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The drying and heating system (DHS) is the core component of automatic stirring 

equipment, so analyzing its thermodynamics is crucial for improving the efficiency of the 

equipment. However, existing empirical thermodynamic formulas generally take certain 

working conditions as prerequisites, and substituting relevant parameters of DHS into 

calculation can cause large errors. In view of this problem, this paper attempts to perform 

thermodynamic analysis and calculation on the DHS of automatic stirring equipment. At 

first, the material ratio of the automatic stirring equipment was analyzed in the text, and 

the drying and heating process of mixture was divided into three stages: mixture 

preheating, mixture drying, and heating mixture to the working temperature. Then, the heat 

consumption of DHS, the heat consumption of fuel combustion, the consumption rate of 

the fuel, and the heat efficiency of DHS were measured and calculated. At last, the 

thermodynamic analysis results of DHS of automatic stirring equipment were given, and 

the measurement and calculation methods adopted in the paper were proved to be effective. 
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1. INTRODUCTION

Automatic stirring equipment is a kind of important 

machinery in building construction projects, and its power and 

fuel consumption take the largest proportion in the total energy 

consumption of all kinds of building construction equipment 

[1-5]. The installed power of automatic stirring equipment 

with an annual mixture output of 200,000 tons can reach more 

than 820 kW, and it will consume at least 5 million kWh of 

electricity every year. At present, more than 20,000 automatic 

stirring equipment of different types have been put on stream 

in China [6-11]. In this context, how to effectively reduce the 

power consumption of automatic stirring equipment is an issue 

requiring the attention from the construction machinery 

industry [12-15]. The function of DHS is to heat and dry the 

cold materials, it is the core component of automatic stirring 

equipment, and analyzing its thermodynamics is a necessity 

for improving the heating and drying efficiency of the drying 

drum and reducing its energy consumption; it is the key to 

increase the efficiency of the automatic stirring equipment 

[16-23]. 

Ruby and Sutrisno [24] firstly discussed the problems of 

how to establish and solve heat equation models, then, it built 

a heat equation model for rice dryer, and employed the 

variable separation method to solve it; and the simulation and 

experiment were conducted under both steady and unsteady 

state conditions. Souza et al. [25] analyzed a developed non-

traditional rotary dryer and used a two-phase model and a set 

of constitutive equations to describe the drying process, the 

equations were numerically solved using normal configuration 

technique, experiment proved that the simulation results were 

in good agreement with the experimental data. Novak et al. [26] 

studied the motion of fabrics in the drum of household heat 

pump drum-type dryer and its influence on the performance 

parameters of the dryer under different load masses and drum 

speeds; then multiple regression analysis was performed and a 

condensate water mass flow model was constructed, as a 

function of drum speed, load mass, and drying stage, its results 

can optimize the operating parameters of the dryer, including 

energy efficiency, drying time for per kilogram of fabric, and 

condensate water mass flow. For the drying cylinder in the 

dryer section of paper machine, in order to get a cross-

sectional shape of channels with better drainage and heat 

transfer performance, Dong et al. [27] selected channels with 

two different cross-sectional shapes to study the steam flow 

and heat transfer in the channels and compare the changes in 

heat transfer coefficient of the channels under different 

working conditions, and the results showed that the heat 

transfer effect of U-shaped channels in the multi-channel dryer 

was better than that of other channels. Kumar et al. [28] 

analyzed the thermodynamics of natural convection dryers 

made of heat storage materials with and without sensible heat, 

aiming to take pebbles as sensible heat storage medium to 

improve the performance of the dryer, the paper also gave 

energy and exergy analysis to investigate the loss size of 

pebbles and whether they are suitable for acting as the sensible 

heat storage material. Singh et al. [29] used 3D computational 

fluid dynamics simulation to study the gas-solid fluidization 

behavior and heat transfer characteristics in a non-slit rotating 

solid bed; in ANSYS FLUENT 14.5, numerical simulation 

was carried out based on the Euler-Eulerian method, and the 

experimental results showed that, main factors affecting the 

volume of reactor include air inlet velocity, inlet pressure, 

temperature, and heat transfer coefficient; after comparing the 

numerical calculation results with experimental results, it is 

found that the maximum error of temperature was 6.98%. 

