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ABSTRACT 

 
The study of ballistic phenomena (interior ballistics, exterior ballistics and 

terminal ballistics) is an activity that involves the use of complex and at the same 

time very expensive equipment. Also, another aspect worth taking into account is 

the existence of risks when it comes to investigating the phenomena in this area. 

The use of numerical methods for making the pre-digital tests can be seen as a 

logical and inexpensive approach. Furthermore, besides these advantages, the 

simulations of various ballistic phenomena allow for an otherwise impossible 

observation of different sizes and details regarding the polygon tests. In the case 

studied in this paper, the numerical modelling of the phenomenon of the charge of 

water propulsion allows for, as an example, the average speed evaluation of the 

whole amount of water, while in the case of polygon tests only the speed of peak 

flow value may be shown. 

This paper is a numerical study on disrupting agent propulsion (internal 

ballistics), the speed water flow development and its distribution within the flow 

(the balancing kickback agent) being observed. 

 
KEYWORDS: numerical modelling, ballistic phenomena 

 

1. Case study 
 

This paper was a numerical study on disrupting 

agent propulsion (internal ballistics), the speed water 

flow development and its distribution within the flow 

(the balancing kickback agent) being observed. 

Thus, considering the geometrical and structural 

characteristics of the pipe and the mechanical 

characteristics of the disruption agent, the modeling 

and mesh parts were carried out. 

Following the mesh of the structures involved in 

the water propulsion phenomenon, 169011 Euler type 

items, 2840 Lagrange type items and 24570 SPH 

items were obtained [14]. The schematization of the 

shaped assembly is shown in Fig. 1. 

 

 
 

Fig. 1. MEF Model 
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The numerical simulation of propulsion was 

performed in AUTODYN v15.0, the type of analysis 

being the one stated. 

The materials used were taken from the library 

and, for the powder, the model described in [17] was 

adopted. The material behavior is described by the 

following equations: 

 

 AIR 

 Density – 0.001225 g/cm3; 

 State equation of ideal gas type 

  - Gamma: 1.4; 

  - Adiabatic constant: 0; 

  - Reference temperature: 288.2 K; 

  - Specific heat: 717.599 J/kgK. 

 WATER 

 Density – 0.998 g/cm3; 

 State equation of shock type 

  - Gruneisen coefficient: 0; 

  - C1 Parameter: 1.647e3; 

  - S1 Parameter: 1.921. 

 TEFLON 

 Density – 2.153 g/cm3; 

 State equation of shock type 

  - Gruneisen coefficient: 0.59; 

  - C1 Parameter: 1.841e3; 

  - S1 Parameter: 1.707. 

 POWDER 

 Density – 1.86 g/cm3; 

 State equation of Powder Burn (Beta) type 

  - EOS for solid phase - Linear type 

(Volume elasticity modulus: 1.35e7 kPa, Reference 

temperature: 293 K); 

  - EOS for reactive phase - 

Exponential type (G=52.169998; c=0.5; C1=500; 

C2=0; D=1.0033; e=1.8185e6 kJ/m3; p1=1e-5kPa; 

p2=2.5e6; p3=5e6; p4=7.5e6; p5=1e7; p6=1.25e7; 

p7=1.5e7; p8=1.75e7; p9=2e7; p10=1e9; H1=0,0071; 

H2=2,0432; H3=3,8692; H4=5.6236; H5=7.3329; 

H6=9.0095; H7=10.6606; H8=12,2906; H9=13,9029; 

H10=515,278015; ρ1=1e-6; ρ2=1; ρ3=2; ρ4=3; ρ5=4; 

ρ6=5; ρ7=6; ρ8=7; ρ9=8; ρ10=9; γ1..γ10=1); 

 Von Mises resistance model 

  - G=1.38e6kPa; σc= 2e3kPa. 

 Steel 4340 type 

 Density – 7.83 g/cm3; 

 State equation of Linear type 

  - Volume elasticity modulus: 

1.59e8 kPa,  

  - Reference temperature: 300K; 

  - Specific heat: 477 J/kgK; 

 Johnson-Cook resistance model 

  - G=8.18e7kPa; 

  - A= 7.92e5 kPa; B=5.1e5 kPa; 

n=0.26; C=0.014; m=1.03; Tt=1.793e3; dεo/dt=1s-1. 

 

Another key element in defining the parameters 

of the simulation was the definition of contacts 

between the three parts of the model (pipe, piston and 

agent of disruption). 

The water dispersing mode is shown in Fig. 2. 

 

 

 

 

 
a. b. c. 

 

Fig. 2. Water dispersing mode in time 
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The variation of the average speed of both water 

loads used by the disruptor is shown in Fig. 3 and  

Fig. 4. 

 
 

Fig. 3. Average speed of the water  

(disrupting agent) 
 

 
 

Fig. 4. Average water speed  

(balancing agent kickback) 
 

Although the average speed chart of the 

disrupting agent and of the annulling agent of the 

kickback indicates a value of 250m/s, respectively, 

62m/s, inside the flow there are also particles that 

record higher values of the speed (Fig. 5 and Fig. 6). 

 

 
 

Fig. 5. Evolution of the peak speed flow of the 

disruptor agent 
 

 
 

Fig. 6. Evolution of the peak speed flow for 

water kickback compensation 
 

2. Conclusions 
 

From those presented in the numerical 

modelling of the water propulsion phenomenon it 

results that the numerical approach is an easy way to 

achieve a detailed investigation and reduced costs. 

The use of the SPH method allows for the 

numerical modelling of the phenomenon without the 

danger of blocking the problem because of the 

characteristic large deformations. 

The analysis of the water speed field during 

covering 120mm highlights an average speed of the 

disrupting agent of 251m/s and a speed of the recoil 

agent of 62m/s. Also, the simulation shows a loss of 

flow coherence because of the water interaction with 

the adjacent environment (air). The flow peak speed 

presents a decrease after reaching a maximum value 

due to the interaction with air. 
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The comparative analysis of the numerical 

simulation results with the experimental results shows 

a good agreement in terms of the peak speed flow. 
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ABSTRACT 

 
The present paper presents an analysis performed in order to determine the 

thermo-mechanical behavior at the layer-substrate interface in case of thermal 

spraying, by using the ANSYS R15.0 software. The analysis was made on high 

alloyed steel samples thermal sprayed on one side. For the 1st sample, the material 

used for the deposited layer was ZrO2 stabilized with Y2O3 (ZrO2+20% Y2O3) using 

the HVOF process. The 2nd sample was sprayed with stellite using the plasma 

spraying process. This analysis follows the idea of temperature distribution along 

with the other characteristics that define the thermal state in an object: the heat 

quantities released or absorbed, thermal gradient and thermal flow. In order to 

determine the causes of thermal expansions or contractions, the analysis is followed 

by a stress analysis. The obtained results show that the interface stresses are lower 

in the case of stellite coating, both steel and stellite having closer thermo-physical 

characteristics than steel and YSZ also including the intermediate layer. 

 
KEYWORDS: reconditioning, sprayed layer, bond coat, stellite, thermal 

shock 

 

1. Introduction 
 

Metal spraying reconditioning is a method of 

remaking the nominal dimensions of the part by 

deposing additional material melted particles on the 

work piece surface. The purpose is to obtain 

improved properties of the deposited layers thanks to 

special materials which can be sprayed [1]. 

The chosen material, used for reconditioning, 

needs to have better mechanical features and the 

reconditioned part will be up to two or three times 

more resistant to wear, fatigue or corrosion, 

depending on the application [1]. 

The reconditioned parts, obtained through 

material deposition, are made of two distinct 

components, the basic material and the sprayed layer. 

In terms of chemical composition, thermo- 

physical properties and the behavior to mechanical 

and thermal stresses, these two components usually 

have totally different expansion and contraction 

coefficients. This way, the risk of developing internal 

stresses which can compromise the entire structure 

appears [1]. 

The HVOF (High Velocity Oxygen Fuel) is a 

thermal spray process which utilizes a combination of 

oxygen with various fuel gases including hydrogen, 

propane, propylene, hydrogen and even kerosene 

(Figure 1). Fuel and oxygen mix and atomize within 

the combustion area under conditions that monitor the 

correct combustion mode and pressure [1, 2]. 

 

 
 

Fig. 1. Schematic of HVOF Combustion 

Chamber [2] 
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The process creates a very high velocity which 

is used to propel the particles at supersonic speeds 

before impact onto the substrate. 

One of the key benefits of this system’s high 

velocity is the extremely high coating density and low 

oxide content. The low oxides are due partly to the 

speed of the particles spending less time within the 

heat source and partly due to the lower flame 

temperature (around 3000 °C) of the heat source 

compared with alternative processes. 

The plasma spraying process involves the 

latent heat of ionized inert gas being used to create 

the heat source, which melts the coating material and 

propels it to the work piece (Figure 2). The most 

common gas used to create the plasma is argon. 

Helium tends to expand the plasma and when used in 

combination with argon produces a “high velocity 

plasma” that exits the nozzle at about 488 m/sec.  

[1, 2]. 

 

 
 

Fig. 2. Plasma Spray Process [2] 
 

In commercial technology, plasmas are 

considered as hot streams of particles reaching 

temperatures higher than 10 000 °C. Today’s plasma 

spray guns are sufficiently robust to produce 

temperatures from 5000 °C to 16 000 °C for long 

time periods [1]. 

 

2. Experimental part 

 

2.1. Data entry 
 

In the case study presented below, the thermo-

mechanical behavior at the layer-substrate interface in 

case of thermal spraying is highlighted. 

The experiment started with the increase of the 

wear resistance of the steam turbine blades subjected 

to harsh conditions of high temperature and 

cavitation/erosion caused by the steam condensate. In 

order to perform the analysis, high alloyed steel 

samples X22CrMoV12-1 for turbine blades, thermal 

sprayed on one side were chosen. 

The two X22CrMoV12-1 plates have the 

dimensions (XxYxZ) 100x60x5 millimeters. For 

sample no.1, the deposition was made in three steps: 

first was added a bond-coat of Sultzer Metco Amdry 

997 powder of 0.01 mm thickness, secondly was 

deposed an intermediate layer of Zirconia stabilized 

pseudo-alloy ceria-yttrium, 0.01 mm thickness and 

thirdly the material used for the top coat was ZrO2 

stabilized with Y2O3 (ZrO2+20% Y2O3) metal-

sprayed using HVOF process, this layer being 0.3 

mm thick (Figure 3). 

 

 
 

Fig. 3. No. 1 specimen section 
 

Sample no. 2 (represented in Figure 4) was 

sprayed with Stellite 6 powder using the plasma 

spraying process. This layer is 0.3 mm thick. 

 

 
 

Fig. 4. No. 3 specimen section 

 

2.2. ANSYS R15.0 data processing and 

results 
 

Once the volumes of the entire studied structures 

defined, the characteristics and properties for each 

material were assigned and the next step - 

discretization of the structures – was defined like in 

Figure 5. 

 

 
 

Fig. 5. Structure discretization 
 

Figure 6 shows the block diagram of the 

simulation, containing the thermal and structural 

transient of the two analyzed specimens. 
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Fig. 6. Block diagram of the simulation 
 

In choosing a material, to create a new one or to 

modify an existing material found in the library 

workbench, the module Engineering Data of ANSYS 

R15.0 was accessed (Figure 7) [5, 6]. 

 

 
 

Fig. 7. Engineering Data module 
 

The material characteristics of the high alloyed 

steel X22CrMoV12-1 taken into account for running 

the finite element analysis are presented in Table 1  

[3, 4]. 

 

Table 1. X22CrMoV12-1 characteristics 
 

 
 

In Table 2 are presented the material 

characteristics of ZrO2 stabilized Y2O3 [3, 4]. 

 

 

Table 2. ZrO2 stabilized Y2O3 characteristics 
 

 
 

The material characteristics of Stellite 6 are 

presented in Table 3 [3, 4]. 

 

Table 3. Characteristics of stellite 6  
 

 
 

The two structures are kept at an environmental 

temperature of 22 ºC. 

In Figure 8 below is presented the thermal shock 

testing diagram depending on time. This was 

scheduled in 3 steps, as explained below. 

 

 
 

Fig. 8. Temperature Graph depending on time 
 

In the first part of the experiment, each of them 

is submitted to a thermal shock, the heat source being 

oriented towards the sprayed layer (Figure 9). In 60 s 

the pieces are brought to 1400 ºC, then maintained for 

120 s at this constant temperature of 1400 ºC. 
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Fig. 9. Heat source principle scheme 
 

In the last part of the experiment a sudden 

cooling in air jet was applied to the structures, thus 

the parts being brought back at ambient temperatures 

of 22 ºC within 60 seconds. 

From the beginning of the cycle heat-cold in 

specially heating, we can observe the minimum and 

maximum tensions from the interface between the 

basic material and the deposited one. 

The equivalent stresses for plate no. 1 sprayed 

with ceramic are in a range of 0.8-3200 MPa (Figure 

10). 

 

 
 

Fig. 10. Equivalent stresses (von-Mises) steel + 

YSZ 

 

On the other hand, the range of equivalent 

stresses in the stellite coated plate is 0-22.8 MPa 

(Figure 11). 

 

 
 

Fig. 11. Equivalent stresses (von-Mises) steel + 

stellite 

Regarding the characteristics that define the 

thermal state in object, we could observe that the total 

heat flux reaches a maximum value of 0.433 W/mm2 

in the steel-stellite structure (Figure 12). 

 

 
 

Fig. 12. Total heat flux steel + stellite 
 

An almost insignificant difference can be 

observed in the case of steel-ceramic specimen, where 

the maximum heat flux value is 0.433 W/mm2 (Figure 

13). 

 

 
 

Fig. 13. Total heat flux steel + ceramic 
 

A graph of total heat flux in the steel-stellite 

structure depending on time was generated, as can be 

seen in Figure 14 below.  

 

 
 

Fig. 14. Steel-stellite total heat flux depending 

on time 
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Fig. 15. Steel-stellite directional heat flux in X 

 

At the end of the 3rd stage, after cooling the 

structures, the difference of temperature at the 

interface between the top coating and the basic 

material can be observed. If zirconia is used, 22 ºC 

were indicated at the surface, the intermediate layer 

went up to 79 ºC, then, at the level of the steel, the 

structure’s temperature was 100 ºC (Figure 16). 

 

 
 

Fig. 16. Steel-YSZ temperature after cooling 

 

At the steel-stellite interface, the structure 

reached a temperature value of 24 ºC. Then, at the 

base of the high alloyed steel plate, it gets up to 45 ºC 

(Figure 17). 

 

 
 

Fig. 17. Steel-stellite temperature after cooling 

 

3. Conclusions 
 

Conclusion (1). By the FEM analysis, applied 

through the ANSYS software, we could understand 

and interpret the thermo-mechanical phenomena that 

take place at the basic material – sprayed layer 

interface. 

Conclusion (2). The obtained results show that 

the interface stresses are lower in case of stellite 

coating, both steel and stellite having closer thermo- 

physical characteristics than steel and YSZ also 

including the intermediate layer. 

Conclusion (3). The low thermal conductivity of 

the ceramic layer does not allow for fast transmission 

of temperature. Ceramic has a smaller heat variation 

than steels. As time passes, the temperature curve 

flattens. 

Conclusion (4). An optimization of the 

technological process of metal spraying, adapted to 

the requested working conditions in different 

situations of operating can be achieved through 

modifying the layer’s thickness. 
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ABSTRACT 

 
The differences found between heat fluxes in different areas of the heat 

treatment equipment workspace, due to energy disequilibrium or due to improper 

positioning of loading, can cause non-uniform temperatures and heat stress 

distributions which will impair the quality of heat processing. 

In industrial practices, the unilateral heating is often requested for heat 

processing of certain products and, as a consequence, the heating rate represents a 

key factor which has to be known and controlled in order to avoid the possible 

disequilibrium occurring in the distribution of heat stresses. 

The paper aims to assess by calculation of asymmetric heating effects of heat 

treated products occurring by improper operation of heat treatment equipment or 

by improper positioning of loading in the heat treatment equipment workspace. 

 
KEYWORDS: asymmetric heating, virtual (fictive) product, temperatures 

distribution, heat stress distribution 

 

1. Introduction 
 

The operating regimes of heat treatment 

equipment can be various so that the selection of 

optimal heat treatment variant can be realized in 

correlation with the load geometry characteristics and 

with the load material physical characteristics: the 

aim is to ensure a high heating rate (maximum 

admissible) and consequently safe operation and 

quality products. 

Independently of the selected heat treatment 

regime, the positioning of parts/loading in the heat 

treatment equipment workspace has to be realized so 

as to ensure a balanced distribution of the property 

carriers fluxes of convective type (macroscopic 

associations and aggregates, turbions, fluid currents) 

or radiant type (photons, energy quanta) [1] to every 

load sides surface element. 

 

21
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                    (1) 

 

When special fans, screens or other means for 

gas directing are available in order to ensure forced 

circulation of the working atmosphere with a view of 

heating intensification [2-4], the possibility of non-

uniform heat fluxes distribution is also enhanced. 

The differences found between the heat fluxes 

on load side surfaces generate asymmetric heating of 

load [5-8] and cause improper distribution of heat 

stresses on the parts/load section. 

