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Abstract. Accuracy of engineering and economic 

calculations in different areas requires the use of accurate 

and prompt values of heat capacity for new or modified 

materials. A number of existing methods have an error in 

measuring the heat capacity of powder materials, and use 

non-standard devices and electric heaters which are not 

produced industrially. This work is aimed at developing 

the method for determining the heat capacity of the 

powder, accuracy evaluation of this method and 

mathematical processing of experimental data to 

determine the temperature dependence of the molar heat 

capacity. To solve the problem the method based on the 

DTA technique was developed. The measuring apparatus 

for determining the temperature dependence of the heat 

capacity includes two standard cups for DTA analysis 

with investigated material and MgO, heat-variable 

resistor of film type Pt100, multichannel recorder. The 

apparatus is placed in a drying oven. From the theory of 

heat transfer and the assumption about steady-flow heat 

transfer the equation for molar heat capacity was 

obtained. The method requires the measuring of 

temperature of the investigated material and MgO during 

the linear heat of the drying oven as well as air 

temperature in the oven. Empirical values of heat 

capacity of standard substances calculated by the 

equation for each temperature were compared with the 

values from reference data. The uncertainty of finding the 

heat capacity did not exceed 0,5%. 

Key words: highly dispersed powder, heat capacity, 

equations, experimental measurement, uncertainty of 

measurements. 
 

INTRODUCTION 

 

Heat capacity is an important property of highly 

dispersed powder materials. Highly dispersed powders 

are systems that consist of solid particles with developed 

surface which are separated by gas phase. They are 

oxides, ceramic materials, various powders, soils, and so 

forth. The values of heat capacity of materials are used in 

the modelling of heat processes, thermodynamic, 

engineering and techno-economic calculations in areas 

such as electronics, construction, chemical and food 

technology. The value of heat capacity of materials is 

effected by a chemical composition, a presence of 

impurities, moisture and material structure. That is, even 

little changes in these parameters lead to changes in the 

heat capacity, and accordingly, the heat properties of the 

material. Accuracy of engineering and economic 

calculations requires the use of more accurate and prompt 

values of heat capacity for new or modified materials. 

Thus, the actual problem is measuring the exact heat 

capacity of a powder preferably with the use of common 

measuring instruments and easily programmable 

algorithm of processing of the experimental data. 

Moreover, the heat capacity considerably dependents on 

the temperature of the substance. For most calculations it 

is desirable and necessary to know the temperature 

dependence of heat capacity, and finding this dependence 

is undoubtedly more complex task compared to point or 

average values. 

 

THE ANALYSIS OF RESEARCHES AND 

PUBLICATIONS 

 

The problem of finding the heat capacity arose 

before the authors of this work within the development of 

technology for obtaining new highly dispersed materials 

based on vanadium, with unique properties for use in 

electronics as data carriers, switches and supercapacitors, 

namely: nanosized vanadium (IV) oxide [1] and 

vanadium (III) nitride [3]. These materials are proposed 

to obtain by the appropriate heat treatment of the 

ammonium salt of the polivanadium acid – ammonium 

tetravanadate (IV) (NH4)2V4O9 (hereinafter ATV). 

A significant shortage and limited experimental data 

on the thermodynamic properties of many substances, 

including ATV, raises the need to develop and use a 

variety of methods, most empirical, for their calculation 

and estimation [3-5]. 

A number of existing calculation methods for 

determining the heat capacity – Debye equation, Kopp-

Neumann rule [6] – in principle does not allow to find the 

temperature dependence of heat capacity [7]. Known 

experimental methods [8-12] have a number of 

drawbacks, the main of which is the complexity of the 

measuring apparatus design, which includes a large 

number of elements, required thermostating and heat 

protection. This all makes error in measuring the heat 

capacity of solid bulk materials, effecting the components 

of heat balance. Many methods use non-standard devices 

and electric heaters which are not produced industrially. 