Compared with foreign countries, the domestic drying and 

heating technology still lags behind. After reviewing the 
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studies of some scholars concerning DHS, it’s found that the 

existing empirical thermodynamic formulas generally take 

certain working conditions as prerequisites, and substituting 

relevant parameters of DHS into calculation can cause large 

errors, so we need more accurate numerical simulation 

methods to analyze the working process of DHS and study the 

changes in its heat efficiency and energy consumption. For this 

reason, this paper performed thermodynamic analysis and 

calculation on the DHS of automatic stirring equipment. The 

second part of the paper analyzed the material ratio of the 

automatic stirring equipment. The third part divided the drying 

and heating process of mixture into three stages of mixture 

preheating, mixture drying, and heating mixture to the 

working temperature; and measured and calculated the energy 

consumption of the DHS. The fourth and fifth parts calculated 

the heat consumption of fuel combustion, the consumption rate 

of the fuel, and the heat efficiency of DHS. The last part gave 

the thermodynamic analysis results of the DHS of automatic 

stirring equipment, and verified the effectiveness of the 

proposed measurement and calculation methods.  

 

 

2. MATERIAL RATIO ANALYSIS OF AUTOMATIC 

STIRRING EQUIPMENT 

 

Most automatic stirring equipment adopts a counter-current 

heating method to heat materials, that is, to install the DHS at 

the discharge end of the stirring drum to make the materials 

fully contact with the hot gas. Problems that can be solved by 

the thermodynamic analysis of the DHS of automatic stirring 

equipment include: the amount of heat required for drying and 

heating, the temperature of hot gas at different positions of the 

drying drum, the consumption rate of the fuel, the heat 

efficiency of DHS, and the structural parameters of DHS. 

The ratio of materials to be stirred and dried can be 

determined based on the material output rate and type of the 

automatic stirring equipment, including the mass of materials 

before stirring and drying, and the water loss after drying. 

Assuming: Hn represents the production rate of dry materials, 

namely the amount of dry materials output by the DHS per 

hour; H0 represents the productivity of the stirring equipment; 

wg and wy respectively represent the mass of two kinds of 

materials in the mixture to be stirred; lτ represents the time 

utilization rate, then there is: 
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Assuming: Q represents the water content of materials to be 

stirred and dried, after drying and heating, the materials are 

completely dehydrated, and Hq, the water loss of the materials 

within per unit time, can be calculated by Formula 2: 
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According to this, the amount of wet material H input into 

the stirring equipment within per unit time can be calculated 

by Formula 3: 
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3. CALCULATION OF HEAT CONSUMPTION OF DHS 

 

 
 

Figure 1. Division of different processing sections of drying 

drum 

 

The drying and heating process of stirred mixture can be 

divided into three stages: mixture preheating, mixture drying, 

and heating mixture to the working temperature, and the three 

stages respectively correspond to the three processing sections 

A, B, and C of the drying drum. Section A is for preheating 

the materials to be stirred, it is located on the side close to the 

outlet of hot gas and water vapor. Section B is for drying the 

mixture, it is located in the middle part of the drying drum. 

Section C is for heating the mixture to the working 

temperature, and it is located at the side of the hot gas inlet. 

Figure 1 shows the division of the different processing sections 

of the drying drum. 

The hot gas used for heating the mixture enters Section A 

from Section C, then the residual heat, plus the water vapor 

generated in Section B, can be used to preheat the cold mixture 

that has just entered Section A. The heat consumed by 

preheating includes two parts: the heat consumed by 

preheating the mixture, and the heat consumed by preheating 

the water contained in the mixture. Assuming: W'A represents 

the total amount of heat consumed by preheating the stirred 

cold mixture per unit time, W''A represents the amount of heat 

absorbed by the preheating of water within per unit time, Dn 

represents the specific heat of the mixture, Dq represents the 

specific heat of water, τ1 represents the temperature when the 

materials are just fed, τ2 represents the temperature when the 

water is strongly evaporated, then Formula 4 gives the formula 

for calculating the heat consumed by preheating the mixture: 

 

( )'

2 1A n nW D H  = −   (4) 

 

Formula 5 gives the formula for calculating the heat 

consumed by preheating the water contained in the mixture: 

 

( )''

2 1A q qW D H  = −   (5) 

 

Therefore, the heat consumption of the stirred mixture in 

Section A is: 

 
' ''

A A AW W W= +   (6) 

 

The heat consumption of preheated mixture in Section B 

contains two parts: the heat consumed by evaporating the 

water contained in the mixture, and the heat consumed for 

heating the water vapor to the temperature of output hot gas. 

