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Human blood properties

Blood is a fluid tissue, permanently conveyed in the circulatory system in a unidirectional flow imposed by the cardiac pump. It has several physiological functions: diffusion of oxygen and nutrients to all tissues of the body, removal of carbon dioxide and metabolic wastes, transport of immune system cells, transport of hormones, participation in the body's thermoregulation, and hemostasis. Humans blood is a complex biological fluid composed of a liquid phase, plasma, and suspended cells (bio-colloids) [START_REF] Thiriet | Biology and mechanics of blood flows: Part II: Mechanics and medical aspects[END_REF] Erythrocytes, also called red blood cells, are the most abundant blood cells. Red blood cells have a biconcave disc shape, with diameter of 7,7 ± 0,7 µm. The volume proportion of red blood cells present in the blood is given by a dimensionless quantity, hematocrit. In a healthy adult subject, hematocrit ranges from 38% to 46% for a woman and 40% to 50% for a man. Under pathological conditions, the hematocrit may fall as low as 20% and rise to about 70%. Leukocytes, also called white blood cells, are cells of the immune system. Due to their low physiological number in the blood, they contribute little to the mechanical properties of the blood. Platelets or thrombocytes play a major role in primary hemostasis; they are involved in coagulation. And they are of little hemorheological importance because they are very small components that do not interact with each other under normal conditions. It has been known since the 1950s that whole human blood is a non-Newtonian fluid [START_REF] Errill | Rheology of Blood[END_REF] , and in particular that it has marked shear-thinning properties (its viscosity decreases as the shear rate increases). Its behavior depends on hematocrit [START_REF] Thurston | Viscoelasticity of Human Blood[END_REF] and temperature [START_REF] Barbee | The Effect of Temperature on the Relative Viscosity of Human Blood[END_REF] . These mechanical properties have different origins:

• The viscosity of blood is partly related to that of plasma, which due to the different proteins in solution is about twice as viscous as water.

• The ability of erythrocytes to form in the presence of certain molecules in solution weakly coherent aggregates in the form of rolls (rouleaux) gives the blood shearthinning properties. Indeed, these rouleaux tend to disintegrate when the shear increases, resulting in a drop-in viscosity Figure 3.2. • The deformability of erythrocytes also contributes to the rheology of high shear blood Figure 3.2, which result to a Newtonian behavior at high shear rate characterized by a plateau, a constant relative viscosity. As shown in the Figure 3.2, with hematocrit 45% and a temperature of 37°C, the relative viscosity of the blood as a function of shear rate reaches a plateau for values greater than 200 s !" , and it measures between 4 and 5 mPa. s. Also, blood has a density that varies between 1020 and 1060 kg. m # , this variation is due the hematocrit level which depends to the individual. The surface tension is similar to that of water, γ $%&&' = 69.8 mN. m !" at 22°C, determined with the pendant drop method [START_REF] Brutin | Pattern Formation in Drying Drops of Blood[END_REF] .

Spreading, wetting and evaporation of human blood drops

When a drop of liquid is deposited on an ideal substrate without an initial velocity it will spread, at the equilibrium, the smaller ones have a spherical cap shape under the effect of surface tension, while the larger ones and pools are flattened by gravity. The competition between gravity and surface tension is given by the number of Bond, as follows:

Bo = ρgr ( γ
Where, γ, the surface tension (in mN. m !" ). The radius of the contact line is r, ρ and h are the density and height of the drop, respectively. An important value of the number of Bond corresponds to the effects of gravity dominating those of surface tension. The value Bo = 1 corresponds to a critical size called capillary length and is written as follows:

l ) = C γ ρg
To determine the relative importance of the surface tension, l ) is compared with the radius of the contact line, as shown in the Figure 3.3. In the figure θ represent the contact angle. The wetting of a drop of a volatile liquid is most often accompanied by evaporation. The evaporation of a drop is defined as the passage of the liquid to its vapor form. It can be seen from a molecular point of view, as the transfer of molecules from the liquid to the surrounding, while on a macroscopic scale, it is defined as a flux that crosses the interface (liquid/vapor). This phenomenon exists when the partial pressure in the gas is lower than the saturation pressure. Evaporation persists as long as the saturation pressure is not reached, and it is controlled by the diffusion of vapor into the environment. In this case we call it, purely diffusive evaporation.

When a drop evaporates in contact with a substrate, we notice the appearance of the triple line motion and the change on the local evaporation flux. The flux profile varies along the interface and changes according to the contact angle, therefore, depending on the shape of the drop, three situations can be distinguished 7 :

-if 0°< θ < 90°, the evaporation flux is minimal at the top of the drop, grows with r and diverges near the triple line [START_REF] Deegan | Contact Line Deposits in an Evaporating Drop[END_REF] .

-if θ = 90°, the evaporation flux is uniform along the interface [START_REF] Hu | Evaporation of a Sessile Droplet on a Substrate[END_REF] .

-if 90°< θ < 180°, the evaporation flux is minimal at the triple line and maximal at the top of the drop. Different modes of evaporation exist, depending on the dynamics of the triple line and the contact angle [START_REF] Brutin | Droplet Wetting and Evaporation: From Pure to Complex Fluids[END_REF] . These modes have an influence on the internal flow, hence the mass transfer. Two modes can be distinguished according to Picknett and Bexon 30 :

-the drop evaporates with a constant contact surface; the contact line is pinned, and the angle decreases over time Figure 3.4.

-the drop evaporates with a constant contact angle; the contact radius decreases over time Figure 3.4. This mode is characterized by a recession of the contact line.

Figure 3.4

The two evaporation modes according to the dynamics of the contact line [START_REF] Brutin | Droplet Wetting and Evaporation: From Pure to Complex Fluids[END_REF] .