To estimate these effects, an asymmetric 

coefficient of heating, μ, with the following 

expression will be taken into consideration [5, 6] if 

J1  J2 (eq. 1) or if J1 J2 (eq. 2): 
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where: S - is the calculation dimension (semi-

dimension) of a fictive (virtual) product, where the 

temperatures and heat stress distributions are 

uniformly around its symmetry axis and its symmetry 

is identical with that of the real product (plane, 

cylindrical or spherical); X - is the real specific 

dimension of the product which will be heat 

processed; J1, J2 - are heat flux values on side surfaces 

of heat processed product which determine the 
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temperatures and the evolution of heat stresses in 

fictive (virtual) products, after well-known 

calculation methodology [4, 5, 9-11], which suppose 

uniform distribution on heat fluxes on their side 

surfaces. Then, the results obtained by calculation for 

the virtual product can be extrapolated in the real 

product in order to determine the real distribution of 

temperatures and heat stresses in it. 

In industrial practices, unilateral heating is often 

requested for heat processing of certain products, 

such as spherical large tanks. For these products, the 

heating rate represents a key factor which has to be 

known and controlled in order to avoid possible 

disequilibrium occurring in heat stress distribution. 

 

2. Research methodology 
 

The research aimed to theoretically substantiate 

the proper determination of uniform temperature 

distribution in the workspace of heat treatment 

equipment as well as to demonstrate that energy 

disequilibrium can strongly impair the heat 

processing results even starting from the first stage of 

heat processing of material-heating. 

The heating of a product with plane symmetry 

(with temperature close to that of the ambient) 

introduced in a medium which maintains constant 

temperature on the heating time Tc = ct = 920 oC has 

been analyzed. Products have been considered to be 

made of steel with mean chemical composition of 

0.15%C, 6%Cr, 0.5%Mo (~ C15E, acc. to SR EN 

10084-00) such as heating at this temperature 

corresponds to the requirements of the normalizing 

step. 

The mean thermo-physical characteristics of 

this steel in the temperature range of 20÷890 oC 

(austenitizing temperature) are: λ=58 W/m∙K, a = 

0.045 m2/h, β = 13.1∙10-6 K-1, E = 20.58∙104 MPa 

[12]; concerning the heat transfer characteristics from 

the medium to the product surface, the global 

coefficient of heating transmissivity by convection 

and radiation is α=193.3 W/m2∙grd. The following 

possible situations have been considered for analysis: 

a) the furnace is perfectly energy balanced and 

heat flux distribution on side surfaces of product (J1 = 

J2, on the direction of Ox axis, μ = 0.5) is uniform; 

b) the furnace is energy unbalanced and 

differences between the heat fluxes measured on 

different directions are possible; two extreme 

situations (corresponding to the end values of the 

interval (0÷1) related to the bilateral heating) have 

been considered; 

b1) J1 < J2; J2 ~ 2.7J1, which corresponds to an 

asymmetry coefficient of μ ~ 0.27, close to the limit 

value of bilateral heating (μ = 0 represents the limit 

condition for initiation of unilateral heating J1 = 0, 

acc. to eq. 2); 

b2) J1 > J2; J1 ~ 4J2, which corresponds to an 

asymmetry coefficient of μ ~ 0.8, very close to the 

limit value of bilateral heating (μ = +10 represents the 

limit condition for initiation of unilateral heating, J2 = 

0, acc. to eq. 1). 

The calculation aimed to determine the 

distribution of temperatures and heat stresses in the 

metallic product with plane symmetry (X = 600 mm), 

in the part of non-stationary regular regime of heating 

in the medium with constant temperature (t ≥ 

0.3(X/2)2/a), considering a perfect isotropic product 

and a heat transfer in one direction (the product has 

not received or not released heat on the other two 

directions). The calculation algorithm of the 

distribution of temperatures and heat stresses in the 

real metallic product, with plane symmetry, is the 

following: 

- determination of the heating asymmetry 

coefficient, μ, starting from the conditions requested 

to the heat fluxes ratio, measured on the heat transfer 

direction; 

 - determination of the specific calculation 

dimension of the fictive (virtual) product: S = μ X; 

this product has one, or both sides surface in common 

with those of the real product. The virtual product has 

been identified with the real product when the 

asymmetry coefficient is μ = 0.5. 

 - determination of the temperatures and heat 

stress distributions in the virtual product with plane 

symmetry and with the specific dimension S. 

Temperature distribution has been determined by 

using the graphical expressions of criterial solutions 

of heat conductivity differential equation obtained by 

solving in the conditions limit of III order and/or the 

tabular values of Russel [5, 6, 9, 11]. Heat stress 

distribution has been determined by using the 

graphical expressions of the solutions obtained by 

criterial solving [5, 6, 11]. 

It has to be considered that the distribution of 

the temperatures within the virtual product is 

symmetrical in relation to its symmetry axis, but 

subsequently, by extrapolation in the real product, 

this distribution becomes asymmetrical in the case of 

an asymmetry coefficient of µ ≠ 0.5. In the case of 

bodies which are strongly anisotropic or where the 

heating effect is significant on the other directions, 

the calculation procedure can be repeated similarly, 

the temperatures and heat stress distributions in the 

product volume resulting from the distributions on 

each transfer direction. 
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3. Assessment of asymmetry effects of 

heat flux distribution. Results and 

analysis 
 

For uniform distribution of heat fluxes within 

the workspace of the heat treatment equipment 

(energy balanced), the temperatures and heat stresses 

(extension stresses in the product center and 

compressive stresses to the surface zone) are 

uniformly distributed on the product section (Fig. 1) 

while the heat gradient on product section registers a 

decrease as well as the level of the heat stresses. The 

product is “massive” from the point of view of its 

thermal-technical behavior (Bi = 1.0) and the 

calculation of the temperature distribution (using the 

graphical expressions of the criterial solutions and the 

tabular values calculated by Russel) in non-stationary 

regular regime, t ≥ 0.3(X/2)2/a ≥ 0.6 h, has led to the 

following values (Table 1, Fig. 1). 

 

Table 1. Calculated values of the temperatures in different micro-volumes of the product section with 

the calculation dimension S=300 mm, heated in the furnace with Tm = ct= 920 °C (Bi = 1.0, μ = 0.5) 
 

x/S 0 0.5 0.8 1.0 0 0.5 0.8 1.0 0 0.5 0.8 1.0 

t, h, Fo 1.0 h, Fo = 0.5 3.0 h, Fo = 1.5 8.0 h, Fo = 4.0 

Θ 0.774 0.703 0.597 0.504 0.369 0.335 0.285 0.240 0.058 0.0527 0.0448 0.0378 

T, oC 223.4 287.3 382.7 466.4 587.9 618.5 663.5 704 867.8 871.4 879.6 885.98 

ΔTm, oC 243 oC 116.1 oC 18.18 oC 

 

 
 

Fig. 1. Distribution of temperatures and heat stresses in the heat processed product (plate with 

effective thickness X = 600 mm), heated in a medium with constant temperature, Tm = 920 oC, in the 

conditions of a symmetric distribution of heat fluxes (Bi = 1.0, μ = 0.5, J1 = J2) 
 

Table 2. Calculated values of heat stresses in different micro-volumes of the product section with the 

real dimension X=600 mm, heated in the furnace with Tm = ct = 920 oC (Bi = 1.0, μ = 0.5) 
 

T, h, Fo 1 h, Fo = 0.5 3 h, Fo = 1.5 5 h, Fo = 2.5 8 h, Fo = 4 

x/[X/2] 0 1 0 1 0 1 0 1 

f -0.1 +0.18 -0.07 +0.17 -0.05 +0.11 -0.01 +0.03 

σ, MPa +346.5 -623.7 +242.5 -589 +173.2 -381.1 +34.64 -103.9 

 

With regard to the heat stresses, their values can 

be calculated (Table 2, Fig. 1) starting from the 

criterial solution of the heat conductivity equation 

obtained by solving in condition limits of 3rd order 

and replacing the obtained result in the equation 

which gives the relation between the heat stresses and 

deformations implied (rel. 3). Thus, for the situation 

taken into consideration (asymmetric heating), 

different data was obtained. 

The analysis of temperatures and heat stresses 

distributions on the section of the products which has 

been heated symmetrically (μ = 0.5) in the medium 
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with constant temperature has led to the following 

conclusions: 

- the temperatures and heat stress distributions 

are absolutely symmetrical around the symmetry axis 

of the real product; 

- the heat gradient maximum value on the 

product section (between its surface and center) is 

attained in the first moments of the initiation of the 

nonstationary common regime and does not exceed 

250 oC; 

- the heat stresses are compressive in surface 

and extension stresses in the product center; those of 

extension which are extremely dangerous are 

permanently under steel yield point, independently of 

temperature (Fig. 1, Fig. 2). 

The disequilibrium of heat treatment equipment, 

indicated by the heat flux differences on the 

symmetrically opposite parts of the heat processed 

products/loads, determines a heating asymmetry the 

intensity of which increases with the increase of these 

differences. 

When the asymmetry coefficient is about 0.27 

(corresponding to the analyzed situation), thus when 

the heat flux from a sense of the direction of heat 

transfer becomes about two times higher than that 

occurs from the opposite sense, the asymmetry is 

high, the regime is not stabilized and regular (the 

dependence of the temperature on coordinate and 

time is relatively simple and poor influenced by the 

initial temperature distribution) and it is initiated in 

this new situation after a longer time (t ≥ 1.279 h) by 

comparison with the previous case of the symmetrical 

heating (t ≥ 0.6 h), because the semi-dimension of the 

virtual body is higher by comparison with that of the 

real body (S = 0.438 m, comparatively with X/2=0.3 

m). 

The calculation concerning the new distribution 

of temperatures (Table 3) and the heat stresses (Table 

4), performed on this specific case of virtual product 

with S = 0.438 m, also massive by point of view of 

thermal-technical behavior (Bi = 1.46), have 

confirmed the significant effect of the disequilibrium 

of heat stresses and, more importantly, the fact that 

the distribution of heat stresses is extremely non-

uniform in relation with the symmetry axis of the 

product which has been heat processed. 
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Fig. 2. Dependency of yield strength Rp0.2 on 

temperature, for steel with 0.15%C, 6%Cr and 

0.5% Mo [13] 

 

Table 3. Calculated values of the temperatures in different micro-volumes of the product section with 

the calculation dimension S = 438 mm, heated in furnace with Tm = ct = 920 °C (Bi = 1.46, μ = 0.27) 
 

x/S 0 0.7 1.0 0 0.7 1.0 0 0.7 1.0 0 0.7 1.0 

t, h, Fo 2 h, Fo ~ 0.47 4 h, Fo = 0.936 8 h, Fo = 1.872 10 h, Fo = 2.34 

Θ 0.77 0.55 0.42 0.46 0.37 0.25 0.18 0.17 0.11 0.12 0.1 0.063 

T, oC 227 425 542 506 587 695 758 767 821 812 830 863.3 

ΔTm, oC 315 189 63 51.3 

 

Notice that, in this new case corresponding to 

the asymmetric heating, the explanation of heat stress 

values becomes possible by using calculation relation 

(rel. 4) and graphical expressions (graphical 

expression corresponding to the function 

Φ[μ;x/(X/2)], rel. 5) [5, 6] different by those used in 

the case of symmetric heating. 
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and ΔTm represents the maximum temperature 

difference between the surface and center of virtual 

product which has been determined at a certain time. 
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Fig. 3. The distribution of heat stresses and temperatures in the heat processed product (plate with 

the effective thickness X = 600 mm and semi-dimension of fictive product S = 438 mm), heated in a 

medium with constant temperature, Tm = 920 oC in the case of asymmetric distribution of heat fluxes 

(Bi = 1.46, μ = 0.27, J1 < J2) 
 

Table 4. The calculated values of heat stresses in different micro-volumes of the product section with 

real dimension, heated in furnace with Tm = ct = 920 °C (Bi = 1.46, μ = 0.27) 
 

x/(X/2) 0 +0.8 -0.8 +1 -1 

t = 2.0 h 
Φ +1.144 +1.473 -3.571 +0.869 -5.441 

σ, MPa +1386 +1786.4 -4330.7 +1053.8 -6598.5 

t = 4.0 h 
Φ +1.144 +1.473 -3.571 +0.869 -5.441 

σ, MPa +831.6 +1071.6 -2598.7 +631.2 -3957.6 

t = 8.0 h 
Φ +1.144 +1.473 -3.571 +0.869 -5.441 

σ, MPa +272.2 +357.2 -866.2 +210.4 -1319.2 

t = 10.0 h 
Φ +1.144 +1.473 -3.571 +0.869 -5.441 

σ, MPa 225.7 +290.8 -705.4 +171.3 -1074.2 

 

The distribution of heat stresses in the real 

product, which has been asymmetrically heated, with 

the symmetry coefficient of μ = 0.27, close to the 

limit conditions of the bilateral heating, is extremely 

inconvenient in relation to its integrity: the very high 

extension stresses on one of its sides of about 1786.4 

MPa (much higher than the yield point of the product 

steel - Fig. 2) at 60 mm from surface (x/(X/2)= +0.8) 

and the extremely high compressive stresses on the 

other side of the product, starting with the first 

moments of the initiation of the non-stationary 

regular regime will certainly affect the integrity of the 

product from the heating stage (obviously in the 

above mentioned conditions). Another extreme 

situation taken into analysis is determined also by 

major differences between the values of heat fluxes, 

J1 ~ 4J2, differences which ensure a high heating 

asymmetry degree μ = 0.8. 

The nonstationary regular regime is installed in 

this new situation for S = 0.48 m (semi-dimension of 

virtual product) after more than 1.536 h.  

The calculation concerning the distribution of 

temperatures (Table 5) and heat stresses (Table 6) in 

this new hypothetical situation on a product which is 

also massive from the thermal-technical point of view 

(Bi = 1.6), have been performed in accordance with 

the algorithm mentioned previously. 

In this new heating asymmetry case, the stress 

distribution is also non-uniform, with high extension 

stresses on one product side and extremely 

compressive high on the other product side.  

It is true that the maximum extension stress 

calculated after 2 h from the beginning of the heating 

process has the maximum value ~ 400 MPa in the 

zone which is highly strained (at x/(X/2) ~ 0.8) and is 

below the yield point at the temperature related to this 

zone after this heating time (~440 oC, after 2 h). 

However, it is also very probable that during non-

regular non-stationary regime (t << 1.536 h), 

therefore close to the moment of charge loading in the 

furnace, the expansion stresses level from the zones 

which are in the vicinity of the surface to be much 

higher than the yield point and thus the integrity of 

the product to be impaired earlier. 
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Table 5. Calculated values of temperatures in various micro volumes in the product section with the 

calculation dimension S = 480 mm, heated in furnace with Tm = ct = 920 oC (Bi = 1.6, μ = 0.8) 
 

x/S 0 0.7 1.0 0 0.7 1.0 0 0.7 1.0 0 0.7 1.0 

t, h, Fo 2 h, Fo ~ 0.4 4 h, Fo = 0.8 7.68 h, Fo = 1.5 10.24 h, Fo = 2 

Θ 0.78 0.644 0.4 0.52 0.42 0.26 0.27 0.23 0.118 0.16 0.13 0.09 

T, oC 218 340.4 560 458 542 686 677 713 814 776 803 839 

ΔTm, oC 342 228 137 63 

 

 
 

Fig. 4. The temperatures and heat stresses distributions in the heat processed product (plate with 

effective thickness X = 600 mm and fictive product semi-dimension S = 480 mm), heated in medium 

with constant temperature, Tm = 920 oC for asymmetric distributions of heat fluxes (Bi = 1.6, μ = 0.8, 

J1 > J2; J1 ~ 4J2) 
 

Table 6. Calculated values of heat stresses in different micro volumes of product section with real 

dimension X = 600 mm, heated in furnace with Tm = ct = 920 oC (Bi = 1.6, μ = 0.8) 
 

x/(X/2) 0 +0,8 -0.8 +1 -1 

t = 2.0 h 
Φ +0.15 -0.56 +0.3 -0.81 +0.21 

σ, MPa +197.5 -737.3 +395 -1066.5 +276.5 

t = 4.0 h 
Φ +0.15 -0.56 +0.3 -0.81 +0.21 

σ, MPa +135 -504.5 +270.3 -729.7 +189.2 

t = 7.68 h 
Φ +0.15 -0.56 +0.3 -0.81 +0.21 

σ, MPa +113.7 -424.7 +227.5 -614.3 +159.3 

t = 10.24 h 
Φ +0.15 -0.56 +0.3 -0.81 +0.21 

σ, MPa +36.4 -135.8 +72.65 -196.4 +51 

 

4. Conclusions 
 

The energy disequilibrium within the heat 

treatment equipment for the heat processing of 

metallic products can cause major heating asymmetry 

with very severe consequences on the distribution of 

heat stresses on the products section. It is compulsory 

to perform permanent and rigorous control of 

temperature within the heat treatment equipment so 

that the temperature differences occurring between 

different zones of the working space be known and 

kept at minimum level. The situations considered for 

analysis obviously represent extreme situations. At 

lower differences between the heat fluxes, the 

asymmetry coefficients have values close to μ = 0.5 

(which corresponds to the energy balanced state), but 

there are also temperatures and non-uniform 

distributions of heat stresses that can cause 

deformation and even deterioration of the heat 

processes products/load. 