 

OBJECTIVES 

 

The aim of this work in the first place was to develop 

the method for determining the heat capacity of the 

powder, based on differential heat analysis, accuracy 

mailto:alena.karnina@yandex.ru


24                                             A. KARNINA, A.GYRENKO, A. KLYMENKO, O. MYSOV 

evaluation of this method and mathematical processing of 

experimental data to determine the temperature 

dependence of the molar heat capacity. As a result, it is 

necessary to obtain empirical function of temperature 

dependence of ATV heat capacity. 

 

THE MAIN RESULTS OF THE RESEARCH 

 

For the study ATV samples were synthesized 

accrding to the sol-gel method as described in [13, 14]. 

The object of research contained 99 mol% of vanadium 

(V) and 1 mol% of vanadium (IV), which was determined 

by the method [15]. 

To solve the problem of determining the temperature 

dependence of ATV heat capacity, the method based on 

the DTA technique was developed (Fig. 1). 

Two identical thin quartz cups, standard for DTA 

method, were filled with the investigated material and 

MgO (comparison material) that have been pre-dried and 

brought to a constant weight. At this stage the assumption 

on absolute equality of mass and geometry of quartz cups 

was made. They were placed in a drying oven as in Fig. 

1. The linear heating was implemented at a rate of 2,5 ± 

0,2 degrees/minute. The temperatures of powders and air 

in the oven were measured with the multichannel 

recorder. 

 
Fig. 1. Structure of the measuring apparatus for 

determining the temperature dependence of the heat capacity: 1 

– standard cups for DTA analysis with investigated powder and 

MgO; 2 – heat-variable resistor of film type Pt100 with 

measurement error ± 0,150C; 3 –multichannel recorder 

RMT69Ex; 4 – drying oven. 

 

In the implemented experiment the heat transfer 

occurred by convection [16]: hot heat-transfer agent (air) 

→ cup wall → cold heat-transfer agent (powders). 

We accept the assumption that the heat transfer 

process is steady-flow. In this case, the condition (1) 

fulfils: 

 

Q = Q1 = Q2 = Q3    (1) 

 

where: Q1 – heat given by the air outside the cup wall, J; 

Q2 – heat transferred from the outside of the wall to the 

inside of the cup wall, J; Q3 –heat transferred from the 

inside wall of the cup to the powder, J. 

That is the amount of the heat given by the hot heat-

transfer agent (air) equals to the amount of heat adopted 

by the cold heat-transfer agent (powders of the 

investigated powder and MgO). From the theory of heat 

transfer the heat which is transferred from the hot to the 

cold heat-transfer agent is calculated according to (2, 3): 

 

Q1
Р
 = kS(Ti

A
 – Ti

Р
) τ,   (2) 

Q2
MgO

 = kS(Ti
A
 – Ti

MgO
) τ,  (3) 

 

where: Q1
Р
, Q2

MgO
 – the amount of heat given by air to 

the investigated powder and MgO respectively, J; Ti
A
, Ti

Р
, 

Ti
MgO

– values of temperature of air,  investigated powder 

and MgO in the i
th

 point of time, K; τ – time, sec; k – 

coefficient of proportionality, which is called the heat-

transfer coefficient, S – area of heat transfer (assumed to 

be constant). 

On the other hand, the amount of heat taken by the 

cold heat-transfer agent depends on its heat capacity 

according to (4, 5): 

 

Q3
Р
 = Cp

Р
 ν 

Р
 (Ti

Р
 – T0

Р
),  (4) 

Q3
MgO

 = Cp
MgO

 ν 
MgO

 (Ti
MgO

 – T0
MgO

), (5) 

 

where: Q3
Р
, Q3

MgO
 – heat adopted by the investigated 

powder and MgO, respectively, J; Cp
Р
 , Cp

MgO
 – molar 

heat capacities of the investigated powder and MgO 

respectively, which depend on the temperature, 

J/(mol·K); (Ti
Р
 – T0

Р
), (Ti

MgO
 – T0

MgO
) – the difference 

between the values of temperature at i
th

 point of time and 

initial temperature of the investigated powder and MgO, 

respectively, K; ν
Р
 , ν

MgO
 – amount of heated investigated 

powder and MgO, respectively, mole. 

