure of 

the surrounding media, the vacuum pressure. 

qe is an adjustable parameter which varies from 0 to 1. A value of 0.62 was taken according to the 

work of Smith et al. [41] and Gebauer et al. [37]. Values calculated are reported in Table 8. PL is 

calculated from the Raoult’s law. 

Table 8: calculation of the evaporation mass flux /0 � at initial condition 

It suggests very short evaporation time in the range of 0.13 to 0.05 ms for solvent droplet of 10 

µm and 0.005 ms to 0.01ms for solvent droplet to 1µm. Solvent droplets are then evaporated in 

a very short time inside the crystallization reactor. Additionally, the droplet seems to be 
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completely evaporated 40 mm from the nozzle tip according to Fig.7 and Fig.8 in the investigated 

conditions. The droplets evaporate faster by increasing TN. As a consequence, by adding solute, 

the concentration increases faster inside droplet and the supersaturation is reached at a shorter 

time at high temperature. Depending on the induction time, the nucleation begins and is 

promoted at high superheat degree. More nuclei are probably generated and it explains the 

smallest particles size obtained in crystallization at higher TN as detailed in section 3.1. 

So, to tune particle size, it is important to master the evaporation rate. Increase the evaporation 

rate will lead to decrease particle size. This rate can be controlled by choosing the appropriate 

solvent, by changing the nozzle temperature or the vacuum pressure. 

 

4.2. Effect of the nozzle pressure PN on the droplet and particle size 

From Fig.1, PN was identified as a process parameter responsible for droplet generation and 

supersaturation build-up. This parameter governs the flowrate. The study of the spray shows that 

the pressure PN does not affect the droplet size at a certain distance from the nozzle. The droplet 

velocity is yet slightly impacted. The high kinetic zones define the same volume in the chamber 

suggesting no real change of the flash boiling. Radial velocities are however more intense at the 

tip of the nozzle and spray visualization confirms the high turbulence zones. 

However, the particle size in case of crystallization is significantly different depending on PN. 

Indeed, it is to correlate to the exhaust of the mass flowrate. It is particularly true at high pressure 

and low super heat degree. The limiting mass flow rate depends on the initial injection pressure 

and temperature. At fixed PN, the increase of TN leads to higher limited mass flow rate according 
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to Chapman-Jouguet [42]. It explains the smaller particles obtained at higher superheat degree. 

In the tests performed, higher pressure PN provides bigger particle sizes. The respective flowrate 

at 40 bar and 20 bar are estimated to 10.5 mL.min-1 and 7.5 mL.min-1 which corresponds to gas 

volume flowrate of 27 and 35 m3.h-1 after evaporation. 

PN is a parameter which will be limiting because the (PN, TN) conditions for the fluid must be 

chosen to provide a superheating liquid just before the nozzle inlet. It is also related to the 

expected production because it controls the inlet flowrate. The limiting parameters are the 

volume of the crystallization chamber and the vacuum pump needed to remove the exhaust 

gases. A special attention should be paid to avoid too high pipe restriction. Too large differential 

pressure in pipes might be responsible for limitation of the maximum volume flow through the 

pipeline and prevents the gas exhaust despite of the vacuum pump capacity. 

 

4.3. Solvent effect: Combined effect of solubility and evaporation to drive polymorphism 

From Fig.1, solvent will be responsible for droplet generation, evaporation properties and 

solubility of the solute leading to supersaturation buildup. The choice of the solvent is crucial for 

the SFE process. The solvent must be easily vaporizable, offering high heat capacity and low 

enthalpy of vaporization to ensure heat transfer. At the same time, in crystallization process, the 

solvent is one of the parameter which affects polymorphism [43]. Indeed, primary factors are 

supersaturation, temperature, stirring and secondary factors are solvent, impurities or surface. 

