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The aim of the study presented was to experimentally analyze an effect of the nutrient type and its concentration 
on the variability of rheological properties of the baker’s yeast suspensions for different time periods. Aqueous 
suspensions of the baker’s yeast of various concentration (solution I, without nutrient) and yeasts suspended in 
aqueous solution of sucrose or honey as nutrients with different concentration (solution II or solution III) were 
tested. Experiments were carried out using rotational rheoviscometer of type RT10 by a company HAAKE. The 
measurements were conducted for different time periods (from 1 h up to 144 h) at given fl uid temperature. On 
the basis of the obtained data, rheological characteristics of the aqueous solution of baker’s yeast suspensions with-
out and with nutrients of different sucrose or honey concentration were identifi ed and mathematically described. 
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INTRODUCTION

Recently, fast development in technology has requ-
ired knowledge on physical properties of rheologically 
complex fl uids such as, for example, suspensions (Sato 
et al.1), emulsions, pastes (Pereira de Oliviera et al.2), 
or biofl uids (Klein et al.3, Yu et al.4). 

Yeast Saccharomyces cerevisiae are commonly used in 
food industry, brewing of beer and distilling. When de-
signing the bioreactor and technology of the bioproduct, 
physical and rheological characteristics of the fl uids used 
in a given bioprocess are important.

Technical aspects of the rheological properties of 
microbial cultures were discussed in detail by Charles5. 
Reuss et al.6 undertook successful attempts to explain 
the discrepancies between literature data concerning 
rheological characteristics of yeast suspension. As the 
main problem in rheological measurements, authors 
specifi ed measuring uncertainty during determination 
of the volumetric fraction of the biophase in a suspen-
sion. It can affect the differences between results of 
the computations based on the empirical correlations 
presented in literature. 

El-Temtamy et al.7 carried out the measurements of the 
viscosity for the suspension of the baker’s yeast in water 
and aqueous solutions of methanol, as well as of elec-
trolytes. Authors described obtained results using power 
law model for the non-Newtonian fl uids and assuming 
fl ow index n < 1 (characteristic for pseudoplastic liquids) 
constant for whole range of the performed experiments.

Speers et al.8 studying the fl occulation effect in the 
yeast suspensions proposed rheological model for such 
system related with the Bingham model and taking into 
consideration viscoelastic properties of the cells.  

Extensive investigations of the rheological properties of 
aqueous suspensions of baker’s yeast were carried out by 
Mancini & Moresi9. The measurements were conducted 
by means of the three types of the rheometrical instru-
ments. Authors suggested that discrepancies between 
obtained results were caused by different sensitivity of 
the used rheometres.  

Klein et al.3 undertook the study related with the 
rheological properties of the yeast cells. Authors stated 

that two regions can be distinguished in rheological cha-
racteristics  for such suspension systems. Namely, these 
systems behave as Newtonian fl uids when yeast concentra-
tion in a liquid is less than 59 kg/m3, whereas above this 
concentration they behave as the shear thinning fl uids. 
Additionally, Klein et al.3 stated that such suspensions 
are the fl uids with yield stress o, which increases with 
the increase of the concentration of the microorganism 
fl occules, however it is diffi cult to determine within the 
region of the low shear rates.

Yu et al.4 presented the results of the rheological 
properties measurements for fl occulating aqueous suspen-
sions of the yeast with a given concentration X of biomass. 
Authors stated that suspension with the concentration 
X lower than 2.3 kg/m3 behaves as Newtonian fl uid for 
reason of dominating effect of the physical properties of 
the continuous phase. On the fl ow curves, Yu et al.4 did 
not observe yield stress o for the suspension with the 
biomass concentration lower than X = 40 kg/m3 and they 
assumed that this suspension behaves as pseudoplastic 
liquid. However, rheological character of the suspensions 
with higher concentration of biomass was different, 
namely such suspensions behaved as shear thinning 
fl uids with yield stress o. The study carried out by Yu 
et al.4 confi rm the suppositions that dimensions of the 
fl occules and impact between cells resulting in formation 
aggregates affect mainly non-Newtonian character of the 
biological suspensions.

