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Abstract A temperature-concentration dependent surface fit
for the relative viscosity of a urea-water-solution (UWS) is
calculated based on experimental and literature data. For the
surface fit, a 2D Lorentzian function was used, where the x-
axis was assigned to a urea mass fraction and the y-axis to the
solution temperature and the rest of the Lorentzian function
parameters were optimized based on the experimental and
literature data. The surface model describes the relative vis-
cosity of under-saturated urea-water-solution. The experimen-
tal data for the kinematic viscosity was measured with an
Ubbelohde capillary viscometer whose temperature was con-
trolled with a thermostat. The temperature and concentration
range was from 293.15 to 353.15 K in 10-K increments and
for urea mass fractions from 0.325 to 0.7. The kinematic vis-
cosity values from the experiment were converted to relative
viscosity by calculating the density of the UWS. An exponen-
tial fit was calculated to describe the specific gravity of the
UWS based on literature data. Additionally, the surface ten-
sion of the UWS was measured at room temperature
(293.15 K) in a mass fraction range from 0.302 to 0.596. As
a result, simple models describing UWS properties were ob-
tained and these models can be implemented into computa-
tional fluid dynamics (CFD) simulations.
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Nomenclature
A Surface fit parameter
D Capillary diameter
E Kinetic energy correction factor
k Capillary constant
L Capillary length
T Temperature
t Flow time
v Velocity
V Effective flux volume
w1 Surface fit parameter
w2 Surface fit parameter
yc Surface fit parameter
x Distance
xc Surface fit parameter
z0 Surface fit parameter

Greek symbols
γ Mass fraction
η Dynamic viscosity
ν Kinematic viscosity
ρ Density
σ Surface tension
τ Shear rate

Subscripts
water Variable describes water
uws Urea-water-solution
rel Relative value
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1 Introduction

Selective catalytic reduction (SCR) is used in modern on- and
off-road vehicles to reduce nitrogen oxide emissions (NOx)
[1]. The method uses ammonia (NH3) as a reducing agent for
the chemical reactions. Instead of using ammonia in its gas
phase, it is introduced to the system in the form of a urea-
water-solution (UWS) through an injection nozzle. When the
UWS is injected into the exhaust pipe, the small droplets heat
up and start to evaporate, and as the water content in the
droplets decreases, the urea starts a thermal decomposition
into NH3 and isocyanic acid (HNCO).

After the initial atomization at the nozzle, the droplets are
carried by the exhaust gas flow. Depending on the flow con-
ditions, the droplets will evaporate as a result of heat transfer
from the surrounding gas or hit the walls of the system
forming a fluid film which evaporates. The interaction be-
tween the wall and the droplets depends on multiple factors.
The factors which affect the outcome of the droplet impact are
the impact velocity, the direction of the velocity vector related
to the surface, droplet size, properties of the droplet liquid, the
surface interfacial tension, the roughness and wettability of the
solid surface, as well as nonisothermal effects such as solidi-
fication and evaporation, and air entrapment [2]. In this work,
we will discuss the properties of UWS used in SCR systems,
particularly the viscosity, density, and surface tension of the
UWS.

Different models for droplet-wall-interaction take advan-
tage of dimensionless variables such as the Weber number,
the droplet Reynolds number, the Ohnesorge number, and
their derivatives [2]. In these variables, viscosity, density,
and surface tension are factors alongside the droplet diameter
and velocity. For SCR applications, the UWSwall interactions
are critical because deposits can be formed under certain con-
ditions [3]. The droplets hit the walls of the exhaust system at
different stages of the evaporation. During the evaporation,
the concentration of the droplets changes, thus changing the
material properties of the solution and affecting the behavior
at the wall. Wang et al. [4] observed nonhomogeneous droplet
evaporation in their experiments. According to their study,
droplet evaporation can be divided into several groups accord-
ing to ambient temperature. As the temperature increases, the
droplet evaporation behavior changes from linear to two-stage
evaporation, and at temperatures above 573 K, micro explo-
sions start occurring. The viscosity model presented in this
study only takes into account liquid droplets without precipi-
tated urea.