In certain cases of complex evaporation, the two modes can be alternated "Stick-slip motion". A first stage during which the contact line is pinned to the surface, and the contact angle decreases until the receding contact angle. A second stage starts with a constant contact angle, the contact line recedes until a certain contact radius is reached. Then this periodic process is repeated until equilibrium is reached. Shanhan and Sefiane give an explanation to the Stick-slip motion based on the Gibbs free energy. Also, we have the mixed-motion case, both modes happen at the same time [START_REF] Lazarus | From Craquelures to Spiral Crack Patterns: Influence of Layer Thickness on the Crack Patterns Induced by Desiccation[END_REF] . These two dynamics described above depend on the roughness and the heterogeneity of the surface, as well as the temperature and humidity. Bridi and Vu have shown according to the wetting of the surface (Glass-Teflon) 2 , the evaporation rate is linear with time in the case of a water droplet that has a contact angle θ < 90°, and non-linear in the case where θ > 90°.

Sobac and Brutin study the influence of substrate properties [START_REF] Sobac | Triple-Line Behavior and Wettability Controlled by Nanocoated Substrates: Influence on Sessile Drop Evaporation[END_REF] , for a wide range of contact angles (from 17° to 135°) and five different fluids, in the case of pinned contact line. They describe the effect of contact angle on evaporation dynamics: contact angles less than 40° have a negligible effect, unlike angles greater than 40°. Also, they give a universal relation of the evolution of the drop mass, independent of the drop size and the initial contact angle.

Evaporation gives rise to convective mechanisms within the drop 7 , such as thermo-gravity convection and thermo-capillary convection, which induce flows inside the drop. Thermo-gravity convection is due to the variation in density ρ with temperature (density decreases with increasing temperature). The presence of a vertical temperature gradient leads to an ascent of the fluid from the hottest part to the coldest part. As the fluid cools, it goes back down. This leads to a circular flow. The number of Rayleigh Ra characterizes thermo-gravity effects by comparing the Archimedean buoyancy force to the dissipative forces: Ra = βgL # ∆T να Where β is the coefficient of thermal expansion, ν is the kinematic viscosity, L is the characteristic length, and α, is the coefficient of thermal diffusion.

Thermo-capillary convection is due to the variation of the surface tension γ with temperature. A difference in temperature leads to a difference in surface tension, since the surface tension decreases with increasing temperature. This surface tension gradient generates a flow known as "Marangoni flow", which will set the liquid in motion from the hottest to the coldest area. The Marangoni Ma number characterizes the thermo-capillary effects by comparing the surface force to the dissipative forces: Ma = -dγ dt L∆T ρνα The Marangoni flow results from a surface tension gradient, which may be due to the temperature gradient as presented above, or to the local change in the composition of the dispersions (colloids or polymers), known by solutal convection [START_REF] Takhistov | Complex Stain Morphologies[END_REF] . Also, it can be caused by the presence of surfactants [START_REF] Girard | Evaporation and Marangoni Driven Convection in Small Heated Water Droplets[END_REF] .

The spreading of a drop on a solid substrate can be characterized by the evolution of the radius r(t) and the apparent contact angle θ(t) over time, until the flow comes to a complete stop. The competition between forces: capillary, inertial, gravitational and viscous determine its dynamics during the different phases that characterize the flow. Spreading can be affected by temperature, humidity, surface nature and rheological behavior of fluids and their compositions. Surrounding conditions affect wetting, spreading and evaporation, since the viscosity and surface tension of the fluid are dependent on temperature, and the evaporation is a function of relative humidity (RH) and temperature (T). The contact angle and the triple line are affected by the substrate characteristic. Solid substrates are not ideal (smooth and homogeneous), they can be chemically heterogeneous and rough. Also, substrates can be porous, in this case the spreading dynamics is largely influenced by the permeability of the pores. The rheological behavior of fluids is important for both, wetting and spreading. The fluid may exhibit Newtonian or non-Newtonian behavior: shear-thinning, shear-thickening and yield stress fluid. Fluid behavior is characterized by models that give stress and viscosity as a function of shear rate. The dynamics of drop spread in a total wetting situation is investigated by Tanner in the case of small drops (negligible gravity effect) of a non-volatile fluid [START_REF] Tanner | The Spreading of Silicone Oil Drops on Horizontal Surfaces[END_REF] . For these small drops the dynamic results from a balance between viscous dissipation and capillary forces (viscous dissipation in the zone near the contact line). He assumed that the radius of curvature of the interface is large enough in front of the drop thickness, which allows the theory of lubrication to be applied. The drop takes the shape of a spherical cap of volume V = (π/4) r # θ. with r the radius of contact with the substrate, and the contact angle θ is given by Tanner's relation θ # ~cte × Ca. The capillary number Ca = µUγ !" represents the relative importance of effects due to viscosity and those due to capillarity. He predicted a slow growth of the drop radius over time r(t)~t "/"+ , and a decrease in the angle of contact θ(t) ~t!#/"+ . Gravity plays an important role in determining the geometry of large drops and their spreading dynamics. Unlike the first case, the drops will be flattened in the central part and their curvature is localized near the edges. The spreading law is given by Lopez r(t)~t "/, , in the case of a nonvolatile fluid that spreads on an ideal substrate [START_REF] Lopez | Spreading Kinetics of Liquid Drops on Solids[END_REF] . This law results from a balance between viscous dissipation in the bulk of drop and variation in potential energy. Cazabat and Stuart studied the spreading of a drop of silicone oil 9 , and they observed a law of variation with an exponent 1/10 at short times, in this case the radius is small in regard to the capillary length r < l ) , from which the capillary effects remain dominant. At longer times, the radius becomes larger than the capillary length, we're moving into a regime dominated by the forces of gravity with an exponent 1/8.