Systems which contain microorganisms (biofl uids) are 
characterized by diversity and variability due to rheologi-
cal properties. Therefore, application of the rheological 
models, prepared on the basis of the experimental data 
obtained for inanimate mediums, to the description of 
rheological characteristics of biofl uids should be conside-
red as approximation only. Up to now in literature data, 
experimental results have been successfully discussed in 
order to determine the effects of the microorganisms 
fraction on the rheological properties and shape of the 
fl ow curves for the biofl uids. However, the attempts 
concerning explanation of the possible variability of the 
rheological characteristics for biofl uids in a process time 
have not been discussed suffi ciently in literature. The 
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aim of the study presented in this paper was to experi-
mentally estimate an effect of the nutrient type and its 
concentration on the variability of rheological properties 
of the aqueous suspensions with different concentration 
of the baker’s yeast for different time periods. 

MATERIAL AND METHODS

Rheological measurements were carried out using 
rheoviscometer type RT10 by company Haake with the 
system of two co-axial cylinders. Measurements were 
conducted for the shear rate   400 1/s and tempera-
ture of the fl uid equal to 23oC. The initial stage of each 
bioprocess involves important operations on the level of 
the up-stream engineering. In general, such operations 
occur in lower temperature than fermentation process. 
Because rheological properties of biomaterials strongly 
depend on process temperature, therefore, knowledge 
of such data is needed for that stage of the bioprocess.  

Experiments were carried out for three types of the 
baker’s yeast suspensions differing in the yeast concen-
tration X, concentration of the nutrient c and sampling 
time t after which rheological properties were tested. 
Yeasts were dispersed in demineralised water and aque-
ous sucrose and natural polyfl oral honey solutions (in 
further part of the text “honey solution”). In this case, 
sucrose and honey were applied as the nutrients. Using 
honey as nutrient can be alternative source of sucrose 
in processes of food industry, occurring with the use 
of yeasts.

Fresh pressed baker’s yeast Saccharomyces cerevisiae 
produced by Lesaffre Polska S.A. were used in the ex-
perimental study. Yeast suspensions were prepared in 
the fl ask and they were maintained in the temperature 
about 22oC. Before beginning the rheological measure-
ments, each of prepared yeast suspensions was shaken by 
5 minutes to obtain homogeneous mixture. Determined 
experimentally content of the dry biomass was equal to 
30% mass of raw material used. This fact was taken into 
account during estimation of the yeast concentration in 
analysed samples. 

First solution (solution I) used in the study had con-
centration of yeast in demineralised water equal to X 
= 4, 8, 12, 16, 25, 50, 100, 150, 200 or 250 kg/m3 and it 
had not contained any nutrient.  For this solution, ex-
periments were performed in the following time periods: 
after t = 1 h, 24 h, 48 h, 72 h and 96 h, respectively, 
from the moment of the yeast suspension preparation. 
In second solution (solution II), concentration of yeast 
was equal to X = 100 kg/m3 in aqueous solution of 
sucrose with concentration c = 0.02, 0.05, 0.1 or 0.2 
kg/kg solution. In this case experiments were performed in 
the following time periods: after t = 1 h, 24 h, 48 h, 72 
h, 144 h respectively, from the moment of the solution 
II preparation. Concentration of yeast for third solution 
(solution III) was equal to X = 100 kg/m3 in aqueous 
solution of honey with concentration c = 0.02 or 0.1 kg/
kg. In this case, the same periods of time t were taken 
into account as for the solution I, i.e. t  <1 h; 96 h>. 
In total, 120 rheological characteristics in the form of 
both fl ow curves   = f() and viscosity curves a = f() 
were obtained for all three yeast suspensions.  

