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ABSTRACT 13 

 14 

The induction of two dairy powders, skim milk powder (SMP; low-protein content), and milk 15 

protein isolate (MPI, high-protein content), was studied. The powder induction approaches 16 

investigated were (1) eductor alone, (2) eductor with a static mixer, and (3) eductor with high 17 

shear inline mixing. Measurement of pressure drop, from which viscosity was determined 18 

inline using the Hagen-Poiseuille equation, offline viscometry and particle size analyses were 19 

performed. High shear inline mixing provided the most efficient induction of powders. In 20 

addition, more rapid powder induction, as observed from particle size analysis, was achieved 21 

for SMP in comparison to MPI, owing to its better rehydration properties. Inline pressure 22 

drop data demonstrated that dissolution of MPI had two distinct phases: (i) powder 23 

introduction, and (ii) powder breakdown, irrespective of configuration and concentration 24 

employed.  25 

 26 

Keywords: Powder induction, Eductor, static mixer, High shear inline mixer, Milk protein 27 

isolate, Skim milk powder   28 
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1. Introduction 29 

In the food industry, supply chains from primary production to finished product often 30 

require several transformations of physical state. In the case of dairy ingredients, the raw 31 

material is milk, with the derived ingredients often dried to a powder state to increase shelf-32 

life, reduce bulk and facilitate use as food ingredients (O’Connell & Flynn, 2007; O’Sullivan 33 

& O’Mahony, 2016). For utilisation of these ingredients in food formulations, it is normally a 34 

prerequisite that the powder is completely rehydrated. Dairy ingredients that possess a high 35 

protein content and have a casein-dominant protein profile are challenging to reconstitute 36 

quickly and completely, and thus processors of these ingredients and end-users often employ 37 

a range of approaches to achieve homogeneous solutions, such as in-tank agitation, high 38 

shear mixing, ultrasonic processing, or hydrodynamic cavitation (Crowley et al., 2015; 39 

McCarthy et al., 2014; Schuck et al., 2007; Vos et al., 2016).  40 

Powder induction is typically achieved through a two-step approach, although, for 41 

powders demonstrating good dissolution behaviour, the first step is adequate: (1) initial 42 

mixing of the powder with the solvent, using a powder inductor (also known as eductors), 43 

and (2) a means for achieving a uniform dispersion, through shear-induced disruption of 44 

powder agglomerates (Bete Fog Nozzle Inc., 1999; Forny et al., 2011; Venegas et al., 2014). 45 

Eductor technologies are widely used in industrial applications, such as lean phase pneumatic 46 

conveying, powder induction and liquid blending.  Eductors usually consist of two inlets and 47 

a single outlet (Fig. 1d). One of the inlets narrows to a constricted point, referred to as a 48 

nozzle, while the second inlet is typically perpendicular to the exit of the first inlet, where at 49 

this point both streams intersect at a locus point, converge, and exit through a single outlet. 50 

At the locus point, the contents of the perpendicular inlet are drawn into contact with the 51 

tangentially flowing fluid from the nozzle by means of the venturi effect (Douglas et al., 52 

2005; Gogate & Kabadi, 2009; Venegas et al., 2014). Powder induction can be achieved in 53 
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either a batch (e.g., batch stirred tank), continuous (e.g., powder eductor) or semi-continuous 54 

configuration (e.g., eductor with a recirculation loop).  55 

Static mixers are devices that are readily used in continuous processing for mixing 56 

operations. Static mixers are motionless inserts, also known as elements, within a pipeline, 57 

which redirect fluid flow in directions transverse to the main direction of flow (Thakur et  al., 58 

2003). SMX static mixers (Sulzer Chemtech, Winterthur, Switzerland; Fig. 1e) disrupt bulk 59 

fluid flow through the development of striations due to their structure, and further disrupt 60 

flow by each consecutive element being oriented by 90o to the preceding one (Ghanem et al., 61 

2014; Mihailova et al., 2015; 2016).  62 

High shear mixing technologies are widely used for the disruption of powder 63 

aggregates to form homogeneous solutions and in emulsification applications (Hall et al., 64 