After, we briefly discussed the spreading and evaporation of a drop of a liquid, and its different modes of evaporation, and also the internal flows that can take place with the evaporation. Now we are interested in drops of human whole blood. The understanding of these phenomena in the case of a drop of blood is of crucial importance. Given its great interest in biomedical applications, specifically in disease detection, and in forensic applications by crime scene investigators. The dynamics of spreading and evaporation of blood droplet is given by Bou-Zeid and Brutin [START_REF] Bou-Zeid | Effect of Relative Humidity on the Spreading Dynamics of Sessile Drops of Blood[END_REF] . They realize an exhaustive study on blood droplet that spread over a clean glass substrate. A blood droplet spread by following two regimes, one controlled by capillary forces and a second controlled by viscous dissipation near the contact line. A blood droplet wets the substrate keeping a spherical cap shape with a contact angle at equilibrium equal to 20°. Also, they investigated the influence of relative humidity, RH, spreading is rapid at high evaporation rates (low RH), contrary to low evaporation rates (high RH). The first spreading regime results from a competition between capillary forces and viscous dissipation near the contact line. In the 
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, as a function of normalized time, t/t 1 , for RH varying from 8% to 90%. The inset graph is a magnification of t/t 1 from 0 to 100 [START_REF] Bou-Zeid | Effect of Relative Humidity on the Spreading Dynamics of Sessile Drops of Blood[END_REF] . The first regime is dominated by capillary forces and gravity is negligible Table 3.1, which gives a dynamic with a wetting factor n = O, 65 ± O, 11. The same dynamics are observed for a fluid with a viscosity of 10 mPa. s. This shows that bio-colloids do not have a remarkable effect in this first spreading regime 23 . A competition between viscous dissipation and the pressure difference (between the saturated pressure at the droplet interface and the air pressure) characterizes the spreading dynamics of the second regime , predicted by the use of the pure evaporation model as the process is limited by water diffusion.

The second regime is governed by the viscous dissipation near the contact line Table 3.1. The drop during spreading keeps the shape of a spherical cap with a negligible gravity effect shown by the calculation of the Bond number, less than 1 for both regimes Table 3.1. In this experiment the evaporation mass flow is not uniform along the surface of the drop and tends to diverge near the contact line. This will cause temperature gradients on the surface, hence a gradient of surface tension and leads to a Marangoni flow inside the droplet [START_REF] Hu | Marangoni Effect Reverses Coffee-Ring Depositions[END_REF] . This flow will transport the colloids to the edge near the contact line, which evaporates faster, and so the bio-colloids accumulate, forming a layer of biological deposition. The contact line moves radially with a speed of U )% and then it becomes pinned. Proteins in the blood will anchor the contact line to the solid substrate. At low relative humidity (high evaporation rate), Bou-Zeid and Brutin notice an increase in the evaporation rate near the contact line This section presents the evaporation and spreading of blood, in the case of a blood droplet that spreads gently on a glass substrate. In which the effect of humidity on the rate of evaporation was taken into account. In the next section, we will present the final evaporation phase, which is mainly characterized by gelation, adhesion and crack formation, and by a complex pattern at the end of evaporation (total drying). 

Drying of human blood drops

A blood drop dries on a glass substrate by following five stages until it is completely dry 6 , in the end, only the non-volatile constituents, the bio-colloids, remain. Drying of the blood drop is characterized by two regimes, a first regime driven by convection, diffusion and gelation, and a second driven by diffusion through the pores of the gelled bio-colloids, with a lower evaporation rate than the first regime [START_REF] Sobac | Structural and Evaporative Evolutions in Desiccating Sessile Drops of Blood[END_REF] . As described above, the presence of protein in the blood promotes contact line pinning, and the internal flow leads the bio-colloids to the edge of the drop forming a ring. This phenomenon is known as the "coffee-ring effect", observed and described experimentally by Deggen et al. [START_REF] Deegan | Capillary Flow as the Cause of Ring Stains from Dried Liquid Drops[END_REF] . Evaporation continues with an increase in the local concentration of the bio-colloidal particles ϕ : , then the particles aggregate to form a gel at the edge of the drop [START_REF] Pauchard | Influence of Salt Content on Crack Patterns Formed through Colloidal Suspension Desiccation[END_REF] , which propagates inwards of the droplet. This mechanism characterizes the first regime, which is clearly shown in Figure 3.8, a ring appears at time τ ;" resulting in a high concentration of RBCs, and the central surface remains liquid. Then we have a transient regime which is characterized by the gelation of the center with a decrease in the rate of evaporation, as shown in Figure 3.8, a shrinkage of the liquid part (image τ ;( and τ < ). And finally, a second regime in which an amount of liquid remains trapped within the gelled cellular matter and dries with a very long evaporation rate. Figure 3.9 clearly shows the different regimes. The first regime presents a non-linear decrease compared to the evaporation of pure liquid due to the perturbations caused by gelation, with an evaporation rate equal to 5.2 µg/s. The last regime is 56 times slower than the first regime, since the liquid phase diffuses through the pores. A competition between evaporation and gelation drive this process, therefore the authors define two distinct characteristic time. τ < defined as gelation time, taken at the end of the sol-gel transition, and τ 1 the desiccation time, which correspond to the time needed for the drying of a drop which contains solvent only, given by the relation [START_REF] Sobac | Structural and Evaporative Evolutions in Desiccating Sessile Drops of Blood[END_REF] :

τ ' ≈ θ + ρR + S + 4 ] dm dt ^.=+
Developed by assuming the case of pinning contact line, and a spherical cap shape. Where ρ the density of the fluid, m the mass and V, S and R, respectively, are the volume, surface and radius at time t. Also, they develop a relation for the gelation time which correspond to the time of the transition between the two regimes:

τ < ≈ g 2,036 D h m + (/#
Where D represents the coefficient of diffusion. In their experiment, they obtained for the first regime a coefficient equal to 5,5 × 10 !> m ( /s, and for the last regime 9,8 × 10 !? m ( /s. These two values agree to the two extreme cases, pure water diffusion and diffusion through a colloidal gel [START_REF] Pauchard | Stable and Unstable Surface Evolution during the Drying of a Polymer Solution Drop[END_REF] . The drop mass has an influence on the different regimes which characterize the drying of the blood drop [START_REF] Sobac | Structural and Evaporative Evolutions in Desiccating Sessile Drops of Blood[END_REF] , the duration of the last regime becomes longer as the mass increases. Since the increase in mass leads to an intensification of the thickness of the gel deposit, as a result, more liquid is trapped and diffusion through the pores becomes longer.

