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ABSTRACT 
In this paper continuous measuring of viscosity of sucrose solution on the evaporator is analyzed. The aim was to consider the 

possibilities of applying Hagen-Poiseuille equations on the existing straight section of the pipeline of the evaporator. Experimental 
testing was conducted in real conditions on the existing evaporator. The aim was to calibrate the measuring system, and to obtain a 
mathematical model (dependence of the conversion factor K, the concentration of sugar in sucrose C, temperature of the solution t 
and hydraulic parameter of measurement system Δp/Q. The obtained mathematical model is validated with literature data. It was 
found that for each pair of values of sugar concentration in sucrose solution C and solution temperature t, at a given value of hydrau-
lic parameter Δp/Q>(Δp/Q)lim, the difference between the measurement data and the data obtained by the mathematical model was 
negligible. Since the flow of the evaporator is regulated, it is possible to adjust the hydraulic parameter of measurement system Δp/Q. 
In this way, it was confirmed that the proposed technical solution can be successfully and reliably used for continuous measurement 
of viscosity of sucrose solutions. Compared to the conventional capillary viscometer, the proposed technical solution is much 
cheaper. Like with the capillary viscometer, space is still needed to accommodate the measuring system. The proposed technical solu-
tion of the measurement system requires a long process of calibration on the evaporator in the real terms. 

Key words: sucrose solution, viscosity measurement, Hagen – Poiseuille equation. 

REZIME 
Predmet istraživanja je kontinualno merenje viskoznosti rastvora saharoze na ishlapljivaču rastvora. Cilj istraživanja je bio da se 

sagleda mogućnost primene Hagen – Poazejeve jednačine na postojećoj ravnoj deonici ishlapljivača. Izvršeno je eksperimentalno 
ispitivanje u realnim uslovima na postojećem ishlapljivaču, koje je imalo za cilj kalibrisanje mernog sistema, i dobijanje mate-
matičkog modela (zavisnost faktora konverzije K, koncentracije šećera u rastvoru saharoze C, temperature rastvora t i hidrauličkog 
parametra mernog sistema Δp/Q). Dobijeni matematičkim modelom potvrđen je literarnim podacima. Utvrđeno je da je za svaki par 
vrednosti koncentracije šećera u rastvoru saharoze C i temperature rastvora t, pri određenoj vrednosti hidrauličkog parametra  
Δp/Q>(Δp/Q)lim,, razlika između podataka dobijenih merenjem i podataka dobijenih matematičkim modelom zanemarljivo mala. 
Pošto je protok na ishlapljivaču regulisan, moguće je podesiti hidraulički parametar mernog sistema Δp/Q. Na ovaj način potvrđeno 
je da predloženo tehničko rešenje može uspešno i pouzdano da se koristi za kontinualno merenje viskoznosti rastvora saharoze. U 
poređenju sa klasičnim kapilarnim viskozimetrom, predloženo tehničko rešenje je znatno jeftinije. Kao i kod kapilarnog viskozimetra 
i dalje je potreban prostor za smeštaj mernog sistema. Predloženo tehničko rešenje mernog sistema traži dugotrajan proces kalibri-
sanja u realnim uslovima na ishlapljivaču na kojem će se ugraditi.  

Ključne reči: rastvor saharoze, merenje viskoznosti, Hagen-Poazejeva jednačina. 
 
INTRODUCTION 
Mixed fruit drying technology, which includes osmotic and 

convective drying, can find wide practical application (Kudra 
and Mujumdar, 2002). The advantage of combined drying tech-
nology is the quality of dried fruits and reduction of energy con-
sumption (Pavkov, et al., 2009-2, Babic, M, et al., 2008, Babic, 
M., et al., 2007; Babic, M. et al., 2005-1). An original device for 
evaporation of the sucrose solution that uses heat energy of solar 
radiation has been developed at the Agricultural Faculty in Novi 
Sad (Babic, M, et al., 2009-1, Babic, M. et al., 2005-2, Babic, M 
et al., 2005-1). 

In the process of osmotic dehydration and evaporation of the 
sucrose solution, density, viscosity and volumetric flow rate de-
pend on temperature and concentration of sucrose. For the pur-
pose of continuous flow measurement of solution in the frame of 
development of the evaporator of the sucrose solution, the possi-
bility of using angle valves was investigated. It was found that 
angle valve can be successfully used to measure the flow of su-
crose solution, but the calibration process is time consuming and 

expensive, because the flow solution must be compensated for 
the value of changes in concentration and temperature of the so-
lution (Bikic, et al., 2010).  

