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THE DEFORMATION OF DEXTRAN MOLECULES. CAUSES AND CONSEQUENCES IN ULTRAFILTRATION

The transfer of dextran T70 solutions through a skinned polysulfone hollow fiber membrane was studied with and without applied pressure. The molecular weight distributions of dextran in the feed and in the permeate were obtained by high pressure liquid chromatography. Two different phenomena appear to play important roles with regard to solute transfer. One is related to the shear stress imposed by the flow at the pore entrances, i.e. to permeate flux, and the other is related to the influence of solute concentration on the expansion of the macromolecular chains. These phenomena explain the observed variations with operating conditions of the overall rejection coefficient.

Introduction

Ultrafiltration is a pressure-driven membrane process by which macromo lecular solutes may be separated or concentrated. The transfer of solvent and solute depends on many parameters such as the nature of the membrane and its pore size distribution, the size and physico-chemical properties of the solute and the operating conditions -applied pressure, concentration and temper ature of the feed, Reynolds number of the feed flow -and operating time. Severa! authors have studied the influence of these parameters, not only on the transfer of sol vent but also on the selectivity of the membrane, often rep resented by the overall rejection coefficient R defined by the relationship [START_REF] Zeman | Adsorption effects in rejection of macromolecules by ultrafiltration[END_REF] For single-protein solutions, Zeman [START_REF] Zeman | Adsorption effects in rejection of macromolecules by ultrafiltration[END_REF], Capanelli et al. [START_REF] Capannelli | Ultrafiltration membranes -Characterization meth ods[END_REF], and Nakao et al. [START_REF] Nakao | Analysis of rejection chaacteristics of macromolecular gel layer for low molecular weight solutes in ultrafiltration[END_REF] have shown that selectivity depends on membrane, solute and operating conditions and that it could be modified by adsorption of proteins at the mem-brane-solution interface. Using a real fluid, cheese whey, Taddei et al. [START_REF] Taddei | Etude du transfert de matière lors de l'ultrafil tration de lactosérum doux sur membrane minérale[END_REF] studied the effect of adsorption of proteins and particle deposition on the re jection coefficient.

To avoid these effects, other authors have studied ultrafiltration with poly meric solutes such as poly ( ethylene glycol) ( PEG) or dextran fractions. Mitchell and Deen [START_REF] Mitchell | Effect of concentration on the rejection coefficients of rigid macromolecules in track-etch membranes[END_REF], Bottino et al. [START_REF] Bottino | Ultrafiltration of hydrosuluble poly mers-Effect of operating conditions on the performance of a membrane[END_REF], N guyen and N eel [START_REF] Nguyen | Characterization of ultrafiltration membranes part 4. Influence of the deformation of macromolecular solutes on the transport through ultrafiltration mem branes[END_REF], Barnier [START_REF] Barnier | Ultrafiltration, théorie, mécanismes de transfert, phénomènes de colmatage, pre sented at INSTN[END_REF], Jonsson and Christensen [START_REF] Christensen | Separation characteristics of ultrafiltration membranes[END_REF] and Caldeira et al. [START_REF] Caldeira | A polarizacao de concentracao na ultrafiltracao de solucoes de polietilenoglicol[END_REF] report the dependence of permeate flux and rejection coefficient on operating conditions, molecular weight of the solute and macromolecular conformation. From their experimen tal results using dextran and PEG, Nguyen and Neel [START_REF] Nguyen | Characterization of ultrafiltration membranes part 4. Influence of the deformation of macromolecular solutes on the transport through ultrafiltration mem branes[END_REF] emphasize the im portance of the deformation of such macromolecules which occurs when they are submitted to the shear stress imposed by permeate flow at the pore en trance. However, they also pointed out the difficulties encountered in explain ing all of their experimental observations. For example, this single phenomenon does not explain the influence of bulk concentration on solute transfer when the permeation rate, and hence the shear stress, remains the same.

