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Whey draining of goat milk cheese: a model study using frontal filtration
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In cheese manufacturing, a compressive stress may be applied to accelerate wheydraining, but this process is mainly empirically mastered. This article describes the draining of goat milk cheese under frontal filtration conditions. An experimental set-up was designed to monitor the volume of whey released through a filter over time at constant stress. At short times, insoluble elements from the curd concentrate nearby the filter surface and form a filtering cake whose thickness progressively increases. At long times, the cake is compressed and its resistance to whey flow may increase dramatically. By studying the draining of a reduced fat content curd, we show that the presence of fat globules slows down the draining process. Homogenization of the fullfat cream results in slower drainage, compared to a non-homogenized cream. These results were rationalized considering observations of the curd structure by confocal microscopy, dry extract measurements along the curd and drainage models.

Introduction

Goat milk is a natural source of calcium, conjugated linoleic acid, A-and Bgroup vitamins, and oligosaccharides derived from lactose [START_REF] Haenlein | Mineral and trace element research in goats: A review[END_REF][START_REF] Paz | Characterization of goat milk and potentially symbiotic non-fat yogurt[END_REF]. It also withstands different technological treatments (biochemical (lactic acidification, renneting), thermal (pasteurization), mechanical (filtration, homogenization)) terms of health, nutritional value, safety and sensory attributes [START_REF] García | Improvements in goat milk quality: A review[END_REF].

One of the main features of goat milk compared to cow milk is that the average fat globule size is smaller [START_REF] Park | Physico-chemical characteristics of goat and sheep milk[END_REF]. The casein fractions )

-casein being the most abundant one) leading to softer networks (coagulum) . In general, cheesemaking involves the formation of a viscoelastic coagulum from milk, followed by expulsion of whey from the gel. In a typical process, after collection, the milk is standardized and pasteurized. Lactic acid bacteria and rennet and/or calcium chloride are then added to the milk. That leads to the destabilization of the colloidal system, due to changes in the properties of the casein micelles. The acidification of the aqueous phase by lactic acid bacteria, the cleavage of the macro-peptide from casein by rennet, and the electrostatic screening by solubilized ions allow a decrease of the stabilizing energetic barrier between micelles [START_REF] Britten | Rennet coagulation of heated milk: A review[END_REF][START_REF] Corredig | Enzymatic Coagulation of Milk[END_REF]. Micellar aggregation leads to the formation of a network entrapping the fat globules and the aqueous phase. At this stage, the coagulated milk, also called "curd", has a homogeneous viscous texture, like stirred yogurt.

The subsequent whey expulsion from the curd may occur either spontaneously or under forced mechanical conditions. The spontaneous shrinkage is referred to as syneresis (Walstra, 1993) and it results from a rearrangement of the micellar network, which implies a deformation of the casein particles and Brownian motion (van Dijk, 1982). At the macroscopic scale, a progressive contraction of a turbid gel coexisting with almost transparent liquid whey is observed. In addition, gravity induces a downward whey flow, the so-called draining process. Whey sediments across a mixed network made of casein strands and fat globules. To accelerate whey expulsion due to spontaneous syneresis and draining, or to increase the final dry extract of cheese, mechanical treatments such as cutting, stirring or pressing can be implemented [START_REF] Fox | Fundamentals of Cheese Science[END_REF]. [START_REF] Castillo | Kinetics of syneresis in fresh goat cheese[END_REF] showed that gravity draining of fresh goat milk cheese is a self-decelerating process, i.e., resistance to whey release increases with time. The pH of the curd both before and during draining influences the composition, cheese yield and physicochemical, microstructural and textural properties, with an optimal pH of 5.3

for goat milk mozzarella [START_REF] Paz | Effect of pH at drainage on the physicochemical, textural and microstructural characteristics of mozzarella cheese from goat milk[END_REF]. [START_REF] Daviau | Whey drainage during soft cheese manufacture and properties of drained curd as modified by casein concentration, whey protein to casein ratio, and pasteurisation of milk[END_REF] also showed that rapid curd formation at fairly low pH improved whey expulsion, leading to lower moisture content. Other parameters such as temperature, goat milk processing (heat treatment and incubation temperature) or composition influence the syneresis kinetics as well as the protein loss during draining [START_REF] Calvo | Some Factors Influencing the Syneresis of Bovine, Ovine, and Caprine Milks[END_REF].