In the steady-state condition on the basis of (1) the 

system of equations can be obtained:  
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Taking into account the equations (2 – 5), after 

dividing the first equation of the (6) by the second one 

and writing expression as the equation of the heat 

capacity Cp
Р
, we have (7):  
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.     (7) 

 

The equation (7) allows to find the value of the heat 

capacity at i
th

 temperature. Experimental values of heat 

capacity at different temperatures are usually presented in 

the form of an equation (8):  

 

Cp = а0 + a1 T +… + anT
n
,  (8) 

 

where: a0 … an – empirical coefficients.  

 

To find the function of ATV heat capacity on 

temperature the empirical values were approximated by 

polynomials (Fig. 2). 

In regression analysis [17, 18, 19] of the dependence 

of the ATV heat capacity on the temperature, the 

following polynomial models with corresponding 

coefficients of determination R
2
 were obtained: 

CP(T) = 218,27 + 0,26 T; R
2
 = 0,9858, (9) 

CP(T) = 213,73 + 0,29 T – 0,00004 T
2
; R

2
 = 0,9858.  (10) 
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Fig. 2. Dependence of molar heat capacity of ATV on 

temperature:  – empirical, – regression model 

 

The equations accurately describe the dependence 

within the experimental interval 15÷110
0
C. In the studied 

temperature region it is reasonable to use equation (9) in 

thermodynamic calculations. Irreversible chemical 

transformations of ATV occur at the higher temperatures. 

 

ESTIMATION OF THE METHOD ERROR 

 

In order to prove the acceptability of using this 

method of studying the temperature dependence of heat 

capacity, type B evaluation of instrumental measurement 

uncertainty and type A evaluation of measurement 

uncertainty were carried out [20-23]. 

To calculate the characteristics of instrumental 

measurement error of the measuring channel, which 

consists of a thermoelement Pt100 and a multichannel 

recorder РМТ 69, it was assumed that all components of 

the error are uncorrelated, i.e. the total measurement error 

of the measuring channel can be found as the geometrical 

sum of errors or if root-mean-square errors are 

normalized: 

 

σ
2
[Δ∑] = ∑σ

2
[Δi],  (11) 

 

where: σ[Δ∑] – root-mean-square error of the total 

instrumental erroe; σ[Δi] – root-mean-square errors of the 

error components. 

The ambient temperature in the laboratory was 20 ± 

5 ºC, i.e. the normalized additional error due to the 10 ºC 

change of the ambient temperature should be divided by 

two. Since for the used instruments root-mean-square 

errors were not normalized, the same distribution law for 

each component of the error was assumed. The equation 

(11) can be represented as:  

 

   √   (
  
 
)
 

   
    

      
      

  (
  
 
)
 

 

               (12) 

 

where: normalized maximum permissible measurement 

errors of the used instruments are:  

  – basic error;  

 T – additional error due to changes in ambient 

temperature;  

 U – additional error due to the changes in voltage;  M – 

additional error due to the changes in magnetic fields; 

   1,    2 – additional errors due to the influence of 

longitudinal and transverse voltage noise of DC or AC;  

 B – variation. 

Taking into account the instrument measurement 

range -50÷200 ºС (     ), the absolute error or the 

channel: 

 

                 С              С. (13) 

 

In table 1 metrological performance of all measuring 

instruments are given. 

Then the theoretical evaluation of the error of the 

indirect measurement of heat capacity was carried out.  

In the equation (7) the experimentally measured 

values are temperatures Ti
A
, Ti

Р
, Ti

MgO
 and weights of the 

investigated powder and magnesium oxide MgO. 