RESULTS AND DISCUSSION

Yeasts suspended in demineralised water (solution I)     
On the basis of the results obtained for the fi ve se-

ries of the measurements within the range of the yeast 
concentration in the demineralised water X = 25, 50, 
100, 150, 200 and 250 kg/m3 and time t  < 1 h ÷ 96 h 
>, the fl ow curves  = f() were found. Analysis of the 
curves shape shows that dependence of the shear stress 
 on the shear rate  can be described in this case using 
Ostwald – de Waele equation (Ferguson & Kembłowski10)

 (1)
where n denotes fl ow index and k is consistency index. 
In Figure 1, the dependence n = f(t) is shown for the 
yeast concentration X = 25, 50, 100, 150, 200 and 250 
kg/m3 in the aqueous suspension. It can be observed 
that values of the fl ow index n do not differ signifi cantly 
within the both ranges of time periods 1 h < t < 96 h 
and yeast concentration X  (25 kg/m3 ÷ 150 kg/m3). 
Therefore, it was assumed constant value of the n = 
0.885 ±0.026 within the both ranges of the variables 
t and X. Absence of the signifi cant changes in value 
of the fl ow index n as a time function, as well as less 
more than one value of the n suggest that samples of 
the yeast suspensions within these ranges of the X and 
t variables can be classifi ed to the non-Newtonian fl uid 
of properties of the shear thinning liquid (pseudoplastic 
liquid). However, signifi cantly higher values of the fl ow 
index n were obtained for the suspension with yeast 
concentration equal to X = 200 kg/m3 tested within 
the time periods t from 1 h to the 96 h. In this case, 
value of the n in Eq. (1) changed slightly only within 
the following range 1.024 < n < 1.061. Therefore, this 
yeast suspension can be identifi ed as Newtonian fl uid.  
The change of the fl uid character from shear thinning to 
the shear thickening properties confi rm the experiments 
conducted within the same range of the time t for the 
suspension of the yeast with the concentration X = 250 
kg/m3. In this case, value of the fl ow index was equal to 
n = 1.242 within fi rst time period, i.e. after t = 1 h. This 
value of the n was maintained on the same level also 
within the next time periods. Taking into account values 

Figure 1. Dependence n = f(t) for the concentration 
X = 25, 50, 100, 150, 200 or 250 kg/m3 yeast 
in aqueous suspension; X: 25 kg/m3 (♦), 50 
kg/m3 (□), 100 kg/m3 (▲), 150 kg/m3 (○), 200 
kg/m3 (*), 250 kg/m3 (•)
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of the fl ow index n obtained within the whole range 
of the yeast concentration X, it can be concluded that 
aqueous solution of the yeast tested in the performed 
experiments cannot be ascribed unequivocally to one 
category of the non-Newtonian fl uid.    

The value of the fl ow index from Eq. (1) equal to 
n = 0.885 ±0,026 describes with good accuracy also the 
rheological data obtained after the time t = 1 h for the 
yeast suspensions of smaller concentration X = 4, 8, 12 
or 16 kg/m3 (Fig. 2).

Equation (2) approximates the experimental results 
with the mean relative error ±10% within the follo-
wing range of the yeast concentration in the aqueous 
suspension X [kg/m3]  < 25 ÷ 150>  and time period 
t [h]  < 1 ÷ 96 >.

In the case of the highest yeast concentration X = 
200 and 250 kg/m3, the signifi cant increase of the con-
sistency coeffi cient k was observed (Fig. 3). Values of 
the k were contained within the ranges 0.015 < k [Pas] 
< 0.019 and 0.048 < k [Pas] < 0.066, respectively, for 
the suspension concentration X = 200 kg/m3 and X = 
250 kg/m3. It should be emphasized that fl ow index n 
for both values of the concentration X has the value 
higher than one.   