Whey release results from the flow of whey through a porous medium of varying porosity over time. The protein gel of the cheese behaves like a sieve which delays the diffusion of macromolecules such as serum proteins, and this all the more so as the network is dense. Whey expulsion is an essential operation that should be optimized in order to achieve the desired product quality within a reasonable delay.

Depending on the type of cheese and the configuration adopted (pressed or not), the draining time can extend over a wide range, from a few hours to 20 hours (Goudédranche et al., 2001).

In this paper, we conduct a study concerning the draining in a simple configuration, that of frontal filtration, in order to identify physico-chemical and compositional parameters that control the kinetics of whey release forced by a compressive stress. Several configurations were explored: whole goat milk as a control system, reduced fat content milk to determine the impact of fat globules, and homogenized milk to assess the effect of the fat globule size and/or the interaction of globules with the caseins network. The data about forced draining kinetics were completed by compositional and structural analyses. Overall, our approach aims to improve the knowledge concerning the draining of cheese systems and particularly at determining the conditions favorable to a fast draining, as required in industrial conditions.

Materials and Methods

Our study concerned log-type goat cheeses sold in the French market and made from a mixture of ingredients, all derived from goat milk. This type of cheese was obtained by mixing a cream and concentrated protein solutions. It was a soft cheese obtained by mainly lactic coagulation with the addition of a small amount of enzymes. This type of cheese accounts for over 15% of French supermarket sales of goat's cheese.

Materials

Goat milk ingredients (cream and concentrated protein solutions deriving from 

Control mix preparation

The ingredients (cream and protein solutions) were mixed to produce batches of 1L. Control mixes have the following average composition: 7.6 0.2 wt% fat, 6.4 0.2 wt% total proteins (6.2 wt% caseins and 0.4 wt% whey proteins), 4 0.5 wt% lactose. Compositional data of the mixes were deduced from Fourier Transform Infrared Spectroscopy (FTIR) using a PerkinElmer FT-A Lactoscope (USA). The total dry extract was close to 17.7 0.3 wt%. After the mixing stage, batch pasteurization at 72.0 °C for 30 seconds was performed in order to eliminate endogenous pathogen microorganisms. Then, the mix was cooled down to 30 2 °C. The sample was kept at this temperature and agitated with a magnetic stirrer, awaiting inoculation.

Reduced fat content mix

Some experiments were carried out with reduced fat content mixes. Skimming was performed after the pasteurization step. The full cream milk was placed into 50 mL Falcon conical centrifuge tubes. The tubes were centrifuged at 25 °C for 10 minutes, at 4700 g, g being the earth gravity constant. After centrifugation, the upper fat phase was fully removed with a spatula and the subnatant phase was weighed and characterized. The subnatant phase had a residual fat content of 1.50 ± 0.03 wt%.

Homogenized milk

To study the impact of homogenization, the cream used to formulate the mix was processed with a two-stage homogenizer (Atomo 3.0., Bertoli, Italy), at 40 and 20 bars, successively. This homogenized cream was then mixed with the other ingredients (protein solutions).

Inoculation and coagulation phases

Frozen thermophilic (Strepotococcus thermophilus, IFF, USA) and mesophilic lactic acid bacteria strains (Lactococcus, Flores de terroirs, Chatelaillon, France) were stored at -80 °C and defrosted before use. The mix was inoculated at a total strain concentration of 70.0 µg.L -1 . A volume of 400 L of a 480 g.L -1 CaCl2 solution was also added to the mix to regulate the action of the rennet and to obtain a firmer curd.

Inoculation induced progressive acidification, during which the mix whose initial pH was 6.3 was gently stirred. The pH was monitored until it reached the value of 6.1 0.1. In cheese technology, it is quite common to induce coagulation by combining lactic acidification and a coagulating agent (chymosin enzymes) to obtain a curd that can undergo syneresis and resist mechanical treatments such as compression. The microbial coagulating agent (DSM Food & Beverages, The Netherlands) at a concentration of 55.6 µL.L -1 was added to the mix. The bottle was then stirred for 2 minutes and aliquoted in 180 mL polypropylene vials. The coagulation phase was completed in static conditions, in a thermostatically controlled chamber at 30 2 °C, for 26.5 hours.