The viscosities of UWS have been reported in [5–10].
Chadwell [5] measured the UWS viscosity at 278.19,
283.13, 288.19, 293.16, and 298.22 K temperatures with
0.05, 0.10, and 0.15 urea mass fractions and from a urea mass
fraction of 0.0168 and 0.195 at the temperature of 283.13 K.
Whereas Kawahara et al. [6] measured the viscosity of UWS

at 298.15 K for a urea mass fraction ranging from 0.0569 to
0.603. Toryanik [7] reported measuring the viscosity between
278.15 and 343.15 K and on a range up to 0.270 urea mass
fraction, but the article lacks detailed tabulated data and only
presents results in a graph. Jones [8] reported results for dilute
solutions of UWS at room temperature. The measured urea
mass fraction range was from 0.12E-4 to 0.0112.

The official data sheet by chemical company BASF [10]
gives a dynamic viscosity value of 1.4 mPas at 298.15 K
which corresponds to a kinematic viscosity of 1.29 mm2/s
when the density of UWS is calculated according to [6].
Jäger et al. [9] did viscosity and density measurements on
UWS at a temperature range from 293.15 to 363.15 K, and
on a ureamass fraction range from 0.20 to 0.80. The density of
UWS has also been measured by Chadwell [5], Perman [11],
and Jones [8]. Chadwell measured the densities of UWS so-
lutions in the same range as the viscosity. In Perman’s study,
the temperature range for the density measurement was from
313.17 to 353.25 K, and for the urea mass fraction, from 0.072
to 0.81 while Jones [8] measured the density of UWS at
298.15 K in mass fractions between 0.12E-4 and 11.99E-3.

The surface tension of UWS reported by Birkhold et al.
[12] was 75 mN/m at 303.15 K, whereas UWS supplier
BASF [10] gives a value of 65 mN/m at 293.15 K.
According to the best knowledge of the authors, these are
the only values found in the literature. Since this information
is not easily acquirable, the surface tension, in CFD simula-
tions, is usually simplified to a constant value or values of pure
water have been used. For example, Birkhold et al. [12]
neglected the difference between UWS and water in lower
concentrations, and Ström et al. [13] used values for water
instead of UWS in their simulation.

As discussed above, the material properties of UWS are not
well presented in the application range used in SCR systems.
In this study, the data is collected from the literature and ex-
periments and presented in a way which is usable for compu-
tational fluid dynamics (CFD) simulations. The aim is to de-
termine the properties of UWS in temperature and concentra-
tion range used in SCR solutions. The models can be then
used to get better approximations on the droplet-wall interac-
tions in SCR systems.

2 Experimental

In this study, the viscosity of UWSwas measured from 293.15
to 353.15 K in 10-K increments and for urea mass fractions
from 0.325 to 0.7. The described range contains a supersatu-
rated area, which was excluded from this study. In the surface
tension measurement, the temperature was kept constant at
room temperature (293.15 K) and mass fractions from 0.325
to 0.596 were measured. The density values for UWS used in
this study were obtained from the literature.
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2.1 Materials

The samples for the viscosity and surface tension mea-
surement were prepared by adding pure urea into com-
mercially available standard UWS (AdBlue). One solu-
tion with a lower concentration than standard was pre-
pared by adding deionized water to the standard UWS.
The standard UWS is manufactured according to the
ISO 22241–1 standard where the tolerance for the urea
mass fraction is 0.325 ± 0.007. The purity of the addi-
tional urea used was higher than 98.5 %, and it was
acquired from Sigma-Aldrich. The urea was used as
received, and no additional purification was done. The
1.5 % impurity at the urea results a maximum error of
0.063 % in the final results; this is well below the
measurement accuracy.