The final pattern of a blood droplet disposed on a glass substrate contains cracks 6 , as shown in the Figure 3.8, These are formed when the liquid diffuses through the pores of the gelled matter [START_REF] Lazarus | From Craquelures to Spiral Crack Patterns: Influence of Layer Thickness on the Crack Patterns Induced by Desiccation[END_REF] . As described earlier, the gelation starts at the edge of the droplet and propagates towards the center. As a result, cracks also form at the edge, and during the drying process, they will spread towards the center. Sobac and Brutin observed in their experiments that the first cracks nucleate at a certain critical particle concentration of 29.6% [START_REF] Sobac | Structural and Evaporative Evolutions in Desiccating Sessile Drops of Blood[END_REF] . The dynamics of crack formation during drying depends on the mechanical stresses resulting from the competition between evaporation and adhesion to the substrate [START_REF] Parisse | Shape Changes of Colloidal Suspension Droplets during Drying[END_REF] , and the thickness of the gel layer 3 . Indeed, during evaporation, a porous matrix is formed by the aggregation of particles, so the system will be defined by the two interfaces shown in Figure 3.10. A gelsubstrate interface, where adhesion takes place, and a gel-air interface, where the solvent evaporates. A capillary pressure, P )@A , is created in the liquid phase caused by the presence of a menisci at the gel-air interface:

P )@A = αγ :,@ cos(θ) r A
Where γ :,@ surface tension, r A pore radius and α ≈ 10 geometric constant. With the evaporation, the curvature of the menisci increases, thus creating a depression in the solvent. The latter has two major effects, it leads to solvent migration to the surface, and also to the shrinkage of the porous matrix which is counteracted by adhesion to the substrate. As a result, a tensile stress develops [START_REF] Lei | Stress Development in Drying Coatings after Solidification[END_REF] . During evaporation this stress becomes important, and it relaxes by forming cracks through the release of energy.

Figure 3.10 representation of the drying process of a colloidal system, which results to the formation of porous matrix 22 . (left) Just after disposition, the system is characterized by dispersion suspension. (right) A packed colloidal system takes shape during drying, known as porous matrix. r and r ' denote the curvature of the menisci before and after shrinkage, respectively.

The final pattern is influenced by the characteristics of the substrate 8 and also by the relative humidity 4 , see Figure 3.11 and Figure 3.12 (right), respectively. Brutin et al. [START_REF] Brutin | Influence of Substrate Nature on the Evaporation of a Sessile Drop of Blood[END_REF] , They have studied the drying of a drops of blood on gold and aluminum substrates. And they showed that the thermal diffusivity of the substrate has no influence, however substrate wettability has an important influence on the evaporation dynamics, hence on the final pattern. The initial contact angle on a glass substrate is θ = 15° with a non-uniform evaporation rate. However, it is almost equal to 90° for a gold substrate (θ = 91.9°), in this case the evaporation rate is uniform along the interface [9], resulting in an absence of Marangoni flow. Blood remains homogeneous, and with evaporation, the particles move towards the interface by means of a radial flow that is created inside the drop. These particles compact forming a shell which undergoes a sol-gel transition, and a glassy skin appears on the surface of the blood drop Figure 3.11. The final pattern obtained on metallic substrates has a complex morphology, results from the existence of buckling instabilities [START_REF] Sobac | Desiccation of a Sessile Drop of Blood: Cracks, Folds Formation and Delamination[END_REF][START_REF] Pauchard | Patterns Caused by Buckle-Driven Delamination in Desiccated Colloidal Gels[END_REF] , and the fact that the center of the drop is composed only of air. The pattern is mainly characterized by three distinct regions: a central part composed of small cracks, a corona formed by the accumulation of bio-colloids which is composed of cracks and mobile plaques, and finally a well-defined border (a periphery) adhering to the glass substrate. The morphology of this pattern is highly dependent on the relative humidity RH of the surrounding Figure 3.12b. The increase in RH (decrease in evaporation rate) changes the mechanical properties of the gel, such as the adhesion energy, which decreases according to Griffith's theory. As a result, the mobile plaques become wide with a lower adhering part, for RH values ranging from 13,5 % to 50 %, and for RH values above 50% the mobile plaques are small with a most important adhering part. This result is due to buckling instabilities 27 , which will be quickly overcome by the adhesion of the gel to the substrate. Also, a change in the evaporation rate leads to a change in the internal flow, which makes the thinner periphery wider Figure 3.12 (right). In general, for the same droplet volume, we can have several patterns depending on the humidity of the surrounding. 

Stages of human blood pools spreading, wetting and drying

After a deadly blood shedding event, blood pools are one of the important evidences that can be found at crime scenes. Pools represent the accumulation of an important quantity of blood on a substrate. From a pool of blood, the investigator or the bloodstain pattern analysts (BPAs) can make two simple conclusions by just observing, the first, if the pool is still in liquid state, the event is recent, and the second, if the pool is completely dried, the event must have taken place some hours or days ago. But these deductions are not reliable, and they can't propose them as evidence in front of the courts. Recently, courts have begun to require scientifically validated evidence for the reconstruction of crime scenes. Hence the need to understand the spreading and drying of blood pools from a physics and biomedical point of view. Several researchers investigated this topic, we can notice the pioneer works of Smith et al. about the time reconstruction of blood pools [START_REF] Smith | A New Forensic Tool to Date Human Blood Pools[END_REF] . And the studies of Laan et al. on the morphology of drying blood pools, in which they describe the drying of blood with exhaustive manner [START_REF] Laan | Morphology of Drying Blood Pools[END_REF] . Also, the works of Ramsthaler et al. and Laber and Epstein, on the drying of blood pools [START_REF] Ramsthaler | The Ring Phenomenon of Diluted Blood Droplets[END_REF] and the influence of substrate nature on coagulation [START_REF] Laber | Substrate Effects on the Clotting Time of Human Blood[END_REF] , respectively.