Therefore, Nguyen and Neel [START_REF] Nguyen | Characterization of ultrafiltration membranes part 4. Influence of the deformation of macromolecular solutes on the transport through ultrafiltration mem branes[END_REF] and Barnier [START_REF] Barnier | Ultrafiltration, théorie, mécanismes de transfert, phénomènes de colmatage, pre sented at INSTN[END_REF] suggested that the semi dilute regime laws as desribed by Flory [START_REF]Principles of Polymer Chemistry[END_REF] be taken into account, which state that the molecular expansion of a flexible polymer coil is determined by the solvent driven inside it by osmotic effect and so is dependent on bulk concen tration. Furthermore, Canell and Rondelez [START_REF] Canell | Diffusion of polystyrene through microporous membranes[END_REF] and Guillot et al. [START_REF] Guillot | Diffusion of large flexible polymer chains through mode! porous membranes[END_REF] have shown, by observing diffusion of monodisperse polymeric fractions of polysty rene through microporous membranes, that at sufficiently large concentration in the feed, diffusion of otherwise blocked chains becomes permitted.

The results of Nguyen and Neel show that when the flux changes no more as pressure increases ( in J versus .dP curves) the rejection coefficient remains almost constant too. To explain this, it becomes necessary to assume that the solute concentration at the membrane-solution interface remains constant, i.e. that the solution behaves like a gel. Such a behaviour is in disagreement with the results obained by Clifton et al. [START_REF] Clifton | Growth of the polarization layer in ultra filtration with hollow fibers membranes[END_REF] who have shown, using diffusion coefficient measurements, that aqueous dextran solutions do not behave like gels even when the concentration reaches values of about 300 kg/m:i. There fore, the concentration at the membrane-solution interface must still increase with the applied pressure even after the flux has reached a constant value.

Moreover, the understanding of the mechanisms involved in ultrafiltration of such macromolecular solutions is complicated by their polydispersity. Sorne recent papers (Barker et al. [START_REF] Barker | Fractionation, purification and concentra tion of dextran solutions by ultrafiltration[END_REF], Woerner and MacCarthy [START_REF] Woerner | The effect of manipulatable variables on fractionation by ultrafiltration[END_REF], and Adachi et al. [ 1 7] ) , dealing with the use of high pressure liquid chromatography, have pointed out the usefulness of this method to compare molecular weight distri butions of the feed and of the permeate.

In the present work, we try to gain an understanding of the mechanism of transfer of dextran through ultrafiltration membranes. For this purpose, we use chromatographie analysis in addition to the traditional measurements of permeate flux and overall rejection coefficient to describe the influence of op erating conditions on solvent and solute transfer. The study used a module made of polysulfone skinned hollow fibers spinned according to the French patent No. 8,409,225. We report the results obtained during experiments car ried out without convection for various concentrations to determine the influ ence of only the concentration at the membrane-solution interface on the molecular weight distribution of the solution that diffuses through the membrane.

lt is shown how the results thus obtained, correlated to those derived from ultrafiltration experiments, can be used to determine the relative importance of the influence of permeate flux and concentration at the membrane-solution interface that both determine the transfer through the membrane. lt is then possible to explain the influence of the operating conditions on the transfer of flexible polymeric solutes through ultrafiltration membranes.

Materials and methods

Solute and analytical equipment

The solute used in this work was commercial dextran T70 fraction from Pharmacia, the characteristics of which are summarized in Table 1. The so lutions were prepared by dissolving a given quantity of the solute in distilled water containing 1 mg per liter of NaN3 to prevent bacterial contamination. Permeate and feed samples were analyzed by HPLC using a column (TSK G3000 SW) coupled with a refractive index detector (Beckman 156 ). A reten tion volume versus molecular weight calibration curve for dextran was ob tained using commercial fractions of different molecular weights. For each fraction, we have measured the retention volume of the maximum in the elu tion curve that was assumed to correspond tothe average molecular weight Mw given by the manufacturer; these values are also reported in Table 1. Distilled water containing 1 mg/ml of NaN3 was used as eluent at a flow rate of 0.50 ml/min and the column was maintained at a constant temperature of 20 ° C. The concentration of the permeate was directly measured by refractometry. From the elution curves of the feed and of the permeate (Fig. 1), we obtained the characteristic molecular weight of the permeate, MW max , that corresponds to the maximum of that curve, and the partial rejection coefficients, R,, defined by the relationship R; = l-C;_p/C;, 0

each related to a given molecular weight fraction. However, although the shape of the Dextran T70 elution curve shows a lack of resolution for molecular weights higher than 80000 daltons, we did not need to use another column because the variations of MW max and R; discussed later are always in the range below this value. On the other hand, the concentrations of the samples injected onto the column were such that the width of the peaks was not modified by diffusion.