 

 
Table 1. Metrological performance of measurement instruments 

 

Measurement 

instruments 

Normalized basic error 

    

Normalized 

additional error 

    

Normalized variation 

    

Total calculated error of the 

measurement channel, 

  , ºС 

Pt100 ∆ = ± 0,15 ºС – – 

           Channel 

Pt100−РМТ 69 

  = ± 0,1 % 

(range −50 … 

+200 0C) 

         

         

         

           

           

          

Analytic balance     = ± 0,1 mg – –  
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To evaluate the error the weights have to be explicit: 

 

  
 

 
, (14) 

 

where: m – weight; M – molar mass, g/mole. 

Substituting υ in (7) with (14) the equation for heat 

capacity looks like: 
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   (15) 

 

To calculate the uncertainty of the indirect 

measurements with the use of the equation (15) according 

tо the calculation procedure [24-25] it is necessary to find 

all arguments partial derivatives, which contain 

instrumental errors:  

 
   

   
 
   

   
  
   

   
  

   

   
    

   

   
    

   

   
 
   

     
   

 

These derivatives are called sensitivity coefficient 

which we mark respectively: 

 

       
          

     
  
               . 

 

The final values of sensitivity coefficients are found 

substituting the measured values and instrumental errors 

of corresponding instruments in the equation of the 

corresponding derivative. 

The total absolute instrumental error looks like: 

 

           , (16) 

 

where:    takes on values of corresponding normalized 

errors        
   

  
                and where 

       
   

  
    actually equal Δ∑ of the 

measurement channel. 
Theoretically found error values of the measuring of 

powder heat capacity depending on the temperature are 

presented in Figure 3.  

The average error at different temperatures can be 

approximated with the polynomial dependence (17) 

(correlation coefficient R = 0,9855): 

 

    = – 0,014 + 4·10
–4

 · Т – 4·10
–7

 · Т
2
.   (17) 

 

To evaluate a total error a series of experiments for 

powdered substances SiO2, CaO, K2Cr2O7 with known 

heat capacity and with different bulk density,  molar mass 

and nanosize were carried out. Results are presented in 

Figure 3. 

Empirical values of heat capacity calculated by the 

equation (7) for each temperature were compared with 

the values from reference data [26].  

The maximum permissible measurement error was 

found to be 0,5% [27]. 

 

 
Fig. 3. Theoretically calculated  and approximated 

 values of instrumental error of the measuring of the 

heat capacity depending on the temperature of investigated 

powder. 

 

 
Fig. 3. Temperature dependence of empirical (Cp

exp
) 

and reference (Cp
ref

)  heat capacity of powders SiO2, CaO 

та K2Cr2O7: 

 Cp
ref

 (SiO2);  – Cp
exp

 (SiO2); 

 Cp
ref

 (CaO);   – Cp
exp

 (CaO); 

 Cp
ref

 (K2Cr2O7);   – Cp
exp

 (K2Cr2O7). 

 

 

As it is seen from the figure 3, there are not any 

temperature dependence of the total error, that is the error 

has a random character. It can be evaluated with statistic 

method (type A):  

 

For SiO2 data σ[Δ] = 0,025 J/mol·K, 

For CaO data σ[Δ] = 0,1 J/mol·K, 

For K2Cr2O7 data σ[Δ] = 0,5 J/mol·K.
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It is apparent that the proposed way of finding the 

powder heat capacity contains method error for CaO, 

K2Cr2O7 measuring since the total experimental error is 

by an order of magnitude greater than theoretical 

instrumental error. Whereas, for SiO2 they are of the 

same order.  

Used SiO2 particles had the nanometer diameter of 

30-50 nm, when CaO, K2Cr2O7 had the diameter of about 

100-200 nm.  

We can conclude that the accuracy of the proposed 

method strongly depends on the powder particles size, 

deteriorating with the increase of particles diameter.  

 

CONCLUSIONS 

 

1. The proposed method of determining the heat 

capacity of highly dispersed powders does not require 

complex or non-standard equipment. 

2. The method allows to determine the temperature 

dependence of the heat capacity with the total 

measurement error no greater than 0,5%, which was 

experimentally proven in the measurement of substances 

SiO2, CaO, K2Cr2O7 with known Cp in the temperature 

range of 15 ÷ 110
0
C. 

