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The drying of human whole blood pools has been studied experimentally to improve the understanding of drops and pools of human whole blood. Here blood is assimilated to a complex fluid made of several bio-colloids. The blood pools were created inside a glove box under controlled conditions. We performed experiments at temperatures of 21 °C, 29 °C, and 37 °C, and relative humidity ranging from 20 % to 70 %. The air inside the glove box was still, and the evaporation process was mainly purely diffusive. A human blood diffusion coefficient of (1.08 ± 0.02) × 10 -9 m 2 /s was obtained. This value is in agreement with literature values for polymers and colloidal films. Moreover, we elaborated an updated model using Page's model to describe the drying kinetics of human blood pools. The effect of the surface area of pools was considered using a diffusive characteristics time. These findings are of interest for biomedical and forensic applications.

Introduction

The drying of drops and pools of pure fluids (water, ethanol) and complex fluids (colloidal suspensions, polymers, nano-fluids, and gels) has been studied extensively to understand the different phenomena that control it [1 , 2 ]. Morphological changes, existing instabilities, kinetics, and dynamics of their drying have been investigated, for an interest in fundamental research and industrial process development and optimization. Despite these advances, there are still phenomena that are not yet understood and observed due to the complexity of the drying process.

Whole human blood can be considered as a colloidal suspension [START_REF] Tomaiuolo | Blood linear viscoelasticity by small amplitude oscillatory flow[END_REF]. Its drying dynamics are similar to those of gels [START_REF] Smith | A new forensic tool to date human blood pools[END_REF], polymers, and colloidal films. In biomedical applications, the dried drops and films of human blood can be used to reveal the pathological conditions [START_REF] Brutin | Pattern formation in drying drops of blood[END_REF]. Finding a correlation between the final pattern of the dried drops and a given pathology is a trendy subject with a lot of challenges. In forensic applications, different types of evidence can be found at crime scenes. By interpreting them, crime scene investigators can reconstruct crime scenarios, specifically temporally and spatially. Currently, courtrooms require reliable and scientifically validated methods and techniques to avoid wrongful convictions. After a bloody event, blood pools are one of the most common pieces of evidence at crime scenes. Understanding the physical phenomena that lead to their formation, such as spreading, wetting, and drying, will allow an estimation of the time at which the pool was created and, hence, crime scene dating (temporal reconstruction). From these comes the interest to investigate the drying of blood pools as a function of the air relative humidity (RH) and temperature (T).

When we pour a given volume of human blood on a substrate, it spreads until reaching an equilibrium surface area; simultaneously, the evaporation of water molecules is triggered by the existing vapor concentration gradient. In the case of drops where the volume wets the surface with a spherical cap shape, Brutin et al. [START_REF] Brutin | Pattern formation in drying drops of blood[END_REF] described exhaustively the dynamics and drying morphology of the human blood drops with anticoagulant. Then several researchers investigated the effect of the temperature [START_REF] Chen | Blood drop patterns: Formation and applications[END_REF], relative humidity [START_REF] Bou-Zeid | Effect of relative humidity on the spreading dynamics of sessile drops of blood[END_REF], substrate nature [START_REF] Chen | Blood drop patterns: Formation and applications[END_REF], and blood composition on the drying of blood drops. In the case of non-negligible gravitational forces, thus at a higher volume, the shape becomes flattened in the center with curved edges (pancake shape); it is known as a blood pool. To the best of the author's knowledge, studies on human blood pools are quantifiable. In 2001, Laber and Epstein [START_REF] Laber | Substrate effects on the clotting time of human blood[END_REF] investigated the effect of substrates nature on the coagulation duration of blood pools. In 2015, after 14 years from the first study, Ramsthaler et al. [START_REF] Ramsthaler | The ring phenomenon of diluted blood droplets[END_REF] were interested in the influence of dilution on the drying of blood pools. Lann et al. [START_REF] Laan | Morphology of drying blood pools[END_REF], in 2016, described exhaustively the drying morphology of blood pools by dividing the drying into five distinct stages: (1) spreading and coagulation; (2) gelation; (3) edge drying; (4) center drying; (5) final drying and delamination. They carried out the experiments by using whole human blood without anticoagulants. In 2019, Laan et al. [START_REF] Laan | The influence of coagulation on the drying dynamics of blood pools[END_REF] showed that the presence or absence of the anticoagulant influences the drying of blood pools. Therefore, for forensic science applications, the use of fresh, anticoagulant-free human blood is paramount to develop reliable crime scene reconstruction models. Smith et al. [START_REF] Smith | A new forensic tool to date human blood pools[END_REF] developed a crime scene dating method, in 2020, based on the evaporation rate and exploitation of the third and fourth drying stages. In 2021, Benabdelhalim and Brutin [START_REF] Benabdelhalim | Phase separation during blood spreading[END_REF] explained the phase separation during the spreading of blood pools by the competition between evaporation and coagulation. This separation is dependent on the relative humidity level, thus the drying rate. However, the study and modeling of the drying kinetics of human blood pools, have not been considered so far, nor the determination of the diffusion coefficient of the blood pools into air. Smith et al. [START_REF] Smith | A new forensic tool to date human blood pools[END_REF] developed a crime scene dating tool based on morphological changes during the drying of blood pools. The drying morphology was presented exhaustively by Laan et al. [START_REF] Laan | Morphology of drying blood pools[END_REF], and they divided it into five distinct stages Fig. 1:

(1) After pouring the blood onto a nonporous substrate, the first stage is described by the instantaneous initiation of water evaporation across the liquid/vapor interface, and the spreading of the human blood pool until an equilibrium area is reached. Under certain conditions, phase separation can occur and the serum spreads outside the main pool [START_REF] Benabdelhalim | Phase separation during blood spreading[END_REF]. (2) Coagulation takes place during the second stage, which is characterized by the color becoming a lighter red and a sol-gel transition. The effect of coagulation on blood pool drying was studied by Laan et al. [START_REF] Laan | The influence of coagulation on the drying dynamics of blood pools[END_REF]. (3) The pool edge dries, the color turns black, and cracks appear. The formation of the so-called "drying front" characterizes the third stage. (4) The drying front propagates toward the center of the pool.

(5) Finally, the pool is completely dried, remains black, and becomes crackled.

Depending on the surrounding conditions and substrate type, the flakes formed can delaminate and detach or remain adhered to the substrate.

The dating method given by Smith et al. [START_REF] Smith | A new forensic tool to date human blood pools[END_REF] exploits the third and fourth stages of drying, that is, after the formation of the drying front until it reaches a dried pool. They developed a model by relating the drying kinetics, through an approximated diffusion coefficient, to the evolution of the wet surface area (the evolution of the red pool surface area in stages 3 and 4) at a temperature of 23 °C and relative humidity of 20 %.

The drying of the blood pool is complex, involving simultaneously coupled heat and mass transfer phenomena with physical, chemical, and biological transformations. The drying dynamics of the blood pool correspond to the sol-gel transition mechanism, with gel formation and water evaporation occurring through the liquid/vapor interface and then through the pores of the gel phase [START_REF] Dwivedi | Drying behaviour of alumina gels[END_REF].

In contrast to blood, many researchers have investigated the film and drop drying of colloidal suspension and gel, and gave a value of the diffusion coefficient. Routh [START_REF] Routh | Drying of thin colloidal films[END_REF], in his review of the drying of thin colloidal film, described the drying of large films in stagnant air. He reported that for an infinite flat expanse of fluid, the drying rate is uniform and is a function of the temperature and relative humidity. It can be easily calculated from drying experiments, and the diffusion coefficient can then be determined. Pauchard et al. [START_REF] Pauchard | Stable and unstable surface evolution during the drying of a polymer solution drop[END_REF] studied the existing instabilities during the drying of a model system composed of a hydrosoluble polymer and reported that for most polymer solutions, the diffusion coefficient ranged between 10 -9 m 2 /s and 10 -10 m 2 /s. Sobac and Brutin [START_REF] Sobac | Structural and evaporative evolutions in desiccating sessile drops of blood[END_REF], in their study on blood drop drying, reported a diffusion coefficient of the first drying regime equal to 5.5 × 10 -7 m 2 /s and for the second regime equal to 9.8 × 10 -9 m 2 /s; they divided the drying regime into two regimes with a transitory regime.