Both values of the consistency index k, obtained 
experimentally and calculated from Equation (2), are 
compared in Figure 4. Additionally, the data for the 
smaller concentrations of the yeast in the suspension 
X = 4, 8, 12 and 16 kg/m3 obtained after time period 
t = 1 h are also presented in Figure 4. As the results 
in Figure 4 show, the k values which are ascribed to 

Figure 2. Dependence n = f(X) for the concentration 
yeast X [kg/m3]  < 4; 150 > in a suspension; 
t = 1 h

Figure 3. Dependence k = f(t) for the concentration X [kg/m3]  < 25; 250 > yeast in  the suspension; X: 25 kg/m3 
(♦), 50 kg/m3 (□), 100 kg/m3 (▲), 150 kg/m3 (○), 200 kg/m3 (*), 250 kg/m3 (•)

Figure 4. Comparison of the consistency index k, obtained 
from experiments kexp and calculated from Eq. 
(2) kcalc; concentration of the yeast in suspension 
changes within the range X  (4;150) kg/m3

The dependences of the consistency coeffi cient k on 
the time t (k = f(t)) within the range of concentration 
of the yeast suspension X [kg/m3]  < 25 ÷ 250 > are 
shown in Figure 3. As it is seen from these fi gures, 
the effect of the time t on the k values is insignifi cant 
and can be neglected. However, concentration X of the 
yeast in a suspension affects considerably the value of 
the consistency index k. Values of the coeffi cient k are 
similar for the yeast concentration X = 25 kg/m3 and 
X = 50 kg/m3 (Fig. 3) and they increase with the in-
creasing concentration within the range X [kg/m3]  < 
100; 150 >. The dependence of the consistency index k 
on the concentration X was described by means of the 
following equation  

  (2)
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dependence  = f() is shown for the yeast concentra-
tion X = 100 kg/m3 in the aqueous solution of honey 
with the concentration (c = 0.02 or 0.1 kg/kg and time 
period t = 1 h). Small effect of the sucrose and honey 
concentration is observed only for both values of the 
c within the range of the shear rate 50 1/s <  < 120 
1/s. For assumed constant value of the , differences in 
the values of the shear stress  appear for both c con-
centrations with the increase of the shear rate  > 120 
1/s. Higher values of the shear stress  are characteristic 
for the sucrose and honey concentration equal to 10%.

In Figure 7, fl ow curves  = f() are shown for the 
time t = 48 h and yeast concentration X = 100 kg/m3 in 
the aqueous solution with the concentration of sucrose 
equal to c = 0.02 or 0.2 kg/kg. In this case, effect of the 
sucrose concentration c on the shear stress  also reveals 
for the values of the shear rate higher than  > 120 1/s.      

Effect of the time t (calculated as a period after time 
of the sample preparation) on the rheological proper-
ties of the yeast suspension with concentration X = 
100 kg/m3 in the aqueous solution of sucrose with the 

the smaller concentrations X can be approximated with 
mean relative error ±11% using Eq. (2).

The dependence of the apparent viscosity a on the 
shear rate  is presented in Figure 5 for the different 
values of the yeast concentration X in the suspension 
and for the period of the time t = 1 h. As it is seen, 
apparent viscosity a decreases with the increase of the 
yeast concentration up to X = 150 kg/m3 and it increases 
when concentration X is higher than 200 kg/m3 and shear 
rate is higher than 300 1/s.

Figure 5. Viscosity curves ηa = f(γ) for the concentration 
of yeast in the suspension changing within the 
range X [kg/m3]  < 25; 200 > and for a given 
time t = 1 h; X: 25 kg/m3 (♦), 50 kg/m3 (□), 
100 kg/m3 (▲), 150 kg/m3 (○), 200 kg/m3 (*)

Figure 6. Flow curves τ = f(γ) for the yeast concentration X = 100 kg/m3; a) in the aqueous solution of sucrose with 
the concentration c = 0.02 or c = 0.1 kg/kg and for the time t = 1 h; c: 0.02 (♦), 0.1 (○); b) in the aqueous 
solution of honey with the concentration c = 0.02 or c = 0.1 kg/kg and for the time t = 1 h; c: 0.02 (♦), 
0.1 (○)

Figure 7. Flow curves τ = f(γ) for the yeast concentra-
tion X = 100 kg/m3 in the aqueous solution of 
sucrose with the concentration c = 0.02 or c = 
0.2 kg/kg and for the time t = 48 h (calculated 
after time of the sample preparation); c: 0.02 
(♦), 0.2 (*)

Yeasts suspended in aqueous solutions of sucrose (solution 
II) or honey (solution III)

On the basis of six series of the rheological measure-
ments carried out for the yeast concentration X = 100 
kg/m3 in an aqueous solution of sucrose or honey, fl ow 
curves  = f(), which relate shear stress with the shear 
rate, were obtained.

