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1 Introduction
Dulce de leche is a kind of milk jam obtained by 

concentrating the mixture of milk and sucrose (approximately 
20 mass % of the total milk volume) under heat and normal or 
reduced pressure until nearly 70 mass % of total solids is reached 
(TAMIME, 2009). From a physicochemical point of view, it is a 
mixed aqueous dispersion composed mainly of carbohydrates 
(sucrose and lactose) and milk proteins, in which the continuous 
phase contains different types of dispersed particles. The typical 
mass composition of this product is: 30% of water (maximum); 
6% of proteins (minimum); 2% of lipids (minimum); 2% of 
ashes (minimum); and 70% of sugars (maximum), of which 30% 
of sucrose (maximum) and the remaining corresponds to the 
milk lactose. Glucose and fructose syrup, sorbitol, corn starch, 
maltodextrin, chocolate, fruits puree, coconut powder, sodium 
bicarbonate, run, coffee, and vanilla extracts are also ingredients 
that can be used to create variations of the “traditional” 

dulce de leche (RANALLI; ANDRÉS; CALIFANO, 2011; 
TOLSTOGUZOV, 2000; NAVARRO; FERRERO; ZARITZKY, 
1999; PAULETTI et al., 1990; HOUGH et al., 1988). The higher 
the solids content, the more consistent is the dulce.

The modern food industry requires products that are 
simultaneously low cost, safe, and attractive from both 
nutritional and sensorial point of view, thus needing constant 
technological upgrades. Accordingly, the knowledge of physical 
properties is essential for the design and periodic improvement 
in the machinery used in the food product processing, 
especially that involved in unit operations such as pumping 
and evaporation. Accurate thermophysical data of products 
(e.g., thermal conductivity, thermal diffusivity, heat capacity, 
and specific mass) are necessary, as well as determining their 
variation as a function of temperature during the processes. 
Also, the knowledge of rheological properties of processed 
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2.2 Determination of thermophysical properties

The thermophysical properties measurements (thermal 
conductivity, thermal diffusivity and specific mass) were 
performed in triplicate at each temperature [(28.4, 37.8, 48.2, 
59.2, 68.8 and 76.4) °C] by taking samples from the top, center, 
and bottom of a same can. Prior to each experiment, the sample 
was kept at the working temperature using a thermostatic bath 
water (Marconi, MA-184, Brazil).

Thermal conductivity was measured according to the 
method described by Bellet, Sengelin and Thirriot (1975). 
This technique uses a cylindrical cell, composed of two coaxial 
cylinders with an annular space, which is filled with the liquid 
whose properties are to be determined. In order to keep the 
temperature constant, the cell was immersed in a thermostatic 
bath (Marconi, MA-184, Brazil) with an accuracy of ± 0.05 °C. 
The power input to the heater resistance inserted inside the inner 
cylinder was controlled using a microprocessor stabilizer source 
(Entelbra, ETB-252, Brazil), which allowed the adjustment of 
the electrical current with a stability of 0.05%. The temperature 
was monitored using a data logger (HP, 75.000-B, USA) with an 
accuracy of 0.6 °C. The calibration of the cell was performed with 
distilled water and glycerin, according to Telis-Romero et al. 
(1998).

Thermal diffusivity was determined using the method 
proposed by Dickerson (1965). The experimental apparatus 
consisted of a cylindrical cell (internal radius = 0.025 m and 
length = 0.25 m) made of chromium plated brass with two nylon 
covers with thermal diffusivity of 1.09 × 10–7 m2/s in order to 
prevent axial heat diffusion. A type T thermocouple was fixed 
along the central axis of the cylinder and another one tangential 
to the external surface of the cylinder. The system (cylinder 
filled with dulce de leche  +  thermocouples) was immersed 
in a thermostatic bath (MLW, MK70, Germany) and heated 
at a constant rate. Temperatures were controlled using the 
same data acquisition system used in the thermal conductivity 
measurements. The changes in temperature were monitored 
both at the cell wall and the center of the cell.

Heat capacity was calculated from the thermal diffusivity 
definition using its formal definition:

Cp λ
ρα

=
	

(1)

where Cp is the heat capacity, λ is the thermal conductivity, ρ is 
the specific mass, and α is the thermal diffusivity.