2013). The configuration of these mixers is that of a rotor-stator, and they can be used as 65 

inline devices for either continuous processing (i.e., single pass mode) or batch processing 66 

(i.e., multiple pass mode) (Hall et al., 2011). The shear rate range for high shear mixers is 67 

typically within the range 20,000 – 100,000 s-1 (Pacek et al., 2007).  68 

In this study, three powder induction approaches were investigated: (1) eductor alone, 69 

(2) eductor integrated with an SMX static mixer, and (3) eductor integrated with a high shear 70 

inline mixer. The powders examined were low (skim milk powder; SMP) and high (milk 71 

protein isolate; MPI) protein content dairy ingredients, in order to comparatively assess the 72 

processing performance and industrial relevance of these approaches for rehydration of dairy 73 

powders across a wide range of protein content. The objectives of this research were to 74 

discern differences in rehydration properties of the selected dairy powders, SMP and MPI, in 75 

terms of wettability, dispersibility and changes in particle size, and relate these differences to 76 

variations in the rate of powder induction, as monitored inline using a pressure drop approach 77 
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to calculate viscosity, by applying the Hagen-Poiseuille equation. This approach could allow 78 

for the real-time monitoring of industrial dissolution processes for dairy ingredients, and 79 

allow manufacturers to optimise such processes for shear energy and time, with major 80 

energy-saving potential.  81 

 82 

2. Materials and methods 83 

2.1. Materials 84 

Milk protein isolate (MPI) was kindly provided by Kerry Ingredients and Flavours 85 

(Listowel, Ireland). The skim milk powder (SMP) used in this study was sourced from a local 86 

commercial outlet. The composition of the SMP and MPI is presented in Table 1. The water 87 

used throughout this study was deionised water, unless stated otherwise.  88 

 89 

2.2. Powder induction configuration 90 

Powder induction was conducted at two protein concentrations, 3.6 and 7.2% (w/w), 91 

for both SMP and MPI. Three configurations were used to induct the dairy ingredients into 92 

solution: (a) eductor alone, (b) eductor and SMX static mixer, and (c) eductor and inline high 93 

shear mixer (Fig. 1). The induction process was started by filling the closed-loop liquid 94 

system with the required amount of deionised water to achieve the desired protein 95 

concentration for the different ingredients, and initialising the progressive cavity pump 96 

(Torqueflow, Sydex, UK) to a volumetric flow rate of 675 L h-1. The required mass of 97 

powder was loaded carefully into the powder hopper, and introduced to the liquid system by 98 

means of a ball valve (25.4 mm internal diameter) and an in-house-designed and custom-99 

fabricated (Liam A. Barry Ltd., Cork, Ireland; Fig. 1d) eductor, whereby the powder is drawn 100 
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into the liquid stream by means of the venturi effect (Douglas et al., 2005; Gogate & Kabadi, 101 

2009). The total mass within the system after powder induction was 2 kg for all experimental 102 

instances, and samples for offline analysis were collected from a sampling port located before 103 

the inlet to the pump. The temperature at the start of the induction process was 20°C, and 104 

increased by ca. 8°C during the induction process due to the action of the pump.  105 

The SMX static mixer employed in this study was an 8-element 19.05 mm mixer (i.e., 106 

D20) and 3D printed (Shapeways, USA) in stainless steel from a CAD file. SMX static mixer 107 

elements have a characteristic pattern with six planes of blades, with each opposing plane at 108 

90° to the preceding one (Fig. 1e). SMX static mixers are designed for flow within the 109 

laminar flow regime and rely upon disrupting and recombining the bulk of the inlet into 110 

smaller streams, using a series of channels (Mihailova et al., 2015; 2016). The maximum 111 

observed Reynolds number (Re) within the SMX mixer was ca. 10, as determined from Eq. 1: 112 

�� = 	
���

�
            (1) 113 

where ρ is the density (kg/m3), v is the average velocity (m s-1), d is the internal diameter 114 

(19.05 mm) and η is the viscosity (Pa.s). The approximate shear rate observed within the 115 