In the first part of this study, the diffusion coefficient of blood into the air was determined using Fick's law and drying data. The experiments were performed in a glove box (stagnant air) at temperatures of 21, 29, and 37 °C, and relative humidity ranging from 20 % to 70 %. This coefficient is useful for biomedical and forensic applications.

In the second part, the drying kinetics of the whole human blood pools was modelled using the concept of thin-layer drying and the former experimental data. This concept is based on lumped parameters models, which consider a uniform temperature distribution in samples and equal to the surrounding air [17 , 18 ]. However, this assumptions lead to an errors in the modeling of the drying kinetics, which depend on the thickness of the sample. They are reduced by decreasing samples thickness, and from this comes the name of the concept "thin-layer drying". Fortunately, the thinness of the blood pools leads to a constant and uniform temperature, and the use of this modeling concept becomes relevant. The thin-layer drying equations can be theoretical, semi-theoretical, and empirical. The use of one of these equations will depend on what we are trying to describe and to what prediction uncertainty. Also, the goodness of the models is determined by carrying out statistical tests. More details are in the section (Results and discussions).

Physical and biological properties of whole human blood

Whole human blood is a fluid composed of a solid cellular component, red blood cells (97 %), white blood cells, and platelets. The volatile liquid part, plasma, contains water (92 %) and proteins (8 %) [START_REF] Thiriet | Biology and mechanics of blood flows: Part I: Biology[END_REF]. Blood is a fluid tissue that is permanently transported in a unidirectional flow imposed by the cardiac pump. Red blood cells are the most abundant biocolloids, and their volume concentration is given by a dimensionless quantity, the hematocrit. For a healthy person, the hematocrit level varies between 38 % and 50 % [START_REF] Thiriet | Biology and mechanics of blood flows: Part I: Biology[END_REF]. Human whole blood is a viscoelastic non-Newtonian fluid characterized by shear-thinning behavior [START_REF] Tomaiuolo | Blood linear viscoelasticity by small amplitude oscillatory flow[END_REF]. Its viscosity decreases with the imposed shear rate until reaching a Newtonian plateau at high shear rates. The blood viscosity is a function of biochemical composition, hematocrit level of blood, and temperature. The blood can be defined as a colloidal suspension in which the cells represent the solid phase. Also, as an emulsion, considering the deformation and aggregation of red blood cells. Human blood has two other non-Newtonian characteristics: the existence of yield stress and time dependence behavior (thixotropy) [START_REF] Tomaiuolo | Blood linear viscoelasticity by small amplitude oscillatory flow[END_REF]. Whole human blood has an average density of 1060 kg/m 3 and a surface tension of 69.8 × 10 -3 N/m at 22 °C [START_REF] Brutin | Pattern formation in drying drops of blood[END_REF].

Materials and methods

Whole human blood is collected from a single donor by a certified nurse to avoid the effects of the differences in the biochemical composition of blood. The donor was a healthy man; he did not take any medication or exert any physical effort before each collection, which may affect the blood composition. The choice of a single donor was necessary for the experimental protocol to avoid the effect of blood composition and to develop a reliable diffusion coefficient. The blood used to create the pool was collected in neutral 9 ml tubes without anticoagulant or activator (Greiner Bio-One 9 ml vacuette tubes). For each experiment, a 3 ml tube coated with an anticoagulant (Greiner Bio-One 3 ml Vacuette tube) was collected for hematological testing of the blood. The average hematocrit level of the donor was 42.8 % ± 2.6 %. The blood collection and all experiments were carried out between 9 am and 10 am.

Blood pools were created on the experimental substrate in a glove box (Jacomex T-Box, V = 350 L) under controlled hygrothermal conditions Fig. 2. The initial mass of the pools was constant (m i = 4.82 g ± 0.5 %). Room temperature was regulated using an air-conditioning system. Experiments were performed at temperatures of 21, 29, and 37 °C, with an uncertainty of ± 1 °C. These values were chosen because indoor temperatures are typically between 21 and 37°C. The relative humidity was controlled by a regulating system inside the glove box, varying from 20 % to 70 % with steps of 10 % and an uncertainty of ± 2 %. To simulate a real crime scene, blood pools were created on the experimental substrate less than 2 min after collection to avoid coagulation inside the tube. Wooden floors were used as substrates.