Specific mass (density) was evaluated by the gravimetric 
method using an analytical balance (Mettler, AB204, USA; 
uncertainty of ± 0.0001 g) and a standard volumetric 
pycnometer. The pycnometer of 25 mL was previously calibrated 
with distilled water at each temperature.

2.3 Rheological measurements

Rheological measurements were carried out using an 
AR2000 rheometer (TA Instruments, USA) with a cone 
and plate geometry (disk radius = 0.06 m; angle = 4°) under 
controlled shear stress and temperature. Shear rate varied 

products is required because these properties are very useful 
in quality control, design of flow processes, and definition 
of transport and storage conditions. The flow characteristics 
determine the texture of products, which affects the perception 
and, thus, the acceptance by consumers. Rheological variables 
such as yielding stress, consistency index, and apparent viscosity 
are affected by the composition and the processing conditions 
of food products (GABAS et al., 2012; ASTOLFI-FILHO et al., 
2012, 2011; MILANI; KOOCHEKI, 2011; REZAEI et al., 2011; 
CABRAL et al., 2007; GARITTA; HOUGH; SÁNCHEZ, 2004). 
In a few words, thermophysical and rheological data, and how 
they behave with temperature variations, are essential to a 
proper processing of the dulce de leche (DL) in order to avoid 
losses and to assure a good final quality.

Some studies dealing with the determination of physical 
properties of formulations of DL can be found in the literature. 
In such studies, the analyzed DL products had rheological 
behavior intermediate rheological behavior between that of the 
concentrated solution and that of the gel. Such differences are 
often attributed to the differences in the composition and type 
of ingredients used in the products’ formulation. For instance, in 
some studies, DL sucrose was partially replaced by glucose syrup 
and sodium bicarbonate in order to avoid crystallization and 
protein coagulation; in others, coffee and vanilla extract were 
sometimes used for flavoring; and, in other cases, polyols and/
or hydrocolloids were used to improve the texture (RANALLI; 
ANDRÉS; CALIFANO, 2011; ZIMMERMANN  et  al., 
2007; CORRADINI; PELEG, 2000; NAVARRO; FERRERO; 
ZARITZKY, 1999; HEIMLICH; BÓRQUEZ; CÉSPEDES, 1994; 
ROVEDO; VIOLLAZ; SUAREZ, 1991; PAULETTI et al., 1990). 
Even though these studies reported physical characterization of 
some DL formulations, to the best of our knowledge, specific 
studies dealing with the characterization of thermophysical and 
rheological properties of DL containing coconut flakes, which 
is very common in Brazil, are not yet available in the literature.

Therefore, the aim of the present study was to evaluate 
the thermophysical properties and the rheological behavior of 
typically Brazilian DL formulations, with and without coconut 
flakes. These properties were evaluated at temperatures ranging 
from 28.4 to 76.4  °C, comprising the temperatures reached 
during preparation and storage.

2 Materials and methods

2.1 Materials

The Brazilian dulce de leche used for the measurements 
were manufactured by FUNARBE S.A. (Viçosa, MG, Brazil) 
and acquired from a commercial supermarket. Both products 
are commercialized as a food paste in 800 g packages. The DL 
without coconut flakes has the following mass composition: 
water ≈17.5%, total sugars ≈65%, proteins ≈10% , and lipids 
≈7.5%. The composition of the DL with coconut flakes is: 
water ≈17%, total sugars ≈64%, proteins ≈10%; lipids ≈7.5%, 
and coconut flakes (mean diameter ≤ 1  mm) ≈1.5%. Both 
formulations contain traces of Na (≈100 mg/100 g).
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3 Results and discussion
Experimental data of heat capacity (Cp), thermal conductivity 

(λ), specific mass (ρ), and thermal diffusivity (α) of the dulce de 
leche (DL) with and without the addition of coconut, at (28.4, 
37.8, 48.2, 59.2, 68.8, and 76.4) °C, are shown in Table 1. The 
variations in the values of these properties showed different 
trends with the increasing temperature. Heat capacity increased 
from 2633.2 to 3101.8 J/kg·°C; thermal conductivity increased 
from 0.383 to 0.452 W/m°C; and thermal diffusivity increased 
from 1.082×10–7 to 1.130×10–7 m2/s. Conversely, the specific 
mass values decreased with the temperature, varying from 
1350.7 to 1310.7 kg/m3. The same trend has been observed in the 
literature for other similar food products (MURAMATSU et al., 
2010; TANSAKUL; CHAISAWANY, 2006). No statistically 
significant differences (p < 0.05) were found between the values 
determined for the formulations with and without coconut 
flakes, except for the specific mass at 59.2 °C, However, it is 
important to note that, in this case, the standard deviations 
values were higher than those observed for specific mass at 
other temperatures. This suggests that such difference may be 
simply due to variations in experiments.