2.2 Measurement of Kinematic Viscosity

Viscosity describes the fluids resistance to shearing flows.
Dynamic viscosity is the tangential force per unit area required

to slide one layer of fluid against another layer. The relation
between the shear rate and viscosity can be expressed as [14]

η ¼ τ
x
v

ð1Þ

where η is the dynamic viscosity of the fluid, τ is the shear
rate, x is the distance between layers, and v is velocity differ-
ence between layers.

The viscosity measurement was done in the laboratory of
the Oulu University of Applied Sciences. An Ubbelohde cap-
illary viscometer was used with a LAUDA iVisc measurement
device. The device resolution was 0.01 s, and the viscosity
rangeminimumwas 0.30mm2/s. Two different capillary types
were used as follows: I and 0c with capillary constants of 0.01
and 0.003, respectively. The device was calibrated with spe-
cific calibration fluid before the measurements were taken.
The calibration was tested by measuring the viscosity of water
in three different temperatures 293.15, 303.15, and 323.15 K
and compared with the IAPWS model values [25]. The devi-
ation between the measurement and the model was less than
1% for all temperatures. For the temperature management, the
LAUDAViscotemp 15 S was used. The temperature stability
of the device is ±0.01 K.

Each sample was measured six times of which the first
two were premeasurements and the four latter the main
measurements. The aim of the premeasurements was to
make sure the sample had reached the desired temperature
before the actual measurement. An average flow time was
calculated from the four main measurements and the kine-
matic viscosity was calculated. The standard deviation limit
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Fig. 2 The specific gravity of UWS with different urea mass fractions.
The data is obtained from the literature [5, 8, 9, 11], and an exponential
function is fit to the values, shown in the solid line

Table 1 The average deviation of the UWS density model with
measured values from the literature [5, 8, 9, 11]

Jones
[8]

Jäger et al.
[9]

Perman
[11]

Chadwell
[5]

Average deviation (%) 0.538 0.265 −0.059 0.233
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Fig. 3 Location of different density measurements found in the literature
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was set to 0.5 s for the temperatures below 333.15 K, and
it was increased to 0.8 s at the higher temperatures. This
was done because the viscosity approached the minimum
measurable value with the device and thus the deviation
was affected.

The software automatically defines the kinematic viscosity
with Eq. 2.

ν ¼ k⋅ t−Δtð Þ ð2Þ

Table 2 Tabulated values from the viscosity measurements

Temperature (K) Temperature (°C) Density of
water (kg/m3)

Kinetic viscosity
of water (mm2/s)

Urea mass
fraction

Kinematic
viscosity
(mm2/s)

Calculated
density of
UWS (kg/m3)