During drying, temperature (T) and relative humidity (RH) were measured using a thermohygrometer placed next to the pool. Mass loss of the pools during drying was measured using a scale (Mettler Toledo, MS6002TS). To monitor morphological changes, a Canon EOS 7D digital camera was installed above the pools and images were captured every 2 min. The obtained images were processed using image processing software Fiji [START_REF] Schindelin | Fiji: an open-source platform for biological-image analysis[END_REF]. Notably, the pool temperature took a few minutes to reach the glove box temperature. This will not change any of our modeling assumptions because the drying of the pools usually lasts for more than 8h.

The substrate was placed above the scale in the glove box two-three days before pouring the blood pool to ensure that the wooden floor would be in a stable state and would not affect our measurements.

Mathematical models

To determine the diffusion coefficient, and model the drying kinetics, the recorded mass loss data should be presented as the moisture ratio M R. This latter represents the ratio of the remained water in the pools, and it is given as follows:

M R = M t -M e M 0 -M e (1)
where M t is the moisture content at a given time, M e is the moisture content at equilibrium, M 0 is the initial moisture content. The moisture content M C was calculated as follows:

M C = m t -m d m d (2) 
where m t (g) is the mass of the blood pool at a given time, and m d (g) is the mass of non-volatile components in the blood, which represents 19 % to 23 % of the total blood mass [START_REF] Thiriet | Biology and mechanics of blood flows: Part I: Biology[END_REF].

Fick's second law of diffusion

Under an unsaturated medium, evaporation results in a flux from the high concentration to the low concentration region, and diffusion characterizes drying [START_REF] Smith | A new forensic tool to date human blood pools[END_REF]. In the case of isotherm nonconvective drying, the driving mechanism is the concentration gradient ⃗ ∇ρ, which is related to the surface mass flux ⃗ J A (kg/(s.m 2 ) by Fick's second law of diffusion. This is given as follows [START_REF] Crank | The mathematics of diffusion[END_REF]:

⃗ J A = -D 0 ⃗ ∇ρ (3) 
where D 0 is the molecular diffusion coefficient from the saturated to the unsaturated medium (m 2 /s) and ρ is the density (kg/m 3 ). J A represents the drying rate per unit area.

J A = δm δt × 1 A (4) 
The drying rate is a function of the volume, equilibrium shape, and wet area of the pool. For the same volume, the pool with the largest surface area dried quicker because the liquid/vapor interface is larger. To address the effect of the former parameters on the drying rate, a shape factor is used [START_REF] Smith | A new forensic tool to date human blood pools[END_REF] (Results and discussion section). Moreover, the surrounding conditions, such as temperature, relative humidity, and air velocity, have a direct influence on the drying rate. To the best of the author's knowledge, no research has been conducted to characterize their effects on the drying of blood pools.

Thin-layer models

The thin-layer equations are used in our study because they represent a simple method to model the drying of different products [START_REF] Erbay | A review of thin layer drying of foods: theory, modeling, and experimental results[END_REF]. In the case of a single product or a thin layer, they consider drying as a uniform phenomenon. The assumptions made in the modeling lead to estimation errors, mainly at the beginning of the drying process. However, this error does not become significant with the decrease in the product thickness. The assumptions are: [START_REF] Wang | Wetting and evaporation of multicomponent droplets[END_REF] The effect of pressure is negligible. (2) Uniform distribution of temperature and moisture in the product. (3) Product temperature is equivalent to the ambient air temperature. The studied blood pools are between 1.4 mm and 2.7 mm thick, and the hygrothermal conditions are regulated, allowing the use of thin-layer models.