At the end of the coagulation step, the pH of the curd was close to 4.6. The almost transparent whey resulting from syneresis was re-blended with the gel and the recombined mix was sheared in a Couette cell (Ademtech, Pessac, France, 100 µm gap, shear rate = 3,875 s -1 ) to further homogenize the curd and simulate the shear applied during the pumping step of the curd in industrial conditions. We checked that this step did not change the size distribution of the fat globules.

Curd drainage

Vertical whey drainage from the curd was studied The curd was submitted to vertical drainage under frontal filtration conditions (also referred to as dead-end filtration), at 25 °C. The experimental setup is shown in Fig. 1-A. It consists of a plexiglass cylindrical filtration cell equipped with a piston (syringe-like design). The inner part of the cylinder had a diameter of 34 mm (draining surface of 9.1 10 -4 m²).

The piston compressed the curd via a top-down movement and was connected to a Eq. ( 1)

Fat globule size distribution in the mixes

The fat globule size distributions in the initial mixes (blend of ingredients) were measured using a Mastersizer 2000 apparatus (Malvern Instruments, UK) which operates at two wavelengths, 633 nm and 470 nm. A small volume of sample was introduced under stirring at 1,200 rpm in the dispersion unit containing a 1 wt% SDS solution to deflocculate fat globules. In this way, it becomes possible to measure the distribution of individual globules instead of clusters. Each measurement was performed in triplicate.

The particles size distributions were described in terms of their volumeaveraged diameter, Dv, and polydispersity, P, defined as:

Eq. ( 2)

where is the median diameter, i.e., the value for which the cumulative undersized volume fraction is equal to 50%, and is the total number of particles with diameter . The refractive indexes adopted for the aqueous phase and the fat globules were 1.33 and 1.47, respectively.

Dry extracts

The dry extracts (of mixes, curds and drained whey) were measured after water evaporation following NF EN ISO 5534 standard slightly modified. Samples of approximately 2 g were spread on aluminum pans and weighed before and after being inserted in a heat chamber regulated at 103 °C (Memmert, Germany). The samples were warmed until a constant weight was obtained. For each sample, the measure was performed in duplicate.

Quantification of fat whey fat loss

The fat content in whey deriving from the draining process was quantified using a turbidimetric method (Rajinder, 1994). Samples of whey were diluted 10-fold with distilled water, stirred with a magnetic bar for 3 min and then located in a 1 cm thick quartz cell. The absorbance depends on the fraction of the dispersed phase. It was measured at 600 nm using a UH-5300 spectrophotometer (Hitachi, Japan). A calibration curve linking optical density and fat concentration is reported in Fig. SI1 (Supplementary Information).

Quantification of protein whey protein loss

The average total protein content in the collected whey was determined using Bradford method as described in [START_REF] Joseph | Redispersible dry emulsions stabilized by plant material: Rapeseed press-cake or cocoa powder[END_REF].

Density measurements

The density of whey was measured using a DMA 4500 (Anton Paar, France) density meter at 25 °C.

2.12. Confocal laser scanning microscopy (CLSM)

All samples were imaged using a Zeiss LSM-800 confocal microscope equipped with a Plan-apo 64× oil immersion objective with 1.33 numerical aperture.

Triacylglycerols in the fat globules were stained with the lipid-soluble Nile Red fluorescent dye (excitation wavelength, ex 488 nm) initially dissolved at 0.5 mg.mL - 1 in a 96 vol.% ethanolic solution. The staining of proteins was performed using Fast

Green FCF ( ex = 561 nm) prepared at a concentration of 10 mg.mL -1 in water. The staining protocols followed previously described methods to investigate the microstructure of fat globules in situ (Lopez et al., 2015). The two-dimensional images have micrometers using a scaling factor with ImageJ software. Two colors were used to locate the fluorescent probes: red color for triacylglycerols stained by Nile red, and green color for proteins stained by Fast green FCF.

Statistical analysis

Values are expressed as means ± standard deviations. Standard deviations were calculated based on at least 2 replications carried out with independent mixes.

Statistical analyses based on ANOVA + Tukey HSD post hoc tests were performed using R freeware through the Rstudio interface. Differences with P values <0.05 were considered to be statistically significant.