Relative
viscosity*

293.15 20 998.20 1.0034 0.325 1.2592 1084.35 1.366

0.373 1.3310 1097.76 1.462

0.426 1.4621 1112.61 1.627

303.15 30 995.65 0.8007 0.325 1.0127 1081.57 1.377

0.373 1.0886 1094.94 1.498

0.426 1.1806 1109.76 1.647

0.471 1.3065 1122.71 1.844

0.500 1.3578 1131.01 1.930

313.15 40 992.22 0.6578 0.325 0.8570 1077.84 1.418

0.373 0.9280 1091.17 1.555

0.426 0.9918 1105.93 1.684

0.471 1.0829 1118.84 1.860

0.500 1.1318 1127.12 1.958

323.15 50 988.04 0.5532 0.325 0.7317 1073.30 1.440

0.373 0.7799 1086.57 1.554

0.426 0.8477 1101.28 1.712

0.471 0.9188 1114.13 1.877

0.500 0.9902 1122.37 2.038

0.584 1.1508 1146.67 2.419

333.15 60 983.20 0.4740 0.325 0.6322 1068.05 1.452

0.373 0.6773 1081.25 1.575

0.426 0.7330 1095.88 1.727

0.471 0.7932 1108.67 1.891

0.500 0.8324 1116.87 1.999

0.584 0.9985 1141.05 2.450

0.700 1.3763 1175.16 3.477

343.15 70 977.77 0.4127 0.325 0.5572 1062.15 1.469

0.373 0.5928 1075.28 1.583

0.426 0.6433 1089.83 1.741

0.471 0.6925 1102.55 1.896

0.500 0.7297 1110.71 2.012

0.584 0.8742 1134.75 2.463

0.700 1.1847 1168.67 3.438

353.15 80 971.80 0.3643 0.325 0.4960 1055.66 1.482

0.373 0.5280 1068.72 1.597

0.426 0.5720 1083.18 1.754

0.471 0.6172 1095.82 1.914

0.500 0.6487 1103.92 2.027

0.584 0.7688 1127.82 2.454

0.700 1.0591 1161.53 3.481

*The relative viscosity is calculated according to Eq. 6 and by using the densities from Eqs. 7 and 8
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where ν is kinematic viscosity, k is the capillary constant, t is
the flow time in seconds, and Δt is the kinetic energy correc-
tion time. The kinetic energy correction is used to compensate
for the pressure loss at the inlet and outlet ends of the capillary.
The Hagenbach kinetic energy correction time is defined ac-
cording to

Δt ¼ E
k⋅t2

ð3Þ

where E is the kinetic energy correction factor [15]. The kine-
matic energy correction factor is defined according to

E ¼ 0:0166V3=2

L Dkð Þ1=2
ð4Þ

where V is effective flux volume, L is length of the capillary,
and D is the capillary diameter [16].

The measured urea mass fractions were 0.325, 0.373,
0.426, 0.471, 0.5, 0.584, and 0.7. Figure 1 presents the mea-
surement points in relation to the liquidus line. Below this line,
the urea starts precipitating into the solution. The urea-water
phase diagram is presented similarly to Babkina et al. [17] and
it is based on literature data from [18–21].

The liquidus line show in Fig. 1 can be stated in the form of an
algebraic equation to distinguish the under- and oversaturated
regions.

T ¼ 97:539⋅γ2 þ 82:268⋅γ þ 225:26 ð5Þ

where T is the temperature of water in degrees Celsius and γ is
the urea mass fraction. The function is limited by the eutectic
point at the temperature of 262.15 K, and for the urea mass
fraction of 1, the melting point of urea at 405.85 K [22].

2.3 Measurement of Surface Tension

The surface tension measurement was performed in the labo-
ratory of the Research unit of Sustainable Chemistry, at The
University of Oulu. A manual device with the Du Noüy ring
method was used to determine the surface tension of the so-
lution. The device resolution was 0.5 mN/m. The measure-
ment device did not have the ability to use a thermostat but the
temperature of the sample was kept at room temperature with
±0.3 K accuracy.

The measurement device was calibrated with deion-
ized water at room temperature at the beginning of each
measurement set and a correction factor was calculated.
The water reference values were compared with values
from the IAPWS [23]. The largest deviation from the
IAPWS values was 0.38 mN/m but the average devia-
tion was 0.16 mN/m with five different calibrations. The
maximum standard deviation from the calibrations was
0.27 mN/m.

Urea mass fractions of 0.302, 0.325, 0.373, 0.426, and
0.471; 0.501; and 0.596 were measured. The total number
of individual measurement from each concentration sample
was 10. During the measurements with the highest mass
fraction, urea started to precipitate to the surface of the
measurement ring. This might decrease the concentration
of the solution slightly and have an effect on the surface
shape at the measurement ring, thus having an effect on
the results.