Several thin-layer drying models exist, mainly theoretical, semi-theoretical, and empirical [START_REF] Erbay | A review of thin layer drying of foods: theory, modeling, and experimental results[END_REF]. The theoretical models are derived from Fick's second law of diffusion; they consider the external conditions, internal moisture movement, and the resistance to the moisture transfer inside and outside the product. Similarly, the semi-theoretical models are derived from Fick's second law of diffusion, and by analogy with Newton's cooling law. They are simple and do not require many assumptions. The empirical models have the same characteristics as the semi-theoretical models; they are easily applicable and depend strongly on the experimental conditions. However, they give limited information on the drying behavior of the product. The semi-theoretical and empirical models consider only the external resistance to moisture transfer between the product and the air.

Table 1 presents the models used in this study, which describe the evolution of moisture ratio M R as a function of time. The experimental data were fitted to the drying models shown in table 1 and by statistical tests, the best fitting model is selected. We used the regression coefficient (R 2 ) and chi-square (χ 2 ) as statistical criteria. The model with the highest value of (R 2 ) and the lowest value of (χ 2 ) is considered to be the most appropriate to describe the drying kinetics. The model with fewer parameters is privileged since the complexity of the models is mainly related to the number of constants and parameters. Table 1.: Mathematical models used to describe the experimental drying kinetics of the blood pools. M R is the moisture ratio; t is the time (s); k is the drying parameter (s -1 ); n, a, and b are the fitting constants.

Model name

Model equation Lewis [START_REF] Lewis | The rate of drying of solid materials[END_REF] M R = exp(-kt) Page [START_REF] Page | Factors Influencing the Maximum Rates of Air Drying Shelled Corn in Thin layers[END_REF] M R = exp(-kt n ) Midilli et al. [START_REF] Midilli | A new model for singlelayer drying[END_REF] M R = a exp(-kt) + bt Modified Midilli et al. [START_REF] Ghazanfari | Thin-layer drying of flax fiber: II. Modeling drying process using semi-theoretical and empirical models[END_REF] M R = a exp(-kt) + b Henderson and Pabis [START_REF] Erbay | A review of thin layer drying of foods: theory, modeling, and experimental results[END_REF] M R = a exp(-kt)

Results and discussion

Diffusion coefficient

Figure 3 shows the evolution of water loss over time at a temperature of 21 °C and relative humidity ranging from 20 % to 70 % for pools created on a wooden floor substrate. Under hygrothermal conditions, the moisture content decreases until a stable thermodynamic state is reached. Equilibrium is reached when the mass change is less than 0.01 g/h. This mass loss is a function of the temperature and relative humidity. It is known that the drying rate increases with temperature and decreases with relative humidity [START_REF] Routh | Drying of thin colloidal films[END_REF], and our experimental results conform to the theory. For brevity, we chose to present only the results at 21 °C.

When a blood pool is created on a substrate, the volatile components, mainly water, evaporate owing to the existence of a concentration gradient. Evaporation is the phenomenon of mass transfer from liquid to vapor. Generally, at equilibrium, a pool assumes the shape of a pancake. Drying is a diffusion-controlled process, similar to in gels and films [START_REF] Routh | Drying of thin colloidal films[END_REF]. The region above the pool is saturated with water vapor at the vapor saturation pressure, which is a function of temperature [START_REF] Routh | Drying of thin colloidal films[END_REF].

Unlike the drying of an infinite stretch of water, where the drying rate is uniform along the air/liquid interface, the drying of blood pools is uniform along the flattened region and greatest at the edge [2 , 4 ]. In addition, the degree of curvature of the edge affects the drying rate. However, the change in the drying rate on the edge can be neglected unlike in the pool area because the extra mass loss in this region is much smaller than the total mass loss [START_REF] Smith | A new forensic tool to date human blood pools[END_REF]. Notably, it is necessary to consider the geometry and effect of the contact line for the blood drops.