3. The theoretically evaluated instrumental errors of 

the method according to the calculation procedure for 

indirect measurements were compared with the total 

experimental errors over the studied temperature range 

for all substances. It was shown that the increase of 

investigated particles diameter leads to the method error. 

 

REFERENCES 

 

1. Karnina A. Yu., Gyrenko A. O., Chernenko I. M. 
2014. Synthesis of the vanadium dioxide from 

ammonium vanadate (IV). // XII National Conference 

of young scientists on current issues of modern 

chemistry. Dnipropetrovs’k: DNU, 45. (in Ukraine). 

2. Pat. 101597036A China. MPK H 01 G 9/042, C 01 B 

21/06. Method for preparing nano vanadium nitride 

(VN) electrode material for super capacitor / Heng 

Liu, Ling Lu; Univ Sichuan. – CN 200910139578; 

appl. 27.06.2009; publ.09.12.2009, Bul. N18, 2009. 

(in Chinese).  

3. Slobodov A., Sibirtsev V., Sochgin A., Gavrilov A. 

and Mischenko G. 2012. Increasing the reliability 

and consistency of the thermodynamic functions of 

substances on the basis of orthogonal representations. 

Proceedings of the St. Petersburg State Technological 

Institute (technical University). Nr 14, 13-17. (in 

Russian). 

4. Kolesnik K.V., Musov O.P., Kalashnikov S.G. 

2013. Equilibrium processes of formation of 

polivanadates. 2. The balance of system V2O5–H2O–

H2C2O4–NH4OH. Problems of chemistry and 

chemical  technology. Nr 5, 177-181. (in Ukrainian). 

5. Belousova N.V., Arkhipova E.O. 2009. 
Thermodynamic properties of bismuth pirostannate. 

Polzunovsky Vestnik. Nr 3, 56-59. (in Russia). 

6. Moiseyev G.K., Vatolin N.A. 2001. Some laws of 

changes and methods of calculating of 

thermochemical properties of inorganic compounds. 

Ekaterinburg: Ural Branch of Russian Academy of 

Sciences, 135. (in Russian). 

7. Kirillin V.A., Sychev V.V., Sheydlin A.E. 2008. 
Technical Thermodynamics. Moscow: MEU, 513. (in 

Russian). 

8. Pavlov M., Karpov D., Koryukin S. 2013. 
Experimental-calculating definition of the specific 

volumetric heat capacity of the loose disperses 

material on the example of milling peat with the help 

of the calorimetric method. Mechanization of 

Construction. Nr 7 (829), 49-53. (in Russian). 

9. Pat. 104535611A China, MPK G 01 N 25/20. Solid 

specific heat capacity measurement standard device 

and measurement method / Li Jia, Wang Haifeng, Sun 

Guohua; National Institute of Metrology, P.R.C. – 

CN2015124191, appl. 16.01.2015; publ. 22.04.2015. 

(in Chinese). 

10. Boyko B.N. 2006. Applied microcalorimetry. The 

domestic appliances and methods. Moscow: Nauka, 

119. 

11. Pat. 85826 Ukraine, MPK G 01 N 25/18, G 01 N 

25/20. A method for determining the specific heat of 

the material / P. P. Gavrylko, G. M. Shpyrko, V. I. 

Tkachenko, U. A. Banduryn, M. P. Klyap; applicant 

and patentee Uzhgorod Educational Center of  Kyiv 

National University of Trade and Economics. – 

№а200503071; appl. 04.04.2005; publ. 10.03.2009, 

Byul. №5, 2009. (in Ukrainian). 

12. Pat. 23640A Ukraine, MPK G 01 N 25/20. Method 

of determining of the heat capacity of measuring cells 

by thermoelectric sensors / Y. Skrypnyck, A. 

Himicheva, V. Dubrovno, V. Chernomorchenko; 

applicant and patentee State Academy Of Light 

Industry of Ukraine. – №96124501; appl. 02.12.1996; 

publ. 02.06.1998, Byul. №7, 1998. (in Ukrainian).  