SMX static mixer was calculated using the Streiff-Jaffer correlation as follows (Mihailova et 116 

al., 2016; Streiff et al., 1999):  117 

	
 =
���

�
           (2) 118 

where		
  is the shear rate (s-1). The maximum observed shear rate within the SMX static mixer 119 

was calculated as ca. 2,200 s-1.  120 

The inline high shear mixer used in this study was a YTRON-Z (1.50FC, YTRON 121 

Process Technology GmbH, Germany), operating at 100%, yielding ca. 6,000 rpm. The 122 
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typical shear rate range of high shear mixers is between ca. 20,000 and 100,000 s-1 (Pacek et 123 

al., 2007). 124 

 125 

2.3. Wettability and dispersibility 126 

Wettability was determined as described by Schuck et al. (2012) and powders 127 

possessing wettability times of 30, 60 or > 120 s are categorised as very wettable, weattable, 128 

and non-wetting, respectively (Schuck et al., 2012). Dispersibility measurements were 129 

conducted as described by Schuck et al. (2012), and dispersibility index was calculated as 130 

follows:   131 

�������������	����� = 	
�������.!"#

����$	!%& ���⁄ �.�
       (3) 132 

where w is the mass of powder used (10 g), XDM is the dry matter content of the filtrate after 133 

sieving (%  w/w), and XRW is the moisture content of the powder (% w/w).  134 

 135 

2.4. Contact angle characterisation  136 

The contact angle (θ) of SMP and MPI powders was assessed on powder samples that 137 

had been compressed in order to produce cylindrical tablets, to minimise surface variations 138 

between the investigated powders. SMP and MPI were compressed to form cylindrical tablets 139 

through application of ~78.5 kN for 10 s using a stamp die with a diameter of 1.3 cm (15 Ton 140 

Manual Hydraulic Press, Specac, UK). The contact angle between cylindrical tablets of SMP 141 

or MPI and ultrapure water was measured using optical tensiometry (Attension Theta, Biolin 142 

Scientific Holding AB, Sweden). A drop (10 µL) of water was deposited centrally on the 143 

surface of the tablets of either SMP or MPI as a sessile drop and contact angle was measured 144 

over 5 min.  145 
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2.5. Particle size and microstructure of powders 146 

The particle size distribution (PSD) for SMP and MPI powders was measured by 147 

static light-scattering using a Mastersizer 3000 (Aero S, Malvern Instruments, UK). Powder 148 

particle size was reported as d4,3 (i.e., volume-weighted mean particle size) and PSD data 149 

(volume vs. size class). Scanning electron microscopy (SEM; JSM-5510, Jeol Ltd., Japan) 150 

was used to visualize the microstructure of powder samples and determine if there were any 151 

morphological differences between SMP and MPI. The investigated powder samples were 152 

placed upon double-sided adhesive conductive carbon tape, attached to SEM stubs, sputter-153 

coated with gold/palladium (80:20) and scanned at 5 kV.  154 

 155 

2.6. Viscosity determination: calculated versus experimental approaches 156 

Viscosity was calculated from experimentally-measured pressure drop readings, and 157 

compared to experimentally-measured viscosity, in order to validate the calculated viscosity 158 

results. Pressure drop was recorded for SMP and MPI solutions, at both protein 159 

concentrations, using the three experimental setups (Fig. 1), and was recorded using two 160 

pressure transducers (PR-33X, Keller, UK), positioned 1.08 m apart. Pressure differential 161 

data was collected, before powder induction, during the powder induction process, and for 15 162 

min after completion of powder addition. Calculated viscosity values were determined from 163 

Eq. 4, the Hagen-Poiseuille equation, using experimentally-measured pressure drop values as 164 

follows (Douglas et al., 2005):  165 

()*+),+*-.� = 	
/∆1�2

�3456
          (4) 166 
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where ηcalculated is the calculated viscosity (Pa.s), ∆P is the pressure differential across a given 167 

straight section of pipeline (Pa), d is the internal diameter (19.05 mm), L is the length over 168 

which the pressure drop was recorded (1.08 m), and Q is the volumetric flow rate (m3s-1).   169 