2.4 Calculation of Density

To make the comparison easier between the viscosity mea-
surement results and the results from the literature, all the
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Table 3 Tabulated
values from the surface
tension measurements

Surface tension
(mN/m)

Urea
massfraction

74.03 0.302

74.76 0.325

74.68 0.373

75.07 0.426

75.56 0.471

76.26 0.501

77.46 0.596
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values were converted to relative viscosity. The relative vis-
cosity was defined as

ηrel ¼
ηuws
ηwater

¼ νuws ρuws
νwaterρwater

ð6Þ

where ηrel is the relative viscosity of the solution, η is the
dynamic viscosity, and ρ is the density of each liquid. For this
conversion, the density of water and the density of UWS was
needed. For the water density, the equation presented by Kell
[24] was used (for more precise coefficients see the reference
[24]).

ρwater Tð Þ ¼ 999:84þ 16:95 T−7:99� 10−3T2
�

−46:17� 10−6T3 þ 105:56� 10−9T4

−280:54� 10−12T5
�.

1þ 16:88� 10−3T
� � ð7Þ

where T is the temperature of water in degrees Celsius. (The
viscosity of water was calculated based on the IAPWS model
[25]). For the density of the UWS, an exponential function

was defined to fit the literature data [5, 8, 9, 11]. From the
density values reported in the literature, the specific gravity of
the UWS was calculated by using the density of water from
Eq. 7 as a reference. The equation for the exponential fit of
specific gravity is

ρuws
ρwater Tð Þ ¼ 0:9999 e0:255γ ð8Þ

The R2 value for the exponential fit is 0.9989. The calcu-
lated specific gravity values and the exponential fit is shown in
Fig. 2.

The values given by Eq. 8 were compared to the literature
data and the maximum deviation was 1.164 % with the data
from Jones [8]. The average deviations with the other reported
values are presented in Table 1.

The model gives the density of UWS in a temperature
range from 278 to 364 K and in a urea mass fraction range
from 0 to 0.8. The accuracy of Eq. 8 cannot be confirmed
completely in this area due to the lack of literature data. The
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mass fractions from 0.0 to 0.1 in a temperature range from 298
to 363 K lacks data as does the area where the urea mass
fraction is from 0.2 to 0.4 in a temperature range from 270
to 290 K. In the oversaturated region, the accuracy of Eq. 8
cannot be confirmed. Only Perman [11] has measured densi-
ties of slightly oversaturated solutions but these measurement
points were close to the liquidus line so Eq. 8 still gives rea-
sonable density values. The measured density points from the
literature are presented in Fig. 3.

3 Results

3.1 Viscosities

The results from the viscosity measurement are show in Table 2.
Temperature is given in both degrees Kelvin and Celsius. The
urea mass fraction gives the urea mass relation to the solution
mass, e.g., 100 g of UWS contains 32.5 g of urea. In the right-
hand column, the relative viscosity of the solution is presented.

The kinematic viscosity values given in Table 2. are plotted
in Fig. 4. The results are consistent at different temperatures,
but a urea mass fraction of 0.471 deviates from the curvature
at 303.15 and 313.15 K at 323.15 K. In the higher concentra-
tions of 0.5, 0.584, and 0.7, some deviation occurs. This is
thought to be due to bubble nucleation in the water bath. The
optical fiber which detects the liquid surface in the capillary
had to be “cleaned” from the small bubbles between measure-
ments. Since the measurement periods were long for each

measurement, there was time for bubble nucleation in the
capillary support and measurement rig. Other possible expla-
nation for the deviation could be the differently calibrated
capillaries. As mentioned, I and 0c capillaries were used, the
capillaries were rotated between the measurements, and the
calibration for them was made by the device supplier. Other
than the mentioned values, the results seem to be in line with
each other.

3.2 Surface Tension

The results of the surface tension measurement for the UWS
are shown in Table 3. and in Fig. 5. The results presented here
were calculated as an average over the measurement series.
The large deviation in the results is thought to be due to man-
ual measurement and the large resolution of the device. The
deviation and the resolution problems were countered by in-
creasing the number of samples and measurements, but the
deviation still remained rather high. Other affecting factors
were the temperature control of the sample and the possibility
of dynamic surface tension effects.