13.  Kolesnik E., Girenko A., Musov O. 2013. 
Preparation of the ammonium tetravanadate (IV) by 

sol-gel method. VIth International Scientific and 

Technical Conference. Dnipropetrovs’k: USUCT. 

Vol.1, 90. (in Russian). 

14. Chernenko I.M., Musov O.P., Oleynik O.U., and 

Ivon A.I. 2010. The preparation and diagnostics of 

the nanodispersed system of an oxovanadium 

complex (V). Nanosystems, Nanomaterials, 

Nanotechnologies. Vol. 8, Nr 4, 983-991. (in Russian) 

15. Pat. 49664 Ukraine, MPK G 01 N 31/16. Method of 

determining vanadium content in oxides of the tetra- 

and pentavalent state during their joint presence / I.M. 

Chernenko, O.Yu. Oleynik, O.P. Musov; applicant 

and patentee Ukr. St. Chem.-Technolog. Univ. – № 

u200910634; appl. 21.10.2009; publ. 11.05.2010, 

Bul.№ 9, 2010. (in Ukrainian). 

16. Dytnerskiy Yu. I. 1995. Processes and apparatus of 

chemical technology. Moscow: Khimiya, 400. (in 

Russian). 

17. Franklin A. Graybill, Hariharan K. Iyer. 1994. 
Regression analysis: Concept and application. 

Belmont, California: Duxbury Press, 648. (in 

English). 

18. Cherep A., Shvets Y. 2014. Use of extrapolation to 

forecast the working capital in the mechanical 

engineering companies. Econtechmod. An 

international quarterly journal on economics in 

http://worldwide.espacenet.com/publicationDetails/biblio?FT=D&date=20150422&DB=EPODOC&locale=ru_ru&CC=CN&NR=104535611A&KC=A&ND=4
http://worldwide.espacenet.com/publicationDetails/biblio?FT=D&date=20150422&DB=EPODOC&locale=ru_ru&CC=CN&NR=104535611A&KC=A&ND=4
http://worldwide.espacenet.com/publicationDetails/biblio?FT=D&date=20150422&DB=EPODOC&locale=ru_ru&CC=CN&NR=104535611A&KC=A&ND=4


28                                             A. KARNINA, A.GYRENKO, A. KLYMENKO, O. MYSOV  

 technology, new technologies and modeling 

processes. Vol. 3, Nr 1, 23-28. (in English) 

19. Tysovsky L., Stepanyshyn V. 2014. Mathematical 

models for occupational injuries analysis at the 

enterprises of the state forestry committee of Ukraine. 

Econtechmod. An international quarterly journal on 

economics in technology, new technologies and 

modeling processes. Vol. 3, Nr 2, 71-78. (in English). 

20. JCGM 101:2008. Guide to the expression of 

uncertainty in measurement. Evaluation of 

measurement data. 

21. ISO 21748:2010. Guidance for the use of 

repeatability, reproducibility and trueness estimates in 

measurement uncertainty estimation. 

22. ISO/TS 21749:2005. Measurement uncertainty for 

metrological application. - Repeated measurements 

and nested experiments. 

23. ISO/TS 21748:2004. Guidance for the use of 

repeatability and trueness estimates in measurements 

uncertainty estimation.  
24. Tsidelko V. 2002. Uncertainty of measurement. Data 

processing and presentation of measurement result. Kyiv: 

Polytechnica, 176. (in Ukrainian). 

25. Polischuk Y., Dorozhovets’ M., Yatsuk V. 2003. 
Metrology and measurement technology. Lviv: Beskid Bit, 

544. (in Ukrainian). 

26. Korobov V.I., Naryshkin D.G., Ochkov B.F. 2008. 

Chemical Engineer's WebHandbook. Available  online at: 

http://twt.mpei.ac.ru/TTHB/1/HBThermValues. 

27. Dorozhovets’ M. 2007. Processing of the measurement 

results. Lviv: Lviv Polytechnic National University, 624. (in 

Ukrainian).

 

 