  The experimental viscosity was measured for SMP and MPI dispersions/solutions, 15 170 

min after complete powder addition from each of the three investigated configurations at a 171 

protein concentration of 7.2% (w/w), and control solutions, which were prepared at a protein 172 

concentration of 7.2% (w/w) using overhead stirring (250 rpm with a 4-bladed, 99 mm 173 

diameter impeller, at 22°C) for 2 h. The beaker in which the control solutions were prepared 174 

had an internal diameter of 178 mm and a liquid height of 81 mm, with the impeller being 175 

positioned centrally. The control solutions were prepared and analysed as a comparison to 176 

solutions produced using the powder induction setups (Fig. 1). The experimental viscosity 177 

(ηexp) was measured using a rotational viscometer (Haake RotoVisco 1 Rotational 178 

Viscometer, Thermo Fisher Scientific, USA) equipped with a cylindrical double-gap cup and 179 

rotor (DG43, Thermo Fisher scientific, USA) as described by Mulcahy et al. (2016). 180 

Apparent viscosity was measured at a temperature of 24°C, the mean temperature at which 181 

the powder induction was conducted (Section 2.2). A shear rate of 275 s-1 was used for 182 

viscosity determination, as this was the calculated shear rate within the 1.08 m section from 183 

which the pressure drop was recorded, using Eq. 5 (Douglas et al., 2005): 184 

	
 =
4�

�
, 8ℎ���	: = 	

6

;
         (5) 185 

where		
  is the shear rate (s-1), d is the internal diameter (19.05 mm), v is the average velocity 186 

(m s-1), Q is the volumetric flowrate (m3s-1), and A is the cross sectional area (m2).  187 

 188 

2.7. Particle size of protein dispersions 189 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

10 

 

The changes in particle size for inducted SMP and MPI solutions (1, 5 and 15 min), 190 

and control solutions (1, 15 and 120 min; Section 2.6), as a function of time, were measured 191 

by static light-scattering using a Mastersizer 3000 (Hydro EV, Malvern Instruments, UK). 192 

Eq. 6 was used in order to determine the number of times which the protein dispersions had 193 

been recirculated through the system at the investigated time points (1, 5 and 15 min) for all 194 

configurations (O’Sullivan et al., 2015): 195 

<=��	�>?���	 = 	
6	×	-

A
         (6) 196 

where Q is the volumetric flowrate (m3s-1), t is the residence time (s), and V is the volume 197 

within the system (m3).  The mean number of passes for which the protein dispersions would 198 

have been subjected to time intervals of 1, 5 and 15 min was 5, 28 and 84 passes, 199 

respectively.  200 

 201 

2.8. Statistical analysis 202 

Data presented are the average and standard deviation of at least three repeat 203 

measurements, from one lot of each powder. Student’s t-test with a 95% confidence interval 204 

was used to assess the significance of the results obtained; t-test data with P < 0.05 were 205 

considered statistically significant.  206 

 207 

3. Results and discussion 208 

3.1. Comparison of the physical and rehydration properties of SMP and MPI 209 

The size distribution of particles in skim milk powder (SMP) and milk protein isolate 210 

(MPI) was initially investigated (Fig. 2). SMP powder had a significantly (P < 0.05) larger 211 
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particle size than that of MPI powder, and in addition demonstrated a mono-modal size 212 

distribution, whereas MPI exhibited a broader distribution, with shoulders either side of the 213 

main peak. The observed size of particles in MPI is in agreement with results presented by 214 

Crowley et al. (2015), for MPC90 (Milk Protein Concentrate); however, SMP, which had a 215 

composition analogous to that of MPC35, exhibited a significantly (P < 0.05) larger size than 216 

MPC35. This was attributed to the nature of commercial retail SMP, which is typically 217 

agglomerated in order to enhance its instant properties (Turchiuli et al., 2013), in comparison 218 

to the powders used within the study of Crowley et al. (2015), which had predominantly 219 

discrete powder particles rather than agglomerated structures, as observed by SEM analysis 220 

(Vos et al., 2016).  221 

In order to investigate these observations further, SMP and MPI powders were 222 

examined by SEM (Fig. 3). Particles in SMP (Fig. 3a) appeared to be agglomerated 223 

structures, where the agglomerates consisted of many individual powder particles. In the case 224 

of MPI (Fig. 3b), discrete powder particles can be seen, possessing a wide range of sizes from 225 

larger particles (~40 µm) to smaller particles (~10 µm). These results are in agreement with 226 

the previously discussed particle size measurements (Fig. 2), and highlight the morphological 227 

differences between the two ingredients investigated.  228 

The time taken to wet SMP powder was significantly (P < 0.05) lower than that of 229 