With regard to the rheological behavior between 25 and 300 
1/s, and yielding stress ≠ 0, a linear relationship between shear 
stress (τ) and shear rate ( γ ) was found at each temperature. The 
Bingham mathematical model (Equation 3) was appropriate to 
describe the behavior of both DL formulations in all cases (R2 

≥ 0.98). The values of yield stress (τ0) and plastic viscosity (ηB) 
are shown in Table 2. As can be seen, an increase in temperature 

between (25 and 300) 1/s, and both upward and downward tests 
were performed in duplicate in the temperature range of (28.4 
and 76.4) °C. The experiments were performed as described in 
details by Astolfi-Filho et al. (2011).

2.4 Data analysis

All the regression model adjustments and statistical 
analyses (analyses of variance and Duncan test for comparison 
of means) were carried out using the SAS® software package  
(STATISTICAL..., 2009) licensed for the Federal University of 
Viçosa (Viçosa, MG, Brazil).

As for the thermophysical properties, 3th order polynomial 
models (Equation 2) were adjusted to the obtained data.

ψ = b0 + b1 ⋅ T + b2 ⋅ T
2 + b3 ⋅ T

3	 (2)

where ψ is the thermophysical property, T is the temperature, 
and β0, β1, β2, β3 are the adjusted coefficients of Equation 2.

With regard to the rheological behavior, after examining 
the rheograms, the Bingham model (Equation 3) was adjusted 
to the experimental data for both DL formulations.

0 Bτ τ η γ= + ⋅ 
	 (3)

This model was chosen because the analyzed fluids have 
yield stress (τ0) > 0 and linear variations of the shear stress (τ) 
as a function of shear rate ( γ ).

Table 1. Thermophysical properties of dulce de leche with and without coconut flakes.

T  
(°C)

Cp (J/kg.°C) λ (W/m.oC) ρ (kg/m3) α·107 (m2/s)
Without 

conconut flakes
With  

coconut flakes
Without 

conconut flakes
With  

coconut flakes
Without 

conconut flakes
With  

coconut flakes
Without 

conconut flakes
With  

coconut flakes
28.4 2633.2 ± 77.9a 2700.7 ± 77.6a 0.383 ± 0.010a 0.395 ± 0.013a 1344.1 ± 8.8a 1350.7 ± 11.9a 1.083 ± 0.003a 1.082 ± 0.006a

37.8 2685.2 ± 79.4a 2754.1 ± 79.2a 0.394 ± 0.010a 0.406 ± 0.013a 1339.1 ± 8.7a 1345.7 ± 11.9a 1.097 ± 0.004a 1.095 ± 0.006a

48.2 2835.2 ± 2.4a 2906.8 ± 80.0a 0.406 ± 0.011a 0.418 ± 0.015a 1325.7 ± 9.0a 1332.2 ± 16.2a 1.080 ± 0.021a 1.079 ± 0.018a

59.2 2795.8 ± 115.6a 2871.4 ± 81.8a 0.418 ± 0.012a 0.431 ± 0.012a 1325.8 ± 17.3a 1332.4 ± 19.3b 1.129 ± 0.010a 1.128 ± 0.013a

68.8 2880.6 ± 80.3a 2955.5 ± 121.5a 0.433 ± 0.009a 0.446 ± 0.017a 1330.0 ± 5.6a 1336.5 ± 4.2a 1.130 ± 0.003a 1.129 ± 0.072a

76.4 3025.3 ± 2.6a 3101.8 ± 85.4a 0.439 ± 0.011a 0.452 ± 0.016a 1310.7 ± 8.9a 1317.2 ± 16.0a 1.106 ± 0.022a 1.105 ± 0.019a

Cp: heat capacity; λ: thermal conductivity; ρ: specific mass; α: thermal diffusity. For each property, at each temperature, the values which are not statistically different (p < 0.05) are 
accompanied by the same letter (a), and values which are statistically different (p < 0.05) are accompanied by different letters (a and b).