The choice of the solvent results often from economic and environmental constraints, linked here 

to the evaporation ability. 
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The results presented in part 3 are reviewed regarding both evaporation of the solvent and 

solubility of the organic compounds. Evaporation mass flux was calculated based on Eq.4 and 

presented in Table 9 as well the molar vaporization ratio. 

Table 9: calculation of the evaporation mass flux mV at initial condition 

Solvents can be classified in the following order according to their evaporation mass flux: methyl 

acetate, acetone, ethyl acetate and methanol. The study of the solvent spray with the PDPA show 

that the methyl and ethyl acetate present the smallest droplet size and highest axial droplet 

velocity which sustain their better evaporation. To understand the particles size and morphology 

obtained, evaporation and solubility were concomitantly examine. In the SFE process, the 

supersaturation is mastered by tuning these both parameters. In the case of HMX, different 

polymorphs are obtained depending on the solvent used: HMX-4 presents the α-form whereas 

the HMX-6 is a mixture of γ and β as presented in Table 4 (see also Fig.S4 in SI). However, the 

particle size distributions of both samples are almost superimposed despite the lowest solubility 

of HMX in methyl acetate. Compiling data on evaporation reveals that the vaporization ratio Xvap 

and evaporation parameters such as Rp and ΔTSH calculated for both acetone and methyl acetate 

in Table 6 exhibit similar value but the evaporation mass flux is neverthless higher in case of 

methyl acetate (Table 8). Measurements of solvent droplet size and axial velocity confirm the 

better evaporation ability of methyl acetate : the droplet size is slighlty lower and the axial velocity 

is larger than value reached for acetone (Fig. 16 and Fig.S11). If in both case evaporation 

performance are high, the solubility of HMX in acetone is 6 times higher than in methyl acetate. 

As a consequence, the size and morphology of particles are here mainly driven by the solubility 

and subsequent supersaturation. HMX displays a solubility of 2.8wt.% in acetone which drops to 
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0.49wt.% in methyl acetate. The degree of supersaturation therefore reaches a higher value 

promoting a faster nucleation in case of HMX-6. Whereas a smaller size was expected, the 

obtained particles are in the same range but the particle size distribution is narrower with methyl 

acetate. The crystallization occurring in the SFE process, like in other spray method [44], is 

kinetically driven and consequently produces mostly metastable phases. Metastable forms of the 

crystal could be obtained according to the residence time of the crystal in its solvent. In particular, 

at the initial stage of the crystallization, a metastable form will appeared during the transition of 

the saturated solution to the supersaturated solution. If the system is able to reach its 

thermodynamic state, the most stable form will be achieved. The next steps will be affected by 

the nucleation kinetics, lattice growth rate and obviously by the evaporation rate which drives 

the time during which the crystal is in the solvent. The most stable β form requires a longer time 

of the crystal in solution [45]. Herein HMX appears at early stage in methyl acetate compared to 

acetone due to the solubility difference which can explain the difference in polymorphism and 

the presence of more stable phases. 

HMX-1 and HMX-5 differ again by their solvent nature. Water is an antisolvent and as a 

consequence HMX solubility decreases in the mixture water/acetone [13]. In the same time, 

molar vaporization ratio are in the same range for both solvent in this operating condition. The 

supersaturation degree is higher for HMX-5 than for HMX-1. Nucleation will start faster. An 

increase of the supersaturation leads to an increase of the nucleation rate [46]. More nuclei are 

generated and the high evaporation rate enables to obtain smaller particles. HMX obtained is 

initially in γ form but evolved in a mixture of β and γ. Herein the HMX appears at early stage in 
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the water/acetone compared to acetone due to the solubility difference which can again explain 

the difference in polymorphism. 

Solvent affects also polymorphism during CL-20 crystallization by SFE. Same results were 

obtained for CL-20 crystallized in acetone (CL- 20- 4) and methyl acetate (CL-20-6 ) regarding 

polymorphism. The solubility of CL-20 is very high in both solvents, acetone and methyl acetate 

(Table 3) compared to the other organic compounds studied. The evaporation is not significantly 

improved. The supersaturation was changed by leading to similar phase and a slight decrease in 

particle size. 