MPI, where SMP was classified as wettable (> 30 s, and ≤ 60 s), while MPI was categorised 230 

as a non-wetting powder (> 120 s). In addition, the dispersibility index of SMP was 231 

significantly (P < 0.05) greater than that of MPI, whereby SMP possessed a lower standard 232 

deviation (± 1.41), in comparison to MPI (± 34.51). The high degree of variability associated 233 

with the dispersibility index of MPI is ascribed to a combination of its poor wetting 234 

behaviour, and the nature of the dispersibility test, where non-wetting powders may get 235 

mixed to varying degrees over the prescribed 15 s of mixing (Section 2.3.). These observed 236 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

12 

 

differences in wetting and dispersibility behaviour are attributed to compositional differences 237 

between SMP and MPI (Table 1), as the high content of lactose within SMP allows for more 238 

rapid ingress of water into powder particles during rehydration. The obtained values for 239 

wettability and dispersibility (Table 1) are in agreement with those of Schuck et al. (2012), 240 

for similar types of powders.  241 

The contact angle (θ) between SMP and MPI and ultrapure water was investigated in 242 

order to further evaluate the wetting behaviour of these powders (Fig. 4). SMP had a 243 

significantly (P < 0.05) lower θ value than that of MPI. The higher content of lactose within 244 

SMP makes it more hygroscopic than MPI, allowing for greater rates of moisture imbibition. 245 

Crowley et al. (2015) determined θ values for MPC35 and MPC90, equivalent to SMP and 246 

MPI used in this study, respectively. Contact angle results for SMP used in this study and 247 

MPC35 used in the study of Crowley et al. (2015) were comparable, with MPC35 having a 248 

marginally lower θ  than that of SMP. However, the MPI used in this study yielded a 249 

significantly (P < 0.05) higher θ in comparison to the MPC90 used in the study of Crowley et 250 

al. (2015), even though they had comparable composition profiles. These differences are 251 

ascribed to differences in terms of methodology (i.e., different drop volumes and equipment 252 

employed), timescale of measurement, which was 300 s rather than 5 s in the study of 253 

Crowley et al. (2015), and potential differences in heat treatment applied to the skim milk or 254 

liquid concentrates in the manufacture of the ingredients. Regardless, the same trend in terms 255 

of contact angle value was observed.  256 

 257 

3.2. Comparative assessment of powder induction approaches 258 

The calculated viscosity (ηcalculated) as a function of time (up to 15 min after complete 259 

powder addition) is shown in Fig. 5 for MPI at protein concentrations of 3.6 and 7.2% (w/w), 260 
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for the three configurations investigated. Data for SMP was also recorded, however, the 261 

obtained pressure drop results exhibited high variability owing to the low viscosity of SMP 262 

solutions (data not shown). Unexpectedly, no significant differences (P > 0.05) were 263 

observed when comparing the development of calculated viscosity over induction time 264 

between the three different induction approaches, at either concentration for MPI. 265 

Nevertheless, significant (P < 0.05) differences were observed in the calculated viscosity 266 

upon powder addition to the system between 3.6 and 7.2% (w/w), where the sample with 267 

higher concentration demonstrated higher initial viscosity values. This greater value was 268 

attributed to ~twice the mass of powder being present within the system. 269 

MPI exhibited two distinct phases in the development of calculated viscosity as a 270 

function of time. In all cases, there was an initial increase in viscosity, followed by a gradual 271 

decrease. These distinct phases correspond to: (1) contact of powder with water and swelling, 272 

and (2) breakdown of swollen powder agglomerates. A similar trend was observed for the 273 

dissolution of native phosphocaseinate in the study of Gaiani et al. (2006), who used a 274 

rheological approach to monitor rehydration. Two peaks in viscosity were observed, the first 275 

peak corresponding to powder wetting, and the second peak corresponding to powder 276 