Results and discussion

Control System

We first examine the control system prepared from whole non homogenized cream. The fat globule size distribution in the cream measured by static light-scattering is reported on Fig. SI2 (Supplementary information) (solid line). It comprises a main peak, centered around 4-5 m, and two less intense peaks located in the submicron range. The volume averaged particle size is Dv = 1.88 m and the polydispersity is

P = 0.81.
A preliminary experiment was performed in which a full-fat, non-inoculated standard mix was submitted to frontal filtration following the method described in section 2.6. The whole mix readily flowed through the filter (within less than 2 min) reflecting the lack of filtering selectivity. The mesh size of the fabric was large enough to allow the passage of all mix components including non-aggregated micelles and fat globules.

In the presence of inoculated mixes (curds), the filtering process was efficient.

The whey drained and collected at the bottom of the set-up was almost transparent.

This indicates that whey contained no or negligible amounts of light-scattering colloidal objects like casein micellar aggregates or fat globules. The fat content in whey was measured according to the method described in section 2.9 and was always smaller than 5 g.L -1 , a low value compared to the initial fat content in the curd of 73 g.L -1 . The average total protein content in the collected whey was 1.8 0.1 g.L -1 . Again, this value was low compared to that of the initial mix, 66 g.L -1 . On average, the dry extract of the drained whey was close to 7.5 0.5 wt%, well below the initial dry extract of the curd, namely 17.7 0.3 wt%. Our data about whey composition are consistent with literature data [START_REF] Sánchez-Macías | Physicochemical analysis of full-fat, reduced-fat, and low-fat artisan-style goat cheese[END_REF][START_REF] Freire | Physicochemical and Rheological Characterization of Goat Whey[END_REF][START_REF] Macedo | Valorization of Goat Cheese Whey through an Integrated Process of Ultrafiltration and Nanofiltration[END_REF]. The filtration process aims to concentrate protein aggregates and fat globules.

The average dry extracts of the curds were experimentally determined after agitating the whole samples to rehomogenize them. This average dry extract, < > can be easily predicted from a simple mass balance, assuming that the composition of the drained whey remains constant:

Eq. ( 3 
)
where m0 is the initial mass of curd, w (kg.m -3 ), w (wt%) are the density and dry extract of whey, respectively. Thus, Eq. ( 3) makes it possible to verify the consistency of two independent measurements, the expelled whey volume, Vwhey, and the average dry extract. In Fig. SI3 (Supplementary Information), we plot the average dry extracts of the curd as a function of the ones provided by Eq. ( 3). The agreement between both values is rather satisfactory: the slope of the best fit to the experimental data is equal to 1.05 (a slope of 1 expected) with a correlation coefficient R 2 =0.93. At high solid contents, the curds behaved as hard viscoelastic pastes that were difficult to homogenize. This is why measurements in this limit were less accurate and the data were more scattered. Eq. ( 5)

where k is a kinetic constant and N is a factor (0 N that depends on the filtration mechanism. One usual filtration mechanism called cake formation mechanism results from the deposit of particles at the filter surface and corresponds to N=0 in Eq. ( 5). As filtration goes on, the height of the deposit increases. The cake adds an additional resistance to the flow of liquid through the filter. The system involves two resistances, supposed to act in series, that of the cake, Rc, and that of the filter, Rf:

Eq. ( 6)

Assuming that the cake has the same filtering properties throughout its height, Rc (m - 1 ) is simply proportional to the mass of solids deposited per unit of filtering area, w (kg.m -2 ):

Eq. ( 7)

where is the specific mass resistance of the cake (m.kg -1 ); w is deduced from the volume of filtrate, Vwhey, the filtration area S (m²), and from the solid (insoluble) content of the curd, C (kg.m -3 ), using the following mass balance: . So, law can be written as:

Eq. ( 8)

By integrating this equation at constant filtration pressure drop ( P), we obtain:

Eq. ( 9)

According to this equation, the specific mass resistance and the filter resistance, Rf, can be determined from t/Vwhey vs. Vwhey plots. Examples of such plots are shown in Fig. 2-B. In the present study, the cake filtration model provided the best fit to the experimental data. Here, C was considered as the insoluble content of the curd, including proteins and fat globules. It was calculated from a mass balance considering that the curd after draining contained all the insoluble matter and a fraction of the soluble matter (like lactose and whey proteins) at the same concentration as in the drained whey:

Eq. ( 10)

where mi is the initial mass of curd (kg), xi is the initial curd dry matter fraction (wt%), mf is the final mass of curd (kg), xf is the final curd dry matter fraction (wt%), xw is the whey dry matter fraction (wt%), and is the mix density (kg.m -3 ).