Other parameters are involved in the drying of the blood pools and influence the drying rate, such as the volume of the pools, area, and perimeter of the wet surface of the pools (the remaining red part and delimited by the drying front). Smith et al. [START_REF] Smith | A new forensic tool to date human blood pools[END_REF] proposed a shape factor to address the influence of these parameters, which is expressed as follows:

L * = A hP (5) 
where A denotes the area (m 2 ), h denotes the thickness (m), and P denotes the perimeter of the wetted surface (m). Monitoring of the wetted area evolution, and thus the drying front, was performed through image processing. By considering this factor when calculating the drying rate per unit area (equation 4), we obtain a weighted drying rate that varies only as a function of the relative humidity and temperature. This factor was previously validated for blood pools of different volumes and shapes [START_REF] Smith | A new forensic tool to date human blood pools[END_REF]. Therefore, the equation J A = δm δt × 1 A becomes:

J * s = δm δt × 1 A × L * (6) 
J * s represents the drying rate per unit area, considering the shape of the pool, and δm δt was determined from the drying data. The drying of blood pools is a quasistatic problem. Considering only the wetted surface area, this process seems to be onedimensional and is described by a decrease in thickness. Therefore, Fick's second law (equation 3) can be written as follows:

J * s = D 0 × δρ δx (7) 
where δρ = ρ sat -ρ ext , ρ sat is the vapor density of the saturated interface, and ρ ext is the vapor density of the external medium. Knowing that ρ ext = ρ sat × RH, the expression for δρ becomes

δρ = ρ sat × (1 -RH) (8) 
where ρ sat = M Psat RT , M is the molar mass (kg.mol -1 ), P sat is the saturation vapor pressure of water at the surface (J.m -3 ), and R is the universal gas constant (J.mol -1 .K -1 ) and T is the temperature (K). The saturation vapor pressure of water is expressed as a function of temperature using Antoine's equation [START_REF] Haynes | CRC handbook of chemistry and physics[END_REF].

During drying, a thin evaporation layer of vapor is formed near the liquid, which corresponds to the Knudsen layer given as follows:

l k = kT πd 2 P a ( 9 
)
where k is the Boltzmann's constant (m 2 .kg/s 2 .K), d is the molecular diameter (m), and P a is the atmospheric pressure (P a). Taking l k as the characteristic length, equation 7 can be written as follows:

J * s = D 0 l k M P sat RT (1 -RH) (10) 
and also :

J * s l k RT M P sat = D 0 (1 -RH) (11) 
From our drying experiments, we calculated J * s weighted by l k RT /M P sat as a function of the relative humidity and temperature. The figure 4 represents the evolution of J * s l k RT /M P sat as a function of the remaining water (M R) in the pools at a temperature of 21 °C and relative humidity ranging from 20 % to 70 %. Directly after the creation of the pool, the weighted evaporation rate decreased for a few minutes until the coagulation cascade was triggered and then remained constant until a low water ratio was achieved. The decrease in the drying rate at the end of the drying process is due to the difficulty of determining the wetted surface area using the image processing software and the complexity of the drying process at the end.

To determine the diffusion coefficient D 0 for each pair of temperature and relative humidity, we calculated the average of the weighted evaporation rate between M R = 0.9 and M R = 0.2. This interval covers the entire drying period and provides a diffusion coefficient that describes the entire exploitable part for crime scene dating, i.e., the 3rd and 4th drying stages. The average values of the weighted evaporation rate obtained are plotted as a function of 1 -RH in Fig. 5; they show an increasing linear trend with decreasing RH (thus, increasing 1 -RH). The vertical error bar represents the standard deviation and the horizontal error bar represents the uncertainty in the RH measurements. The purely diffusive model (Equation 11) also exhibits the same trend. Therefore, a linear fit allowed us to obtain the slope, which represents the diffusion coefficient. We obtained a value of (1.08 ± 0.02) × 10 -9 m 2 /s, with a regression coefficient R 2 = 0.934. This value is in the same range as the diffusion coefficients of colloidal and polymeric films.

The volume concentration of colloidal suspensions during drying of films and drops affects the diffusion coefficient [START_REF] Routh | Drying of thin colloidal films[END_REF]. In the case of human blood, the hematocrit level represents the volume concentration of biocolloids, which varies between 38 % and 50 % (healthy individuals). Therefore, it is important to collect blood from the same donor. We can assume that the determined coefficient covers the drying of the blood pools of healthy persons because we already have an estimation error. However, it is still interesting to study the diffusion coefficient as a function of the hematocrit level, which is difficult because it requires several blood donors. Notably, fresh blood should be used.