swelling (Gaiani et al., 2006; Schuck et al., 2007). The initial peak and the decrease in 277 

viscosity following this peak as presented in the study of Gaiani et al. (2006) are comparable 278 

to the initial increase in calculated viscosity in the current study, and the trough between 279 

peaks to the gradual decrease in calculated viscosity; however, it should be noted that native 280 

phosphocaseinate was used in the study of Gaiani et al. (2006), rather than MPI, as used in 281 

this study (Fig. 5) – the former would have had a much higher casein:whey protein than the 282 

latter. Gaiani et al. (2006) also used longer times than those in this study (up to 3 h) to 283 

achieve complete rehydration; nonetheless, the obtained calculated viscosity results (Fig. 5) 284 
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are in agreement with those reported by Gaiani et al. (2006), as they focus upon the initial 285 

stages of rehydration over shorter timescales.  286 

The validity of calculated viscosity results was assessed through direct comparisons to 287 

experimentally obtained viscosity values at the same shear rate value at which the pressure 288 

drop was measured (275 s-1) and the average temperature recorded during the powder 289 

induction process (24oC). The values of calculated viscosity (ηcalculated) for MPI and 290 

experimental viscosity (ηexperimental) for SMP and MPI solutions (7.2% w/w), compared to 291 

control solutions, prepared using overhead stirring (2 h at 250 rpm), are provided in Table 2. 292 

Similar trends in comparisons of calculated and experimental viscosities were observed for 293 

both SMP and MPI at a concentration of 3.6% (w/w) (data not shown).  294 

The trends in ηexperimental values for SMP and MPI processed using the three 295 

investigated induction approaches highlights that, with increasing degree of shear in the 296 

process, there was an increase in the viscosity, owing to enhanced protein hydration (García 297 

De La Torre et al., 2000; O’Connell & Flynn, 2007). This behaviour was attributed to 298 

differences in the level of applied shear between the three approaches, where high-shear 299 

inline mixing with an eductor provides shear rates > 20,000 s-1 (Pacek et al., 2007), SMX 300 

static mixing with an eductor provides ca. 2,200 s-1 at a volumetric flowrate of 675 L/h (Eq. 301 

2; Mihailova et al., 2016), and the eductor alone yields ca. 275 s-1 (Eq. 6; Douglas et al., 302 

2005). In the case of control solutions, higher viscosity values were observed in comparison 303 

to solutions prepared using the induction configurations (Table 2), owing to the prolonged 304 

preparation time (2 h), allowing for enhanced protein hydration (García De La Torre et al., 305 

2000).  306 

A comparison of the ηcalculated and ηexperimental values for MPI at a concentration of 307 

7.2% (w/w) highlight that there is a discrepancy in the values, by a factor of ca. 2, whereby 308 
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the calculated value is overestimated in all instances. This observed difference between 309 

experimental and calculated values were ascribed to the nature of the Hagen-Poiseuille 310 

equation, which assumes that the fluid demonstrates Newtonian behaviour, whereas it has 311 

been established that protein solutions typically exhibit shear-thinning behaviour (Morris et 312 

al., 1981; O’Sullivan et al., 2014). Nevertheless, the pressure drop approach highlighted that 313 

it was suitable as an industrial approach for inline monitoring of dissolution of high-protein-314 

content dairy ingredients, demonstrating variations in viscosity as a function of dissolution 315 

time.  316 

The changes in particle size as a function of induction time for each of the three 317 

dissolution approaches for both of the studied powders was also investigated. Size 318 

distribution data for powder particles, and inducted dispersions/solutions at time points of 1, 319 

5 and 15 min after powder addition, for both SMP and MPI (7.2% w/w), are shown in Fig. 6, 320 

along with control samples prepared using overhead stirring as described in Section 2.6, and 321 

measured at time intervals of 1, 15 and 120 min. Similar trends in terms of change of particle 322 

size distribution as a function of processing time were observed for both SMP and MPI at a 323 

concentration of 3.6% (w/w) (data not shown). 324 

There were significant differences (P < 0.05) in the rate of reduction in size between 325 