In the case of unilateral heating, when requested, 

a rigorous control of the heating rate has to be 

performed so as the temperature evolution in the 

heated wall to avoid unusual distribution of 

temperature and heat stresses that can cause undesired 

effects. 
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ABSTRACT 

 
The issue of domestic waste neutralization appeared with human civilization 

but got new dimensions in the context of the present consumer society. The diversity 

and increasing quantity of domestic waste imposed finding new methods for its 

neutralization, grouped into two categories, namely recycling and recovery. In the 

category of domestic waste recovery methods, incineration is mentioned among 

others. The main drawback of the incineration process is air pollution, which is 

present when the implementation of gaseous pollutant retention solutions at the 

source generation is avoided. In order to identify the areas that are potential 

sources of pollution, the present paper focuses on the dispersion modelling of 

gaseous pollutants from domestic waste incineration. 

 
KEYWORDS: domestic waste, incineration, modelling, atmosphere 

 

1. Introduction 
 

The amount and complexity of waste make them 

a genuine challenge for any modern society 

concerning the identification of neutralizing solutions 

according to environmental protection standards. 

The amount of waste worldwide generated is 

increasing due to the population growth of 7.3 billion 

in 2015 compared to 2 billion in 1927, but also due to 

policies encouraging excessive consumption [1]. 

Although some sociologists affirm that a high 

consumption level ensures larger production and thus 

increases the number of employees, this trend 

contradicts the primary resource conservation 

principle. Beyond this controversy on the 

population’s moderate or excessive consumption, the 

problem of consumption waste neutralization remains 

topical. 

The waste complexity derives from the plurality 

of substances and materials discovered in scientific 

research activity in various fields. For instance, 

according to ChemIDplus database, in chemical 

industry alone about 408,898 compounds are known. 

This requires from the scientific community to 

identify some waste treatment and neutralization 

solutions (in particular, for industrial ones) specific to 

their composition. 

Normally, when domestic waste removal is done 

selectively, the waste should have a low toxicity 

effect on the environment. In Romania, 

environmental education being still in an early stage, 

the infrastructure design for waste recycling is not 

100% operational and the domestic waste contains 

toxic or potentially recyclable elements. Thus, in 

domestic waste composition one can find recyclable 

waste such as plastic materials, glass, paper and 

cardboard, aluminum and steel cans, etc. The 

dangerous waste includes batteries, residues of 

chemical substances used in households (nail polish, 

paint, diluents), spray tubes, etc. 

The Eco-Rom Packaging firm, specialized in 

waste recycling in Romania, carried out a one year 

experimental study in order to establish precisely the 

waste composition in urban and rural areas Fig. 1 [3]. 

Figure 1 shows the important recycling potential of 

domestic waste: 52.32% in rural areas and 38.02% in 

urban areas. According to the Sustainable 

Development concept, the recovery of recyclable 

components from urban waste is an obligation for the 

current generation in order to avoid prejudicing the 

future generations. 

In Romania, the main way of urban waste 

elimination is storage. Although this method is less 

expensive than others it also has some disadvantages 

such as occupying land that could be extended to 

other activities, the generation of greenhouse gaseous 

emissions, low density waste spreading to adjacent 

areas due to airflows, etc. 
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a. in urban areas 

 

 
 

b. in the countryside 
 

Fig. 1. Waste composition 
 

A reduction of municipal waste deposited in 

landfills consists of the recovery of recyclable 

components, but a removal of 80-85% is achieved 

only by thermal treatment. 

 

2. Public waste incineration 
 

The thermal treatment of public waste can be 

achieved by several methods among which we recall: 

plasma pyrolysis (PGM - Plasma Gasification 

Melting), incineration and co-incineration [4]. In 

Romania, the thermal treatment of domestic waste is 

achieved by co-incineration in cement factories in the 

clinker production process. 

In 2013 in the urban area, each Romanian 

citizen produced an average amount of 346 kg of 

domestic waste with a 38.02% recyclable rate; the 

countryside population produced only 95 kg of 

domestic waste of which 52.32% is recyclable. 

Considering that Romania would fulfill its 

environmental obligations and recycle 50% of the 

recyclable domestic waste up to 2020, the waste 

amount that needs to be discharged is a real challenge 

for the authorities. 

Waste incineration is a viable solution for 

unrecyclable domestic waste removal provided that 

the best available techniques are implemented (the 

BATNEEC principle - Best Available Techniques 

Not Entailing Excessive Costs) for retaining 

pollutants at source. Placing an incinerator designed 

for medical waste treatment is a very important issue 

because its potential abnormal operation and 

especially in case of damage the equipment should 

not affect neighboring areas. 

 

3. Evaluation of gaseous pollutant 

dispersion discharged through the 

chimney of municipal waste incineration 

plant 
 

3.1. The INCREST incinerator 
 

As follows from the above, based on the 

Gaussian model for a continuous source, this study 

evaluates the atmospheric dispersion of particulate 

matter generated by an INCREST incinerator 

designed for the thermal treatment of municipal waste 

in Braila municipality, Romania. 

The thermic balance calculus of the INCREST 

type incinerator (Fig. 2) [6] was accomplished after 

the following assumptions: 

- the incinerator’s location was considered on 

the old plant platform Celhart Donaris located at 10 

km from Braila city; 

- the equipment services Braila county 

population. According to the latest census in 2011, 

the county population is 304,900 citizens and the 

municipality 168,300 citizens. Thus, the domestic 

waste volume generated within the county in one year 

is 71,208 tons of which 35,604 tons would remain to 

eliminate if 50% of them would be recycled; 

- the incinerator capacity is 34,200 tons/year and 

the flow is variable depending on the season, in the 

range of 4-5 tons/hour; 

Based on the calculus model of thermic balance 

presented in [6], the following parameters were 

found: 

- the ash emission rate is Q = 0.44 g/s; 

- the air flow evacuated on chimney is V = 2 

m3/s; 

- the evacuated gas temperature is 135 oC. 

 

3.2. Gaussian model for continuous sources 

 

As in [7, 9], the most general mathematical 

expression of Gaussian dispersion equation for a 

continuous emission source is: 
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As the interest lies on the degree of pollution on 

people, we considered the height z = 0 (ground level) 

that leads to a simplified equation as follows: 

 

y z

2 2

2 2

y z

Q
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y H
exp exp

2 2

  
  

   
     

     

                 (2) 

 

where: X (x, y, z, H) – is the concentration of the 

pollutant in the atmosphere, g/m3; u – wind speed, u = 

4-6 m/s, as in Fig. 2; y , z  - the parameters of the 

dispersion or standard deviation; x - distance 

downwind to chimney, x = 2000 m; y - wind direction 

transverse distance from the center line of the 

pollutant plume, m; z - the height in the vertical 

direction from the ground, m; H - effective height of 

the pollutant plume, m. 

 

H = h + Δh                            (3) 

 

h – gas exhaust chimney height, h = 50 m; Δh - 

pollutant plume ascension. 

Determining the thickness of the pollutant 

plume Δh using the mathematical relation: 

 
1/3 2/31.6F x

h
u

                        (4) 

 

where: F - Buoyancy flow. 

The Buoyancy flow is calculated with: 

 

s a

s

T Tg
F V

T

 
  
  

                     (5) 

 

where: g – acceleration of gravity; V – gas volume to 

chimney, V = 2 Nm3/s; Ts – exhaust gas temperature 

to chimney; Ts = 135 oC; Ta – ambient temperature, Ta 

= 25 oC. 

In order to determine the dispersion parameters 

(Briggs model), the relations developed by Caraway 

[9] were used: 

 
d

y cx 
                            (6) 

 

where: c, d - are coefficients that depend on 

atmospheric stability and distance of the valuation 

(chosen tabular [9]); x - distance for which the 

valuation is made, x = 2000 m. 

 
b

z ax 
                             (7) 

 

where: a, b - are coefficients that depend on 

atmospheric stability and distance of the valuation 

(chosen tabular [9]); x - distance for which the 

valuation is made. 

 

 
 

Fig. 2. Wind map of Romania [8] 
 

The pollutant dispersion charts resulting from 

domestic waste incineration (in our case the pollutant 

being ash) were drawn up for different atmospheric 

conditions in order to identify the areas affected by 

pollution. Thus several iterations of the Gaussian 

model were achieved for a continuous source in the 

following numerical combinations of the atmospheric 

parameters: 

- the wind speed 4 m/s; 

- the atmospheric stability class E, nighttime 

with partly cloudy sky; 

- the atmospheric stability class C, daytime with 

moderate insolation; 

- the wind speed 5 m/s, 

- the atmospheric stability class D, nighttime 

with partly cloudy sky; 

- the atmospheric stability class C, daytime with 

moderate insolation; 

- the wind speed 6 m/s, 

- the atmospheric stability class D, nighttime 

with partly cloudy sky; 

- the atmospheric stability class C, daytime with 

moderate insolation. 

The classification of atmospheric stability is 

given in Table 1 [9]. 

The diffusion parameters evaluated using the 

calculation formulas presented in the paper [9] were 

integrated in the code source intended to solve the 

Gaussian equation for a continuous pollution source 
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that was developed in the programming field Matlab 

by Holzbecher E. in the paper [10]. 

 

Table 1. The stability classification [9] 
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a. The ash concentration distribution for a 

continuous source with assumption of the following 

conditions: wind speed, v = 4 m/s; the atmospheric 

stability class E, nighttime, partly cloudy sky, Fig. 3. 
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Fig. 3. Gaussian distribution of pollutant 

concentration for a continuous source 
 

b. The ash concentration distribution for a 

continuous source with assumption of the following 

conditions: wind speed, v = 4 m/s; the atmospheric 

stability class C, daytime, moderate insolation, Fig. 4. 
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Fig. 4. Gaussian distribution of pollutant 

concentration for a continuous source 
 

c. The ash concentration distribution for a 

continuous source with assumption of the following 

conditions: wind speed, v = 5 m/s; the atmospheric 

stability class C, daytime, moderate insolation. 
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Fig. 5. Gaussian distribution of pollutant 

concentration for a continuous source 
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d. Pollutant concentration distribution for a 

continuous source for the next conditions: wind 

speed, v = 5 m/s; the atmospheric stability class D, 

nighttime, partly cloudy sky. 
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Fig. 6. Gaussian distribution of pollutant 

concentration for a continuous source 

 

e. Pollutant concentration distribution for a 

continuous source for the next conditions: wind 

speed, v = 6 m/s; the atmospheric stability class D, 

nighttime, partly cloudy sky. 
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Fig. 7. Gaussian distribution of pollutant 

concentration for a continuous source 

f. Pollutant concentration distribution for a 

continuous source for the next conditions: wind 

speed, v = 6 m/s; the atmospheric stability class C, 

daytime, moderate insolation. 
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Fig. 8. Gaussian distribution of pollutant 

concentration for a continuous source 
 

Chart analyses defined for the same wind speed 

and different atmospheric stability class outlined the 

following issues: 

- the ground level pollution appears to the gases 

discharge point at a minimal distance of 50 m 

nighttime, respectively of 190 m daytime; 

- the pollutant maximum concentration area 

begins at a distance of 633 m nighttime, respectively 

of 170 m daytime; 

- the differences between the distances provided 

above for both moments of the day is explained by 

the different weather conditions. It is noted that 

during daytime the pollutant tendency is to remain 

concentrated near the chimney due to insolation. 

The maximum concentration of ash released into 

the atmosphere is of 0.8 µg/m3. The indicator PM10 

(particulate matter with a diameter of up to ten 

micrometers), according to annex no. 3 of Law no. 

104/2011 concerning the ambient air quality, in force 

since 28 July 2011 (repeals Order MAPM no. 

592/2002) has a limit value during the mediation 

period of 24 hours for human health protection of 50 

μg/m3 (not to be exceeded more than 35 times in a 

calendar year). 

Therefore, there is no exceeding of the limit 

values imposed by legislation for particulate matter 

with a diameter of up to ten micrometers. 
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3. Conclusions 
 

The dispersion analyses of pollutants evacuated 

from fuel combustion is of great interest for the stage 

of placing the future industrial facilities because 

adjacent areas affected by pollution are evaluated for 

different values of atmospheric parameters. For the 

industrial units in operation designed for thermal 

treatment of urban waste, the Gaussian model for 

pollutant dispersion can also indicate the affected 

areas in case of incineration system breakdown by 

identifying the safe location areas of residential 

neighborhoods. 

The study aimed mainly to theoretically evaluate 

particulate matter dispersion generated by operating a 

municipal waste incinerator, which can be adapted to 

dispersion evaluation of other pollutants, such as CO 

and NO2. 
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ABSTRACT 

 
The paper shows that the durable and sustainable development depends on the 

quality of the events occurring in the convergence area between the natural 

ecological system (N.E.S.) and the technological system (T.S.) represented by the 

metal materials industry. The analysis is carried out in the following situations: 

- decrease in the level of negentropy (nS) of N.E.S., due to the consumption of 

natural resources by T.S., and 

- increase in the level of entropy (S) of N.E.S., due to the discharge into the 

environment of the pollutants generated by T.S. 

Ecotechnologies constitute a major tool for optimizing the correlations 

N.E.S.-T.S. Our study proposes a classification of ecotechnologies in four 

categories, according to their influence on nS and S. The role of ecotechnologies in 

reducing the environmental entropisation phenomenon is also highlighted. 

 
KEYWORDS: sustainability, durability, ecotechnologies, environmental 

(neg)entropy 

 

1. Introduction 
 

At present, development is considered a 

complex process able to optimize the interactions and 

interconditionings found in the convergence areas of 

the four fundamental systems (natural-ecological, 

social, economical and technological) that make the 

eco-socio-economic-technological mega-system 

(M.S.), the actual form in which the sphere of human 

existence manifests itself. 

The designing of a new development model 

must propose qualitative and quantitative 

improvements regarding the conception, 

dissemination and operationalisation of the new 

knowledge. The following targets become 

compulsory: 

- to use multi and interdisciplinary integration 

tools so that the new model provide the theoretical 

framework for understanding the adaptive and 

evolutionary transformations, i.e. the design and 

management of new methodological tools [1]; 

- to achieve the integration of sectoral 

knowledge offered by a wide range of disciplines, in 

order to understand the integrative events at the 

mega-system level; within the same framework, it 

becomes important to use the confirmed theoretical 

elements of all the partial theories for developing and 

explaining the organization, complexity, dynamics 

and evolution of nature [1, 2]; 

- to replace, especially in engineering, the 

gogglewise knowledge with the fanwise knowledge 

[3]. 

The new development model is operationalised 

on the basis of two modern principles of evolution: 

sustainability and durability. 

The sustainability refers to the ability of the 

new development model to create, sustain and 

maintain processes of evolution and adaptation within 

the eco-socio-economic-technological complexes. 

The main item used to make assessments on the 

system sustainability is the carrying capacity, which 

measures the ability, mainly of the natural-ecological 

system, to provide the resources and services needed 

to develop the other systems. 

Durability, as a characteristic of the new 

development model, aims at: 
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- the co-development potential of the systems 

through long-term adaptive transformations, i.e. also 

at the level of future generations; 

- the ability of the systems to be resistant; in this 

context, it is not about the notion of resistance within 

the mechanical engineering meaning, but about a 

special form represented by what is called system 

resilience, which measures the system's ability to 

withstand the action of disturbing items (shock 

actions). At present, it is considered that the main 

disturbing item acting in MS is pollution; 

- the systems’ opportunities to develop as viable 

entities. 

Environment resilience is another parameter 

sometimes used to assess durability. It is the 

maximum disturbance limit permissible for an 

ecosystem, over which this one would cease to 

operate as environment stabilizer [1, 10]. 

As a global disturbing item, pollution includes 

many other disturbing items (Mper.) whose disturbance 

limits should not be exceeded. Some of them are 

mentioned below [11]: 

- increase of CO2 concentration in the 

atmosphere, which now exceeds 0.033%; 

- disappearance of species of living creatures 

and plants; 

- intensification of agriculture by exaggerate use 

of chemical fertilizers; 

- deforestation; 

- ozone layer depletion; 

- aerosol release into the atmosphere; 

- excessive consumption and wastage of 

freshwater; 

- ocean acidification; 

- growing volumes of anthropogenic waste 

disposed into the environment. 

From the above context, we note that the society 

has already gone through the third period of history. 

Especially after 1950, the world passed from 

Holocene to Anthropogenic era (period in which man 

becomes the main modeller of the natural-ecological 

system). 

The disturbing items, Mdi., mentioned above, 

present a hockey stick type development (Figure 1). 

 

 
 

Fig. 1. Increase of disturbing items 

The differences between the two principles are 

also standing out when we take into account the 

assessment tools. Therefore: 

- sustainability is based on carrying capacity, 

and 

- durability is based on system resilience. 

It is obvious that a differentiation as the above is 

not absolute, because there are many areas in which 

the two principles are intertwined. 