Mathematical modeling of the drying kinetics of blood pools

The mathematical modeling of the drying kinetics allows the prediction of the drying time and characterization of the effect of the different parameters on the drying. These parameters can be sample-specific, such as the blood biochemical composition, shape, volume, and surface area of the blood pool. They can also be external as the temperature and relative humidity of the surrounding. Characterization of the effect of the T and RH on drying kinetics is paramount, as a pool at T = 21 °C has a drying time of t = 12h56min at RH = 20 %, and t = 24h08min at RH = 70 %.

As mentioned above, the blood pool area has an influence on the drying rate. Even though we created pools with same volume, their surface areas A at equilibrium are note equal and are function of relative humidity [7 , 12 ]. Therefore, we normalized the Some of the tested models did not converge, therefore we kept only the converged models in table 1 and table 2. The Levenberg-Marquardt algorithm was used, and the experimental M R values, plotted in fig. 6, were fitted to the model equations. Table 2 shows the results of the statistical analysis of the nonlinear regression. From this, we compared the five models to choose the one that best predicts the drying kinetics of the Table 2.: Mathematical models used to describe the experimental drying kinetics of the blood pools with the statistical analysis. M R is the moisture ratio; t is the time (s); k is the drying parameter (s -1 ); n, a, and b are the fitting constants.

T = 21 °C T = 29 °C T = 37 °C Model name Model equation R 2 χ 2 R 2 χ 2 R 2 χ 2 Lewis [22 ]
M R = exp(-kt) 0.966 1.86×10 -3 0.960 2.20×10 -3 0.969 1.78×10 -3 Page [START_REF] Page | Factors Influencing the Maximum Rates of Air Drying Shelled Corn in Thin layers[END_REF] M R = exp(-kt n ) 0.996 1.96×10 -4 0.997 1.56×10 -4 0.997 1.25×10 -4 Midilli et al. [START_REF] Midilli | A new model for singlelayer drying[END_REF] M R = a exp(-kt) + bt 0.999 1.68×10 -5 0.997 1.20×10 -4 0.999 4.17×10 -5 Modified Midilli et al. [START_REF] Ghazanfari | Thin-layer drying of flax fiber: II. Modeling drying process using semi-theoretical and empirical models[END_REF] M R = a exp(-kt) + b 0.996 3.20×10 -5 0.996 2.01×10 -4 0.997 1.24×10 -4 Henderson and Pabis [START_REF] Erbay | A review of thin layer drying of foods: theory, modeling, and experimental results[END_REF] M R = a exp(-kt) 0.966 1.86×10 -3 0.960 2.20×10 -4 0.969 1.78×10 -3 blood pools. For the three temperatures, the model of Midilli has the highest value of R 2 , and lowest χ 2 , in addition, it perfectly describes the drying curves. However, it has four constants, which are very high and make the modeling complex. The Henderson and Lewis models have the lowest R 2 and are the most unfitted models. The last two models, Page and modified Midilli, have a good value of R 2 and χ 2 , and describe well the drying kinetics. In the literature, Page's model is usually used to model the drying kinetics of products with characteristics that are comparable to human blood, such as plaster [START_REF] Kalender | Thin-layer infrared drying characteristics of construction gypsum plaster and selection of a suitable drying model[END_REF], cement [START_REF] Li | A fractional kinetic model for drying of cementbased porous materials[END_REF], yogurt [START_REF] Hayaloglu | Mathematical modeling of drying characteristics of strained yoghurt in a convective type tray-dryer[END_REF], and mud [START_REF] Angelopoulos | Thin-layer modeling and determination of effective moisture diffusivity and activation energy for drying of red mud from filter presses[END_REF]. Based on this analysis, the model of Page is chosen and is given as follows:

M R = exp(-k * t * n ) ( 12 
)
Where n is the fitting constant and has value of (n = 1.33 ± 1.6 %) at the three studied temperatures, and k * is the normalized drying parameter.