Laan et al. have investigated the drying of blood pools, as results, a morphological characterization of the drying was given [START_REF] Laan | Morphology of Drying Blood Pools[END_REF] . They follow the drying of several blood pools with less than 4.5ml of volume over time, on linoleum surfaces. And they show that the kinetics of mass variation is similar and repeatable under different conditions, as well as morphological changes. These changes are distinguished by five stages Figure 3.15, with different aspects related to the dominant phenomena:

(1) When a given volume of blood is deposited on a substrate, it has a dark red color, and the bio-colloids are distributed homogeneously. At the same time as the blood spreads until it reaches equilibrium, evaporation takes place and coagulation occurs, leading to a change in color to a light red. Laber and Epstein have shown that the total clotting time of blood pools depends on the substrate on which they are poured, and their volume [START_REF] Laber | Substrate Effects on the Clotting Time of Human Blood[END_REF] . A pool with a small volume on human skin clots rapidly compared to a pool on wood. Also, there are other parameters that may influence clotting, such as temperature and relative humidity, were not considered in their study. (2) If the blood is ex-vivo, hemostasis will occur which is characterized by the coagulation and formation of the fibrin web which led to the gelation. The latter is the passage from the liquid state to the gel state. This stage begins with the gelation of the rim, after this front will propagate until the total gelation of the pool in the fourth stage. The drying of a blood pools is similar to that of a gel, since the drying of both leads to a sol-gel transition.

(3) At the same time as the gel propagates towards the center of the pool, another front is formed characterized by a black color and the presence of cracks. It is defined as the drying or desiccation front. And during this stage both fronts, drying front and gelation front, continue to propagate towards the center of the pool. (4) At this stage the pool is completely gelled, and evaporation will take place through the pores, and also the drying front continues to propagate towards the center. It should be noted that this front does not evolve uniformly, as can be seen in Figure 3.13 (linoleum) and Figure 3.14 (floor wood). Hence the center of a pools is not a geometric center, but the earlier the point where all the cracks some together. (5) At the end, the pool has a black color, which represents a total visual drying time. And during this stage, the last volatile components continue to evaporate, and the cracks spread until they reach the center of the pool. As a result, some flakes detach and separate from the pool.

The final pattern of a completely dried pool, the total drying time and the duration of each stage are a function of the temperature, relative humidity, the nature of the substrate, the composition of the blood and the size and shape of the pool. A blood pool on a non-porous substrate clots naturally and separates into two phases, liquid and cellular. The liquid phase, called serum, does not contain the same components as the plasma since some of it was consumed during coagulation. Separation is characterized by sedimentation of the cellular components due to their density, which is higher than that of serum. Under certain conditions the serum spreads outside of the main blood pool, as shown in Figure 3.14. Laber and Epstein in their study about clotting (coagulation) time of blood pools mention that for few pools, serum started to spread out of the edge of the main pool, and it is related to the fact that the blood is flowing down a slope. Ramsthaler et al., assumed that this serum spreading is due to the volume of the pool, and it is present for volumes greater than 10ml. This phenomenon is encountered in crime scenes, and its understanding allows a reliable reconstruction of crime scenes, hence the need for further studies to give a more detailed scientific explanation. Based on the fact that phase separation exists naturally and does not depend only on the volume of the pool, and assuming that the spread of the serum is due to an external factor. We choose to investigate this phenomenon, by taking a constant pool mass (volume), with varying environmental conditions and substrate types. In order to tackle the influence of blood composition on coagulation and spreading, blood is taken from the same donor in good health with hematocrit level of Hct = 42% ± 2.7%. The blood is collected in neutral 9ml tubes, without any anticoagulant or activator, and the blood pool is created directly after collection to avoid blood clotting and to simulate a real bloody event.

Figure 3.14 shows the drying of two blood pools with the same mass (4.83g ± 0.6%) on varnished and unvarnished wood, hence a smooth and a rough surface, respectively. The two pools are created under the same conditions, a temperature of 21°C and a relative humidity of 60%. By observation, we can say that the type of surface has an important role, on the smooth surface we have a remarkable separation of the serum, however, on the rough surface, the serum spreads a little bit. In Figure 3.14.a, the serum separation started at 22min after creating the pool, and it stopped after 3h50min, the separated serum represents 24% from the total area of the pool. Also, the total area of the pool obtained at equilibrium on varnished floor wood is greater than the final area on unvarnished floor wood. So, we can put a first conclusion, the separation of serum depends on the nature of the substrate on which the pool was created. To confirm our observation, we performed other experiments, keeping the same type of substrates and modifying the environmental conditions. As results, we had the same observation.

To investigate more the serum separation, we have created 20 blood pools with the same mass on a varnished substrate, under three different temperatures (21°C, 29°C and 37°C), and the relative humidity was varied from 20% to 90% with a 10% step. The results obtained are shown in Figure 3.15. The blue box represents the case without serum separation, and the red box represents the opposite case. As we can see in the figure, phase separation only occurs at high relative humidity levels. In our study, at relative humidity (RH) levels above 50%. At a constant temperature, e.g., 21°C, this separation increases as we increase RH. Also, the increase in RH leads to an intensification of the spreading of the pool, with the same mass we have an equilibrium area of 25.9cm ( at 20% and 116.9cm ( at 90%. This is due to the fact that the increase in RH slows down evaporation, hence the main pool and serum can spread further. This effect is observed also on blood drops, which we presented in Section 3.2.1.

The rate of evaporation increases with the increasing of the temperature. hence, the pool dries more quickly. As conclusion and according to our results, the phase separation and the spreading of the pools are related to the nature of the substrate, relative humidity and temperature. Despite the presence of this phenomenon at high relative humidity levels, we have the same drying morphology with the five stages. In this study, we investigated the separation phenomenon, using blood taken from the same healthy donor, and the pools were created on non-porous substrates. Our next step will be to understand the local mechanism that triggers it, and to investigate the role of porosity and hematocrit levels. ) and relative humidity levels ranging from 20% up to 90% with a step of 10%. the blood is taken from the same donor with a hematocrit level of 42.8% ± 2.7%.