Based on the above, we can briefly define the 

new development model as that development that 

meets the needs of the present (mainly by 

sustainability), without compromising the ability of 

future generations (mainly by durability) to meet 

their own needs. 

As the new model is unitarily defined and 

operationalised based on the principles of durability 

and sustainability, this paper proposes the model to 

bear the name of durable-sustainable development 

(D.S.D.) [4]. 

 

2. Materials and products manufactured 

in metallurgical industry 
 

2.1. Definition of the categories of 

materials 

 

The material is the substance which, through a 

technological manufacturing process, generates 

socially useful goods. Steel is a material. 

The product is the object (body) which, through 

a technological manufacturing process, acquires 

social utility. The steel sheet is a product. 

Using the two notions interchangeably is not a 

serious mistake. 

The materials listed below are manufactured in 

the metallurgical industry. 

a) The primary material (product), M.P., is 

the material subject to a technological manufacturing 

process. If it is a complex process, represented by a 

flow of more sequences, the following items can be 

found: 

- primary sequential material (product), P.S.M.; 

- final sequential material (product), I.S.M. 

The steel made within the integrated flow 

consisting of ore mine - blast furnace – steel plant - 

rolling mill is a sequential primary product. 

Sometimes, this is referred to as semi-finished 

product. The steel sheet delivered to the beneficiary 

at the end of the above-mentioned flow is a final 

primary product. 

b) The pseudo-primary material (product), 

P.P.M., is the material used in the analysed process, 

but obtained in an adjacent manufacturing flow 

(cycle). The ferrosilicon used to make steel in the 

integrated flow is a pseudo-primary material, because 
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it is obtained in the ferroalloy plant adjacent to the 

integrated flow. 

c) The secondary material, S.M., is the 

material which, for technological reasons, 

accompanies the primary material. The following 

items are included in this category: 

- The by-product, B.P., is the secondary material 

that can be used within the technological flow that 

generated it. Ingot cut ends and mill scales are 

examples of by-products; 

- The waste, W., is the secondary material which 

leaves the technological flow that generated it, but 

has recovery potential, i.e. it can be used in other 

manufacturing cycles. 

There are two categories of waste: 

- The manufacturing waste (technological 

waste) is the waste that leaves the primary material 

manufacturing perimeter. Blast furnace slag is a 

manufacturing waste; 

- The usage waste (degradation waste) is the 

waste generated by using the primary product, due to 

its degradation (transformation of the primary 

material into secondary material). Scrap is a 

degradation waste. The degradation product and the 

degradation waste must be assessed based on 

degradation properties (characteristics). 

- The residue, R (final waste) is the secondary 

material disposed into the environment without usage 

possibilities. The disposal is the deposition of the 

secondary material into the environment (possibly 

after a neutralisation treatment) in all the three states 

of the material: 

- disposal in gaseous state (e.g. emission of 

CO2 into the atmosphere); 

- disposal in liquid state (e.g. wastewater 

discharge); 

- disposal in solid state (e.g. slag dumping). 

Pollutants are residues which, by disposal into 

the environment, have a negative impact on its 

quality. 

The modality of placing the categories of 

materials into the manufacturing cycles is shown in 

Figures 1 and 2. 

 

 

 
 

Fig. 1. Modality of placing materials (product) in a steel-making flow based on ore and coke. 

1 - blast furnace; 2 - steel-making furnace; 3 - casting mould; 4 - rolling mill; 5 - facilities for 

auxiliary (pseudo-primary) materials; 6 - sequential primary materials: 6.1 - pig-iron; 6.2 - steel, 6.3 

- ingot (semi-finished product); 7 - pseudo-primary materials: 7.1 – coke; 7.2 – ferroalloys; 8 - final 

primary material; 9 - secondary materials: 9.1 – waste; 9.2 – residues; 9.3 - by-product (cut ends); 

9.4 - by-product (scale briquettes). 

(Note: In this drawing, the perimeters are disproportionate) 
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Fig. 2. Modality of placing the materials (product) in a steel-making flow based on scrap. 

1 - EAF; 2 - continuous casting machine; 3 - rolling mill; 4 - sequential primary materials: 4.1 – 

steel; 4.2 - semi-finished product (billet); 5 - final primary material (steel tubes and pipes); 6 - 

secondary materials: 6.1 – wastes; 6.2 - residues. 

(Note: In this drawing, the perimeters are disproportionate) 

 
 

2.2. Characterisation of materials as 

thermodynamic system element 
 

The technological system of metal materials 

manufacturing operates as a thermodynamic system 

(being a high temperature process, it is determined by 

heat exchange). 

The modality of placing the materials into a 

thermodynamic system is shown in Figure 3. 

 

 

 
 

Fig. 3. Thermodynamic structure of a technological process 

 

In terms of material balance or energy balance, 

we are working with: 

- input items, Mi, represented by natural 

resources (n.r.), which can be: 

- material resources; 

- energy resources (real fuels and energies). 

- output items, which are: 

- useful items, Mu, represented by raw 

materials; 

- lost items, Ml, represented by secondary 

materials; more specifically, they are: 

- by-products; 

- wastes; 

- residues. 

It can be concluded that: 

- From the thermodynamic point of view, as 

residues, pollutants are lost items. 

1 

4.1 

2 

6.1 6.2 
6.1 6.2 

6.2 6.1 

3 5 

4.2 
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- Because, according to the first law of 

thermodynamics, there are no zero loss systems, it 

follows that the metal materials manufacturing 

process is an objectively pollutant process. 

- For the same reason as above, pollution 

projects such as zero pollution or zero waste plant are 

not thermodynamically justified, but they must be 

accepted as targets. 

- From the ecological point of view, we are 

interested in the waste and residues leaving the 

technological system and being discharged into the 

environment. 

 

3. (Neg)entropic characterization of 

materials 

 

The changes in entropy or negentropy may be a 

possibility to characterise the transformations of 

materials when they undergo the life cycle (l.c.) [12]. 

Entropy (S) is the thermodynamic parameter 

that measures the degree of matter disorder and 

degradation in the environment. The disorder degree 

and degradation increase are measured by the 

entropy increase (S). 

The negentropy (nS), or anti-entropy (aS), is 

the thermodynamic parameter that measures the 

degree of matter ordering in the environment. The 

increase of the ordering degree is measured by the 

increase of negentropy (nS). 

Below, we are going to briefly characterise the 

variation of (neg)entropy when the material 

undergoes the life cycle. 

a) Provision of resources 

Resources (e.g. iron ore) represent the matter 

with a certain degree of ordering, i.e. a certain degree 

of negentropy nSn.r.. It is admitted that underground 

resources are a low entropy reserve [6, 7]. The 

consumption of resources has therefore resulted in 

lowering the environmental neg(entropy). 

b) Manufacturing of material (product) 

The technological process of material 

manufacturing results in enhancing the ordering of 

matter, hence the increase of the material negentropy. 

For example, we can write that: 

 

nSsteel sheet > nSore, 

 

or that the technological process is a negentropy 

producer nSt.p. [5]. 

Materials engineers are a social category apt to 

create social neg(entropy). 

c) Usage of material 

In the use phase, material degradation occurs, 

which means the decreasing of the matter ordering 

degree. 

d) Waste generation and disposal in the 

environment 

Material degradation causes waste generation, 

which is considered a disordered state of matter (i.e. 

entropy carrier), equal to SR. 

Since some waste can be recovered, we are 

interested in the entropy SR. of the finally disposed 

wastes. 

e) Waste reintegration is a process of matter 

reordering from the state of secondary material in 

resource material. Therefore, we are speaking about 

negentropy recovery through reintegrated material, 

nSr.m.. It is also called reintegration negentropy. 

Environment entropisation, as a process that 

must be prevented or minimised, is assessed by 

decreasing its negentropy basin, (nS)env, calculable 

with the expression: 

 

     mrptRrn nSnSSnSnS ...env         (1) 

 

At the limit, the condition 

  0env nS should be satisfied. But, the laws of 

thermodynamics and the history of civilization 

proved that  envnS > 0, fact that characterizes an 

irreversible phenomenon of environmental 

entropisation [7, 8]. 

In reality, there is a situation characterized by 

the expression: 

 

(| )|(|)| r.mt.p.Rn.r nSnSSnS            (2) 

 

4. About ecotechnologies 
 

The ways to operationalise the concept of 

durable-sustainable development in industry 

constitute a fundamental component of the activities 

performed by metallurgical engineers. Practically, the 

D.S.D. model is a target for optimising the 

interactions and interconditionings between the 

natural-ecological (N.E.S.) and technological (T.S.) 

systems, aimed at maximizing life quality indicators 

in terms of economic efficiency increase. 

Ecotechnologies represent the major vector 

based on which we can achieve the above objectives, 

whose content means the minimisation of (nS)env, 

fact achievable through the minimisation of rnnS .  

& RS  and maximisation of ptnS .  & mrnS . . 

Based on the above assumptions, the possible 

correlations in the natural-ecological systems (N.E.S.) 

and technological system (T.S.) are plotted in  

Figure 4. 

There are four situations: 
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A. The T.S. upstream area represents the 

N.E.S.-T.S. correlation, defined by the functions of 

these systems: 

- SNE having the function of basin (supplier) of 

natural resources; 

- ST having the function of resource consumer. 

The negentropic content of the environment is 

decreasing with nSr.n.. The correlation optimisation 

depends on the environmental sustainability assessed 

through the carrying capacity in ensuring the 

resources. 

Applying ecotechnologies to minimise the 

consumption of resources (ETmC) is the main way 

of maintaining the carrying capacity of the 

environment. The ecotechnologies for preservation 

and conservation of resources are specific variants 

for ETmC. 

Preservation is the provision of natural 

resources over a period as long as possible by 

minimum consumptions. 

Conservation is putting under the ban of any 

anthropogenic interference within the natural 

resources perimeter, over a transitional period. 

 

 
 

Fig. 4. Ecotechnological interconditionings between N.E.S. and T.S. 
 

B. The SN downstream area represents the 

T.S.-N.E.S. correlation, defined by the functions of 

these systems: 

- T.S. having the function of pollutant 

generator; 

- SNE having the function of takeover, 

processing and disposal of pollutants. 

Hypo-polluting ecotechnologies are the key 

industrial methods for optimising the N.E.S.-T.S. 

interconditionings on the foundation represented by 

the negative impact exerted by the pollutants. 

Hypo-polluting ecotechnologies are the 

technologies applied to prevent or decrease the 

negative impact of the pollutants on the quality of the 

environment. 

The ecotechnologies applied for minimising 

the losses (ETmL) are the industrial-scale 

operationalisation solution for hypo-polluting 

ecotechnologies. We adopt this name because, in the 

material and energy balances, pollutants are lost 

quantities from the T.S. perimeter to N.E.S. 

Because ETmL finally concerns pollution, 

which is the main environment disruptive item, they 

constitute the major policy to improve the system 

resilience of N.E.S. for the future generations. 

C. The intermediate zone 

This situation is given by the upstream-

downstream bilateral interconditioning, defined by 

the complex recovery function of reintegration in the 

industrial circuits of the secondary materials. 

The reintegration ecotechnologies (R.E.T.) of 

the secondary materials (especially of the waste) are 

the major route to accomplish a double purpose: 

- improving the N.E.S. carrying capacity 

(upstream area) by using reintegrated materials as 

substitutes for the natural resources; 

- improving the N.E.S. system resilience 

(downstream area) by reducing the quantity of 

polluting waste discharged into the environment. 

The positive effect of waste reintegration is 

assessed through reintegration negentropy, nSr.m. 

Waste reintegration is carried out through the 3R 

technologies (recirculation, recycling, regeneration). 

Recirculation is the recovery achieved by 

reintroducing the materials or secondary energies in 

the same manufacturing flow. An example of 

recirculation diagram is shown in Figure 5. The 

object of recirculation is the by-product. 

Recycling is the recovery of secondary materials 

by using them in other manufacturing cycles than 

those which generated them. An example of recycling 

diagram is shown in Figure 6. 
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Fig. 5. Recirculation diagram 

 
 

Fig. 6. Recycling diagram 

 

The object of recycling is the waste. 

Regeneration is the process of regaining the 

original properties of the secondary materials by 

physical, chemical, thermal or mechanical processing, 

for reuse in the manufacturing process. Regeneration 

is compulsorily followed by recirculation or 

recycling. 

Regeneration is a term that should be used with 

caution, as shown below. 

Regarding material resources, it appears that 

they are renewable. For example, the foundry sand 

which, after its degradation by use, is reintroduced in 

the manufacturing process thanks to the sand 

regeneration technology. 

Regarding energy resources, the situation is 

more complicated. As we know from 

thermodynamics, the energy which follows a cycle of 

generation - use - discharge into the environment 

finally turns irreversibly into degraded energy, spread 

(dissipated) into the environment as unusable 

entropy. A simple example: In the history of 

civilization, there was no man, found outside a 

technological oven, able to take over the energy 

(heat) discharged into the environment, to regenerate 

it and to reintroduce it into the plant. We can say that 

the dump of the energy (heat) discharged from the 

oven is the infinite environment. 

We can conclude that energy cannot be 

regenerated and, therefore, the term renewable energy 

is incorrect. For non-conventional energies, we 

recommend the term renewable energies [9]. This 

name highlights the fact that, for example, an amount 

of solar energy is permanently replaced (renewed) by 

another amount generated by the sun. 

D. The technological process perimeter 

As shown above, the process is generating 

negentropy nSt.p.. Practically, this means the increase 

of the added value, Va, through continuous 

technological processing. It can be writen as 

 

sheettin sheetblack steelore nSnSnSnS 
   (3) 

 

or as 

 

sheettin asheetblack asteelaorea VVVV 
     (4) 

 

It follows that: 

 

 
.. pta nSfV                         (5) 

 

Process ecotechnology is the technology which, 

by advanced technological processing, causes the 

increase of MS negentropy, reducing therefore the 

environmental entropisation process. 

 

5. Conclusions 

 

- The current development concept is based on 

two distinct pillars: sustainability (characterised by 

the carrying capacity of the environment) and 

durability (characterised by the environment system 

resilience), reason why we propose the name of 

durable-sustainable development. 

- The events developed in the convergence area 

N.E.S.-T.S. must be assessed taking into account their 

influence on the environmental entropisation 

processes. 

- Ecotechnologies are technologies used to 

minimise the environmental entropisation processes 

related to human activity. 

- We define and characterize four categories: 

- ecotechnologies with minimisation of 

natural resources consumption; 

- ecotechnologies with minimisation of the 

polluting losses from the technological 

process perimeter to the environment; 

- ecotechnologies of secondary materials 

reintegration; 

- process ecotechnologies. 
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ABSTRACT 

 
A nanofluid is a solid–liquid mixture which consists of nanoparticles and a 

base liquid. Nanoparticles are basically metal (Cu, Ni, Al, etc.), oxides (Al2O3, 

TiO2, CuO, SiO2, Fe2O3, Fe3O4, BaTiO3, etc.) and some other compounds (SiC, 

CaCO3, graphene, etc.) and base fluids usually include water, ethylene glycol, 

propylene glycol, engine oil, etc. Conventional fluids have poor heat transfer 

properties but their vast applications in power generation, chemical processes, 

heating and cooling processes, electronics and other micro-sized applications make 

the re-processing of those thermo fluids to have better heat transfer properties quite 

essential. Recently, it has been shown that the addition of solid nanoparticles to 

various fluids can increase the thermal conductivity and can influence the viscosity 

of the suspensions by tens of percent. The thermophysical properties of nanofluids 

were shown dependent on the particle material, shape, size, concentration, the type 

of the base fluid, and other additives. Therefore, a comprehensive analysis has been 

performed to evaluate the thermophysical properties of nanofluids due to variations 

of nanoparticle volume concentration. Actually, it is shown that no model is able to 

predict the thermophysical properties of nanofluids precisely in a broad range of 

nanoparticle volume fraction. Also, a review on hybrid nanofluids is inserted, even 

if the research is at the very beginning. As a conclusion, the results indicated that 

further work is needed due to a large uncertainty in termophysical properties 

method of estimation. 

 
KEYWORDS: hybrid nanofluid, thermal conductivity, Nusselt number, oxide 

nanoparticles, viscosity 

 

1. Introduction 
 

The past decade has seen the rapid development 

of the science and technology of nanofluids in many 

respects but the present research is mostly focused on 

their thermal conductivity. Choi [1] in 1995 showed 

from a series of calculations that the thermal 

conductivity of a fluid can be enhanced by adding 

nanoparticles. However, nanofluid viscosity also 

deserves the same attention as thermal conductivity. 

Due to the very small size and large specific 

surface areas of the nanoparticles, nanofluids have 

superior properties like high thermal conductivity, 

minimal clogging in flow passages, long-term 

stability, and homogeneity [2]. Conventional fluids 

such as ethylene glycol (EG), water and oil have poor 

heat transfer properties but their vast applications in 

power generation, chemical processes, heating and 

cooling processes, transportation, electronics, 

automotive and other micro-sized applications make 

the re-processing of those thermo fluids to have better 

heat transfer properties quite essential. 