Ultrafiltration apparatus and procedure

The module used for experiments (Fig. 2) was a bundle of 40 polysulfone outerskinned hollow fi bers of external diameter d e = 3. 7 X 10-4 m, manufac tured according to the French patent IRCHA -CNRS No. 8,409,225. This bun dle was sealed in a plexiglas tubular envelope of internal diameter d; = 1.6 X 10-2 m and length 0.25 m. The active length of the fibers, which were plugged at one end, was l=0.22 m. The total exchange area was then equal toA =99X 10-4 m 2

• Because of the inlet and the outlet in the module, the feed flow was not parallel to the fibers and fully developed on their whole length, but the pressure drop was very low due to the diameter of the envelope. The fibers were located in such a way that they could be assumed independent from one another, the packing factor was very low. The Reynolds number of the feed flow was then calculated using the interna! diameter of the envelope as hydraulic diameter.

The ultrafiltration equipment is shown in Fig. 3. For all the experiments the feed concentration was kept constant by recirculating the permeate. A valve located at the end of the loop made it possible to adjust feed flow velocity and transmembrane pressure independently from each other. Because the per meate flow velocity and the dimensions of the fibers were such that the pres sure drop inside the fibers could be neglected, we calculated the average transmembrane pressure AP from measurements of inlet and outlet pressure using eqn. ( 3)

AP= (Pinlet + Poutlet) /2 (3) 
The temperature of the feed was maintained at 20 ° C while the flux through the membrane was measured by weighing the permeate [START_REF] Christensen | Separation characteristics of ultrafiltration membranes[END_REF]. For each condition ( C0, Re, iJP), we studied the variation in the permeate flux versus time, which remained constant after few minutes. The values reported in the following were always determined under steady-state conditions.

Before beginning the experimenal study, we used the following procedure: after washing the fibers with distilled water to eliminate traces of sol vent left from the manufacturing process, ultrafiltration of distilled and ultrafiltered water containing 1 mg/1 of NaN 3 was carried out under a pressure iJP of 3 X 10 5

Pa until the permeate flux became constant. Then a 10 g/1 dextran T70 solu tion was ultrafiltered for 2 hours un der a pressure of 3 X 10 5 Pa. The membrane hydraulic resistance (see eqn. 4) was then determined before and after each run by measuring the permeate flux using distilled water under a pressure of 10 5 Pa; it was found to be independent of the feed flow velocity, rigorously constant and equal to R h =9.5 X 10 9 kg-1 -m 2

• This constant value means that no fouling occurs during further ultrafiltration experiments since the mem brane was only rinsed with distilled water between runs.

Solute transport without convection

ln order to study solute transfer through the membrane without convection, i.e. at zero transmembrane pressure, the feed sicle of the module was filled with a solution at a given concentration, while the permeate sicle contained distilled water. As the volume of the feed sicle (inside the fibers) was about 150 times greater than that of the permeate sicle, the variation in concentration of the feed solution during an experiment could be neglected.

At each concentration, increasing experimental periods of time were studi.ed. For each duration, we determined concentration and molecular weight distri bution in the permeate sicle, the 'diffusate'. Thus, it was possible to follow the variation in the diffusate composition versus time and to observe that it reaches a steady state. This stationary composition was assumed to be the result of a diffusion equilibrium between the two sicles of the membrane. The time re quired to reach this stationary composition depends on the initial concentra tion of the solution on the feed sicle and ranges from 15 to 40 hours.

Estimation of the concentration at the membrane-solution interface

For pure solvent passing through the membrane, the permeate flux can be related to the transmembrane pressure by the equation [START_REF] Taddei | Etude du transfert de matière lors de l'ultrafil tration de lactosérum doux sur membrane minérale[END_REF] where µs is the viscosity of the solvent and R h is the membrane hydraulic re sistance, which is characteristic for the membrane.

During ultrafiltration of a solution containing macromolecular species par tially retained by the membrane, an accumulation of solute at the membrane-solution interface occurs, so that the concentration near the membrane be cornes higher than that in the bulk. This phenomenon is known as 'concentra tion polarization' [START_REF] Wijmans | Flux limitation in ultrafiltration: Osmotic mode! and gel layer mode![END_REF].