The resistance Rf was deduced from the intercept of the experimental plot with the ordinate axis and was derived from the slope of the regime where t/Vwhey evolves linearly with Vwhey. The time interval corresponding to the linear regime, especially its upper limit, was determined to obtain a linear regression such that R² 0.99. The resulting linear model is represented by dotted lines in Fig. 2-B.

The mass specific resistance of the cake, , reported in Table 1 is the average value over n replicates (n=5 for the control system) and was obtained by applying the following set of parameters: = 10 -3 Pa.s [START_REF] Freire | Physicochemical and Rheological Characterization of Goat Whey[END_REF], C = 136.6 kg.m - 3 , S = 9.08•10 -4 m², and = 24,700 Pa. We obtained, = (9 ± 3) 10 12 m.kg -1 and Rf = 8.7 10 11 m -1 . As all the experiments presented in this paper were done using the same filter media, the resistance of the filter will not be considered in the remainder.

Depending on the nature of its components, the cake can be soft enough and be compressed under the effect of the applied pressure during filtration. This phenomenon is called compressibility and can induce different behaviors depending on P. The cake compressibility is usually represented by a power law (Wakeman and Tartleton, 1999):

Eq. ( 11)

where (m.kg -1 ) is the apparent specific resistance of the cake, 0 (m.kg -1 .Pa -m ) is the specific resistance of the cake and m is the compressibility index. For m=0, the cake is considered incompressible; for m<1, the cake is compressible and, according to Eq. ( 8) (in which the Rf term is neglected) the filtrate flow increases with the applied pressure; for m=1, the cake is compressible and the flow does not depend on pressure; and for m>1, the cake is compressible and the flow decreases with the applied pressure (Gupta and Yan, 2016). In our case, experiments conducted at different pressures revealed that the cake is compressible, with m=1 (data not shown).

Thus, the applied pressure P had no impact on the kinetics of curd drainage.

The structure of the curd after 80 min of compression was visualized using CLSM. The images of Fig. 3 -A, B and C were obtained at different locations in the control curd. Overall, it can be stated that the colloidal structure of the curd involves micellar compact protein aggregates stained green, with fat globules stained red homogeneously distributed among the aggregates. The typical size of the fat globules corresponds to that of the primary mix, even if some partial (unrelaxed) coalescence events are discernible. In principle, coalescence of two liquid droplets leads to the formation of a unique spherical drop to minimize the interfacial energy. In this case, the merging is considerably slowed down because of the intrinsic firmness of the globules that are partially crystallized. In the top of the curd, nearby the piston, the globules are larger than the average, reflecting a creaming phenomenon (fat globules are less dense than the aqueous phase). Such creaming also reflects the fact that globules are not attached to the protein network.

Reduced fat content curd (RFCC)

The comparison of the draining kinetics between the control and RFCCs aims at evidencing the role of fat globules.

The experimental plots of Vwhey vs. time obtained for RFCCs are shown in Fig.

2-A (middle grey curve)

. Draining occurred at a much faster rate compared to the control system. For instance, after 80 min of compression, 27 3 mL of whey were collected for the RFCC, versus only 14 3 mL for the control. Although the initial dry extract was significantly lower in the RFCC ( 12 wt%) compared to the control one ( 18 wt%), the final dry contents were in the opposite order: 34 8 wt% for the RFCC versus 26 2 wt% for the control at 80 min (Table 1). As for the control, the mass balance provided by Eq. ( 3) correctly accounts for the experimentally measured dry extracts in the RFCC (see Fig. SI3 in Supplementary Information).

In Fig. 2-B, we plot t/Vwhey as a function of Vwhey. After a short transient regime, the dependance becomes linear, in accordance with the cake formation model. The data were exploited following the same method and considering the same set of parameters in Eq. ( 9) as for the control, except C = 56.4 kg.m -3 . From the linear part of the plot, we obtain = (2.21 ± 1.1) 10 12 m.kg -1 (Table 1), a significantly lower specific resistance than for the control.