Viscosity describes the internal resistance of a 

fluid to flow and it is an important property for all 

thermal applications involving fluids [3]. The 

pumping power is related with the viscosity of a fluid. 

In laminar flow, the pressure drop is directly 

proportional to viscosity. Hence, viscosity is as 

important as thermal conductivity in engineering 

systems involving fluid flow [4]. 

Lee et al. [5] measured the thermal conductivity 

of Al2O3 (mean diameter 38 nm) and CuO (mean 

diameter 23.6 nm) nanofluids in water and ethylene 

glycol up to about 4% volumetric concentration, 

using the transient hot-wire method. Their 

experimental results showed that for a copper oxide-
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ethylene glycol nanofluid the thermal conductivity 

can be enhanced by more than 20% for a particle 

volumetric concentration of 4%. Their measured 

thermal conductivity of CuO nanofluids with that 

obtained from the model of Hamilton and Crosser [6] 

did not agree. Therefore, the Hamilton-Crosser 

model, which was originally developed for 

microparticles, was found to be inadequate to predict 

the thermal conductivity of nanofluids correctly and 

new correlations were necessary. 

Eastman et al. [7] measured the thermal 

conductivity of Cu nanoparticle of mean diameter 

<10 nm in ethylene glycol. They found that the 

effective thermal conductivity increased by up to 40% 

with approximately 0.3% volumetric concentration of 

Cu nanoparticles over the base fluid. 

Das et al. [8] presented the temperature 

dependency of thermal conductivity of nanofluids 

with water-based CuO and Al2O3 nanoparticles of 

average particle diameter 28.6 nm and 30.4 nm 

respectively. Their measured thermal conductivity 

values of CuO-water nanofluid of 4% volumetric 

concentration exhibited an increase from 14 to 36% 

over the base fluid with temperature increasing from 

21 °C to 51 °C. They also showed that at 

temperatures above the room temperature, the 

Hamilton and Crosser [6] model failed to predict the 

correct values of thermal conductivities for both 

nanofluids, consistently under-predicting the correct 

values. 

Wang et al. [9] presented a model based on the 

fractal theory for the determination of the effective 

thermal conductivity of nanofluids. They compared 

the fractal model prediction to experimental data with 

50 nm CuO particles in DI water of less than 0.5% 

volumetric concentration. They mentioned that 

beyond this dilute limit, the model needs to be refined 

by taking into account possible deposition effect. Koo 

and Kleinstreuer [10] derived a model for the 

effective thermal conductivity of nanofluids that 

combines the conventional static part represented by 

Hamilton-Crosser equation plus a dynamic part due to 

the Brownian motion. This model includes the effects 

of particle size, volume concentration, temperature, 

properties of the base fluid and the nanoparticles and 

the motion of the surrounding fluid moving with the 

particles. Using their model of effective thermal 

conductivity and viscosity, Koo and Kleinstreuer [11] 

showed through a numerical laminar flow analysis 

that there was an increase in the heat transfer 

performance of micro-heat sinks with the addition of 

CuO nanoparticles of particle diameter 20 nm and 

particle concentration of up to 4% in the base fluids 

of both water and ethylene glycol. 

Viscosity and rheological properties are 

essential parameters to know for practical 

applications of nanofluids. In this study, it has been 

shown that a great amount of research has been done 

considering the viscosity of nanofluids. However, it 

does not seem to be sufficient to estimate any 

standard about the viscosity of nanofluids, as there are 

some inconsistencies among the published results [2, 

12-21]. For example, some authors reported that 

nanofluids were Newtonian fluids [2, 12], while 

others observed a non-Newtonian behavior [12-16]. 

Some authors showed that relative viscosity is 

independent of temperature [12] and some authors 

showed that the viscosity of nanofluids decreases 

non-linearly or exponentially [19-21] with the 

increase of temperature. 

From another perspective, some researchers 

showed viscosity increasing linearly with the increase 

of volume concentrations, while others showed a 

nonlinear trend [12, 13]. Also, the same nanofluids 

with the same concentration demonstrate different 

viscosity enhancement. Debates also exist about the 

particle size effect on the viscosity of nanofluids. 

In this study, a comprehensive analysis was 

performed in order to compare and evaluate different 

models for thermal conductivity and viscosity for 

three different oxide nanofluids. 

 

2. Thermophysical properties 

 

Using classical formulas derived for a two-phase 

mixture, the density, specific heat capacity and 

thermal expansion coefficient of the nanofluid under 

consideration as a function of the particle volume 

concentration and individual properties can be 

computed using the following equations, respectively: 

 

  fpeff   1                   (1) 

  fpppeffp ccc )(1)()(         (2) 

  fpeff )(1)()(           (3) 

 

However, the transport properties of nanofluid: 

dynamic viscosity and thermal conductivity are not 

only dependent on nanoparticle volume fraction, but 

are also highly dependent on other parameters, such 

as particle shape (spherical, disk shape or cylindrical), 

size, mixture combinations and slip mechanisms, 

surfactant, etc. Studies showed that viscosity, as well 

as thermal conductivity increases by use of nanofluid 

compared to base fluid. So far, various theoretical and 

experimental studies have been conducted and 

various correlations have been proposed for the 

dynamic viscosity and the thermal conductivity of 

nanofluids. 
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2.1. Thermal conductivity 
 

Theoretical efforts and modeling of the thermal 

conductivity enhancement mechanisms in nanofluids 

have not come up with a universal theoretical model 

that carefully predicts the thermal conductivity for a 

variety of nanofluid compositions. The macroscopic 

effective medium theory (EMT) introduced by 

Maxwell [22] and further developed for non-spherical 

particle shapes by Hamilton and Crosser [6] predicts 

that thermal conductivity of two component 

heterogeneous mixtures is a function of the 

conductivity of pure materials, the composition of the 

mixture and the manner in which pure materials 

distributed throughout the mixture. 

A review on existing models relevant to 

aluminum oxide (Al2O3), copper oxide (CuO) and 

titanium dioxide (TiO2), dispersed in water is 

depicted in Table 1. 

 

Table 1. Correlations on thermal conductivity 
 

Model Reference Year Correlation 
Relevant 

information 
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2.2. Viscosity 
 

Various models have been suggested to model 

the viscosity of a nanofluid mixture, that take into 

account the percentage of nanoparticles suspended in 

the base fluid. 

Table 2 includes some data relevant to 

aluminum oxide (Al2O3), copper oxide (CuO) and 

titanium dioxide (TiO2), dispersed in water picked 

from the literature. 
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Table 2. Correlations on viscosity 
 

Model Reference Year Correlation 
Relevant 

information 

Theoretical 
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3. Discussion 
 

In this paper, an attempt has been made to cover 

most of the investigations performed on the thermal 

conductivity and viscosity of nanofluids available in 

the literature. It has been found that temperature, 

particle size and shape and volume fractions have 

significant effects over the viscosity and the thermal 

conductivity of nanofluids. Results indicate that 

viscosity increases as the particle volume fractions 

increase, and nanofluids behave in a Newtonian way 

for low particle volume concentrations. No existing 

model or correlation is capable of precise prediction 

of the viscosity enhancement with respect to volume 

fractions. Although there have been a few 

contradictory results in the field of temperature effect 

on viscosity, generally, researchers conclude that 

viscosity decreases with an increase of temperature. 

There are some correlations available for the 

temperature influence over viscosity; most of which 

are not versatile enough and a debate still exists about 

the particle size impact on viscosity. 

To illustrate these uncertainties, three types of 

nanoparticles, Al2O3, CuO and TiO2, were chosen 

because they have been widely studied in recent years 

as promising additives. 

Accurate formulas for the thermophysical 

properties (density, viscosity, specific heat and 

thermal conductivity) are necessary for these 

nanofluids to perform a thermal and fluid dynamic 

analysis, so few correlations were selected. 

 

Table 3. Thermophysical properties of base fluid and nanoparticles at 293 K 
 

Property 
Base fluid 

(water) 

Nanoparticle 

(Al2O3) 

Nanoparticle 

(CuO) 

Nanoparticle 

(TiO2) 

specific heat (J/kg K) 4179 773 551 692 

density (kg/m3) 997.1 3960 6000 4230 

thermal conductivity (W/m∙K) 0.613 40 33 8.4 

viscosity (kg/ms) 8.91 x 10-4 - - - 

 

Further on, Figure 1 presents several selected 

models on thermal conductivity. 

One can notice that almost all correlations give 

an increase in thermal conductivity, excepting the Li 

and Peterson [29] correlation for alumina nanofluid 

that goes to a decrease of thermal conductivity when 

adding nanoparticles. Even so, the thermal 

conductivity is increasing to almost 25% by adding 

nanoparticles to water. 

In regard to viscosity, Figure 2 contains the 

plotting of some correlations in connection with the 

particle volume fraction. Figure 2 a. plots some 
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theoretical correlations available in the open literature 

and one can see the increase in viscosity with volume 

fraction, going to an overall increase of about 15% for 

a 5% volume fraction. 

 

 

 
 

Fig. 1. Relative thermal conductivity for selected 

nanofluids 

 

Figure 2 b shows the variation of viscosity for 

considered nanofluids in regard to some experimental 

correlations available in the open literature. It can be 

noticed that the highest increase was obtained for 

alumina-water nanofluid that goes to 400 % increase 

using Buongiorno [30] experimental formulae. 

 

 

a. 

 
b. 

 

Fig. 2. Relative viscosity for selected nanofluids: 

a. theoretical correlations;  

b. experimental correlations 
 

Looking at Tables 1 and 2, one can notice that a 

lot of correlations are depending exclusively on 

particle volume fraction and eventually on 

temperature variations and this leads to the same 

thermal conductivity and viscosity enhancement 

regardless of nanoparticle material. Table 3 presents 

these correlations. Moreover, all theoretical models 

for viscosity prediction do consider only the particle 

volume fraction variation. 

Table 4 is a review on viscosity and thermal 

conductivity enhancement for the considered 

nanofluids. One can notice that the results are highly 

dependent on each author research and their nanofluid 

method of approach. These results highly recommend 

a better approach to the theory of nanofluids and 

further work in this area. 

 

 

Table 3. Correlations depending only on particle volume fraction 
 

Model Reference Year Correlation 
Relevant 
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Table 4. Viscosity and thermal conductivity enhancement 
 

Nanofluid/correlation 
Nanofluid volume concentration, % 

1 2 3 4 5 

VISCOSITY 

Al2O3 - Wang et al. [43] 8.53 19.52 32.97 48.88 67.25 

Al2O3 - Buongiorno [30] 44.45 99.58 165.38 241.86 329.03 

Al2O3 - Chandrasekar et al. [2] 0.42 3.02 9.67 22.28 42.85 

CuO - Nguyen et al. [3] -9.47 -9.33 -9.20 -9.06 -8.93 

CuO - Vajjha [36] 15.58 45.26 82.56 129.43 188.34 

TiO2 - Tseng and Lin [44] 1828.57 2661.24 3853.42 5560.32 8004.18 

TiO2 - Buongiorno [30] 6.53 15.23 26.09 39.11 54.30 

TiO2 - Duangthongsu and Wongwises [34] 1.09 1.18 1.27 1.36 1.45 

all - Einstein [38] 2.50 5.00 7.50 10.00 12.50 

all - Saito [39] 2.53 5.10 7.73 10.42 13.16 

all - Brinkman [40] 2.50 5.20 7.90 10.70 13.70 

all - Lundgren [41] 2.56 5.26 8.11 11.11 14.29 

all - Batchelor [42] 2.56 5.25 8.06 10.99 14.05 

THERMAL CONDUCTIVITY 

Al2O3 - Hamilton and Crosser [6] 2.89 5.90 8.80 11.90 15.00 

CuO-Hamilton and Crosser [6] 2.87 5.80 8.70 11.80 14.90 

TiO2-Hamilton and Crosser [6] 2.40 4.90 7.50 10.00 12.60 
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Al2O3-Li and Peterson [29] -8.04 -7.27 -6.51 -5.74 -4.98 

CuO-Li and Peterson [29] 8.86 12.62 16.38 20.14 23.91 

Al2O3-Pattel et al. [35] 5.82 8.08 9.72 11.12 12.34 

CuO-Pattel et al. [35] 5.49 7.59 9.17 10.49 11.65 

TiO2-Pattel et al. [35] 3.70 5.10 6.20 7.10 7.90 

 

4. New challenge: hybrid nanofluids? 

 

In spite of some inconsistency in the reported 

results and insufficient understanding of the 

mechanism of the heat transfer in nanofluids, it has 

emerged as a promising heat transfer fluid. 

In the continuation of nanofluids research, the 

researchers have also tried to use hybrid nanofluids 

recently, which is engineered by suspending 

dissimilar nanoparticles either in mixture or 

composite form. 

The idea of using hybrid nanofluids is to further 

improvement of heat transfer and pressure drop 

characteristics by trade-off between advantages and 

disadvantages of individual suspension, attributed to 

good aspect ratio, better thermal network and 

synergistic effect of nanomaterials. 

The introduction of a new concept of 

combined/hybrid nanofluids will be clearly explained 

in this article. Furthermore, this very short review 

summarizes recent research on thermophysical 

properties, heat transfer and possible applications and 

challenges of hybrid nanofluids. Review showed that 

proper hybridization may make the hybrid nanofluids 

very promising for heat transfer enhancement; 

however, many research works are still needed in the 

fields of preparation and stability, characterization 

and applications to overcome the challenges. 

Some research started in 2007, but their number 

slowly increases over the years, as one can see from 

Figure 3. 

Moreover, Tables 5 and 6 are a summary of 

recent experimental results obtained in the area of 

hybrid nanofluids, in connection with thermophysical 

properties. 

 

 
 

Figure 3. Number of publications on hybrid 

nanofluids 

 

Table 5. Investigations on density, heat capacity and viscosity of hybrid nanofluids 
 

Investigators Nanofluids Properties and important findings 

Ho et al. [49] 
Al2O3 - MEPCM/ 

water 

Density and heat capacity: temperature independent 

measurement, classical correlations are applicable. 

Ho et al. [49] 
Al2O3 - MEPCM/ 

water 

Viscosity: drastically increase of the effective dynamic viscosity 

of the hybrid suspension. 

Suresh et al. [50] Al2O3 - Cu/water 
Viscosity: viscosity increases substantially higher than the 

increase in thermal conductivity. 

Botha et al. [51] Ag - Silica/oil 

Viscosity: the nanofluid showed Newtonian behavior at lower 

silica concentrations and followed the Bingham flow model at 

high concentrations. 

Baghbanzadeh et 

al. [52] 

Silica/MWCNT 

water 

Density and viscosity: at high concentration, better influence 

compared to mono nanofluids. 

 

Table 6. Investigations on thermal conductivity of hybrid nanofluids 
 

Investigators Nanofluids Important findings 

Ho et al. [49] 
Al2O3 - 

MEPCM/water 

Significant enhancement of thermal conductivity of PCM 

suspension with Al2O3 nanoparticle dispersion relative to pure 

water. 

Suresh et al. [50] Al2O3 - Cu/water 

A very significant enhancement in the effective thermal 

conductivity due to hybridization of alumina nanoparticles using 

metallic copper particles. 
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Botha et al. [51] Ag - silica/oil 
The theoretical increase in thermal conductivity is much lower 

than that observed. 

Paul et al. [53] 
Al-Zn/ethylene 

glycol 

A maximum 16% thermal conductivity enhancement at 0.1 

vol% particle concentration was achieved. 

Baghbanzadeh 

et al. [54] 
Silica/MWCNT 

Thermal conductivity in case of hybrid nanofluids is between 

enhancement of MWCNT sand silica nanofluids. 

Abbasi et al. [55] γ-Al2O3/MWCNT 
Enhancement of the thermal conductivity of hybrid nanofluids 

can reach up to 14.75 % at a volume fraction of 0.01. 

Nine et al. [56] 
Al2O3 - 

MWCNT/water 

Thermal conductivity better with non-ground MWCNT s 

compared to ground MWCNTs. 

Munkhbayar et al. 

[57] 
Ag-MWCNT/water 

Improved dispersion of CNT sinthematrix, as well as the 

decoration of the MWCNT s with silver may be the reason for 

enhancement in thermal conductivity. 

Aravind et al. 

[58, 59] 

Graphene-

MWNT/water 

High thermal transport characteristics of grapheme–MWNT 

composite nanofluids is attributed to the high aspect ratio of 

MWNT and graphene. 

Chen et al. [60] 
Fe2O3 - MWNT/ 

water 

Significant enhancement of thermal conductivity due to 

synergistic effect. 

Batmunkh et al. 

[61] 
Ag - TiO2/water 

Thermal conductivity TiO2/water nanofluid was enhanced by 

addition of Ag particle. 

 

As one can see from Table 5 and Table 6, all the 

studies are encouraging in recommending hybrid 

nanofluids as new heat transfer fluids. Anyway, more 

experimental work is needed in order to attain a good 

stability for these new fluids. 

 

5. Conclusions 
 

Recently, important theoretical and experimental 

research works on convective heat transfer appeared 

in the open literature on the enhancement of heat 

transfer using suspensions of nanometer-sized solid 

particle materials, metallic or metallic oxides in base 

heat transfer fluids. Thus, this paper presents an 

overview of the recent investigations in the study the 

thermophysical characteristics of nanofluids. 