Nowadays, the general objective is to perform continuous 
measurement of the production process parameters, with the 
trend to measure several parameters with one sensor. Fluid vis-
cosity and density are important parameters, which are, in most 
cases, determined by sampling and analysis. Laboratory studies 
are expensive and slow, and in some cases and under certain 
conditions – unreliable. Continuous measurement of density and 
viscosity of the fluid that improves the management process is 
desirable, but in many cases difficult to implement (Kalotay, 
1999). 

In the development of devices for evaporation of the sucrose 
solution, the ability to continuously measure the flow solution 
using Coriolis flow meter was tested. Coriolis mass flow meter 
measures fluid density and temperature of fluids, and conse-
quently the volume of fluid flow, with only one sensor. The in-
stallation of this device is simple and usually requires no special 
installation and maintenance. Generally, this is a very reliable 
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device. It can also be used to measure the flow of mixtures. It 
was found that it can reliably measure the flow of sucrose solu-
tion without the need for compensation of flow due to the 
changes in concentration and temperature of the sucrose solu-
tion. It was also observed that there is a need for deeper under-
standing of the error made by Coriolis flow meter due to two-
phase flow of the sucrose solution (Bukurov, et al., 2009). 

The scope of investigation is continuous measurement of 
viscosity of sucrose solution. If Coriolis flow meter is serial at-
tached to the existing straight pipeline section, where pressure 
drop is also measured using a differential pressure gauge, the 
viscosity of the sucrose solution could be determined using the 
Hagen-Poiseuille equation for the purpose of continuous moni-
toring of evaporation of the solution process. Since Coriolis flow 
meter measures density too, both kinematic and dynamic viscos-
ity of the sucrose solution could be determined. The aim of the 
investigation is to consider the possibility of applying Hagen-
Poiseuille equation to determine the viscosity of the sucrose so-
lution at the straight, existing pipeline section of evaporator. The 
tested hypothesis was that by taking into account the temperature 
t, concentration C and the hydraulic parameters Δp/Q of the ex-
isting, straight evaporator section, the proposed technical solu-
tion in combination with Hagen-Poiseuille equation can be a re-
liable method for continuous monitoring of viscosity in the proc-
ess of evaporation of the sucrose solution. 

Nomenclature 
A [rad2/s2kg] spring constant, 
C [oBx]  sucrose solution concentration, 
d [m]  diameter of the tube, 
Iu [Ns2]  inertia of the tube, 
Ku [Nm/rad] temperature dependent stiffness of the tube, 
K [m3]  scaling or conversion factor, 
L [m]  the length of the straight tube between the 

pressure connections, 
•

m [kg/s]  mass flow rate 
Re [-]  Reynolds’s number, 
t [oC]  temperature of the sucrose solution, 
t [s]   period of frequency, 
v [m/s]  velocity of the sucrose solution, 
Q [m3/s]  volumetric flow rate through the piping, 
q [m3/s]  volumetric flow rate through the by pass, 
Qp [m3/s]  volumetric flow rate through the pump, 

Greek Symbols 
ρ [kg/m3] density of the sucrose solution, 
υ [m2/s]  viscosity,  
λ  friction factor 
η [Pa s]   absolute viscosity 
ε [%]  relative difference 
ω [rad/s]  the vibration frequency, 
τ [s]  time lag, 
Δp [Pa]  pressure drop at straight tube, 

Subscripts 

l   literature 
lim  limes 
d  determined 

MATERIAL AND METHOD  
Darcy - Weslaco - equation for the straight pipeline section 

of the pipeline is: 
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Hagen -Poiseuille equation is obtained 
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The conversion term is 
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and previous equation becomes 
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where a unit of conversion factor is m3. If the value of con-
version factor K is known, it is possible to determine the dy-
namic viscosity of fluid by measuring the pressure drop on a 
straight pipeline section and volume flow rate through the sec-
tion of Q (Kalotay, 1999). 

Previous equation has the following limitations (White, 
1998): 
- fluid flow regime must be laminar; 
- measuring section must be straight and 
- liquid has to be Newtonian. 

Industrial viscometers using Hagen-Poiseuille equation oper-
ate as capillary viscometers, where the capillary is parallel con-
nected to the main flow stream, and constant flow rate through 
capillary is performed by dosing pumps (Cvijanovic, P., 1998). 
Constant flow rate results in a constant hydraulic parameter of 
measurement system Δp/Q=const., and the known value of dy-
namic viscosity in equation (7) can determine conversion factor 
K. 