After a while, the average t/Vwhey vs. Vwhey plot in Fig. 2-B deviates from linearity and then exhibits a sharp increase, reflecting the fact that the curds can hardly expel more whey, i.e.,Vwhey negligibly varies. This non-linear regime is referred to as consolidation and is linked to the compression of the cake itself. This regime is expected to take place when the cake occupies almost the whole curd volume. In this limit, whey expulsion can only take place at the expense of locally increasing the insoluble content in the cake, and consequently, the adopted model based on a constant cake composition, is not valid anymore. It is worth noticing that the sharp increase was not observed in all replicates after 80 min. This explained the relatively high standard deviation observed for the dry extract after 80 min (34 ± 8 wt%).

Our results concerning RFCCs are in qualitative agreement with observations reported in the literature. Indeed, several authors have observed that, as the fat concentration of milk decreases, both the syneresis rate and the final whey yield increase [START_REF] Johnston | Effects of fat content on properties of rennetinduced milk gels[END_REF]Mateo et al., 2009;[START_REF] Pearse | Biochemical Aspects of Syneresis: A Review[END_REF]. Here, we generalize this result to curds undergoing a compressive stress. The presence of fat globules reduces the available spaces or gaps through which whey may flow, thus increasing the hydrodynamic resistance of the cake.

Homogenized curd

Fat globules in raw milk are covered by a phospholipid trilayer in which membrane proteins, cholesterol and sphingolipids are incorporated [START_REF] Lopez | Lipid rafts in the bovine milk fat globule membrane revealed by the lateral segregation of phospholipids and heterogeneous distribution of glycoproteins[END_REF]. This membrane weakly interacts with the protein gel in the curd. The globules then behave as an "inert" filler. The treatment of cream can include a homogenization step, especially for the manufacture of some soft cheeses. Under the effect of turbulence and cavitation, the fat globules are broken up into finer droplets. During this stage, the globular membrane is largely replaced by casein micelles. As a result, globules can interact with the protein network in the curd and contribute to its [START_REF] Dickinson | Emulsion gels: The structuring of soft solids with proteinstabilized oil droplets[END_REF].

Homogenization is not very common for goat milk cheese production. The main reason is that goat milk comprises smaller fat globules than cow milk. However, homogenization is sometimes implemented for the manufacturing of spreadable goat cheeses. In this case, the interest of homogenization is to provide a smoother appearance and a firmer texture. To gain a deeper understanding into the role of fat globules, especially regarding the impact of their average size or of their anchoring to the protein network, a curd was produced with a homogenized cream.

Compared to the control, the draining process occurred at a lower rate (light grey curves on Fig. 2-B). After 80 min, only 10 3 mL of whey were released versus 14 3 mL for the control. The average dry matter measured at the end of the experiments was 23 wt% (26wt % for the control), again in agreement with Eq. ( 3)

(Table 1). The t/Vwhey vs. Vwhey plot exhibits a linear variation over almost the entire explored time range (Fig. 2-B). Considering the same set of parameters as for the control, from the cake formation model, we obtain = (1.6 ± 0.1) 10 13 m.kg -1 . Thus, the flow resistance in homogenized curds is significantly higher than that of the control or of the RFCC.

These results confirm the fact that globules slow down the draining process.

Homogenization of the globules has a supplementary effect as the draining kinetics are slower than those measured with the control. Homogenization has provoked variations at two levels, the average droplet size, and the anchoring of the fat globules on the protein network, and it is actually difficult to differentiate their relative contributions.

Homogenization causes dispersed fat to break into smaller sized globules. This is confirmed by both the size distribution of Fig. SI2 and by the CLSM image of the final curd nearby the filter in Fig. 3-D. In the mix based on homogenized cream, the particle size distribution is characterized by Dv = 0.71 m and P = 1.0 (see Eq. (2) in section 2.7). Compared to the control, the fat globules are more numerous and they thus have a larger surface area likely to induce higher hydrodynamic resistance to flow.