General correlations for the effective thermal 

conductivity and viscosity of nanofluids are 

presented. Compared to the reported studies on 

thermal conductivity, investigations on viscosity of 

nanofluids are limited. Most of the experimental and 

numerical studies showed that nanofluids exhibit 

enhanced thermophysical properties compared to 

their base fluids, which increase significantly with 

increasing concentration of nanoparticles as well as 

Reynolds number. 

Also, hybrid nanofluids containing composite 

nanoparticles yield significant enhancement of 

thermal conductivity. However, the long-term 

stability, production process, selection of suitable 

nanomaterials combination to get synergistic effect 

and the cost of nanofluids may be major challenges 

behind the practical applications. 

Further theoretical and experimental research 

investigations on the effective thermal conductivity 

and viscosity are needed to demonstrate the potential 

of nanofluids and to understand their heat transfer 

characteristics, as well as to identify new and unique 

applications for these fields. 

 

Nomenclature 

 

cp - specific heat, J/kg C; 

h - heat transfer coefficient, W/m2
 C; 

k - thermal conductivity, W/m °C; 

n - shape factor; 

Pr - Prandtl number; 

Re - Reynolds number; 

T - temperature, °C; 

φ - volume concentration, %; 

μ - viscosity, kg/ms; 

 - density, kg/m3; 

Subscripts 

eff - effective, refers to nanofluid effective property; 

f - fluid; 

p - particle. 
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ABSTRACT 

 
Stress caused by heavy metals is a major problem which affects agricultural 

productivity and, implicitly, human health. Natural flora presents differences of 

tolerance to heavy metals. Some plants grow well in a soil enriched with heavy 

metals, while others cannot develop in such conditions. This study investigates the 

effect of heavy metals on plant viability at molecular level and draws attention to 

the danger of the widespread use of toxic compounds. 

 
KEYWORDS: heavy metals; genetic conservation; toxicity; enzymatic 

determination; germination tests 

 

1. Introduction 
 

Plant viability can be partly and irreversibly 

degraded under the action of certain physical agents 

or chemical substances [1,2]. The phenomenon can 

occur under the action of metabolic inhibitors, heat, 

electricity, UV radiation, or it can occur 

spontaneously or in different physiological, 

pathological and experimental conditions [3]. 

Therefore, the state of living matter should be looked 

at as being dependent on the state of biostructural 

matter [4, 5]. Namely, living organisms being 

affected can signify physiological and even 

morphological modifications. 

The toxicity of heavy metals that enter vegetal 

tissues can inhibit multiple physiological processes, 

such as: growth factors, photosynthesis, water 

absorption and nitrates assimilation [6, 10]. The 

gravity of these effects largely depends on the 

concentration of ions in heavy metals and the 

sensitivity or tolerance of plants affected by their 

presence [11, 12]. Some metals in small 

concentrations (Co, Cr, Cu, Fe, Mn, Mo, Ni, V and 

Zn) are considered essential to plant growth [13]. Zn 

and Co, as well as Mn and Fe, are essential elements 

[14] to the superior part of plants and are involved in 

more metabolic processes, while Pb and Cd do not 

have any physiological function in plants. A deficit of 

Zn and Co determines modifications in the 

fundamental processes of plant metabolism, which 

leads to a reduced growth. Root growth is more 

sensitive to heavy metal contamination [15, 16]. An 

immediate effect of plant contamination with a high 

concentration of Co is the side roots growth 

inhibition; these stay shorter, very ramified and 

without a solid structure. The experiment proved the 

fact that treating wheat seeds with heavy metals leads 

to a biomass reduction [15]. Consequently, the leaf 

function can be directly affected by local 

accumulation of heavy metals, or indirectly, by 

affecting the roots [17]. 

Nosko et al., 1988 signals the fact that using Al 

in various concentrations does not inhibit the Picea 

glauca seed germination rate, modifying their 

viability on the other hand [18]. Peralta et al., 2001 

shows that different concentrations of Cr, Cu, Cd, Ni 

and Zn reduce the germination rate of Medicago 

sativa L. seeds and the elongation of rootlets and 

stemlets of future plants [19]. 

Munzuroglu and Geckil, 2002, after studying the 

influence of heavy metals Hg, Cd, Co, Cu, Pb and Zn 

upon the germination of Triticum aestivum şi 

Cucumis sativum seeds, highlight a different 

inhibition of this process based on the used 
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concentration, as well as a reduction of the rootlet, 

hypocotyl and coleoptile length [20]. 

In our research, we emphasized the toxic effect 

on the viability of wheat seeds, using plants exposed 

to germination in the presence of heavy metal salts. 

Also, molecular modifications were highlighted 

through enzymatic measurements. 

 

2. Materials and methods 
 

In this study, we used analytical grade reagents, 

while all solutions were prepared with milliQ grade 

water with R = 18.2 Ω. Heavy metals were purchased 

from Sigma Aldrich (USA), Merck and Fluka. 

Biological material. Wheat seeds (Triticum 

Aastivum), Gasprom variety, acquired from the 

Agricultural Research Station Suceava. 

Instruments. Absorbance spectra were recorded 

with a Libbra S35 PC UV/VIS spectrophotometer 

endowed with quartz cuvettes with optical path length 

of 1 cm. Microprocessor Cole Parmer Ultrasonic 

(USA, Illinois) used for enzymatic extraction. 

Mikro22R centrifuge (Hettich) used for the separation 

of soluble protein mixture containing insoluble 

components (cell membrane). HANNA pH meter PH 

211 used for determining and adjusting the pH 

buffers. 

Germination determining. Lots of 50 seeds each 

were treated with different solutions of heavy metals 

inhibitors (solution 10-3 M salt of Cu2+, Cd2+, Hg2+, 

Ni2+, Pb2+, Ba2+, Ag+, etc.), then left to germinate on 

filter paper in Petri dishes. Treatment duration is 1 

hour, after which seeds are disposed in Petri dishes as 

uniformly as possible, on double filter paper, together 

with a treatment solution. Thus, 7-day wheat plantlets 

were harvested from their seeds, measured (height H, 

expressed as cm) and weighed (M, expressed as 

grams). 

Enzymatic assay. The biochemical study of 

wheat seeds and plantlets consisted of determining 

the activity of some enzymes of oxidative stress [21]. 

Thus, to determine the peroxidase activity, we used 

the Gudkova and Degtiari, 1968 method (Artenie et 

al., 2008), which is based on measuring the wave 

length of 540 nm of the color intensity of the 

oxidation product of o-Dianisidine with the help of 

peroxide. For the catalase activity, we used Sinha, 

1972 method cited by Artenie et al., 2008, by 

colorimetrically determining (λ = 570 nm) the 

chromic acetate obtained through the reaction of 

reduction of the potassium dichromate in acid 

environment by the peroxide which remained 

undecomposed after the enzyme inactivation. The 

superoxide dismutase activity was evaluated with the 

Winterbourn et al. (1975) method adapted by Artenie 

et al., 2008, the method consisting of the enzyme 

capacity to inhibit the reduction of Nitro Blue 

Tetrazolium by the superoxide radicals generated in 

the reaction environment through riboflavin 

photoreduction (λ = 560 nm) [22]. 

The concentration of total soluble proteins was 

obtained based on the Bradford (1976) method, by 

forming a complex at an absorption maximum of 595 

nm [23] between the proteins and the Coomassie 

Brilliant Blue G-250 dye. 

 

3. Results and discussions 

 

Germination test. 

Fig. 1 shows that the effect of heavy metals at 

low concentrations (10-3 M) barely differs, 

manifesting a slightly inhibitory effect upon the 

germination of wheat seeds. As a result of this 

experiment, we can affirm that the toxic effect of 

heavy metals increases together with the 

concentration [24]. 

 

 
 

Fig. 1. Effect of heavy metals (10-3M) on wheat seeds after 7 days of germination 
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After processing the obtained results (see Table 

1), we noticed that plantlet length is similar in case of 

HgCl2, NiCl2, Cd(NO3)2, CuCl2 and AgNO3, but 

significantly differs from the blank sample, which 

leads to us affirming that these heavy metals inhibit 

the height growth of wheat plantlets. Pb(NO3)2 and 

BaCl2 salts enhance the height growth of plantlets: 

from 409.50 cm in case of the blank sample, to 

442.60 cm for Pb(NO3)2 and 434.83 cm for BaCl2. 

 

Tabel 1. Effect of heavy metals (10-3M) on wheat seeds 
 

Treatment *) 
No. 

plantlets 

No. germinated 

seeds 

No. dead 

seeds 

Heights of plantlets 

in 50-seed lots 

(cm) 

Plantlet weight 

of 

50-seed lots (g) 

Control 34.60±0.20 1.30±0.10 14±0.12 2.54±0.33 409.50±2.54 

HgCl2 33.60±0.24 1.30±0.05 15±0.14 2.09±0.20 313.80±0.76 

NiCl2 35±0.43 0.30±0.10 14.60±0.98 2.02±0.36 302.20±0.50 

Cd(NO3)2 37.30±0.15 0.60±0.01 15.30±0.25 1.94±0.05 302.80±5.78 

Pb(NO3)2 35.30±0.23 0.30±0.02 17.60±0.45 2.40±0.10 442.60±3.64 

BaCl2x2H2O 33.64±1.25 0.30±0.01 16±0.50 2.55±0.20 434.83±6.57 

CuCl2 35.30±0.50 1.30±0.25 13.30±0.75 2.17±0.37 314.30±5.73 

AgNO3 35±1 1.30±0.02 13.60±1.23 1.92±0.53 299.10±7.89 

*) mean of three independent values 

 

The variation of enzymatic activities based on the 

treatment with heavy metals 10-3M. 

Practical study of the superoxide dismutase 

(SOD) activity from vegetal extracts. 

The data in Table 2 shows that the activity of 

this enzyme stabilizes the cellular abilities of 

removing oxygen radicals and attenuating cellular 

damage. Therefore, compared to the plantlets in the 

control batch, where the average activity of the SOD 

was 5.43 USOD/mg protein, the level of SOD activity 

increased significantly up to 14.36 USOD/mg protein 

in case of seeds treated with NiCl2. The increase of 

oxidoreductase activity in the experimental group can 

be consequently attributed to the intensification of 

processes that release superoxide radicals under the 

initial influence of heavy metals. 

 

Table 2. SOD values in wheat plantlets after 7 days of treatment 
 

Treatment USOD/mg protein 

Control (distilled water) 5.43 

HgCl2 8.96 

NiCl2 14.36 

Cd(NO3)2 10.21 

Pb(NO3)2 7.87 

BaCl2 4.98 

CuCl2 9.51 

AgNO3 9.24 

 

Quantitative determination of soluble vegetal 

proteins through the Bradford method 

After the developing period of 7 days, plantlets 

were cut in 1 cm pieces, separating the root from the 

plantlet (stem), in view of separately quantitatively 

analyzing the soluble vegetal proteins from the two 

parts of the plant. They were suspended in 10 ml 

phosphate buffer and sonicated for 30 seconds 3 

times, with 5 minute breaks, the extract being then 

centrifuged and held at a 4 oC temperature for 4-5 

days. 
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To quantitatively determine soluble vegetal 

proteins, same steps as in the case of extract from the 

dinitroderivates treatment were followed, pipetting 

the same reactive amounts, and reading after 3 

minutes of incubation and 5 minutes of irradiation. 

Determining the total concentration of protein from 

enzymatic extracts was achieved with the Bradford 

method, treating extracts with Bradford reactive. 

From Table 3 one can notice that in the case of 

the treated samples extracted from roots, the total 

soluble protein concentration has different values 

from the blank which does not contain metallic 

extracts. Therefore, specific activities vary based on 

the type of used metallic extract, the largest protein 

quantity being identified when treating with HgCl2 

and NiCl2, while treating with CuCl2, Pb(NO3)2 or 

Cd(NO3)2 determines enzymatic inhibition. 

 

Table 3. Specific activity values based on absorbance and protein concentration of the protein extract 

obtained from wheat plantlets roots 
 

 
Weight of roots 

(g) 

Absorbance 

(595 nm) 

Protein 

concentration, 

µg/mL 

Specific activity 

Control 0.040 0.0798 0.159 0.0756 

CuCl2 0.050 0.0724 0.159 0.0756 

AgNO3 0.050 0.0747 0.159 0.0717 

HgCl2 0.050 0.0688 0.159 0.0663 

Pb(NO3)2 0.050 0.0878 0.159 0.0756 

NiCl2 0.050 0.0680 0.159 0.0705 

Cd(NO3)2 0.050 0.0695 0.159 0.0745 

 

In the case of wheat plantlets extract, specific 

activity values show significant differences, 

compared to their evolution in the root extract  

(Fig. 2). This increasing variation of activities 

corresponding to the treatments with 7 types of toxic 

indicates that there is a much larger protein specific 

activity in wheat plantlets than in roots, varying 

according to the applied treatment. Consequently, a 

lower activity was identified in case of treating with 

AgNO3 and CuCl2 and a larger one was identified 

when treating with Cd(NO3)2, HgCl2, NiCl2 and 

Pb(NO3)2. 

 

 
 

Fig. 2. Specific activities of the protein extract obtained from wheat plantlets after treating with heavy 

metals 

 

Determining the peroxidase activity  

The much more intense activity of peroxidase in 

the experimental batch can be clearly attributed to 

NiCl2. In other words, Ni2+ interferes in the 

germination and growth processes of wheat plantlets. 

It is well known that the seed deterioration process 

starts immediately after harvesting, various intrinsic 

and extrinsic factors contributing to this. For this 

reason, to prevent rapid loss of vigor, viability and 

productivity, a controlled approach of their depositing 

is necessary, especially in environments where the 

deterioration rate is imposed by a hostile condition 

(high heat and increased humidity). Applying various 

treatments substantially slows down the deterioration 

rate and rapidly increases the seeds viability rate. 
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Tabel 4. Peroxidase activity values in wheat plantlets after 7 days of treatment 
 

Treatment UP/mg protein 

Control 4.52 

HgCl2 7.52 

AgNO3 8.63 

Cd(NO3)2 8.99 

NiCl2 15.98 

CuCl2 7.32 

Pb(NO3)2 6.12 

BaCl2 5.73 

 

Determining catalase activity 

The intensification of the two enzymes 

(peroxidase and catalase) activity denotes the fact that 

the heavy metals treatment is capable of inducing a 

significant decoupling of the transport chain of 

electrons and of the oxidative phosphorylation, 

resulting in dissipating the membrane gradient and, 

consequently, increasing the production of oxygen 

reactive species. This explains the catalase activity 

intensification in plantlets treated with NiCl2 (40.72 

UC/mg protein), compared to plantlets from the 

control batch (15.18 UC/mg protein) (Fig. 3). 

 

 
 

Fig. 3. Determining catalytic activity from wheat plantlets exposed to 7 days of treatment 
 

4. Conclusions 
 

The present paper proved the toxic effects of 

heavy metals on the viability of plants. This 

experiment revealed the sensitivity of wheat seeds to 

heavy metals, which inhibit the plants growth. 

Individual heights and the unitary average mass 

reflect the effects of various treatments more 

precisely. This could be explained by the fact that the 

effect owed to the number of unsprouted seeds is 

removed, only taking into account individual plants 

that had effectively suffered from the treatment. Also, 

these differences are also caused by the fact that each 

compound specifically influences each plant. Every 

living organism reacts specifically to exterior factors. 

Thus, dead seeds were not taken into account in case 

of individual height and unitary average mass. 

Enzymatic activity of vegetal species was 

determined. Wheat extracts were concentrated and 

exposed to subsequent stages of concentration 

(ammonium precipitate) and dialyze. Enzymatic 

extracts stability was relatively high for short periods 

(1 week), but was substantially modified in case of 

storing for longer periods (remained enzymatic 

activity was 30-40% after 3 weeks). 

Enzymes involved in respiratory processes are 

very attractive for understanding the evolution of life, 

from the prokaryote to the eukaryote stage, as well as 

for classifying pathological modifications that take 

place in malign processes, where the reversed 
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phenomenon of transition takes place (from normal 

respiration of cells to lactic fermentation, with all 

biochemical implications: pH modification of body 

fluids, degradation of ramified essential aminoacids 

etc.). 

The method of enzymatic determinations can be 

successfully applied particularly in the case of 

plantlet roots, due to the more accentuated inhibition. 

The extraction degree is influenced by the dimensions 

of the plant parts. Enzymatic activity from various 

plant compartments significantly differs based on 

treatment or source. To conclude, the value of 

enzymatic activity in roots is superior to that in 

leaves, and the type of phenolic extract used 

influences the enzymatic activity. 
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ABSTRACT 

 
One of the problems of the cities is the raising of household waste, with 

polluting effects on the environment. On the other hand, in agriculture, through 

specific activities necessary to ensure food, fertilizers are needed, which could be 

used for the commands of sustainable development. Depending on environmental 

conditions, the negative impact can be indicated that they have on the human 

population by affecting plants, animals and, not least, people. Developed countries, 

such as the Netherlands, UK, Germany, France, Switzerland, have invested in 

technologies for the transformation of household organic waste into biofertilizers 

with low impact to the environment. The present article tries to analyze and 

underline the eco-efficiency of transforming organic waste into biofertilizers. 