Page's model [START_REF] Page | Factors Influencing the Maximum Rates of Air Drying Shelled Corn in Thin layers[END_REF] is obtained by adding a fitting constant n to Lewis's model [START_REF] Lewis | The rate of drying of solid materials[END_REF]. In 1921, Lewis proposed a model that is analog to Newton's law of cooling. He suggested that the rate of change in moisture content is proportional to the instantaneous difference between the moisture content of the sample and the equilibrium moisture content. Recently, Simpson et al. [START_REF] Simpson | Fractional calculus as a mathematical tool to improve the modeling of mass transfer phenomena in food processing[END_REF] reported that Page's model is a phenomenological representation of the drying process by considering a fractional nature of water molecules diffusion during drying. Therefore, both parameters in Page's model have a phenomenological interpretation and, mainly, the fitting constant n, which is associated with the type of diffusion phenomenon [START_REF] Simpson | Understanding the success of Page's model and related empirical equations in fitting experimental data of diffusion phenomena in food matrices[END_REF]. n is related to the microstructure of the sample and in our case the blood biochemical composition.

The drying parameter k * is strongly dependent on the air temperature and relative humidity. The Arrhenius equation can be used to describe the relation between the temperature and drying parameter, and the Oswin equation for the relation with relative humidity. Thus, k* is given as follows:

k * = α 0 exp α 1 T + 273, 15 RH 1 -RH α2 (13) 
Where α 0 = 3.03 × 10 -7 ± 5 %, α 1 = -62254.66 ± 0.7 %, and α 2 = -0, 37 ± 8 % are fitting constants.

The developed model is shown in fig. 6. We can safely conclude that the model perfectly predicts the drying kinetics, of the whole human blood pools, for moisture ratios ranging from 0.2 to 1. The end of drying (0.2> M R > 0), which represents the end of the 4th and 5th drying stages, was neglected in the modeling. Indeed, during the latter, the evaporation no longer occurs at the surface but inside the porous media [START_REF] Smith | A new forensic tool to date human blood pools[END_REF], which explains the decrease in the weighted drying rate in fig. 4. This behavior corresponds to the falling rate periods of gels [START_REF] Dwivedi | Drying behaviour of alumina gels[END_REF]. In our study, we have covered almost all indoor situations, which makes this modeling reliable and practical.

Conclusions

The drying of the blood pool was characterized in a still, humid, and temperaturecontrolled environment. Blood was collected from a single donor, and pools were created on a wooden floor substrate inside a glove box. The drying of pools under these experimental conditions is mainly purely diffusive, described by Fick's second law, and is considered to be a one-dimensional process. Fick's law and mass loss data were used to determine the diffusion coefficient from the blood to air. A diffusion coefficient, independent of the pool shape and relative humidity, of (1.08 ± 0.02) × 10 -9 m 2 /s was obtained. This value is in the same range as that obtained during drying of the polymer and colloidal films. The experimental results of moisture ratio as a function of the time were fitted to the mathematical models of drying existing in the literature. Nonlinear regression analysis showed that our model, based on the model of page, is well fit to the drying kinetics. This model incorporates environmental conditions through the Arrhenius equation for temperature and Oswin equation for relative humidity. To consider the pool surface area effect on the drying rate, we have normalized the time using diffusive characteristics time. The main purpose of this study was to improve the crime-scene dating method based on the drying dynamics of blood pools. In addition, the drying process was characterized by providing a diffusion coefficient and modeling the drying kinetics of human blood pools.
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Figure 1 .

 1 Figure 1.: Morphological change during the drying of blood pool on a wooden floor at 21 °C and relative humidity of 60 %. The red box represents stages characterized by spreading and coagulation, and the blue box represents the stages used to date the pool.

Figure 2 .

 2 Figure 2.: Experimental system inside a glove box.

Figure 3 .

 3 Figure 3.: Evolution of moisture ratio (M R) of blood pools under various relative humidities and a temperature of 21 °C.

Figure 4 .

 4 Figure 4.: Evolution of the weighted evaporation rate according to moisture ratio in pools during drying on a wooden floor under a temperature of 21 °C.

Figure 5 .

 5 Figure 5.: The average weighted evaporation rate of blood at various relative humidities and temperatures.

Figure 6 .

 6 Figure 6.: Evolution of moisture ratio (M R) of blood pools as a function of the normalized time under various relative humidities and a temperature of 21 °C.
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