Assuming: W'B represents the amount of heat consumed by 

evaporating the water contained in the mixture within per unit 
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time, W''B represents the amount of heat for heating the water 

vapor to the temperature of wasted gas, ζ represents the latent 

heat for forming water vapor, Du represents the specific heat 

of water vapor, τA represents the temperature of hot gas output 

from the drying drum, then the amount of heat consumed by 

evaporating the water in the mixture can be calculated by 

Formula 7: 

 
'

B qW H =   (7) 

 

The heat consumed for heating water vapor to the 

temperature of output hot gas can be calculated by Formula 8: 

 

( )''

2B u q aW D H  = −   (8) 

 

Therefore, the total heat consumption of mixture in Section 

B is: 

 
' ''

B B BW W W= +   (9) 

 

The mixture heated to the working temperature is output 

from Section C, assuming τ3 represents the temperature when 

the materials are discharged, then the heat consumption of 

mixture in Section C can be calculated by Formula 10: 

 

( )3 2C n nW D H  = −   (10) 

 

To sum up, the effective total heat required by the DHS of 

the automatic stirring equipment can be calculated by Formula 

11: 

 

TOTAL A B CW W W Q= + +   (11) 

 

Assuming: WHR represents the total amount of heat supplied 

to the drying drum during fuel combustion, τ'D represents the 

fuel combustion temperature, when the hot gas produced by 

fuel combustion exchanges heat with the cold mixture, the 

amount of heat released for per 1°C temperature drop of the 

hot gas can be calculated by Formula 12: 
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In the process of drying and heating the mixture, the heat 

consumption of mixture heating, and the heat loss of the drying 

drum wall are the main factors for the changes in the heat of 

hot gas. Assuming τ'C represents the hot gas temperature of 

Section C, then the value of temperature drop of the hot gas 

can be calculated by Formula 13: 
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' '

C D C  = −    (14) 

 

Assuming: τ'3 represents the hot gas temperature in Section 

B when the water contained in the mixture starts to evaporate, 

then the following heat balance equations can be constructed: 
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At last, τA, the temperature of mixed gas containing hot gas 

and water vapor discharged from Section A was calculated 

from the perspective of heat balance, then there is: 

 

( ) ( )' '
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Combining with Formula 13, we can get: 
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4. CALCULATION OF FUEL COMBUSTION HEAT 

CONSUMPTION AND FUEL CONSUMPTION RATE 

 

After fuel combustion, the heated hot gas passes through the 

three processing sections C, B, and A one by one, and passes 

its own heat to the mixture, and the temperature of the hot gas 

drops from τ'D to τA. Assuming: w represents the heat 

transferred by the hot gas to the mixture, w1 is the heat 

contained by hot gas when per unit mass of fuel is burnt to heat 

the hot gas to temperature τ'D; assuming: Dn1 represents the 

average specific heat of the hot gas with a temperature of τD, 

Dn2 represents the average specific heat of the hot gas with a 

temperature of τA, then there is: 

 
'

1 1n Dw D =   (19) 

 

The heat contained by the hot gas when per unit mass of fuel 

is burnt to heat the hot gas to a temperature of τA can be 

calculated by Formula 20: 

 
'

2 2n Aw D =   (20) 

 

Combining Formulas 19 and 20, the amount of heat 

transferred from the hot gas to the mixture can be calculated 

as: 

 

1 2w w w= −   (21) 

 

Assuming: Σn represents the mass of hot gas produced by 

the combustion of per unit mass of fuel, then the effective heat 

utilization Fu can be calculated by Formula 22: 

 

uF w n=    (22) 

 

Assuming: Wu represents the heat required for the drying 

drum to run for per unit time, then the fuel consumption rate 

nτ of the drying drum can be calculated by Formula 23: 

 

u

u

W
n

F
 =   (23) 

 

Assuming: RU1 represents the enthalpy value of per unit 

weight of water vapor when the temperature is RU1, RU2 

represents the enthalpy value of 1 kg of water, then the heat 

contained by the mixed gas containing hot gas and water vapor 
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discharged from the drying drum can be calculated by Formula 