Drying of human blood pools

In this section, we will be interested on the patented method developed by Smith et al. on the temporal reconstruction of blood pools, which can be used by investigators in crime scenes [START_REF] Smith | A New Forensic Tool to Date Human Blood Pools[END_REF] . This method is based on the understanding of the dynamics of human blood drying, and the monitoring of the drying front during the 3rd and 4th stages described above. The evaporation of a blood pools does not correspond to a one-dimensional system of mass and heat transfer as in the case of the stretch of liquid Figure 3.3. Smith et al. have shown that in the case of pools, the triple line, the shape and the volume of the pools influence the evaporation rate. And all these parameters are closely related to the advancement of the drying front. Mainly in their work, they related the evaporation rate J * to the evolution of the drying front, therefore, they were able to determine a constant evaporation rate using only the wet surface. And by incorporating the different parameters that act in the evaporation of a pools, they obtained a constant value of the diffusion coefficient D $%&&' that does not depend on the shape and volume of the pools, D $%&&' was determined under the same external drying conditions.

The drying of a pools of human whole blood correspond to the evaporation of volatile blood components, mainly water. The decrease in mass during the drying of a blood pools has the same dynamics, for any type of surfaces and also under different relative humidity level [START_REF] Laan | Morphology of Drying Blood Pools[END_REF] . Before reaching 60% of the initial mass, the drying of a blood pools shows a linear loss of mass over time, like that of a water pool dried under the same conditions Figure 3.16. At this stage, the liquid phase evaporates at the surface of the blood pools, without any change in the shape of the pools, hence the variation in mass corresponds to a variation in height. After this stage, the loss of mass of a pool of water continues to decrease in a linear manner until total drying, 0% of the initial mass. However, for a blood pools, drying stops at 23% under dry conditions (low humidity). This value corresponds to the quantity of non-volatile components present in the blood, and it is according to hematocrit level, which explains the variations observed on the graph due to the initial hematocrit value. The analysis of the evaporation rate J * of blood pools of different masses according to the remaining water allows to investigate deeply the loss of mass. This evaporation rate corresponds to a mass diffusion flow. Figure 3.17 shows the drying dynamics of five human blood pools of different initial masses and hematocrit level, under a temperature of 23°C and relative humidity of 20% on the same substrate, a tile. Noting that the curve of m = 0.30g corresponds to a large drop, which explains the high evaporation rate, their dynamics was given in detail in the Section 3.2.2. The evaporation dynamics of the other pools are similar to those of the alumina gels studied by Dwivedi [START_REF] Dwivedi | Drying Behaviour of Alumina Gels[END_REF] . After the creation of a blood pools, the evaporation rate decreases rapidly during spreading and coagulation, until the beginning of the second stage (Gelation). Then, evaporation will take place at a constant rate characterized by a plateau until the end of the third stage (Rim desiccation). And finally, from the fourth stage, evaporation takes place in the porous medium, therefore, the evaporation rate decreases until total drying. As can be seen in Figure 3.17, the rate of evaporation decreases as the mass of the pool increases. A large mass results in a larger contact surface area. The phase change produces humidity surrounding the pool, which slows down evaporation. Therefore, the larger the size, the more difficult it is for the aqueous phase to transform into vapor, since the surface is already saturated. The drying of a blood pool has the same dynamics as alumina gels, and the evaporation rate can be strongly influenced by the size of the pool. Also, the latter is dependent on the shape of the pool. Smith et al. showed that the evaporation rate of 21 blood pools with the same initial mass m D is different. accordingly, they developed a shape factor named L * to take into account the shape of the pools, and it is given by the following equation:

L * =
A hP With A, the area (in m ( ), h, the height (in m) and P, the perimeter of the pool (in m). The height is estimated using the following approximation: h = V A V is the volume (in m # ), it can be calculated with the following equation:

V = m ρ
The evaporation rate is a mass flow rate per unit area, which has been calculated in the first part by using the total area. However, by using the wet area, i.e., a monitoring of the drying front by image processing software, Smith et al were able to determine a constant evaporation rate independent of the pool size. This evaporation rate can be expressed as a function of the transfer coefficient, since the evaporation process takes place across an interface. Assuming that the blood pool is in the open air and at a temperature below the boiling point of water, and the ambient pressure is normal, the mass transfer equation can be given by 11 :

j * = K D MP E RT With K D the
transfer coefficient from the liquid to the gas state (in m. s !" ), M the molar mass (in kg. mol !" ), P E the saturating vapor pressure of water at the surface (in J. m !# ), R the universal gas constant (in J. mol !" . K !" ), and T the temperature (in K). This equation shows that in the case of the evaporation of a blood pools, the rate of evaporation depends on the temperature, and the humidity. The saturating vapor pressure of water is given as a function of temperature by the Antoine equation [START_REF] Haynes | CRC Handbook of Chemistry and Physics[END_REF] . The evaporation rate equation, can be written as follows:

K D = j * RT
MP E The transfer coefficient represents the velocity of movement of a species from one phase to another. A high value of K D implies a fast mass transfer, otherwise a slow mass transfer. The connection of the transfer coefficient with the diffusion coefficient, allows to link the evaporation of a blood pool to Fick's law. In order to obtain a diffusion coefficient, Smith et al. multiplied the transfer coefficient by the Knudsen layer, L F . The latter represents the thin evaporation layer of the vapor close to the liquid, it was used as the characteristic length, and is given by the following equation:

L G = kT πd ( P @
Where k is Boltzmann's constant (in m ( ⋅ kg/s ( ⋅ K), T is temperature, d is molecular diameter and P @ is atmospheric pressure. As we said before, the drying of blood pools depends on the shape of the pool. In order to tackle its effect on the calculation of the diffusion coefficient, the shape factor is taken into account. As results, the transfer coefficient K D of the four blood pools is weighted by the shape factor root L * "/( and the characteristic length L F . The diffusion coefficients obtained for each pool are presented in Figure 3.18 as a function of the amount of water remaining in the blood. The four curves have the same plateau with an approximately constant value equal to 1.10 !? m ( . s !" , this value represents the diffusion coefficient of a blood pools noted D $%&&' , under a temperature of 23°C and a relative humidity of 20%. In Figure 3.18, at the beginning and at the end of drying, the values do not follow this plateau. Directly after deposition of the pool on the substrate and before coagulation, the dynamics of the drying is the same as that of water, which explains the decrease in the evaporation rate, hence the coefficient of diffusion, during this first phase. After reaching the plateau, the drying of a blood pools has the same dynamics as that of a gel. And at the end of the drying process, the image processing software is unable to detect the wet surface, therefore the values of the evaporation rate are biased at the end. )/(M P E ) against the percentage of water left in pools having different initial masses (m D ), drying at 20% humidity, T = 23 ± 1 °C, on the same surface, a tile [START_REF] Smith | A New Forensic Tool to Date Human Blood Pools[END_REF] . This important result shows that the drying of blood pools is a complex problem, involving several parameters such as blood composition, environmental conditions, substrate nature and the shape and size of the pools. Smith et al. through their studies were able to show that the drying process of a blood pool follows the same dynamics of a gel dried under the same conditions. Also, taking into account the influence of shape and size on evaporation through shape factor and the monitoring of the wet they determined a blood diffusion coefficient denoted by D $%&&' . This coefficient is determined under a temperature of 23°C and a relative humidity of 20%, however, further studies are needed to determine it under different conditions of temperature and relative humidity. Mainly, the increase in temperature leads to rapid evaporation, hence a higher diffusion coefficient. Relative humidity affects evaporation, so that its increase causes a decrease in D $%&&' . Therefore, fundamentally, we can say that shape, temperature and humidity are the key parameters to understand the drying of blood pools. Unfortunately, this is not the case since the geometry of the pool plays an important role during this process. As we know, a round pool evaporates faster than a thin, large pool, since the thin evaporation layer of the vapor near the liquid, Knudsen layer, saturates faster in the former case.

The correlation found between the diffusion coefficient D $%&&' and the transfer coefficient K D has practical applications in crime scene investigation, and from which Smith et all have developed a reliable and patented model for the temporal reconstruction of crime scenes, which we will discuss in detail below. Currently, bloodstain pattern analysts (BPAs) need tools that are non-destructive, reliable and based on scientifically confirmed methods, and also that can be easily brought to crime scenes. And the evolution of the drying front during the drying of a blood pools is of a great interest for BPAs, as it can be followed over time by photography. Also, photography is one of the most used tools in crime scenes. Therefore, the aim of their study was to implement a method that allows to get the time in which the pool was created, from its drying morphology and by using the diffusion coefficient.

Under constant drying conditions, with a temperature of 23°C and a relative humidity of 20%, the evaporation rate of a blood pools can be calculated using the constant value D $%&&' = 1.10 !? m ( . s !" :

J * = D $%&&' MP E L G RTL * +.I
L * is obtained by: L * = A D hP Where A D is the total area of the pools, and P its perimeter, both can be calculated from a simple picture of a pool Figure 3.13. h is the thickness, it is estimated from the calculation of the average of 30 different pools created under the same surrounding conditions, and it is equal to 1.44 ± 0.19 mm. From a picture of a pool of blood, we can have the variation of the wet area, i.e., the advancement of the drying front. So, making a relation between the latter and the variation in mass seems necessary, since in a crime scene we cannot have mass. δm = m D -m K and δt = t K -t D , t K the time in which the picture was taken, and A K the wet area at time t K . At t_i = 0s, the expression of t K is given by: t K = αRk $ T ( A + +,I h +,I ρ v1 -] A .

A + ^wJ πd ( MP . +,I D $%&&' P E P @ This correlation is verified for many pools of different shapes and sizes dried under the same conditions, and it has an average error on the estimate of the creation time of the pools of 5%.

Conclusion

As evidenced in this chapter, whole human blood is a reality complex fluid that spread, wet and then dry depending of course on the substrate nature but also depending on the surrounding conditions. We evidenced, the influence of the relative humidity on both the blood phase separation that occur at high humidities. The perspectives of a better understanding of blood behavior on substrates is obvious for biomedical applications that need a perfect reproducibility. A requested by courthouses in Europe and the USA, a better knowledge is also needed in forensic sciences in order to avoid justifying a criminal decision on the BPA guess or own experience. This why in 2015, the Bloodstain Pattern Analysis discipline have been included a branch of NIST in order to gain more scientific rigor.
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 31 Plasma, the fluid in which blood cells are suspended is an aqueous solution of components that vary widely in size.

Figure 3 . 1

 31 Figure 3.1 Organizational chart showing the components of whole human blood.
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 32 Figure 3.2 Viscosity of whole human blood (NP curve), red blood cells suspended in 11% albumin-Ringer solution (NA curve) and hardened red blood cells in 11% albumin-Ringer solution (HA) as a function of shear rate 10 .
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 33 Figure 3.3 Representation of the different possible cases depending on the radius at equilibrium (a) a droplet r ≤ l ) , (b) a pool r ≫ l ) , and (c) an infinite stretch of liquid 7 .
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 35 the curves obtained for different RHs merge, hence the absence of the influence of humidity. The evolution of the radius r(t) is described by a power law r * (t) = k ] . . ! ^/, with a factor k = 2,29 × 10 !( and a wetting factor n = O, 65 ± O, 11 obtained by fitting all the curves. r * is the normalized radius, t ' = 4πµ/γR 0 , is the viscous capillary characteristic time, which is used to normalize the time in this first regime.
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 35 Figure3.5 Normalized drop radius, (r(t) -R + )/(R 0 -R + ), as a function of normalized time, t/t 1 , for RH varying from 8% to 90%. The inset graph is a magnification of t/t 1 from 0 to 100[START_REF] Bou-Zeid | Effect of Relative Humidity on the Spreading Dynamics of Sessile Drops of Blood[END_REF] . The first regime is dominated by capillary forces and gravity is negligible Table3.1, which gives a dynamic with a wetting factor n = O, 65 ± O, 11. The same dynamics are observed for a fluid with a viscosity of 10 mPa. s. This shows that bio-colloids do not have a remarkable effect in this first spreading regime[START_REF] Legendre | Numerical Simulation of Spreading Drops[END_REF] .
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 36 The evolution of the radius over time is given by a power law like the first regime r * (t) = k ] . . " ^/, with a wetting factor n = O, 19 ± O, 03. The time was scaled by the total evaporation time t 2 = 3456 # 7∆91 $ 1 !%$$
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 36 Figure 3.6 Normalized drop radius, (r(t) -R + )/(R 0 -R + ), as a function of normalized time, t/t 2 , for different humidities 5 .