On the other hand, according to the osmotic pressure model [START_REF] Wijmans | Flux limitation in ultrafiltration: Osmotic mode! and gel layer mode![END_REF], the dif ference in concentration between the two sicles of the membrane induces an osmotic pressure difference iln that opposes the applied pressure ilP. So long as the hydraulic resistance always remains constant during the ultrafiltration run, the permeate flux can be expressed in the form [START_REF] Mitchell | Effect of concentration on the rejection coefficients of rigid macromolecules in track-etch membranes[END_REF] where µ is the viscosity of the solution flowing through the membrane, taken equal to that of the permeate, and iln is the difference in osmotic pressure, [START_REF] Bottino | Ultrafiltration of hydrosuluble poly mers-Effect of operating conditions on the performance of a membrane[END_REF] C m and C P are the concentrations at the membrane-solution interface and in the permeate, respectively.

Using eqn. ( 5) and the experimental results which give the flux, J, the ap plied pressure, ilP, the concentration of the permeate, C p , and the hydraulic resistance of the membrane, R h , we can calcula te the value of the osmotic pres sure difference iln. Then, using eqn. ( 6) and the relation reported by Ogston and Preston [START_REF] Ogston | Macromolecular compression of dextran[END_REF] * concerning the dependence of osmotic pressure on concen tration for dextran T70 solutions, we obtain the values of the concentration at the membrane-solution interface, reported in Table 2. 

Results and discussion

Figure 4 represents the dependence of both solvent and solute transfer in steady-state conditions on the applied pressure under various operating con ditions (Reynolds number and bulk concentration). We observe that the mass transfer through the membrane depends on operating conditions but that the general shape of the curves of J and R versus pressure is always the same and agrees well with that reported by other authors [START_REF] Nguyen | Characterization of ultrafiltration membranes part 4. Influence of the deformation of macromolecular solutes on the transport through ultrafiltration mem branes[END_REF][START_REF] Barnier | Ultrafiltration, théorie, mécanismes de transfert, phénomènes de colmatage, pre sented at INSTN[END_REF].

When the flux increases, the overall rejection coefficient decreases; when the flux remains independentof the pressure (in J versus LIPcurves) ,the overall rejection coefficient remains almost constant too. In this case, it seems that both solvent and solute transfer can be related to concentration polarization ( eqns. 5 and 6). In Figs. 567, we have plotted partial rejection coefficients versus molecular weight for various applied pressures. It is important to note that in this kind of representation a horizontal straight line means that the molecular weight distribution is the same in the permeate as in the feed, while the level of this straight line indicates the difference in overall concentration between feed and permeate. The results make clear the usefulness of the method which consists of combining the information obtained from mass transfer ex periments and from HPLC analysis, since Figs. 567show that not only per meate flux and overall rejection coefficient but also the molecular weight distribution in the permeate depends on operating conditions and can be re lated to concentration polarization. When the permeate flux increases, the rejection coefficient of a given mo lecular weight fraction decreases and the molecular weight distribution in the permeate changes. In Fig. 5, the permeate flux increases as applied pressure increases over the whole range investigated. This increase in flux is correlated to a decrease in both overall and partial rejection coefficients until the flux reaches a given value, equal to around 13x10-s kg-m-2 -sec-1 in these con ditions. Then, increasing the flux (i.e. the pressure) leads to decrease the over all rejection coefficient but does not change the molecular weight distribution in the permeate, because it is the same as in the feed. On the other hand, Figs. ,: .. 6 and 7 show that when the flux changes no more as pressure increases (J versus L'.IP curves) the molecular weight distribution in the permeate remains the same but is still different from that in the feed.

From these observations, it seems that overall and partial rejection coeffi cients depend on permeate flux, as reported by other authors [START_REF] Nguyen | Characterization of ultrafiltration membranes part 4. Influence of the deformation of macromolecular solutes on the transport through ultrafiltration mem branes[END_REF][START_REF] Barnier | Ultrafiltration, théorie, mécanismes de transfert, phénomènes de colmatage, pre sented at INSTN[END_REF], and that concentration polarization plays an important role in both solute and solvent transfer through a membrane. In order to emphasize the role of polarization, the experimental results concerning the overall rejection coefficient and the characteristic molecular weight of the permeate were plotted versus permeate flux. The curves thus obtained are presented in Fig. 8 and9. lt can be observed that for the same permeate flux, the operating conditions influence overall rejection coefficient and characteristic molecular weight of the permeate. ln creasing Reynolds number or decreasing concentration lead to a higher value of the overall rejection coefficient and to a lower value of the characteristic molecular weight of the permeate. These results, confirmed by other data not reported in this paper, show that the phenomenon that consists of the defor mation of macromolecules under the shear stress created by permeate flux through the pores of the membrane is not sufficient to explain solute transfer. Another important parameter seems to be the concentration of the solution at the membrane-solution interface