SMP and MPI, for all dissolution approaches studied, while SMP generally achieved a 326 

submicron peak (mean particle size of ~250 nm) more rapidly than MPI. SMP and MPI both 327 

have casein-dominant protein profiles, where the diameter of casein micelles is within the 328 

range 100–250 nm (O’Connell and Flynn, 2007). Thus, the development of the submicron 329 

peak for both powders on reconstitution is associated with the release of casein micelles, 330 

where differences in dissolution rate are ascribed to compositional differences between SMP 331 

and MPI (Table 1), particularly in terms of SMP having higher lactose content than MPI. 332 

This behaviour was previously observed through non-invasive acoustic spectroscopic 333 
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approaches (i.e., broadband acoustic resonance dissolution spectroscopy; BARDS) and cryo-334 

SEM visualisation as a function of dissolution time by Vos et al. (2016), and direct particle 335 

size measurements using static light scattering by Crowley et al. (2015), whereby a slower 336 

release of casein micelles was observed for MPC90 (similar to MPI) in comparison to 337 

MPC35 (similar to SMP).  338 

The rate of powder dissolution, in terms of development of the nano-sized peak (i.e., 339 

casein), was also affected significantly (P < 0.05) by the induction technology employed, as 340 

the highest shear process (ca. 20,000–100,000 s-1), inline high shear mixing with the eductor 341 

demonstrated the highest rates of powder rehydration (Pacek et al., 2007), followed by the 342 

SMX static mixer in conjunction with the eductor (ca. 2,200 s-1; Mihailova et al., 2016), and 343 

lastly by eductor alone (ca. 275 s-1; Douglas et al., 2005). This trend was observed for both of 344 

the powders studied. However, in the case of SMP induction using inline high shear mixing 345 

(7.2% w/w), an increase in the size of the micron-sized peak was observed at the 15 min 346 

processing time. This behaviour is attributed to formation of stable air bubbles, with the air 347 

most likely originating from both occluded and interstitial air contained within the SMP 348 

powder agglomerates (Fig. 3a).  349 

In comparison to the conventional overhead stirring (250 rpm for 120 min), all of the 350 

investigated powder induction approaches demonstrated significantly (P < 0.05) greater rates 351 

of powder dissolution, as observed by the greater rate of development of the submicron peak 352 

over a significantly shorter timescale. Furthermore, induction achieved a greater degree of 353 

submicron particles in comparison to overhead stirring, for both SMP and MPI, and over a 354 

shorter timescale, i.e., 15 min rather than 120 min. The differences between conventional 355 

overhead stirring and the investigated induction approaches was due to the extent of 356 

processing (i.e., shear rate), whereby, for the solutions prepared using the studied powder 357 

induction configurations, all of the material is processed, as there were no conceivable dead-358 
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zones in the setup, with the exception of the wall boundary layer (Douglas et al., 2005). 359 

However, for overhead stirring of a 2 L batch, dead-zones were inevitable, which would 360 

greatly reduce mixing efficiency (Hall et al., 2005).  361 

 362 

4. Conclusions 363 

This study showed that inline measurement of pressure drop is an effective approach 364 

for monitoring in real-time the dissolution kinetics of high-protein dairy ingredients. Pressure 365 

drop results were used to determine real-time viscosity data, by means of the Hagen-366 

Poiseuille equation. Inline high shear mixing yielded the most efficient generation of protein 367 

solutions, for SMP and MPI, as shown by off-line particle size and viscosity measurements, 368 

compared to either an eductor alone or eductor integrated with an SMX static mixer. MPI 369 

demonstrated two distinct stages during dissolution as observed by pressure drop results: (1) 370 

initial mixing of powder with water and swelling (an increase in viscosity), and (2) disruption 371 

of powder agglomerates (a decrease in viscosity). From a technological perspective, this 372 

study highlighted the importance of selection of the appropriate induction technology for 373 

efficient formation of solutions, whereby processes giving high shear rates are desirable for 374 

the induction of high-protein ingredients (MPI), whereas low shear rate technologies may be 375 

adequate for low-protein ingredients (SMP). Moreover, this study showed that pressure drop 376 

is a suitable inline approach to monitor powder dissolution processes.  377 
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Figure Legends 463 