  Figure 3.7.a. Unlike the case where we have a high HR Figure 3.7.b. This will intensify the transport of colloids to the contact line, resulting in an increase in flow velocity near the contact line 5 .
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 37 Figure 3.7 Schematic representation of spreading drops for the case of: (a) RH=10% and (b) RH=80%. Initially, the blood drop has a spherical shape, and at equilibrium the drop has the shape of a spherical cap. The arrows indicate the velocity and evaporative flux of water vapor from the drop surface to the surroundings in the vicinity of the triple line. The dashed square marks the area close to the triple line, where the drop geometry can be approximated by a wedge 5 .
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 38 Figure 3.8 drying mechanism of blood droplet (drop diameter D + = 8,6mm, initial mass m + = 17,3mg, final mass m 0 = 3,51mg) at room temperature 22,0°C and surrounding humidity 42%. τ + represent a deposit time, τ < first time of nucleation of cracks, τ ;( time of nucleation of cracks at center, τ < gelation time, τ 2 total drying time 35 .
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 39 Figure 3.9 Mass m, drying rate [dm/dt], and solid mass concentration ∅ : as a function of time for a drying drop of blood under the same condition as Figure 3.1. Regime 1: drying regime driven by convection, diffusion, and gelation. Regime 2: drying regime only driven by diffusion 35 .
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 3 Figure 3.11 (a) shape evolution of blood droplet, which dries on gold substrate with an initial contact angle θ = 91.9°. (b) the final pattern of blood droplet on gold substrate 34 .
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 3 Figure 3.12 (left) composition of final pattern of blood droplet dries on glass substrate 6 . (right) final pattern Obtained from the drying of blood droplets with the same mass on a glass substrate under variable humidity. The fine periphery is delimited with the two yellow dashes 4 .
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 3 Figure 3.13 Time-lapse of a drying pool of blood from a healthy person, at 22°C with a relative humidity of 32% 20 .
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 314 Figure 3.14 Time laps of a drying pool of blood (m = 4,83g ± 0.6%, Hct = 41,5%) on varnished (a) and unvarnished (b) floor wood, at 21°C with a relative humidity of 60%, showing the serum separation and the five-drying stages.
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 315 Figure 3.15 Phase separation during the spreading and drying of 20 pools of blood with a mass of 4.83g ± 0.6%, on varnished floor wood, under three different temperatures (21°C, 29°C and 37°C) and relative humidity levels ranging from 20% up to 90% with a step of 10%. the blood is taken from the same donor with a hematocrit level of 42.8% ± 2.7%.
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 316 Figure 3.16 Normalized mass as a function of normalized time of the blood and water pools. Experiments were carried out at 20 or 30% humidity, on linoleum or oak wood surfaces. The hematocrit values of the blood ranged between 44.7 and 49.3% 33 .
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 317 Figure 3.17 Evaporation rates of pools having various initial masses (m D ), drying at 20% humidity, T = 23 ± 1 °C, on the same surface, a tile 33 .
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 318 Figure 3.18 Evaporation rate of water weighted by (RTLk L * & ')/(M P E ) against the percentage of water left in pools having different initial masses (m D ), drying at 20% humidity, T = 23 ± 1 °C, on the same surface, a tile[START_REF] Smith | A New Forensic Tool to Date Human Blood Pools[END_REF] . This important result shows that the drying of blood pools is a complex problem, involving several parameters such as blood composition, environmental conditions, substrate nature and the shape and size of the pools. Smith et al. through their studies were able to show that the drying process of a blood pool follows the same dynamics of a gel dried under the same conditions. Also, taking into account the influence of shape and size on evaporation through shape factor and the monitoring of the wet they determined a blood diffusion coefficient denoted by D $%&&' . This coefficient is determined under a temperature of 23°C and a relative humidity of 20%, however, further studies are needed to determine it under different conditions of temperature and relative humidity. Mainly, the increase in temperature leads to rapid evaporation, hence a higher diffusion coefficient. Relative humidity affects evaporation, so that its increase causes a decrease in D $%&&' . Therefore, fundamentally, we can say that shape, temperature and humidity are the key parameters to understand the drying of blood pools. Unfortunately, this is not the case since the geometry of the pool plays an important role during this process. As we know, a round pool evaporates faster than a thin, large pool, since the thin evaporation layer of the vapor near the liquid, Knudsen layer, saturates faster in the former case.

J

  Figure 3.19 shows the normalized variation in mass versus variation in wetted area, of three pools of different masses. As results, the three curves overlap, and they have the same tendency. In this figure, A D = A .&. and m D = hA D ρ is the initial mass of the blood pool. The adjustment gives the following function: With α = 0.78 and β = 0.16 are the fitting parameters.
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 319 Figure 3.19 Normalized mass as a function of normalized wet area for different pools having different initial masses (m D ), drying at 20% humidity, T = 23 ± 1 °C, on the same surface, a tile 33 . Now we have the wet area as a function of mass. The time at which the pool was created can be estimated by integrating this last function in the relation of the evaporation rate given by: J * = δm δtA D

  

Table 3 .1

 3 Estimation of characteristic dimensionless numbers for the two regimes of blood drop spreading at RH = 65% 5 .

	Number	Formula	Signification	Regime 1	Regime 2	Ration 1/2
	R(mm)	-	Mean radius	3,18	4,54	0,7
	h(mm)	R(1 -cos(θ))/sin (θ)	Mean height	1,05	0,41	2,5
	U(mms !" )	-	Mean velocity	1,92	0,11	17,4
	Re	ρUh/µ	Inertia/viscous	0,209	0,004	44,4
	Ca	µU/γ	Viscous/capillary	2,75 × 10 !#	1,58 × 10 !$	17,0
	Bo	ρgh % /γ	Gravity/capillary	0,160	0,024	6,5
	We	ρU % h/γ	Inertia/capillary	5,74 × 10 !$	7,41 × 10 !&	774
	Fr	U % /gh	Inertia/gravity	3,59 × 10 !#	3,00 × 10 !'	120
	St	µU/ρgh %	Viscous/gravity	1,72 × 10 !(	6,38 × 10 !#	2,7