24: 

 

( ) ( )
2 2 1 2D n A xW n nD n RU RU   = − + −    (24) 

 

 

5. CALCULATION OF THE HEAT EFFICIENCY OF 

DHS 

 

According to the law of energy conservation, the heat 

generated by fuel combustion satisfies equation Wl=Fk+ngDgτg 

+ nxDxτx, then the total heat consumption of per unit time 

satisfies equation W=Wl×nτ; the effective utilization rate of 

heat of Section A can be calculated by Formula 25: 
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The effective utilization rate of heat of Section B can be 

calculated by Formula 26: 
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The effective utilization rate of heat of Section C can be 

calculated by Formula 27: 
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The heat loss rate of the drying drum wall can be calculated 

by Formula 28: 
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W
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The heat loss rate of mixed gas containing discharged hot 

gas and water vapor can be calculated by Formula 29: 
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In summary, the heat efficiency Ω of DHS of the automatic 

stirring equipment is the sum of the effective heat consumption 

of each processing section, namely: 

 

A B CΩ w w w= + +   (30) 

 

 

6. SIMULATION AND EXPERIMENT 

 

With the DHS of asphalt mixture stirring equipment as an 

example, this paper performed simulation and experiment, and 

Table 1 gives the material ratio of asphalt concrete mixture. 

Due to the large amount of experimental data, in the analysis 

process of simulation and experiment, only a certain and 

limited amount of machine unit data of each processing stage 

of the mixture had been adopted for analysis. 

Table 2 gives the experimental data of drying characteristics, 

and the drying time lasted 0-30 min. According to the data in 

Table 2, the characteristic curve of asphalt mixture sample was 

plotted as shown in Figure 2. 

 

Table 1. Material ratio of asphalt concrete mixture 

 
Component Asphalt Stone powder Gravel Sand Total 

Coarse-grained aggregate 
Mineral aggregate 6 3 66 38 113 

Product aggregate 4.7 2.54 61 36 104.24 

Medium-grained aggregate 
Mineral aggregate 7 9 44 49 109 

Product aggregate 5.8 7.8 40 45 98.6 

Fine-grained aggregate 
Mineral aggregate 6.4 9 41 45 101.4 

Product aggregate 6.2 8.4 40 42 96.6 

 

Table 2. Experimental data of drying characteristics 

 
Drying time 3 6 9 12 15 

Water content 0.26584 0.23168 0.16295 0.08451 0.04958 

Water loss rate 1.85 5.74 12.14 19.52 20.74 

Water content 

change rate 
-0.02157 -0.02536 -0.03152 -0.04135 -0.02157 

Drying rate 0.14525 0.18546 0.17485 0.13269 0.14285 

Drying time 18 21 24 27 27 

Water content 0.05195 0.02873 0.00358 0.00147 0.00087 

Water loss rate 21.62 24.15 23.75 27.42 29.11 

Water content 

change rate 
-0.01274 -0.02158 -0.03162 -0.04157 -0.04784 

Drying rate 0.16259 0.17485 0.19548 0.16257 0.1421 

 

Figure 2 shows the change in water loss of asphalt mixture 

sample with drying time, and Figure 3 shows the change in 

water content of asphalt mixture sample with drying time. The 

change trends of water loss and water content of the asphalt 

mixture sample with the progress of the drying and heating 

process could be known from Figure 2 and Figure 3. In terms 

of the water loss of asphalt mixture sample, as the drying and 

heating process continues, the moisture inside the sample is 

largely vaporized, resulting in an upward trend in the water 

loss, and the longer the drying and heating time, the greater the 

water loss. In terms of the water content of asphalt mixture 

sample, as the drying and heating process continues, the water 

content shows an approximate linear decline in the initial stage; 

then, when it reaches the final stage of drying and heating, the 
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change of water content of the sample tends to become stable, 

and reaches 0 in the end. 

 

 
 

Figure 2. The change of water loss of mixture over drying 

time 

 

 
 

Figure 3. The change of water content of mixture over 

drying time 

 
Figure 4 gives the curve of the drying rate of asphalt mixture 

sample. The asphalt mixture samples used in the experiment 

were made of tiny solid materials with different particle sizes. 