Fig. 1. Schematic representation of the experimental configurations employed: (a) educator 464 

alone, (b) eductor and SMX static mixer, and (c) eductor and high shear inline mixer. All 465 

configurations show a pump and pressure transducers. Panel (d) shows a schematic of the 466 

eductor configuration and (e) is a CAD diagram of a five element section of a standard SMX 467 

static mixer, for which rights of use were acquired from O. Mihailova (Mihailova et al., 468 

2015). 469 

Fig. 2. Particle size distributions for skim milk powder (SMP; solid line; d4,3 = 128.7 µm) and 470 

milk protein isolate (MPI; dashed line; d4,3 = 36.8 µm). 471 

Fig. 3. Scanning electron micrographs of (a) skim milk powder (SMP) and (b) milk protein 472 

isolate (MPI). Scale bar is 100 µm in both micrographs.  473 

Fig. 4. Contact angle between skim milk powder (SMP; ●) or milk protein isolate (MPI; ○), 474 

and distilled water, measured over 300 s. 475 

Fig. 5. Development of calculated viscosity upon addition of powder to the system as a 476 

function of time for eductor alone (solid line), eductor and SMX static mixer (long-dashed 477 

line), and eductor and high shear inline mixer (short-dashed line): (a) 3.6% (w/w) milk 478 

protein isolate (MPI), and (b) 7.2% (w/w) MPI.  479 

Fig. 6. Changes in particle size distribution as a function of processing time, showing powder 480 

initially (solid line), and 1 (long-dashed line), 5 (medium-dashed line), and 15 (short-dashed 481 

line) min after induction for: (a) skim milk powder (SMP) – eductor, (b) milk protein isolate 482 

(MPI) – eductor, (c) SMP – eductor + SMX, (d) MPI – eductor + SMX, (e) SMP – eductor + 483 

YTRON, (f) MPI – eductor + YTRON, (g) SMP – control, and (h) MPI – control. The time 484 

increments for control samples were 1 (long-dashed line), 15 (medium-dashed line), and 120 485 

(short-dashed line) min after powder addition. The concentration in all cases was 7.2% (w/w).  486 
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Table 1 

Composition of skim milk powder (SMP) and milk protein isolate (MPI), acquired from 

supplier specification sheets, and measured values for wettability and dispersibility for SMP 

and MPI.  

  SMP MPI 

 Protein (%) 35.9 86 

 Moisture (%) 6.5 4 

Composition Fat (%) 0.6 1.5 

 Carbohydrate (%) 50.5 1 

 Ash (%) 7.9 6 

Rehydration Properties Wettability (s) 59 ± 10 > 120 

 Dispersibility (%) 99.9 ± 1.4 27.1 ± 34.5 
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Table 2  

Comparison of calculated viscosity (15 min after powder induction) and experimentally 

measured viscosity (at a shear rate of 275 s-1) for skim milk powder (SMP) and milk protein 

isolate (MPI) at protein concentrations of 7.2% (w/w) for the three investigated powder 

induction approaches.  

  ηcalculated (mPa.s) ηexperimental (mPa.s) 

 Control solution - 4.03 ± 0.04 

SMP Eductor - 2.89 ± 0.07 

(7.2% w/w) Eductor + Static Mixer - 3.43 ± 0.05 

 Eductor + High Shear Mixer - 4.44 ± 0.12 

 Control solution - 25.2 ± 0.5 

MPI Eductor 7.7 ± 0.7 2.83 ± 0.13 

(7.2% w/w) Eductor + Static Mixer 8.2 ± 0.9 4.21 ± 0.05 

 Eductor + High Shear Mixer 9.6 ± 0.6 5.83 ± 0.11 
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Figures 

Fig. 1. 
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Fig. 2. 
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Fig. 3.  

  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Fig. 4.  
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Fig. 5.  
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Fig. 6.  
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Highlights 

• Induction of dairy powders, SMP and MPI, was investigated.  

• The induction process was monitored inline using pressure drop analysis.  

• Pressure drop data allowed for estimation of viscosity during powder dissolution.  

• SMP was inducted more rapidly than MPI, due to compositional differences.  

• Inline high shear mixing was most effective compared to the other technologies.  