Homogenization also modifies the globule membrane, resulting in the formation of links between the globule interfaces, partly covered by proteins, and the micellar protein network in the curd. In this case, fat globules have a significant contribution to the gel hardness [START_REF] Dickinson | Emulsion gels: The structuring of soft solids with proteinstabilized oil droplets[END_REF]. They form supplementary junctions that can sustain stress, thus hindering rearrangements in the gel and reducing its compressibility. To sum up, both phenomena (size reduction, mixed protein-fat network) are expected to yield higher resistance to whey release, and this is confirmed by the larger specific cake resistance.

Comparison of the systems

For the sake of comparison, the Vwhey vs. time plots for the 3 different curds have been gathered in Fig. 2 The presence of globules induces a supplementary resistance to flow with respect to the protein network, even higher when the globules are small or attached to the network. In addition to the above explanations, it can be argued that the droplets also influence water mobility or availability. The native fat globules in milk are surrounded by a phospholipidic trilayer made of amphiphilic molecules. Water interacts with the polar moieties of this membrane. In the control system, these interactions would contribute to make water less available during draining. In RFCCs, water would be freer and released more easily. Conversely, in homogenized systems, the trilayer is replaced by a thicker protein layer whose amino acids mobilize a larger amount of water molecules through hydrogen bonds.

Behavior during longer compressions

At long times, an almost incompressible regime characterized by very slow whey release was reached for the RFCC but not for the control. In order to get insight into the behavior at longer times, the compression was applied during 5h for the RFCC and 6h for both the control. The corresponding plots are presented on Fig. 2-C and 2-D. Although the slope of the t/Vwhey vs. Vwhey plot at short times (t<80 min) was higher in the control, reflecting higher resistance to flow, the dry extracts of the two systems were similar at the end of the experiment (Table 1). As a matter of fact, the control curd remained in the linear regime and did not reach the consolidation stage over the whole duration of the experiment (80 min and 6h). Conversely, the RFCC became almost incompressible at long times.

The evolution of the average dry extract as a function of time was measured for the control and for the RFCC. The results are reported in Fig. 4. It has to be mentioned that RFCC at 80 min presents higher variability due to the occurrence of consolidation in some experiments. In both systems the final value of the dry extract was around 42 wt% but the RFCC reached this value after shorter filtration times.

According to Eq. ( 3), such dry extract corresponds to a release of about 70 % of the initial whey mass, which is a usual target value for log-type goat cheeses.

To check the relevance of the cake formation mechanism, dry extracts were determined at 3 locations of the curd: 5 mm slice in contact with the filter, 5 mm slice in the middle of the curd, and 5 mm slice in contact with the piston. The formation of a cake in the vicinity of the filter necessarily implies an inhomogeneous distribution of the insoluble components along the cylindrical cell. In particular, it is expected these components to be more concentrated in the vicinity of the filter. The dry extracts measured at 3 locations (filter side, middle and piston side) and 4 different times (80, 150, 240 and 360 min) reported in Fig. 5 confirm these expectations. This was also confirmed by visual observations showing that the curd was much firmer nearby the filter (Fig. 5 insert). The data in Fig. 5 reveal that the concentration differences along the cylinder tend to increase during the draining time and then to decrease at long times.

Conclusion

In this paper, we have developed a set-up to explore forced draining of a goat milk curd. Model conditions were adapted to control process parameters and to gain insight into key physico-chemical and compositional parameters influencing the draining rate as well as into the draining scenarios. A constant mechanical stress was applied to a cylindrical curd and draining was studied in a frontal filtration configuration.

Our study has revealed two limiting behaviors: (i) systems with high drainage resistance evolve steadily with a progressive growth of the filtering cake concentrated in proteins and fat; (ii) systems with low drainage resistance release whey rapidly at short times until the cake occupies the whole curd volume; at long times, the cake concentrates until it reaches an almost incompressible state.

The impact of fat globules and of homogenization of the dairy cream was explored. We provided experimental evidence that the presence of fat globules in the micellar protein gel slows down whey release. Their impact is even more pronounced in homogenized cream, where fat globules are smaller and strongly interacting with the protein network. The kinetic analysis was completed by observations of the gel by confocal microscopy and by local dry extract measurements.