The influence of this concentration on the size of dextran molecules has been demonstrated by Ogston and Preston [START_REF] Ogston | Macromolecular compression of dextran[END_REF]. By gel shrinkage and viscosity measurements they showed that the molecular expansion of a flexible polymer coil is determined by the amount of solvent driven inside it by osmotic effects, as predicted by Flory [START_REF]Principles of Polymer Chemistry[END_REF]. This influence of concentration was also observed with monodisperse solutes since at sufficiently high concentrations in the feed otherwise blocked chains were found to diffuse through membranes [START_REF] Canell | Diffusion of polystyrene through microporous membranes[END_REF][START_REF] Guillot | Diffusion of large flexible polymer chains through mode! porous membranes[END_REF].

In order to decide to what extent these effects could be applied to the trans-port of polydisperse fractions through ultrafiltration membranes, we have car ried out experiments without convection for various feed concentrations, corresponding to those which can be encountered at the membranesolution interface, ranging from 10 to 280 kg-m -3 (Table 2). Before steady state is reached, we observe for all the experiments an increase in overall rejection coefficient and a shift towards higher values of the characteristic molecular weight of the solution that diffuses through the membrane. The results ob tained in steady-state conditions are reported in Fig. 10, which gives the char acteristic molecular weight of the diffusate versus the feed concentration. The curve shows that in the range from 10 to 200 kg-m-3 an increase in concentra tion leds to an increase in characteristic molecular weight of the diffusate, which however remains lower than that of the feed. Because the hydraulic resistance of the membrane is the same before and after the experiments, i.e. is no irreversible modification of the porous structure of the membrane occurs due to the passage of the macromolecules, this means that when the concen tration is increased a molecular coil of given molecular weight occupies a smaller volume and as a result, fractions of higher molecular weight can pass through the pores. On the other hand, this figure shows that for concentrations higher than about 200 kg-m-3 the characteristic molecular weight of the permeate remains almost constant. This result concerning the concentration-dependent size of dextran frac tions diffusing through a membrane is in good agreement with observations reported by other authors [START_REF] Canell | Diffusion of polystyrene through microporous membranes[END_REF][START_REF] Guillot | Diffusion of large flexible polymer chains through mode! porous membranes[END_REF]. Another important point is the existence of a limiting value (200 kg-m-3 ), which should be compared with the results reported by Clifton et al. [START_REF] Clifton | Growth of the polarization layer in ultra filtration with hollow fibers membranes[END_REF] for the diffusion coefficient of such polymers. They have shown that for dextran T70 solutions, the diffusion coefficient increases as concentration increases until it reaches a constant value for concen trations higher than about 180 kg-m- 3 If we compare Figs. 9 and 10, we can observe a difference between the values of the characteristic molecular weight measured during the ultrafiltration runs performed at low applied pressures -around 20000 daltons -and the molec ular weight obtained from experiments without convection, at low feed con centrations -around 40000 daltons. If we look at the values reported in Fig. 9, we can state that the characteristic molecular weight of the permeate that corresponds to low applied pressure ultrafiltration runs increases as Reynolds number decreases. Thus we can explain the difference between the values ob tained during diffusion and ultrafiltration experiments by considering that the results originating from diffusion experiments are an extrapolation of those obtained during ultrafiltration runs which correspond not only to zero applied pressure but also to zero feed flow velocity. Then we can explain the depen dence of the overall rejection coefficient and of the characteristic molecular weight of the permeate on the operating conditions (Figs. 8 and9). Thus for given flux and feed concentration, when the Reynolds number is increased the concentration at the membrane-solution interface is lowered ( Table 2). Ac cording to Fig. 10, this means that the molecular weight fractions attain higher characteristic sizes. Then, the overall rejection coefficient increases while the characteristic molecular weight of the permeate decreases.

The same explanation may also be invoked to explain, for given Reynolds number and permeate flux, the variations of both overall rejection coefficient and characteristic molecular weight of the permeate with the bulk concentra tion. Furthermore, these observations make it possible to improve our under standing of the shape of the traditional curves, showing the variations of permeate flux and overall rejection coefficient versus applied pressure, for given operating conditions ( Fig. 4).