A different polymorph is obtained for CL20-7. Solubility of CL-20 is very low in methanol compared 

to solubility in acetone (Table 3). The initial supersaturation degrees at ambient temperature 

were respectively 0.79 and 0.01. Regarding the solvent spray study, larger droplet sizes were 

obtained for methanol as well as lower velocities suggesting moderate evaporation conditions 

compared to the other solvents. The evaporation mass flux /0 � and the molar vaporization ratio 

Xvap are larger for acetone than for methanol suggesting a faster evaporation rate. So CL-20 in 

methanol present lower evaporation and solubility than CL-20 in acetone. At the end, particles 

with a high polydispersity were obtained in methanol. If supersaturation is probably reached 

faster and promote nucleation, the slower evaporation can be responsible for particle growth. A 

more stable phase is obtained with methanol probably due to the slower kinetics involved. 

Supersaturation and evaporation rate will play a role on the control of the polymorphism. To 

master polymorphism, additional data will be mandatory including solubility curve and 
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vaporization kinetics data. The synergy between evaporation rate and solubility will help us to 

master supersaturation and provide a better control of polymorphism. 

 

5. Conclusions and perspectives 

This study is the first which combines the crystallization results and the solvent spray 

study. 

The study of pure solvent reveals spray formation mechanism. The flash boiling 

phenomenon is responsible for the droplet expansion in the vacuum chamber. The spray analysis 

highlights the mechanisms of bubble nucleation and droplet expansion. Different process 

parameters were studied. The inlet temperature TN affects the droplet size, the droplet velocities 

and the geometry of the spray. Indeed, it sustains the bubble nucleation leading to a fast bubble 

bursting. On the contrary, the injection pressure, PN, does not directly intervene in the flash 

boiling process but it modifies hydrodynamics and flowrate of the spray. To go further in the 

understanding of the mechanisms occurring in this process, it seems a key point to investigate 

the effect of the injection pressure and vacuum pumping. Indeed, this parameter was not really 

investigated in the previous crystallization tests. In the current design of the SFE, it is of primary 

importance to study crystallization at moderate pressures and see the effect on the droplet 

atomization and particle size. 

Compelling data solvent spray and crystallization give first insights on the mechanism 

involved in the spray flash evaporation. The main limitation relies on the solvent which is 

concomitantly the bounding parameters for the solubility and for the evaporation rate. The 
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particle size is directly affected by the evaporation rate, all the parameters being constant. The 

effect of the solvent on the polymorphism demonstrates the interest of the study of spray 

evaporation. However, this study must be supplemented with solubility measurement in a wide 

range of temperature to master the supersaturation. It is necessary to go deeper in the study to 

establish supersaturation curves. The polymorphism is controlled in part by supersaturation and 

therefore by the solvent evaporation kinetic, as a primary factor. Obviously other parameters 

could be studied such as additives or host-guest composition as secondary factors affecting 

polymorphism. 

The tuning of particle size and morphology in the SFE process for a solute/solvent system 

will depend on the evaporation conditions and the management of the supersaturation during 

the process. The development of this set-up provide knowledge on the evaporation and the next 

step will be to study the concentration effect and correlate data with solubility. 
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Fig. 1: Various particle morphologies prepared by Spray Flash Evaporation. 
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Fig.2. A) Experimental set-up, B) schematic representation of the experimental set-up 
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Fig. 3. Spray representation with the measurement zone depending on the XYZ axis set by the 3D axes 

table (the origin is set at the nozzle outlet position and dimensions are in mm) 

 



 

Fig.4. Saturation curves for different common solvents 
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Fig. 5: Schematic representation of the SFE crystallization process – first understanding stage: 

from droplet evaporation to the final particle 
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Fig. 7. Acetone spray under different operating conditions at T0, T1 (3350ms), T2 (18975ms) et T3 (74975ms)  
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Fig. 8. Visualization of the spray for different solvents and operating conditions 

 



 

 

 

Fig.9. A) Evolution of the D10 depending on TN along the Z-axis at the center of the spray (X = 

0, Y = 0) B) DSD depending on the temperature at 0-0-0 and 0-0-(-11). 
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Fig.10. Evolution of the D10 at Z =-11mm in the radial direction for different X. 