Application of the parallel capillary pipe with the dosing 
pump is an expensive and complicated solution. If laminar flow 
regime in the evaporator of sucrose solution could be achieved, 
then the existing straight pipeline of the evaporator could be 
calibrated and used to determine the dependence of the conver-
sion factors K, solution temperature t, the concentration of sugar 
in sucrose solution C and hydraulic parameters of the system: 

, , pK f t C
Q

⎛ ⎞Δ
= ⎜ ⎟

⎝ ⎠
. (8) 

At the Faculty of Agriculture in Novi Sad, in the Laboratory 
for Engineering of Biosystems, a device for evaporation of the 
sucrose solution was developed (Babic, M. et al., 2008, Babic, 
M. et al., 2008). The principle of operation of this device is to 
remove moisture from the sucrose solution by warm air, where 
the warm air and sucrose solution are in contact over large areas. 
Large contact area of the column was achieved by parallel steel 
plates at the distance of 25 mm, Figure 1. Sucrose solution be-
fore drying was filtered through a filter of 10 μm mesh size. 

The existing part of the evaporator pipeline (diameter ½'') 
was replaced with the straight pipeline section of the same di-
ameter, with connections for pressure measurement at a distance 
of 1 m, Figure 1 and Figure 2 (left). Straight pipeline section 
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was serial added to Coriolis flow meter in order to measure flow 
rate and density of sucrose solution: 
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It is possible to adjust the value of hydraulic parameters 
Δp/Q using the "bypass" flow regulation on the evaporator, 
schematically shown in Figure 2 (right). 

 
Fig. 1. Schema of evaporator with section for determination of 

sucrose solutions viscosity 
 

 
 

a) 
 

 
b) 

 

Fig. 2. System components for viscosity measurement (a) and 
schema of regulation using "bypass" (b) 

Following equipment was used: 
- Coriolis flow meter - manufacturer Micro Motion Coriolis, 
model R025, measuring range 1:60, accuracy (0.1 - 0.2)% and 
repeatability (0.05 0.1)%. The accuracy of measurement of den-
sity is (0.5 - 2) of the current density measured values (Instruc-
tion Manual, P / N 3101009-eu).  
- Differential manometer for pressure drop measuring at the 
straight section – Yokogava manufacturer, model EJA510A, 
measuring range 0 - 500 mbar (Yokogava. Instruction manual, 
Model SE100ME/NE).  
- Solution temperature was measured using a PTC sensor em-
bedded in Coriolis flow meter. PTC probe is of measuring range 
- 40 to 150°C and 12:01°C resolution.  
- Refractometer for measuring of sugar concentration in sucrose 
solution - Atago manufacturer, model P-α, with measuring range 
of 0-85 oBx and a resolution 0.1oBx (www.efunda.com). 

For certain values of sucrose solution temperature t, the 
value of sugar concentration in sucrose solution C and the values 
of hydraulic parameters Δp/Q were varied. For a particular su-
crose solution temperature value and concentrations of sugars in 
sucrose solution C, literature value of dynamic viscosity (Bajic 
et al., 1980) was read.  Using equation (7) values of conversion 
factor K for different values of hydraulic parameters Δp/Q were 
determined. 

RESULTS AND DISCUSSION  
In this paper only one part of the measured results is pre-

sented. Tables 1 and 2 shows the results related to the two ex-
treme values of the concentration of sugar in sucrose (the lowest 
and highest concentrations) C = 45oBx i C = 65oBx. The process 
of sucrose solution evaporation is carried out between the dis-
played values of concentrations. 
 

Table 1. The results of measuring the concentration of su-
crose solution of C = 45oBx 

t [oC] 20 t [oC] 30 
No

ρ  [kg/m3] Q [L/s] Δp [mbar] ρ [kg/m3] Q [L/s] Δp [mbar]
1 1207.7 0.0415 3.6 1189.0 0.0772 8.4 
2 1207.3 0.0925 15.2 1196.8 0.1146 18.2 
3 1208.2 0.1393 29.5 1198.6 0.1346 26.7 
4 1208.5 0.1657 41.5 1199.3 0.1432 31.0 
5 1209.1 0.1888 57.3 1200.1 0.1741 45.7 

 

Table 2. The results of measuring the concentration of su-
crose solution of C = 65oBx 

t [oC] 20 t [oC] 30 
No

ρ  [kg/m3] Q [L/s] Δp [mbar] ρ [kg/m3] Q [L/s] Δp [mbar]
1 1305.5 0.0243 16 1304.7 0.0295 17.2 
2 1305.2 0.0502 37.8 1303.5 0.0581 36.7 
3 1304.8 0.0708 54.8 1303.16 0.0856 55.6 
4 1304.5 0.1029 81.1 1302.18 0.1045 69.1 
5 1304.3 0.1269 101.4 1302.3 0.1383 94.2 

 