When the permeate flux becomes independent of pressure, the overall rejec tion coefficient remains constant although the concentration at the mem brane-solution interface still increases. This behaviour can be explained from the results reported in Fig. 10 and from the calculated values of C m presented in Table 2. When the flux becomes independent of pressure, the concentration at the membrane-solution interface reaches that value beyond which it has little influence on the size of the macromolecules. Then, the solute transfer through the membrane, represented by the overall rejection coefficient and by the characteristic molecular weight of the permeate, remains almost indepen dent of the pressure.

On the other hand, we can explain the influence of the operating conditions ( Fig. 4), i.e. Reynolds number and feed concentration, by the influence of both permeate flux, J, and concentration at the membrane-solution interface, C m , on the conformation of the macromolecules. For example, for given applied pressure and concentration in the feed, when the Reynolds number increases the permeate flux increases while the concentration at the membrane-solution interface decreases (Table 2). These two parameters thus have opposite ef fects: the flux increase tends to reduce the apparent size of the polymer chains while the concentration decrease tends to make it bigger. In this case, the in fluence of the concentration seems to be predominant over that of the flux, since when the Reynolds number increases the solute becomes better retained by the membrane, even though the flux increases.

For given Reynolds number and applied pressure, when the feed concentra tion increases the flux decreases while the concentration at the membrane solution interface increases (Table 2). Once again these parameters have op posite effects on the size of the macromolecules. In Fig. 4, we can observe that the increase in feed concentration has little influence on the rejection coeffi cient for pressures below 10 5 Pa. For pressures beyond this value, the rejection coefficient curve that corresponds to the higher concentration decreases more slowly than the one corresponding to the lower concentration. The difference between these two curves increases with increasing applied pressure. The val ues reported in Table 2 show that in this range of pressures, the ratio between the concentrations at membrane-solution interface that correspond to differ ent bulk concentrations is constant while the ratio between the correspondent permeate fluxes increases with pressure. In this case, it is the influence of the flux that determines the variation of solute transfer through the membrane with feed concentration.

Conclusions

From a fundamental point of view, this work emphasizes the importance of two basic mechanisms involved in the transfer of flexible polymeric solutions through membranes. One, already considered in previous works, is the defor mation of the polymer coils under the shear stress created by the permeate flow through the pores; it depends on bath membrane and solute characteris tics. The other, which appeared clearly in this work using HPLC analysis of the permeate, is the influence of the concentration at the membranesolution interface on the size of the polymer coils; it depends only on the physico-chem ical properties of the solution. It has been shown, using an experimental mod ule of polysulfone skinned hollow fibers, that these two phenomena act simultaneously in ultrafiltration of dextran solutions. The variation in the mass transfer with the operating conditions is then determined according to the relative importance of one compared with the other.

As a result, the quantitative description of the ultrafiltration results con cerning dextran or other flexible polymeric solutions obtained from compari son beween the molecular weight distributions of the feed and of the permeate could find some applications in the field of membrane characterization or poly mer fractionation. Further investigations will also concern the generalization of these findings to other membrane geometries or membrane materials.
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TABLE 1

 1 Characteristics of commercial fractions used in this study

	Product	Mn	Mw	Mw/Mn	Retention volume
					(ml)
	Ethylene glycol TlO T40 T70 T500	4900 29500 36000 165000	62 9500 39500 70800 468000	1.94 1.34 1.97 2.84	12.3 10.0 7.2 5.4 5.0

c:

0.8 .Q ë � 0.6

  

C:

TABLE 2

 2 Experimental values for J and estimated values for C m for dextran T70

			L1PXl0 5 (Pa)						
			0.2	0.4	06	0.8	1.0	1.5	2.0	2.8
	Jx10-" (kg-m-2 -sec-1 )								
	(C 0 = 2 kg-m-3	, Re=2000)	2.0	3.8	5.6	7.0	8.0	10.7	12.9	15.5
	(C 0 = 10 kg-m-3 ( C 0 = 10 kg-m-3 , Re= 1000) , Re=2000)	1.6 1.6	3.1 2.6	4.2 3.6	5.2 4.2	6.0 4.8	7.4 5.6	8.2 6.2	8.7 6.2