This approach coupling a mechanical set-up where stress and displacement are followed in real time and in situ analyses allows to improve the state of knowledge in cheese technology and to go beyond empiricism. Our study completes the existing literature in this field where draining was studied under conditions of gravity-assisted syneresis. Our study comes close to real conditions where the curd is mechanically pressed.

This study opens the way to future studies on the impact of technological parameters, in particular, during curdling (stages before compression). ) and specific mass cake resistance ( , m.kg -1 ). 
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  texture analyzer (Stable Micro Systems TAXT2 & TA.XTplus100c, United-Kingdom) that measured and recorded the force and displacement as a function of time. The displacement resolution of the texture analyzer was 0.5 m and the force resolution was 10 -3 N. At the bottom of the curd, filtration occurred through a fabric made of woven polypropylene filaments of 0.5 mm diameter (Polytrame, France) with the following characteristics: density 277 g.m -²; average permeability deduced from filtration experiments using low viscous Newtonian fluids 265 L.m -2 .s -1 . The fabric was hold by a perforated metallic support whose resistance to flow was negligible. To press the curd and force whey draining, a constant strength of 22.4 N, corresponding to a pressure of 24,700 Pa, was applied in all experiments. In a typical batch, 36.0 0.5 g of curd were introduced in the cell (initial height of the curd 4 cm). The pressing force was applied during a time period ranging from 80 min to 6 h. This period was sufficient to measure large enough piston displacements, in the cm-range. Because the applied pressure only stabilized after 1 minute, data obtained at shorter times were systematically discarded. Fig. 1-B shows a typical record of the piston displacement, d, as a function of time, at constant pressure. The piston displacement, d, was straightforwardly converted into filtrate (whey) volume, Vwhey, considering the cylinder diameter, D:

Fig. 2 -

 2 Fig.2-Ashows the kinetic evolution of the whey volume released at the bottom

Fig. 2 -

 2 Fig.2-Ashows that the draining process is self-decelerated since the local slope
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 1 Figure 1: Experimental setup for filtration. A: Scheme of the setup; B: Recorded raw
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 2 Figure 2: Filtration curves. A and C: Vwhey vs. time for 80 min and longer compression
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 3 Figure 3: Confocal laser scanning micrographs of goat curd after 80 min of frontal
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 45 Figure 4: Evolution of the average dry extracts
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 1 Figure 1: Experimental setup for filtration. A: Scheme of the setup; B: Recorded raw
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 2 Figure 2: Filtration curves. A and C: Vwhey vs. time for 80 min and longer compression
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 34 Figure 3: Confocal laser scanning micrographs of goat curd after 80 min of frontal
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 5 Figure 5: Dry matter content of control curd at different positions within the compression cell
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 SI1 Figure SI1: Calibration curve for fat content determination in the released whey: Absorbance

Figure SI2 :

 SI2 Figure SI2: Fat globule size distributions of the standard goat cream (solid line) and of the

Figure SI3 :

 SI3 Figure SI3: Experimental average dry extract of the curds versus values calculated

  -A for 80 min-experiments allowing a straightforward comparison of the filtering kinetics. From Fig.2-Aand the data of Table1, the hierarchy

	in	the	draining	rate	can	be	established	for	the	3	curds:
	homogenized < control < RFCC. Whey draining relies in the formation of a micellar gel
	network which does not pass through the filter. At short times, as whey is expelled, a
	layer of concentrated gel characterized by a specific resistance is formed and
	progressively expands.								

  The study was targeted on goat milk cheese, but it can be generalized to any type of cheese based on mainly lactic coagulation technology. The study was targeted on goat milk cheese, but the developed methodology (mechanical set-up coupled to in-situ analyses) can be applied to other systems, including any type of cheese based on mainly lactic coagulation technology. van Dijk, H.J.M., 1982. Syneresis of curd. Agricultural University of Wageningen, Wageningen. process simulation. Elsevier Advance Technology, New-York. Walstra, P., 1993. The Syneresis of Curd, in: Fox, P.F. (Ed.), Cheese: Chemistry, Physics and Microbiology: Volume 1 General Aspects. Springer US, Boston, MA, pp. 141 191. https://doi.org/10.1007/978-1-4615-2650-6_5
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 Captions1 Main characteristics of the curds: dry extracts, solid content of the curd (C, kg.m -3
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Average dry matter content (wt%)