4 Discussion

4.1 Viscosity

Chadwell [5] measured the viscosity of UWS at low temper-
atures and concentrations. The experimental results cannot be
compared directly to these values since they are apart in the
temperature-mass fraction plane. When combined with the
results from Jäger et al. [9] the gap is filled. Figure 6 shows
the comparison of our measurements with Chadwell [5], Jäger
et al. [9], Kawahara et al. [6], and Jones [8] with different urea
mass fractions. The values from the literature and measure-
ments seems to fit together well in the big picture. At higher
urea mass fractions our results deviated slightly from the
values measured by Jäger et al. [9]. The difference between
the results occur for both temperatures, 343.15 and 353.15 K.
This might be caused by the difference in the solution concen-
tration between the experiments.

The relative viscosity values given in Table 2 are compared
with the literature data in Fig. 6 and a magnification of the low
concentration area is presented in Fig. 7. When the urea mass
fraction approaches zero, the relative viscosity approaches
unity. When the mass fraction is increased, the lower values
of the relative viscosity along the curvature of the results are

Fig. 8 A 3D scatter plot of the data from the literature [5, 6, 8, 9] and
from our measurements

Table 4 Parameter values and
their standard error in the surface
fit function

Parameter z0 A xc w1 yc w2

Value 0.61544 6.7633 1.00611 0.25743 340.6064 141.8424

Standard error 0.01608 0.52097 0.01596 0.00431 1.64086 8.05579

Emiss. Control Sci. Technol.



limited by the liquidus line, and at the top, the boiling point of
the solution. The mass fraction of one can be considered as an
asymptote since the urea is then in a solid state and thus has no
viscosity. This assumption holds until the temperature reaches
the urea melting temperature of 405.85 K [22].

From Fig. 7, it shows that variation in temperature causes
some deviation from the mean curvature of the results. When
the temperature decreases the results tend to curve downward,
see Fig. 8. In lower urea mass fractions, approximately below
0.5, the viscosity reduction due to the temperature change is
slower for the UWS than for water. When the urea mass frac-
tion increases over 0.6, this behavior attenuates.

In an oversaturated solution, urea starts to precipitate into
the solution. The liquid part of the two-phase solution has the
viscosity of fully saturated solution, whereas the whole solu-
tion becomes slurry-like. According to Yeoh, when the solid
concentration in the solution remains below 4 % by weight,
the fluid viscous behavior is Newtonian but above this, the
solution adopts a pseudo-plastic behavior [26].

In order to obtain the relation of the temperature and urea
mass fraction to the relative viscosity, a surface fit was defined
from all the data points shown in Fig. 8 using the software
OriginPro 2016. A Lorentz2D function from the Origin 2016
library, Eq. 9, was used for the surface fitting.

ηrel ¼ z0 þ A

1þ x−xc
w1

� �2
� �

1þ y−yc
w2

� �2
� � ð9Þ

where the parameters z0, A, xc, yc, w1, and w2 are optimized to
match the data. The model parameters are presented in
Table 4. Parameter x was assigned to the urea mass fraction
and y to the temperature. The Chi-square tolerance criteria for
the surface fit was set to 1E-9, and it was reached in ten
iterations. The resulting surface is shown in Fig. 9. Relative

viscosity minimum and maximum residuals from the mea-
sured data were −0.111 and 0.0813, respectively. The standard
deviation of the residuals was 0.0249.

The Lorentz2D function describes a pike where the offset is
z0, the height is A, w1 is the width in the x-direction (mass
fraction), w2 is the width in the y-direction (temperature), and
xc and yc are peak center locations, respectively. Since the y-
axis is assigned to the temperature, the peak which the func-
tion describes, is wide when compared to the peak’s x width.
The defined area, where the measurements are made, is a
narrow slice of the complete peak function. For the surface
fit, this presents a problem when the value for the w2 param-
eter is iterated. Similarly, the parameter A has a large error in
relation to its value. The number of measurement points de-
creases towards the peak of the function, giving a larger error
to parameter A.