Capillary viscometer shunted to the main current flow with 
dosage pump was not used. Instead, the existing straight pipeline 
section of the evaporator was used. Therefore, it was necessary 
to check whether the achieved flow regime was laminar (eq. 2). 
Figure 3 shows that in the whole operation mode of sucrose so-
lution evaporator, laminar flow regime was achieved through the 
straight pipeline section. The exception is the very beginning of 
evaporator operation regime when the sugar concentration in su-
crose is C=45oBx and the temperature t>30oC. The study (Babic, 
M et al., 2009) shows that the above mentioned operation regime 
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of evaporator is short, only a few minutes. Undesirable operation 
regime from the standpoint of viscosity measurements on the 
proposed system can be avoided by setting the parameters of the 
hydraulic system Δp/Q by means of "bypass", in order to achieve 
laminar flow regime. 

Figure 4 graphically presents the dependence (8) of the con-
version factor K, the concentration of sugar in sucrose C, tem-
perature of the solution t and hydraulic parameterΔp/Q. Circles 
and squares represent values obtained by measurement, while 
the solid and dashed lines represent the values obtained from the 
measured values modeled by the "spline" function. "Spline" 
function proved to be the best model for the dependence shown 
in Figure 4. 

 

 
b) 

Fig. 3. Flow regime of the sucrose solution through the measur-
ing section 

 

To confirm the mathematical model, comparison of the data 
obtained by the mathematical model and literature data (Bajic et 
al., 1980) was done: 

100%l d

l

η ηε
η
−

= ⋅  (12) 

Confirmation of the mathematical model is shown in Figure 
5, where one can see the relative difference between the litera-
ture data and the data obtained by the mathematical model. It can 
be observed that the "spline" function quite well represents ex-
perimental data in the whole operation regime of evaporator. The 
exception is the very beginning of evaporator, when the sugar 
concentration in sucrose C=45oBx, solution temperature t=30°C 
and hydraulic parameter of measurement system Δp/Q is in the 
range from 0.7 to 1.5 Ns/m3. It can be noted that this operation 
regime is short, and can be set by hydraulic parameters of the 
system. 

 

 
Fig. 4. Conversion factor as a function of concentration, tem-

perature and hydraulic flow conditions 
 

 

 
Fig.5. The relative difference between the literature data and the 

data obtained by mathematical model 
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Figure 5 shows that the flow rate control of solution, and 
thus setting of the hydraulic parameters Δp/Q, from the stand-
point of viscosity measurements using the proposed system is of 
great importance. At low values of hydraulic parameters Δp/Q 
relative difference between the literature and the data obtained 
by the mathematical model is greater than at higher values of 
hydraulic parameters. Practically, for each pair of values of 
sugar concentration C and temperature t, there is a threshold 
value of hydraulic parameters of the system(Δp/Q)lim, after 
which the difference between the literature and the data obtained 
by the mathematical model is negligible. 

CONCLUSION 
With the aim to improve the monitoring of parameters in su-

crose solution evaporation and continuously measure the viscos-
ity of the solution, the existing straight pipeline was used for 
formation of the measuring system. In this way, an expensive 
solution, the system with a classical capillary viscometer shunted 
to the main current flow with dosage pump which generates a 
constant flow of fluid, was rejected. The existing pipeline of 
evaporator was replaced with the straight pipeline section of di-
ameter ½ " with connections for pressure measuring. Flow in the 
pipeline section was regulated by "bypass" control of evaporator, 
while the flow rate and density of the solution was measured by 
Coriolis meter. 

In order to determine viscosity Hagen-Poiseuille equation 
was used, where K is the conversion factor calibrated for opera-
tion conditions of evaporator: the concentration of sugar in su-
crose solution C, solution temperature t and hydraulic parameter 
of measuring point Δp/Q. The experimental results were mod-
eled by the "spline" function. Mathematical model was con-
firmed by literature data. It was found that the mathematical 
model agreed well with data obtained by measuring. By adjust-
ing the hydraulic parameters of the system using the "bypass" 
regulation of evaporator, the difference between the measure-
ment data and data obtained by the mathematical model becomes 
negligible. In this way, the hypothesis is proved that by taking 
into account the temperature of the solution t, sugar concentra-
tion in sucrose solution C and the hydraulic parameter Δp/Q, the 
proposed solution of the measuring system can be successfully 
used for continuous monitoring of viscosity in the process of 
evaporation of the sucrose solution. 

Compared to conventional capillary viscometer, the pro-
posed technical solution is much cheaper. Like with the capillary 
viscometer, space to accommodate the measuring system is still 
needed. Presented technical solution of the measurement system 
requires a long process of calibration in real terms at the evapo-
rators. 
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