According to Figure 4, after the drying and heating experiment 

starts, the drying rate of asphalt mixture sample is around 

0.145 kg/m2∙min all the time, the change is relatively stable.  

At the beginning of the experiment, the heat absorbed by 

asphalt mixture sample was mainly used for evaporating the 

water adsorbed on the surface of the sample and for increasing 

its own temperature, so in this stage, the drying rate of the 

sample briefly showed a fluctuating and rising trend. The 

constant-rate drying stage of the asphalt mixture sample was 

relatively long, it’s because as the drying and heating process 

continues, there’re water content differences both inside and 

on surface of the sample, under the effect of such difference, 

the water inside the asphalt mixture gradually diffuses to the 

surface. 

During this process, if the external hot gas flow applied to 

the asphalt mixture sample is maintained at a constant flow 

rate, and the fuel supply temperature is constant as well, then 

the evaporation rate of the asphalt mixture sample would 

remain unchanged. 

Judging from the drying and heating process of the asphalt 

mixture sample, it can be seen that the mixture requires a long 

time changing from the initial state to the completed dried state, 

this indicates that it’s difficult for the asphalt mixture to realize 

full dehydration within a fixed time interval in the DHS of the 

automatic stirring equipment. In specific engineering 

applications, we only need to control the rotate speed of the 

drying drum and the input amount of mixture to realize an 

ideal balance between the water absorption amount and the 

water dehydration amount of the mixture, in this way, 

continuous drying of the asphalt mixture could be achieved.  

Figure 5 shows the temperature of mixture under different 

hot gas supply modes. Under the two modes, the change trends 

of sample temperature were basically the same, and both 

increased with the extending of drying and heating time. 

According to the figure, since the drying area of the centrifugal 

air flow supply mode was greater than of the axial air flow 

supply mode, the mixture temperature of the centrifugal air 

flow supply mode was always higher than that of the axial air 

flow supply mode, and the maximum temperature difference 

reached 4°C. 

 

 
 

Figure 4. Change of drying rate with water content of 

mixture sample 

 

 
 

Figure 5. Temperature of mixture under different hot gas 

supply modes 
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Figure 6. Mixture temperature at a fixed height under 

different hot gas supply modes 

 

Figure 6 shows the mixture temperature at a fixed height of 

the drying drum with dual air inlets under different hot gas 

supply modes, and the fixed height was 3.5 m. After 

performing axial symmetry processing with the central axis of 

the drying drum as the axis, it can be discovered that the 

mixture temperatures under both modes increased first and 

decreased later, the hot gas temperatures at the two air inlets 

were the highest, the heat transferred to mixture was the most, 

so the mixture temperatures were the highest at these positions. 

At the same time, it can be clearly seen that the mixture 

temperature of the centrifugal air flow supply mode was higher 

than that of the axial air flow supply mode, and the maximum 

temperature difference was 14°C, which had proved that, 

under the condition that air inlets had been added to the drying 

drum, the drying and heating of the mixture under the 

centrifugal air flow supply mode was also better than that 

under the axial air flow supply mode. 

 

 

7. CONCLUSION 

 

This paper conducted thermodynamic analysis and 

calculation on the DHS of automatic stirring equipment. At 

first, the material ratio of the automatic stirring equipment was 

analyzed; then the drying and heating process was divided into 

three stages: mixture preheating, mixture drying, and heating 

mixture to the working temperature; after that, the heat 

consumption of DHS, the heat consumption of fuel 

combustion, the consumption rate of the fuel, and the heat 

efficiency of DHS were measured and calculated. 

This paper took the DHS of asphalt mixture stirring 

equipment as the example to conduct simulation and 

experiment, gave the experimental data of the drying 

characteristics of asphalt mixture, plotted the curves of water 

loss and water content of asphalt mixture with the progress of 

the drying and heating process, and studied the change laws of 

the drying rate of asphalt mixture with the accumulation of 

drying and heating time. Moreover, the paper also proposed 

effective suggestion of controlling the rotate speed of drying 

drum and the input amount of mixture. At last, the paper gave 

the curves of mixture temperature under different hot gas 

supply modes, and the curves of mixture temperature at a fixed 

height of the drying drum under different hot gas supply 

modes, and verified the advantages of the centrifugal air flow 

supply mode in energy conservation. 
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