Figure 6a presents the dependence  = f() for the 
yeast concentration X = 100 kg/m3 in the aqueous solu-
tion of sucrose with the concentration equal to c = 0.02 
or 0.1 kg/kg and time period t = 1 h. In Fig. 6b, the 
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concentration c = 0.2 kg/kg is compared in Figure 8a 
for different periods of time equal to t = 1 h, 24 h, 
48 h, 72 h and 144 h. The data presented in Figure 8a 
show that rheological properties of such yeast suspen-
sion change signifi cantly during fi rst 24 hours only, while 
these changes are not important after time periods t = 
24, 48, 72 and 144 h. 

The same tendency is observed (Fig. 8b) in case of 
the yeast with concentration X = 100 kg/m3 suspended 
in the aqueous solution of honey with the concentration 
c = 0.1 kg/kg. The rheological properties of such yeast 
suspension change signifi cantly during fi rst 24 hours 
only, too, compared to those characteristics obtained 
after longer sampling times. Therefore, differences in the 
course of the fl ow curves determined for time periods 
t = 24, 48, 72 and 96 h can be neglected.

Set of data, including the results obtained for the 
yeasts with the concentration X = 100 kg/m3 suspended 
in both aqueous solutions of sucrose with the concentra-
tion c = 0.02, 0.05, 0.1 or 0.2 kg/kg and of honey with 
the concentration c = 0.02 or 0.1 kg/kg, as well as for 
the time periods t = 1, 24, 48, 72, 96 and 144 h, was 
quantitatively described using following equation   

 (3)
where shear rate  ≤ 400 1/s, c denotes mass fraction 
of the sucrose or honey in aqueous solution, kgsucrose/
kgsolution or kghoney/kgsolution, and  A, B, E, D are constant 
values determined for the time t = 1, 24, 48, 72 and 144 
h (solution II) or t = 1, 24, 48, 72 and 96 h (solution 

III). These values of the constant in Equation (3) for the 
yeasts with the concentration X = 100 kg/m3 suspended 
in aqueous solution of sucrose with the concentration c 
= 0.02, 0.05, 0.1, 0.2 kg/kg and the time periods t = 1 h 
and t = 24, 48, 72, 96 and 144 h are collected in Table 1. 

Equation (3) also describes experimental data ob-
tained for the yeasts with the concentration X = 100 
kg/m3 suspended in aqueous solution of honey with 
the concentration c = 0.02, c = 0.1 kg/kg and the time 
periods t = 1 h and t = 24, 48, 72 and 96 h (solution 
III). Constant values of Equation 3 obtained for the 
yeasts with the concentration X = 100 kg/m3 suspended 
in aqueous solution of honey with the concentration c = 
0.02, c = 0.1 kg/kg and, separately,  for the time periods 
t = 1 h and t = 24, 48, 72 and 96 h (solution III) are 
presented in Table 2.

Figure 9a illustrates differences between values of the 
apparent viscosity a, obtained for the aqueous solution 
of the yeast (X = 100 kg/m3, c = 0, solution I) and for 
the aqueous solution with sucrose concentration c = 0.05 
and 0.2 kg/kg and yeast concentration X = 100 kg/m3 
(solution II) for which this viscosity was determined 
after time t = 1 h. As it is seen solution II has higher 
apparent viscosity a than solution I. However, these 
differences in apparent viscosity decrease after time 
t (t = 48 h) as it results from Figure 9b. Sucrose in 
aqueous solution is nutrient medium for the yeast cells 
and it may be gradually exhausted. After further time 
t values of the apparent viscosity a for both solutions 