4.2 Surface Tension

The only surface tension values acquirable from the literature
were from the chemical company BASF [10] and Birkhold
et al. [12], which are 65 mN/m at ambient temperature of
293.15 K for a 0.325-urea mass fraction and 75 mN/m at
303.15 K, respectively. In our measurements, the correspond-
ing value for the surface tension was 74.76mN/m at 293.15K.

A linear correlation was calculated from the measured sur-
face tension values with Origin Pro 2016 software, see
Fig. 10. The equation for the linear correlation is

σ ¼ 10:704⋅γ þ 70:825 ð10Þ
where γ is the ureamass fraction. The R2 value for the linear fit
is 0.9385. The standard error for the intercept and slope of the
fit are presented in Table 5.

73.5

74

74.5

75

75.5

76

76.5

77

77.5

78

0.3 0.4 0.5 0.6

S
u

r
f
a
c
e
 
t
e
n

s
i
o

n
 
[
m

N
/
m

]

Urea mass fraction

Experiment

(293.15 K)

Fit function

Fig. 10 A linear fit calculated from the surface tension measurements.
The solid line represents the fit function presented in Eq. 10

Table 5 Standard error
of the intercept and slope
of the linear fit

Intercept Slope

Standard error 0.44634 1.04826Fig. 9 A surface fit of the measured and literature data where the surface
function is expressed by Eq. 9 with the parameters presented in Table 4
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As Fig. 10 shows, the surface tension of the solution in-
creases as the amount of urea increases. This is believed to be
due to increasing number of hydrogen bonds between the
water and urea molecules in the solution. The role of urea in
a water solution has been widely studied, and there are still
uncertainties concerning the structure of a urea-water-solu-
tion. A good summary of the made studies is presented in
Bandyopadhyay et al. [27], where urea-water interactions are
studied on a molecular scale.

5 Conclusion

In this article, the kinematic viscosity of a UWSwasmeasured
in a temperature range from 293.15 to 353.15 K in 10-K in-
crements for urea mass fractions from 0.325 to 0.7, and the
surface tension of the UWS was measured at room tempera-
ture with varying mass fractions from 0.325 to 0.596. For a
comparison with the literature data, the measured kinematic
viscosity was changed to relative viscosity. The density values
required for the conversation were obtained from the literature
and a specific gravity for the UWS was calculated. An expo-
nential function was fit to describe the concentration and tem-
perature effect on the density of the UWS. Lastly, the mea-
sured values were compared with the values from the litera-
ture, and a surface was fit to describe the concentration and
temperature dependence on the viscosity of the UWS in the
under-saturated region.

The measurements made in this study were found to be in
line with the literature data. Slight deviations were observed
between the results with Jäger et al. [9] in urea mass fractions
over 0.5. The surface fit presented describes the UWS relative
viscosity concentration and temperature dependency reason-
ably well. The absolute value of maximum difference for the
relative viscosity between the data points and the fitted surface
was 0.111 and the average was 0.0249.

The viscosity, density, and surface tension models present-
ed in this study can be applied to CFD simulations to improve
the droplet behavior and interactions with the wall by giving
more accurate prediction on the droplet Weber number. The
models are approximations and further research needs to be
done on the solution properties since they are not defined for
the complete range of the droplets’ evolution in the system.
The following points need further investigation:

& The effects of precipitated urea in the oversaturated solu-
tion to the viscosity and density should be studied.

& The effect of temperature to the surface tension in different
urea concentrations, and the molecular mechanisms in the
solution which result in the increasing surface tension.

& Coupling the concentration and temperature dependent
surface tension data to the small droplet’s spherical
interface.

The above-mentioned points should be studied parallel
with droplet evaporation models to predict the urea precipitat-
ing. Once the mass fraction and temperature of the droplet are
known, droplet-wall interaction models can be better opti-
mized to represent the UWS leading to better fluid film and
deposit risk evaluations.
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