 
KEYWORDS: sustainable development, eco-development, organic waste, 

green development, eco-management, eco-efficiency 

 

1. Introduction 
 

The theme of this paper is important in terms of 

increasing the quality of life, so superficially treated 

for methodological and procedural aspects. 

Essentially, the mismanagement of waste is an 

important cause regarding environment pollution and 

threats to human health, at the same time reflecting 

the inefficient use of natural resources. Therefore, one 

of the highest risks for people is represented by 

ineffective and irresponsible collection and recycling 

of waste which pollutes the environment. For 

example, waste management technologies, such as 

land filling and incineration, do not represent a 

complete solution to existing problems. Some 

organizations have one of the most important tasks, 

i.e., the continuous improvement of waste disposal 

usage. Additionally, in order to protect the 

environment, it is necessary to eliminate waste or to 

transform it into useful products. In the same time, it 

may be required to review the identification of waste. 

The main focus of the present article is waste 

elimination, to ensure that the manufacturing sector 

progresses towards ecoefficient production processes 

and a hazard-free workplace environment. For 

example, in agriculture recycling organic wastes can 

preserve finite phosphate resources and the embodied 

energy from industrial nitrogen fixation, thus helping 

to increase sustainable food production. Some waste, 

such as wood waste and paper sludge, offer organic 

alternatives to animal use. The agricultural uses of 

wastes ensure the protection of human health and of 

the environment. 

 

2. Literature Review 

 

“Most countries have traditionally utilized 

various kinds of organic materials to maintain or 

improve the tilth, fertility and productivity of their 

agricultural soils” [2]. 

Recycling organic wastes in agriculture can 

reduce the need for fertilizers and even restore 

organic carbon deficiency in the soil. 

Recycling of organic wastes (such as biogas 

residues and sewage sludge) to agriculture has been 

a widely-discussed subject for decades [5]. 

“Organic agriculture augments ecological 

processes that foster plant nutrition yet conserves soil 

and water resources. Organic systems eliminate 

agrochemicals and reduce other external inputs to 

improve the environment and farm economics. Among 

the benefits of organic technologies there are higher 

soil organic matter and nitrogen, lower fossil energy 

inputs, yields similar to those of conventional 
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systems, and conservation of soil moisture and water 

resources” [6]. 

Despite the economic crisis, people focus on 

buying organic products that do not harm health, the 

organic farming sector is increasingly popular 

because it is benefic to human health. 

Additionally, it should be noted that a 

significant share of the whole quantity of waste is 

represented by non-biodegradable materials (plastic, 

glass, metal, etc.) that were considered by European 

legislation as agents of soil pollution and 

contaminants that are to be eliminated. 

“Everyday waste consists of 45% food waste, 

24% plastic, 7% paper and 6% iron. Approximately 

95-97% of waste collected is taken to landfill for 

disposals. Wastes which remain are sent to small 

incineration plants, or diverted to recyclers/re-

processors or is dumped illegally. Actually, only 5% 

of waste is recycled, however the government aims to 

reach a ceiling of 22% in terms of waste recycled by 

2020” [9]. 

The good practice we teach is that the best 

strategy for guaranteeing high standards of waste is to 

separate at collection in new developments and 

restoration areas e.g. “at door-to-door waste 

collection”. 

“As global environment and climate change are 

challenges the world faces today, there is an 

increasing need to evaluate the impact of waste 

management on environmental quality and 

greenhouse gas emissions” [3.] 

Currently, there are various treatment methods 

that can be applied to a good management of natural 

resources and ecological recycling options are a 

priority for the recovery of organic waste. 

It additionally shows that “current waste 

management practices in relation to composites are 

dominated by landfilling” [12] “which still is a 

relatively inexpensive option for industry in 

comparison to alternatives. However, it is the least 

preferred option according to legislation” [7]. 

In addition, the approaches to eco-efficiency and 

resource development can be combined. This article 

may have implications on how eco-efficiency can be 

quantified in waste management. 

“Sustainable consumption behavior occurs 

when consumers have two positive attitudes: firstly, 

as regards sustainability and environment and, 

secondly, when there is a greater personal 

responsibility and involvement displayed” [4]. 

Recycling included feeding vegetable waste to 

livestock and using eco-waste as fertilizer. 

 

 

 

 

3. Research methodology 

 

3.1. European Directives on Waste 

Management 
 

a. Waste Framework Directive 2008/98/EC sets 

the basic concepts and definitions related to waste 

management, such as definitions of waste, recycling, 

recovery. It explains when waste ceases to be waste 

and becomes a secondary raw material (so called end-

of-waste criteria), and how to distinguish between 

waste and by-products. The Directive lays down 

some basic waste management principles: it requires 

that waste be managed without endangering human 

health and harming the environment, and in particular 

without risk to water, air, soil, plants or animals, 

without causing a nuisance through noise or odors, 

and without adversely affecting the countryside or 

places of special interest. Figure 1 presents briefly the 

main features of waste management that must be 

taken into account,: (i) waste prevention, by 

application of “clean technologies” in waste 

generating activities; (ii) reduction of waste 

quantities, by implementing best practices in 

everyday waste generating activity; (iii) 

valorification, by reuse, material recycling and energy 

recovery; (iv) disposal, by incineration and landfill. 

 

 
 

Fig. 1. Waste recycling 

 

This Directive introduces the polluter pays 

principle and the “extended producer responsibility”. 

It incorporates provisions on hazardous waste and 

waste oils (old Directives on hazardous waste and 

waste oils being repealed, in force since 12 December 

2010), and includes two new recycling and recovery 

targets to be achieved by 2020: 50%. 

Preparing for re-use and recycling of certain 

waste materials from households and other origins 

similar to households, and 70% preparing for re-use, 

recycling and other recovery of construction and 

demolition waste. 
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b. Directive 2000/76/EC of the European 

Parliament and of the Council of 4 December 2000 

on incineration of waste. The European Union 

imposes strict operating conditions and technical 

requirements on waste incineration plants and waste 

co-incineration plants to prevent or reduce air, water 

and soil pollution caused by the incineration or co-

incineration of waste. Emission limits are introduced 

for certain pollutants released to air or to water. 

c. The Landfill Directive 

Council Directive 1999/31/EC on the landfill of 

waste (the Landfill Directive) was agreed in Europe at 

Council on 26 April 1999 and came into force in the 

EU on 16 July 1999. The Directive aims to harmonize 

controls on the landfill of waste throughout the 

European Union, and its main focus is to achieve 

common standards for the design, operation, and 

aftercare of landfill sites. It also aims to reduce the 

amount of methane, a powerful greenhouse gas, 

emitted from landfill sites. 

 

3.2. Specific responsibilities for waste 

 

The issue of responsibility for waste 

management implies an inherent hierarchy from 

individual and family responsibilities at the 

institutional, legal and community levels. Generally 

speaking, everybody is responsible regarding waste 

recycling. Additionally, it is important to understand 

that as the quantity of waste increases, there is also an 

accumulation of effects, some of which are evil 

because they lead to pollution and decrease in 

comfort, others are beneficial as they create a natural 

source of raw materials and recyclable materials. It is 

also essential to have clarity regarding the action of 

factors acting as producers of waste. Therefore, the 

legislation on waste management clearly imposes 

certain responsibilities incumbent upon the waste 

producer but not on processing such material. If 

reference is made to the guidance about `Waste 

Management: The Duty of Care - A Code of Practice` 

these responsibilities for the producer can be defined 

as: (i) “the person who made the substance become 

waste e.g. by breaking or contaminating it”; (ii) “the 

person who decided that a substance was unwanted 

and therefore waste” [10]. 

 

3.3. Indicators of eco-efficiency 

 

Eco-efficiency indicators are used to illustrate 

whether there is a decoupling of environmental 

impact and the sectors’ economic activity or not. 

Quality of economic growth represents the 

making the green concept of growth operational for 

public policies, which requires a measurement that 

would capture the pattern. 

The main indicators of eco-efficiency are the 

following: (i) measure the eco-efficiency of different 

sectors within the country; (ii) compare the eco-

efficiency of economic growth of different countries; 

(iii) identify policy areas for improvement in 

achieving economic benefit. 

The eco-efficiency indicators of the World 

Business Council for Sustainable Development are: 

“(i). minimize the material intensity of goods and 

services; (ii) minimize the energy intensity of goods 

and services; (iii). minimize toxic dispersion; (iv) 

enhance material recyclability; (v) maximize the use 

of renewable resources; (vi). extend product 

durability; (vii) increase the service intensity of goods 

and services” [11]. 

If reference is made to the economic 

instruments, for example user charges for managing 

municipal waste (e.g. 'pay-as-you-throw' schemes), 

landfill taxes and product charges can play a 

significant role in diverting waste from landfill if they 

are designed in such a way that they regulate the 

behavior of households, waste companies and 

producers effectively. 

 

3.4. Comparative analyses 

 

In Romania, currently there is still no system 

collecting organic waste separately from other waste 

categories even though there have been important 

steps towards selective waste selection. 

Furthermore, there are no technology firms that 

would take over, process and transform organic 

household waste into compost and then into organic 

fertilizer. However, there is no legislative framework 

to stimulate and encourage initiative in this area. 

Therefore, studies should be carried out to evaluate 

the environmental impact of both domestic organic 

waste disposals in landfills and combustion (CO2 

emissions in conjunction with other sources, 

transport, industry, etc. that amplify the greenhouse 

effect and global climate change) and salting excess 

land and underground water sources compromised. 

Generally, diverting waste from landfill has 

relied on combinations of policies aimed at 

households, waste companies and producers. And 

countries have progressed or plan to progress further 

towards the Landfill Directive targets by 

strengthening several alternative waste treatment 

paths, rather than focusing on just one. The strategies 

usually include a combination of recycling, 

incineration, and/or mechanical-biological treatment. 

On the other hand, the quality of the compost derived 

from separately collected biodegradable waste is not 

always sufficient. 

“Countries with high dependence on landfill can 

take positive action against climate change by 

landfilling less biodegradable waste. Likewise, in 
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countries that have very low landfill rates, waste 

recycling and energy recovery can help avoid 

greenhouse gas emissions from the production of 

virgin material or energy” [1]. 

 

 
 

Fig. 2. Life-cycle chain: extraction - production 

- consumption - waste (EEA, 2012) 
 

Figure 3 below exemplifies methods of waste 

treatment in several states; as for Romania, it can be 

noticed that recycling and disposal in landfills are 

most frequent [8]. 

According to Eurostat (2012), Figure 2 below 

shows that between 2004 and 2012 progress has been 

made in terms of waste recycling by using methods of 

incineration, but also reuse, especially in 2008, in 

European countries [8]. 

Figure 3 lists the quantities of waste from 

various sources of business, and in our country the 

highest amounts of waste resulting from mining and 

quarrying / mining and other economic activities 

similar and / or complementary. 

In developed countries, such as Germany, UK, 

Sweden, the Netherlands, etc., materials and 

resources must be used to their full potential, and this 

has propagated a culture of reuse, repair and 

recycling. 

Also, there are three main methods in which 

organic waste can be used: (i) soil improvement, (ii) 

animal raising and (iii) provision of source of energy. 

 

 
 

Fig. 3. Waste Treatment (Eurostat, 2012) 

 

In Figure 6 (diagram) the differing levels of 

processing required can be observed and in this 

section, we will take a brief look at just some of the 

common approaches to using organic waste. 

The agricultural potential that Romania has may 

lead to the use of organic waste that allows the 

development of organic farming. Environmental 

policies are necessary to educate citizens / employees 

of companies on corporate responsibility actions 

involving recycling promotion. Ecological agriculture 

offers a modern alternative that helps reduce organic 

waste, thereby leading to the reduction / elimination 
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of pollution, better soil fertility and food production 

and providing a source of income for farmers. 

Bio-fertilizers are an essential component of 

ecological agriculture and involve the preparations 

containing live or latent cells of efficient strains of 

nitrogen fixing, phosphate solubilizing or cellulolytic 

micro-organisms used for application to seed, soil or 

composting areas with the objective of increasing 

number of such micro-organisms and accelerate those 

microbial processes which augment the availability of 

nutrients that can be easily assimilated by plants. 

 

 
 

Fig. 4. Recycling methods used in Europe (Eurostat, 2012) 
 

 
 

Fig. 5. Sources of provenance of the waste (Eurostat, 2012) 
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Fig. 6. Structure of organic waste 
 

The importance of bio-fertilizers results from 

the following: (i) increase the yield of plants by 15-

35%, (ii) bio-fertilizers are effective even under semi-

arid conditions, (iii) farmers can prepare the inoculum 

themselves, (iv) improve soil texture, (v) bio-

fertilizers do not allow pathogens to flourish, (vi) 

produce vitamins and growth promoting bio-

chemical’s, (vii) are non-polluting. 

 

4. Conclusion 

 

In conclusion, the difference between recycling 

methods in European countries is obvious. Finally, it 

may indicate that the responsibility of the government 

or municipality is waste collection and disposal. Also, 

in many cases the municipality is unable to fulfil this 

role either due to financial constraints, lack of will or 

lack of organizational skills. It has been noted that it 

is of great help if the organic and non-organic waste 

is separated at source. Many successful methods are 

only successful because of community participation 

in the activities on a day-to-day basis. Where waste is 

separated at source, this lessens the risk of 

contamination from items such as batteries, meaning 

that the organic waste is cleaner (and will therefore 

fetch a higher price), it is easier to sort and the 

incidence of injury and disease related to sorting is 

decreased. There is a number of good examples of 

community recycling or resource recovery schemes in 

developing countries. 

The commonly used methods of recycling in 

Europe are landfills and incinerators, that is precisely 

why we need an ecological recycling. 

Also, recycling organic waste plays an important 

role in agriculture through bio-fertilizers on soil that 

have beneficial properties. 
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ABSTRACT 

 
This study presents a possibility to predict the connection between the cooling 

regime and the properties of steel. An important factor to enhance the properties of 

steel is the speed of the cooling regime. To be in accordance with the experimental 

results, this study considered a correlation between the speed of cooling for 

laminated steel with a low carbon content and other properties of steel. It is 

important to choose the optimal cooling regime because the steel was laminated at 

high temperature. 

 
KEYWORDS: steel properties; cooling speed, correlation; statistical model 

 

1. Introduction 
 

Carbon is the most important element of steel 

because this chemical element determines the 

chemical structure and its properties. In the case of 

steel with a low content of carbon, its structure has 

two important components: Ferrite (F) and pearlite 

(P). Ferrite has a low mechanical strength but has 

plastic properties. Cementite in steel has high 

hardness but is fragile. Therefore, an increased 

content of carbon increases the hardness and the 

strength of steel and decreases its plasticity. 

For example, the literature shows that for steels 

with 0.11% C, 0.48% Mn, and 0.24% Si the 

microstructural parameters which determine their 

mechanical properties are the size and shape of 

pearlitic and ferritic grains. The microstructure of this 

type of steels is formed by pearlite (P) and ferrite (F) 

as constituents. These types of steels are used 

currently without chemical treatments, for metal 

construction and machine building, for elements of 

metal structures subjected to small requests. Because 

the steel with low carbon content has high plastic 

properties below 550 oC, the thermal stresses will not 

lead to the formation of cracks. 

Damage of materials means the progressive or 

sudden deterioration of their mechanical strength due 

to loading, thermal or chemical effects (see [4] Vuong 

Nguyen Van Do 2016). It is important to know how 

the properties of steels can be improved. For this 

case, it is necessary to find a causal relation between 

a technological parameter (the speed of cooling 

regime) and the mechanical properties of steel (for 

example, the resilience – KV - of steel). 

After an experimental program, the values 

obtained were used to determine a correlation 

between these variables through an empirical study. 

 

2. Experimental results 
 

Three groups of 8 steel samples were 

considered. The chemical composition of the material 

is presented in Table 1. Three cooling regimes were 

applied: (1) cooling regime in normal conditions; (2) 

cooling in airflow (in jet of air); (3) cooling in the 

metallic recipient. 

 

Table 1. Chemical composition of steel 
 

Steel grade C (%) Mn (%) Si (%) P (%) S (%) Al (%) 

Fe510 (Euronorm); S355 0.14 1.51 0.31 0.010 0.010 0.041 

 

The initial temperatures were: 850 oC (for the 

first batch of samples), 900 oC (for the second batch 

of samples), 950 oC (for the third batch of samples) 

and 1000 oC (for the last batch of samples). If the 

cooling mediums are different, the speeds of the 

cooling are different, too. 

In Figure 1 was represented the evolution of the 

thinning of the samples (Z or Ψ) during the tensile 
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tests [6]. In Figure 2 was represented the evolution of 

the resilience (KV+20 oC) which depends on the 

initial temperatures, in the first case [6]. 

In Figures 3 and 4 are presented the variations of 

the resilience (KV +20 oC), in the other two different 

cooling regimes: in metallic box and in jet of air. The 

best values have been obtained in the cases of higher 

values of the cooling speed, in jet of air regime. 