Table 2. Coefficients of the 3rd order polynomial model adjusted to thermophysical properties as a function of temperature (28.4 °C  T ≤ 76.4 °C). 

Property  
(ψ)

Formulation  
of dulce de leche

Coefficients of  ψ = b0 + b1 ⋅ T + b2 ⋅ T
2 + b3 ⋅ T

3*
β0 β1 β2 β3 R2

Cp
(J/kg.°C)

Without coconut 1367.566 78.628 –1.495 0.009 0.94
With coconut 1440.149 78.025 –1.477 0.009 0.94

λ
(W/m.°C)

Without coconut 0.365 1.32 × 10–4 2.06×10–5 –1.273×10–7 0.99
With coconut 0.384 –3.21 × 10–4 3.02×10–5 –1.877×10–7 0.99

ρ
(kg/m3)

Without coconut 1492.178 –9.211 0.174 –0.001 0.85
With coconut 1499.235 –9.239 0.175 –0.001 0.85

α
(m2/s)

Without coconut 1.334 × 10–7 –1.804 × 10–9 4.028 × 10–11 –2.678 × 10–13 0.70
With coconut 1.412 × 10–7 –2.31 × 10–9 5.028 × 10–11 –3.309 × 10–13 0.73

ηB
(Pa.s)

Without coconut 41.570 –1.111 0.013 –6.259 × 10–5 0.99
With coconut 46.916 –1.420 0.019 –1.059 × 10–4 0.99

*Statistically significant (p < 0.05) coefficients.
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similar rheological behavior was previously reported by Rovedo, 
Viollaz and Suarez (1991) for Argentinian dulce de leche market 
samples. No significant difference (p < 0.05) was observed in 
the rheological parameters of the DLs studied, except for the 

led to a decrease of both parameters: the yield stress decreased 
from 27.3 to 17.6 Pa and plastic viscosity (ηB) from 19.9 to 
5.9  Pa⋅s. These results mean that the product becomes less 
viscous (more fluid) as its temperature rises (RAO, 1999). A 

Table 3. Rheological parameters of the Bingham model for dulce de leche with and without coconut flakes.

T  
(°C)

τ0 (Pa) ηB (Pa.s)
Without coconut flakes With conconut flakes Without coconut flakes With conconut flakes

28.4 24.873 ± 1.232a 27.359 ± 1.094a 19.171 ± 0.482a 19.963 ± 0.826a

37.8 23.853 ± 1.182a 26.238 ± 1.049a 15.329 ± 0.385a 15.961 ± 0.660a

48.2 22.786 ± 1.976a 24.738 ± 1.520b 11.651 ± 0.355a 12.135 ± 1.021a

59.2 21.530 ± 1.603a 21.962 ± 1.755a 8.999 ± 0.452a 9.975 ± 1.191a

68.8 19.480 ± 0.965a 21.998 ± 0.502a 7.782 ± 0.118a 8.220 ± 0.541a

76.4 17.630 ± 1.529a 19.140 ± 1.176b 5.954 ± 0.181a 6.203 ± 0.522a

τ0: Initial shear stress; ηB: plastic viscosity of Bingham. For each parameter, at each temperature, the values which are not statistically different (p < 0.05) are accompanied by the same 
letter (a), and the values which are statistically different (p < 0.05) are accompanied by different letters (a and b).

a b

c d
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Figure 1. Fractional deviations between the thermophysical properties and the corresponding relative errors (standard deviation adjustment 
using Equation 2, between ± 2σ). (a) Thermal conductivity, (b) thermal diffusivity, (c) heat capacity, and (d) specific mass. Legend: ○ DL without 
coconut flakes and ● DL with coconut flakes.
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experimental data in order to represent the variations of Cp, λ, 
ρ, α, and ηB as a function of temperature. All these findings can 
help guide the industrial processing of these two kinds of DL 
suggesting that no changes are needed in terms of machinery 
and process parameters when coconut flakes are included in 
the formulations up to 1.5% m/m.
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