Figure 8. Flow curves τ = f(γ) for the yeast concentration X = 100 kg/m3; a) in the aqueous solution of sucrose with 
the concentration c = 0.2 kg/kg and for the time t =  1, 24, 48, 72, 144 h (calculated after time of the sam-
ple preparation); t: 1 h (♦), 24 h (□), 48 h (▲), 72 h (○), 144 h (*); b) in the aqueous solution of honey 
with the concentration c  = 0.1 kg/kg and for the time t = 1, 24, 48, 72, 96 h (calculated after time of the 
sample preparation); t: 1 h (x), 24 h (+), 48 h (∆), 72 h (○), 96 h (□)

Table 1. Values of the constants in Equation (3) for the yeasts suspended in aqueous solution of sucrose (solution II)

Table 2. Values of the constants in Equation (3) for the yeasts suspended in aqueous solution of honey (solution III)
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I and II become comparable. These results show that 
rheological properties of the aqueous solution of yeast 
(X = 100 kg/m3) with sucrose concentration c = 0.02, 
0.05, 0.1, 0.2 kg/kg change with the time in the fi rst day 
from the sample preparation. However, these changes 
disappear after successive days during which the samples 
are tested.

Viscosity curves a = f() presenting the dependence 
of the apparent viscosity a as a function of shear rate 
 for time t = 1 h  and three tested suspensions of 
yeast with the concentration X = 100 kg/m3 dissolved in 
demineralised water or in aqueous solutions of sucrose 
or honey with the concentration c = 0.1 kg/kg (solutions 
I, II and III) are compared in Figure 10. Taking into 
account that dynamic viscosity for the solvent, water, in 
temperature 23oC is equal to 0.9358 x 10–3 Pas (Perry’s 
Handbook11), apparent viscosity a is about three times  
higher for the suspension of yeast in demineralised water 
(solution I). Moreover, the presence of the nutrient in the 
yeasts suspension (solutions II and III) affects noticeably 
the increase of the apparent viscosity a. This effect is 
especially signifi cant within the range of the shear rate 
 < 100 1/s, while the values of the apparent viscosity 

a are higher for the honey used as nutrient compared 
to sucrose.  

Values of the shear stress and apparent viscosity may 
depend on the type of the nutrient used in the study 
and their consumption by yeasts in a process time. The 
sucrose content x in aqueous solution of the sucrose 
or honey was measured using Refractometer HI96801. 
Relative sucrose content x/x1h (where x1h denotes sucrose 
content in aqueous solution after 1 hour) is shown in 
Figure 11 as a function of the process time. In Figure 
11, the data for sucrose in aqueous solution of the su-
crose or honey with the concentration c = 0.02 or 0.1 
kg/kg are compared for yeasts with the concentration of 

Figure 10. Dependence ηa = f(γ) for yeast (X = 100 kg/
m3) suspended in: demineralised water, c = 
0 (+); aqueous solution of sucrose with the 
concentration c = 0.1 kg/kg (□); aqueous 
solution of honey with the concentration c = 
0.1 kg/kg (▲); time t = 1 h

Figure 11. Dependence x/x1 h = f(t) for yeast (X = 25 kg/
m3) suspended in: aqueous solution of sucrose 
with the concentration c = 0.02 kg/kg (♦) and 
c = 0.1 kg/kg (■); aqueous solution of honey 
with the concentration c = 0.02 kg/kg (◊) and 
c = 0.1 kg/kg (□)

Figure 9. Dependence ηa = f(γ) for yeast suspension (X = 100 kg/m3); a) in aqueous solution with sucrose concentra-
tion c = 0, c = 0.05, c = 0.2 kg/kg for the time t = 1 h; c: 0 (▲), 0.05 (□), 0.2 (*); b) in aqueous solution 
with sucrose concentration c = 0, c = 0.05, c = 0.2 kg/kg for the time t = 48 h; c: 0 (▲), 0.05 (□), 0.2 (*)
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X = 25 kg/m3. For example, comparison of the values 
of sucrose content for both process times equal to t 
= 1 h and t = 24 h, respectively, shows that sucrose 
content in the nutrient decreases about 70% for the 
aqueous solution of sucrose of concentration c = 0.02 
kg/kg, as well as about of 60% for the aqueous solution 
of honey of concentration c = 0.02 kg/kg (Fig. 11). As 
Figure 11 shows, sucrose content in nutrient decreases 
slightly only after t = 24 h.    