 



 

Fig. 11. Mean axial velocity U along the Z axis in the 0-0-Z position. 
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Fig.12. Mean axial velocity U at Z =-11 for the different TN for the acetone spray at 40 bar 

depending on the radial position Y and for different X. 
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Fig. 13. Mean radial velocity V along the Z axis in the 0-0-Z position. 
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Fig.14. Effect of TN on the radial velocity V for different positions at Z=-11mm (left) and Z = -

4mm (right) 
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A) Axial velocity U in the center of the jet at different Z position 

PN=40 bar PN=20 bar 

B) Radial velocity V in the 3D axis 
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Fig.15. Effect of PN on U, V and D32  
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Fig. 16. Droplet and velocities distribution for the four solvent sprays in the jet centerline (0-0-Z) for three Z position (0, -6 et -11 mm). 
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Solvent ACETONE METHANOL ETHYL ACETATE METHYL ACETATE 

Surface tension (mN.m-1, 25°C) 23.04 22.2 23.2 24.5 

Viscosity (mPa.s, 25°C) 0.307 0.538 0.430 0.363 

Density (kg.m-3, 25°C) 786.6 789.6 893.6 928.0 

Critical pressure PC (bar) 47 80.8 38.8 47.5 

Critical temperature TC (°C) 235 239.4 250 233.4 

Table 1. Physical properties of different solvents. 

 

Solvent TN, °C PN , bar Measurement 

Acetone 

160 
40 

¼ of the spray 

20 

140 
40 

20 

110 
40 

20 

Methanol 
160 40 

Axial position jet 

centerline 

0-0-Z 
110 20 Methyl acetate 

Ethyl acetate 

Table 2. Operating conditions for the solvent spray tests. 

 

Explosive Solvent Solubility (@25°C) 
Concentration 

g/100mL 
TN 

°C PN
,bar 

Sample 

name 

RDX 

Acetone 8.2 wt.%[11] 1 

160 
40 RDX-1 

20 RDX-2 

110 
40 RDX-3 

20 RDX-4 

Acetone/Water 
(90/10 %vol.) 

4.89 wt.%@20°C 

6.14 wt.% @30°C [12] 
 160 40 RDX-5 

HMX 

Acetone 2.8 wt.% [11] 
0.3 

160 
40 HMX-1 

20 HMX-2 

110 
40 HMX-3 

20 HMX-4 

Acetone/water 1.73 wt.% [13] 160 40 HMX-5 

Methyl acetate 0.49 wt.%  110 20 HMX-6 

CL-20 

Acetone 

94.6 wt.% 

1 

160 
40 CL-20-1 

[14] 20 CL-20-2 

 
110 

40 CL-20-3 

 20 CL-20-4 

Methanol 2.57 wt.%[15] 0.5 160 40 CL-20-7 

Methyl acetate >53.6 wt%[14] 1 110 20 CL-20-6 

Table 3. Operating conditions for the recrystallization of different explosives (PV=5 mbar, 

nozzle 80 µm). 