 

 
 

Fig. 1. Thinning of the samples during the tensile tests depending on cooling regimes (1, 2 or 3) and 

on initial temperature 
 

 
 

Fig. 2. Evolution of resilience (KV), depending on cooling speed (VR) and initial temperature, 
for the cooling regime (1) 

 

 
 

Fig. 3. Evolution of resilience (KV), depending on cooling speed (VR) and initial temperature, 

 for the cooling regime (3) 
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Fig. 4. Evolution of resilience (KV), depending on cooling speed (VR) and initial temperature,  

for the cooling regime (2) 
 

The thinning of the samples (Z or Ψ) during the 

tensile tests is higher in the case of the initial 

temperature T = 1000 oC and the speed of cooling VR 

= 21.84 oC/s (cooling in jet of air). In the case of 

cooling in jet of air, the speed of the cooling will be 

the highest and the mechanical properties have the 

best results. 

In Table 2 are presented some of the 

experimental results obtained [6]. 

 

Table 2. Obtained experimental results 
 

Speed of cooling Vrac [oC/S] HB A5[%] KV [KJ] Cooling regime Code samples 

4.61 (cooling in metallic recipient) 162.5 31.05 89 (2) 2.8 

7.35 (cooling in normal conditions) 181.5 32.5 81 (1) 2.4 

21.84 (cooling in jet of air) 184 33.2 90 (3) 2.13 

 

3. Statistical model 
 

To determine the model parameters, this 

operation can be performed using the method of least 

squares. It starts from the regression equation of a 

simple linear model. For example, to prove the 

causation between the cooling speed (VR.) and the 

resilience (KV-20 oC) in the case of the initial 

temperature Ti = 850 oC, statistical methods were 

used to check the next assumption: we assume that 

there is a causal relationship between the independent 

variable “VR” and a dependent variable “KV”. 

Between these variables there is a direct connection. 

In Figure 3 was represented the evolution of the 

resilience of steel at 850 oC, which depends on the 

type of the cooling regime. 
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Fig. 5. Resilience (KV) depending on cooling speed corresponding to different regimes 
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To study the correlation between the variables 

we used unifactorial regression. Unifactorial 

regression can describe with success the relationship 

between two analyzed indicators. In the case of 

unifactorial regression, only the variable factor (x) 

has an action on the result feature (y) [3]. Other 

possibly factors have a constant action negligible (y-

f(x)). The estimation function is given by the 

following expression: 

 

ŷ = a + b∙ x                            (1) 

 

We have the following expressions (see [1-3] or 

Scradeanu 2015): 

 

              (2) 

 

        (3) 

 

It is estimated that the bond between these two 

variables (VR and KV) is represented by the equation 

of straight line. The mathematical model must 

continue with the characterization of the connection 

intensity between the two variables using the 

correlation coefficient "r x, y" and the correlation 

report (see Scradeanu, 2015 and Simofi, 2013). 

In this case, n = 3 and the system of the 

equations (4) will be: 

 

3 a + 33.79 b = 260 

33.79 a + 552.259 b = 2971.24 

 

Solving the system and applying the substitution 

method, results: 

 

b = 0.249 ˃ 0 

a = 83.860 

 

The estimation function will be: 

y = 83.860 + 0.249 x                     (5) 

 

Comparing the real values of y with the adjusted 

values for the resulting feature ŷ, there are some 

differences, presented in Table 3. 

 

Table 2 

x ŷ 

4.61 85 

7.35 85.69 

21.84 89.29 

 

Table 3 

ŷ ŷ - y 

85 85-81= 4 

85.69 85.69-89= -3. 31 

89.29 89.29-90 = -0.71 

 

Using Matlab Program, the correlation graphic 

corresponding to the equation (5) was obtained for 

the values corresponding to the adjusted values for 

resulting feature ŷ (see Tables 2 and 3 and Figure 6). 
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Fig. 6. Graphic representation for adjusted 

values of resulting feature ŷ, calculated with 

relation: ŷ = 0.249 x + 83.860 
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Fig. 7. Graphic of correlation 
 

It is estimated that the bond between these two 

variables (VR and KV) is represented by the equation 

of straight line. The mathematical model must 

continue with the characterization of the connection 

intensity between these two variables using the 

correlation coefficient (r x,y) and the correlation report 

(see [1] Scradeanu, 2015). 

 

                         (6) 
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The above relation, for covariance coefficient, 

can be written (see [1-3] or Breaz N., Craciun M. 

Gaspar P.2011, Curs): 

 

             (7) 

 

For n =3, ӯ = M(x y) = 2971.24/3 = 990.41 

The simple correlation coefficient “r” will be: 

 

    (8) 

 

In this case, r = 0.5. 

The simple correlation coefficient is positive: r 

x,y ˃ 0 shown that a direct connection between the 

variables (VR and KV) exists. This result indicates 

the correlation, a direct connection between these two 

variables. 

 

4. Conclusions 
 

This work wants to demonstrate that the model 

of linear unifactorial regression- commonly used in 

economics - has applications in steel engineering. 

This study determined a correlation between the 

variables. Because r = 0.5 ˂ 0.95, we cannot talk 

about a relative deterministic connection but it was 

statistically proved that a direct and strong connection 

between the variables exists. 

 

References 
 
[1]. Scradeanu D., Modele cantitative statistice, Note de curs, 
Bucuresti, 2015. 

[2]. Breaz N., Craciun M., Gaspar P., s.a., Modelarea 

matematica prin Matlab, Note de Curs, Bucuresti, 2011. 
[3]. Baron T., Korka M., Pecican E., Stanescu M., Statistica, 

Editura Didactica si Pedagogica, Bucuresti, p. 128-138, 1981. 

[4]. Vuong Nguyen Van Do, The Behavior of Ductile Damage 
Model on Steel Structure Failure, Procedia Engineering, 142, p. 

26-33, 2016. 

[5]. Papadatu C. P., Cercetari privind ameliorarea proprietatilor 
si cresterea fiabilitatii unor oteluri folosite in constructia utilajelor 

metalurgice, PhD.Thesis, “Dunarea de Jos” University of Galati, 

2005. 
[6]. Papadatu C. P., Studii si cercetari privind influenta vitesei de 

racire asupra proprietatilor si structurii otelurilor, Graduated 

Project, “Dunarea de Jos” University of Galati, Romania, 1994. 
[7]. Baker L. J., Daniel S. R., Parker J. D., Metallurgy and 

processing of ultra-low carbon bake hardening steels, Mater. Sci. 

Tech., 18 (4), p. 355-368, 2002. 
[8]. Geru N., s.a, Analiza structurii materialelor metalice, Editura 

Tehnica, Bucuresti, 1991. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

- 64 -



 
 

THE ANNALS OF “DUNAREA DE JOS” UNIVERSITY OF GALATI 

FASCICLE IX. METALLURGY AND MATERIALS SCIENCE 

No. 1 - 2016, ISSN 1453 – 083X 

 

 

 

 

DESIGN AND FLOW MODELLING 

OF BALLAST TANK IN-LINE EJECTOR 
 

1Constantin DUMITRACHE, 2Corneliu COMANDAR, 3Bogdan HNATIUC 
1,3Maritime University of Constanta, Romania, 2“Ghe. Asachi” Technical University of Iasi, Romania 

e-mail: ldumitr@yahoo.com 

 

ABSTRACT 

 
The purpose of this paper is to present the stages of designing a water in-line 

ejector used for ballast tanks stripping operation. The design operation was 

performed using NX Siemens CAD and ANSYS 15 for computer fluid dynamic 

analysis CFD. This ejector’ design was based on descriptive drawings of 

component parts, all dimensions being chosen from a worldwide supplier of high 

quality marine products. Computer Fluid Dynamic analysis is based on the finite 

element method (FEM), meshing, boundary condition and loads. Finally, we 

reached important conclusions regarding velocities, pressure and temperature of 

the fluid. 

 
KEYWORDS: in-line ejector, CAD NX Siemens, revolve, extrude, velocities, 

total pressure, temperature, CFD 

 

1. Introduction 
 

On board of commercial ships there are a lot of 

auxiliary devices, such as ejectors, emergency fire 

pumps, transfer pumps and electrical control, which 

are most used in maritime industries [1]. 

An ejector is a static piece of equipment with no 

moving parts (Figure 1). There are three major 

components of an ejector: the house with suction 

chamber (1), the motive nozzle (2) and the diffuser 

(3). 

The operating principle of an ejector is to 

convert pressure energy of high pressure motive 

liquid into velocity. High velocity liquid emitted from 

a motive nozzle is then used to work on the suction 

fluid. This work occurs in the suction chamber and 

inlet diffuser. 

The remaining velocity energy is then turned 

back into pressure across the diffuser. In simple 

terms, high pressure motive liquid is used to increase 

the pressure of a fluid that is at a pressure well below 

motive liquid pressure [2]. 

The ejectors are used in a large range of 

applications in maritime industry: 

 stripping of bilges from the bottom of the 

vessel; 

 filling and stripping of ballast tanks; 

 stripping of all sorts of mediums from cargo 

holds includes oil, gas, water and sewage; 

 stripping of bilge from chain lockers. 

In the engine room ejectors, can both be used for 

stripping of bilge and for ventilation of exhaust or 

other gasses, and removal of ashes from incinerators. 

Multiple use portable ejectors are designed for 

multiple suction purposes. These ejectors can be 

installed with hoses, in order to utilize the ejector 

various places on the ship. Portable ejectors are 

favorable to use where various suction quantities are 

low or where coarse vacuum cleaning are needed. 

Peak tanks are situated either in the front or the rear 

of the vessel. Ejectors can both be used for stripping 

and filling these tanks. 

In the priming of centrifugal pumps the ejector 

creates vacuum which will initiate the function of 

pumps. 

 

2. Construction of in-line ejector 
 

All dimensions for the in-line ejector were 

presented in the supplier’s technical documentation 

[1]: 
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Fig. 1. Assembly NX cross section viewing parts of in-line ejector; 1- the house, central part of 

ejector, containing suction and motive inlet; 2 - the motive nozzle is mounted in the house with the 

purpose of regulating motive liquid; 3 - the diffuser, contains the process of mixing and ejecting the 

motive and sucked fluid 
 

2.1. 3D Design of house ejector 
 

The essential feature of the ejector is the house 

(1) presented in Figure 2. 

 

 
 

Fig. 2. Section view of house ejector 

 

Achieving a 3D house representation starts with 

the sketch drawn with the yellow line in Figure 2 and 

goes on with the use of the Revolve option that gives 

the final shape with two flanges at the extremities. 

The third flange, also known as motive inlet, is 

done initially in the form of sketch which is then 

extruded with the Extrude operation. The diameter 

pipe flange is crossing the ejector body and makes a 

rounded angle of 90 degrees that was done with the 

option Sweep along Guide. 

 

2.2. 3D Design of motive nozzle 
 

The easiest 3D part is motive nozzle constructed 

with 2D yellow sketch revolved with Revolve 

operation (Figure 3). The nozzle is considered the 

heart of the ejector because it converts the energy of 

pressure to velocity and directs the flow of motive 

liquid into the diffuser. 

 

 
 

Fig. 3. Main view of motive nozzle 
 

2.3. 3D Design of diffuser 
 

The diffuser (Figure 4) is constituted of three 

parts: 

 inlet diffuser; 

 throat section; 

 outlet diffuser. 

 

Inlet diffuser provides a correctly shaped 

introductory section and converging diffuser section 

to handle the high velocity flow of fluids. It is in this 

section that entrainment and mixing of the motive and 

load fluids is completed and the energy of liquid 

velocity is converted to pressure. 

The throat section is the transition piece between 

the converging inlet diffuser and the diverging outlet 

diffuser. 

The outlet diffuser provides a correctly shaped 

diverging diffuser section for completing the 

conversion of velocity to pressure. The outlet diffuser 
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section further reduces the fluid velocity to a 

reasonable level so as to convert practically all the 

velocity energy to pressure energy [3]. 

 

 
 

Fig. 4. Section view of diffuser 

 

2.4. Assembly of component parts 
 

Our in-line ejector is 25-50-50F type (25 mm - 

inner diameter of motive inlet, 50 mm - inner 

diameter of suction inlet, 50 mm - inner diameter of 

discharge outlet) and has the best efficiency for 

ballast tanks and cargo tanks [1]. 

All three parts of the assembly were added using 

touching (on flanges), infer center axis (on holes), 

concentric constraints. The final assembly is created 

when the component objects are added to the 

assembly part file, each component object being 

mated with the corresponding objects. The 3D Design 

of the ejector is presented in Figure 1. 

Copper alloy was used for the house ejector and 

the diffuser, and stainless steel with mechanical 

properties presented in Table 1 was used for the 

motive nozzle. 

 

Table 1. Mechanical properties 
 

Material 
Yield Strength 

[N/mm2] 

Ultimate Tensile 

Strength 

[N/mm2] 

Copper 

alloy 
280 430 

Stainless 

Steel 
207 586 

 

Both materials show excellent resistance to 

corrosion in sea-water because of main constituents, 

copper and nickel. This alloy has excellent service 

under high-velocity conditions, where cavitations 

erosion is important. But stainless steel is a little more 

resistant to mechanical-wear than copper alloy due to 

the superior hardness. 

 

3. Computer fluid dynamics - CFD 
 

CFD has become a powerful tool that can be 

employed either for pure/applied research or for 

industrial applications. Computational simulations 

and analyses are increasingly performed in many 

fluid-engineering applications, which include 

aerospace engineering (airplanes, rocket engines), 

automotive engineering, biomedical engineering 

(blood flow in artificial hearts), chemical engineering 

(fluid flow through pumps and pipes), civil and 

environmental engineering [4]. 

The first step in our CFD analysis is the creation 

of the geometry of the flow region using NX Siemens 

software (Figure 1). This assembly was imported in 

ANSYS 15 to extract the ejector flow region 

presented in section viewing in Figure 5. 

 

 
 

Fig. 5. Section view of flow meshed region 

 

The second step is meshing operation (Figure 5) 

which generates 292884 nodes and 1496290 

elements. 

 

3.1. Boundary conditions 
 

We considered that the ballast tank in-line 

ejector is assigned water as the fluid, with a 7 bar 

pressure at the motive inlet and a temperature of  

25 oC. It is called “in-line” ejector because the suction 

inlet and outlet discharge are placed on the same line; 

both suction inlet and outlet have the atmospheric 

pressure and opening temperature 15 oC. 
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                                            a                                                                                         b 
 

Fig. 6. Velocity distribution: a) ejector section plane; b) centered streamlines variation 1 (inlet) and 2 

(opening 1) 
 

            
                                            a                                                                                         b 
 

Fig. 7. Total pressure distribution: a) ejector section plane; b) centered streamlines variation 1 (inlet) 

and 2 (opening 1) 
 

                 
                                            a                                                                                            b 
 

Fig. 8. Temperature distribution: a) ejector section plane; b) centered streamlines variation 1 (inlet) 

and 2 (opening 1) 
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4. Conclusions 
 

As can be seen in Figure 7, motive liquid 

pressure is very important because it ensures the 

minimum pressure on the suction inlet. Generally, it 

is recognized that the manufacturer has designed the 

system to maintain stable operation with liquid 

pressures at or above a minimum liquid pressure. In 

our example, the motive inlet pressure is 7 bar and for 

this value the pressure at the suction inlet is around  

1 bar. When the velocity of the fluid starts to increase 

at the motive nozzle, in the same time the suction 

velocity at opening 1 is increasing (Figure 6b). If the 

motive liquid supply pressure falls below design, then 

a motive nozzle will pass less liquid. When this 

happens, the ejector is not provided with sufficient 

energy to compress the suction fluid to the design 

discharge pressure. The same problem occurs when 

the supply motive liquid temperature rises above its 

design value, resulting in increased specific volume, 

and consequently, less liquid passes through the 

motive nozzle [2]. 

An ejector may operate unstably if it is not 

supplied with sufficient energy to allow compression 

to its design discharge pressure [5]. Unstable ejector 

operation is characterized by dramatic fluctuations in 

operating pressure. If the actual motive liquid 

pressure is below design or its temperature above 

design, then, within limits, an ejector nozzle can be 

rebored to a larger diameter. The larger nozzle 

diameter allows more liquid to flow through and 

expand across the nozzle. This increases the energy 

available for compression. If the motive liquid supply 

pressure is more than 20-30% above design, then too 

much liquid expands across the nozzle. This tends to 

choke the diffuser. When this occurs, less suction 

load is handled by the ejector and suction pressure 

tends to rise. If an increase in suction pressure is not 

desired, then ejector nozzles must be replaced with 

ones having smaller throat diameters or the motive 

liquid pressure corrected. 

In conclusion, an ejector is designed to operate 

at exact motive pressure and motive capacity, any 

changes in motive flow can result in [1]: 

 Varying motive flow will decrease ejector 

performance. 

 Decreasing motive flow from the 

specifications might result in an insufficient or 

even non-performing ejector. 

 Increasing motive flow might cause the 

ejector to malfunction. 

Ejectors are designed for maximum suction 

capacity; therefore, increasing motive flow might not 

increase suction capacity. 
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