In Figure 12, our experimentally obtained results 
concerning consistency index k (two point dashed line) 
and fl ow index n (one point dashed line) as a function 
of the biomass concentration X are compared with the 
literature data (Mancini & Moresi9, dashed line). Both 
our experimental and literature values of the consistency 
index k agree within the range of low X values. The 
highest differences between experimental and literature 
values of the k equal to about 30% are observed for the 
high biomass concentration X, ie. X = 100 or 150 kg/m3. 
Comparison of the experimental and literature value of 

sity r = /w (where w denotes the viscosity of the 
continous medium) as a function of the yeast volumetric 
fraction . Experimental values (points, temeperature 
23oC)  agree with the data (temperature 5oC) obtained 
by Manicini & Moresi9. Experimental values are also 
consistent with the Reuss et al6. results (temperature 
30oC) within the range of the low values of the . 
Different measurement temperatures affecting process 
conditions  can be responsible for discrepancy of the 
experimental and literature values (Reuss et al.6) within 
the range of high  values.

CONCLUSIONS

On the basis of the experimental study, concerning 
the effects of the nutrient type and its concentration on 
rheological behaviour of the suspension of baker’s yeast 
with different concentration, it can be stated that within 
the range of the performed measurements    

For the aqueous suspension of the yeast with concen-
tration X  (25; 150) kg/m3, statistically evaluated value 
of the fl ow index n is less than one and it is equal to 
n = 0.885 ±0.026. Within this range of the yeast con-
centration and for the time period t  (1; 96) h, values 
of the consistency index k describes Equation (2). There-
fore, this suspension behaves as the shear thinning fl uid 
within the tested ranges of the concentration and time.

Value of the fl ow index n is higher than one for the 
aqueous suspension of the yeast with concentration X = 
250 kg/m3, therefore this biological suspension behaves 
as shear thickening fl uid within the range of the carried 
out experiments.

For the yeast suspension of concentration X = 100 
kg/m3 and sucrose concentration c = 0.02, 0.05, 0.1 and 
0.2 kg/kg or honey concentration c = 0.02 and 0.1 kg/
kg, the changes of the rheological properties with time 
were observed only during fi rst day from the sample 
preparation. The greatest content of sucrose in the time 
period can be responsible for this rheological behaviour 
of the fl uid. 

Flow curves were described by means of the Equ-
ation (3) which is applicable to the time t = 1 h for 
solutions II and III, as well as within the time periods 
t  <24 h; 144 h> (solutions II) or t  <24 h; 96 h> 
(solutions III).

Symbols
c sucrose or honey concentration, kg nutrient/kg 

solution
k  consistency index, Pas
n  fl ow index
t  time, h
X  yeast concentration, kg m–3

x sucrose content in solution, % Brix

Greek Letters
a apparent viscosity, Pas
R relative viscosity, 
 shear rate, s–1

 shear stress, Pa

Figure 12. Comparison of dependences k = f(X) and n 
= f(X) for the concentration yeast X [kg/m3] 

 <25; 150> in a suspension; dashed lines – 
Mancini & Moresi9, one or two point dashed 
lines – experimental data

Figure 13. Comparison of relative viscosity ηR = f(Φ) for 
experimental and literature data; t: 1 h (◊), 24 
h (Δ), 48 h  (○), 72 h (▲), 96 h (*); dashed 
line – Mancini & Moresi9, point dashed line 
– Reuss et al.6

the fl ow index n show that experimental value of n = 
0.885 ±0.026 is consistent with the result n = 0.85 ±0.03 
obtained by Mancini & Moresi9.

In Figure 13, our experimental data and literature 
results are compared in the form of the relative visco-
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