Solute Solvent TN 
°C PN

,bar Sample µ, µm σd, µm PI Morphology Polymorph 

RDX 

Acetone 

160 
40 RDX-1 0.65 0.34 0.52 

spherical 

α 

20 RDX-2 0.54 0.22 0.41 α 

110 
40 RDX-3 0.67 0.30 0.45 α 

20 RDX-4 0.50 0.28 0.56 α 

Acetone/Wate

r (90/10 %vol.) 
160 40 RDX-5 0.64 0.29 0.45 α 

HMX 

Acetone 

160 
40 HMX-1 

length : 3.31 

width : 0.86 

1.42 

0.39 

0.43 

0.45 
rod α 

20 HMX-2 0.13 0.07 0.54 plate α 

110 
40 HMX-3 

length : 2.67 

width : 1.35 

1.13 

0.53 

0.42 

0.39 
rod α 

20 HMX-4 0.34 0.28 0.82 spherical γ + α 

Acetone/water 160 40 HMX-5 0.18 0.07 0.39 spherical γ + β 

Methyl acetate 110 20 HMX-6 0.32 0.22 0.69 sphérical γ + α + β 

CL-20 

Acetone 

160 
40 CL-20-1 0.62 0.32 0.52 spherical β 

20 CL-20-2 0.34 0.20 0.59 spherical β 

110 
40 CL-20-3 - - - spherical α + β 

20 CL-20-4 0.49 0.28 0.57 spherical β 

Methanol 160 40 CL-20-7 1.89 2.37 1.25 polyhedral α 

Methyl acetate 110 20 CL-20-6 0.46 0.29 0.63 spherical β 

Table 4: Particle size and morphology of the different explosives obtained by SFE 

 

 

References 
Nozzle pressure, 

bar 

Nozzle 

temperature,°C 

Discharge pressure, 

bar 
Fluids 

[16] 8 to 21 140 1 Water, Freon-11 

[19] 10 30-147 0.02-0.4 Acetone, Ethanol, Iso-octane 

[12] 1 40-80 1 Water 

[21] 1 2-50 0.05 to 0.15 mbar Water, Diglycol, Glycerol 

[28] 2-5 76.5-162 0.001 – 1 mbar Iso-octane 

[26] 1-80 34.85-154 ;85 0.005-0.4 Acetone, Ethanol, Isooctane 

Table 5. Different studies of spray flash evaporation in literature and their operating 

conditions. 

 

  



 

 PN TN PV Psat Tsat Xvap Rp TN-Tsat 

 bar °C bar bar °C   °C 

ACETONE 

20 

110 

0.005 

4.8 -44.7 0.55 958 154.7 

140 9.4 -44.7 0.68 1882 184.7 

160 14.0 -44.7 0.78 2795 204.7 

40 

110 4.8 -44.7 0.55 958 154.7 

140 9.4 -44.7 0.68 1882 184.7 

160 14.0 -44.7 0.78 2795 204.7 

METHANOL 

20 110 

4.8 -24.8 0.36 956 134.8 

ETHYL ACETATE 2.7 -29 0.63 536 139.0 

METHYL ACETATE 4.8 -42.9 0.59 956 152.9 

WATER/ACETONE 

(10/90% IN VOLUME) 
40 160 0.005 14.2 -32.1 0.72 2840 192.1 

Table 6. Calculation of the relevant parameters in the operating conditions of the study. 

 

PN, bar TN, °C θ,° 

40 

160 92.2+/-8.2 

140 95+/-9.1 

110 90.7+/-4.2 

20 110 82.1 +/- 8.1 

Table 7. Spray geometry for acetone in different operating conditions. 

 

 ACETONE METHANOL ETHYL ACETATE METHYL ACETATE 

TN, °C 110 140 160 110 110 110 

�� �, kg/m2/s 16.9 31.9 46.4 9.3 14.4 21.5 

Table 8: calculation of the evaporation mass flux �� � at initial condition 

 

 ACETONE METHANOL ETHYL ACETATE METHYL ACETATE 

TN, °C 110 110 110 110 

�� �, kg/m2/s 16.9 9.3 14.4 21.5 

Xvap 0.55 0.36 0.63 0.59 

Table 9: calculation of the evaporation mass flux mV at initial condition 

 




